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ABSTRACT 

 

Understanding the phase behavior of gas hydrates is critical to flow assurance, geological stability, 

energy harvest from hydrate reservoirs, and industrial applications such as gas storage and 

desalination. Systems containing CH4, C2H6, and CO2 are particularly of interest because they are 

ubiquitous in nature and many industrial applications, and also due to their microscopic properties, 

e.g., the structure change of the CH4-C2H6 hydrates and the impact of CO2 on the variation of 

hydrate stability. 

In this work, a high-pressure PVT experimental apparatus is designed to measure the hydrate 

phase boundary and to observe the growth behaviors of the hydrate film formed in the water-gas 

interface. The phase boundary of CH4-CO2 hydrates formed in NaCl solutions is measured to 

extend the phase boundary database of CH4-CO2 hydrates with pressure up to 61.99 MPa and the 

temperature to 295.09 K. The roughness of the water-gas interface is greatly increased at the initial 

stage of hydrate formation and becomes smoother with time because of the thickness growth of 

the hydrate film. The fine pillars formed at the water-gas interface may be due to the non-

equilibrium state of gas and water phases or due to the non-uniform lateral growth of hydrates at 

the interface. 

Three theoretical models with different frameworks are developed to calculate the phase 

boundary of gas hydrates. The first model employs the original PR EoS for the gas-rich phases and 

the Henry’s law combined with the Poynting correction for the gas solubility in the aqueous phase. 

In the second model, a single modified PR EoS is applied to calculate the aqueous and gas-rich 

phase equilibria. In these two models, the effect of electrolytes on the hydrate phase boundary is 
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determined by employing the Pitzer model. The first two theoretical models are also termed as 

separate models because different models are used for non-hydrate phases, i.e., gas-rich phase, 

aqueous phase, and dissolved electrolytes. In the third model, a unified EoS is proposed to account 

for the non-hydrate phases, i.e., the mPR EoS is used to describe the interactions between water, 

gas, and uncharged ions, a simplified explicit MSA term for the long-range Coulombic forces, and 

Born terms for the discharging-charging processes. The vdW-P model is applied in all these three 

models for the hydrate phase. These developed models are capable of capturing the general trend 

that the phase boundary pressure of CH4, C2H6, CO2, and binary CH4-C2H6 and CH4-CO2 hydrates 

increases with the temperature and the NaCl concentration. Also, the phase boundary pressure of 

the binary CH4-C2H6 and CH4-CO2 hydrates increase with the concentration of CH4 in the feed 

gas. It is worth noting that the two theoretical models are capable of detecting the sII structure 

formed by the binary CH4-C2H6 hydrates, which is influenced by various factors, e.g., gas 

composition, pressure, and temperature. The reliability of the first model is verified by an overall 

AARD of 5.0% for the 984 data points of CH4, C2H6, CO2, and binary CH4-C2H6 and CH4-CO2 

hydrates formed in the bulk pure H2O phase and NaCl solutions. The data points of the binary 

CH4-C2H6 and CH4-CO2 hydrates formed in the pure water and NaCl solution are employed to 

quantify the reliability of the second model, with an overall AARD of 5.2% for the 187 data points 

of the binary CH4-C2H6 and CH4-CO2 hydrates. 734 phase boundary data points of pure and binary 

CH4, C2H6, and CO2 hydrates formed in single- and mixed-NaCl, KCl, MgCl2, and CaCl2 solutions 

as well as in the pure water are used to evaluate the reliability of the third model, with an overall 

AARD of these 734 data points predicted by this newly developed model is 3.4%, which proves 

the capability of the newly developed model in predicting the phase boundary of hydrates in multi-

component systems. 
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The MD simulation is used to explore the structure stability of CH4-C2H6 and CH4-C2H6-CO2 

hydrates. It proves that the sI hydrates formed by CH4-C2H6 mixtures with a CH4 composition of 

20 mol% are more stable than those with a CH4 composition of 90 mol%. On the contrary, the 

hydrates formed by CH4-C2H6 mixtures with 90 mol% CH4 in sII structure are more stable than 

those with a CH4 composition of 20 mol%. This is consistent with the theoretical calculation and 

also the experimental observations. 

The impact of CO2 on the stability of sI structure CH4-C2H6-CO2 hydrates is investigated 

using two CO2 compositions of 20 and 50 mol%. It is observed that the hydrate stability decreases 

when the CO2 composition increases. The impact of CO2 on the motion of gas molecules in the 

hydrate cages changes with gas composition. For instance, the motion of CH4 molecules is 

restricted with the increase in CO2 concentration when the CH4 concentration is high. However, 

the CO2 has little impact on CH4 when the CH4 concentration is low. Also, the CO2 molecules can 

move more freely when the CH4 concentration is low as the concentration of CO2 is increased. The 

added CO2 enhances the free motion of C2H6 and this effect becomes less significant when the 

concentration of C2H6 is increased. The fluctuation frequency of the MSD and the rotation angle 

curves of the water and gas molecules can be explained by the potential energy between water-

water and gas-water pairs. 

As the pressure increases, the stability of hydrate cages is slightly enhanced in scenarios with 

a CO2 concentration of 20 mol%, but the hydrate cages get less stable in scenarios with a CO2 

concentration of 50 mol%. Similarly, the impact of pressure on the motion of gas molecules 

depends on the gas concentration. At high concentrations, the motion of CH4 molecules is slightly 

restricted with the increase in pressure. The pressure effect on CH4 motion becomes negligible as 

the concentration of CH4 decreases. The impact of pressure on the motion of C2H6 molecules is 
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negligible except when the concentration of C2H6 is 40 mol%, where C2H6 moves more freely. 

Overall, the impact of pressure on the average rotation angle and MSD of gas molecules in the 

hydrate cages is less significant than the gas composition. However, the effect of pressure on the 

interactions between gas molecules is reflected by the amplitude of fluctuations on the rotation 

angle and MSD curves. For instance, the fluctuation amplitude of both the rotation angle and MDS 

curves of C2H6 molecules get larger as the C2H6 concentration decreases. The amplitude of the 

fluctuation in the rotation angle curves is smaller when the CH4 concentration is higher, due to the 

interaction between CH4 and CO2 molecules. 
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CHAPTER 1  INTRODUCTION 

 

1.1 Background 

Gas hydrates are ice-like solid compounds of water and gas molecules. The water molecules 

connect with each other by hydrogen bonds to form a cage structure and gas molecules will be 

trapped inside the cages through van der Waals force. Therefore, the water and gas in the hydrate 

cages are also named as the host and guest molecules, respectively. Based on the configuration of 

the water molecules, numerous structures of hydrate cages have been identified, e.g., 512, 51262, 

and 51264, as shown in Fig. 1-1, where the vertices represent water molecules and the edges denote 

the hydrogen bonds. For example, 512 represents a hydrate cage that is made of 12 faces and each 

face consists of 5 edges. Gas hydrates are a collection of tons of hydrate cages. These hydrate 

cages stick together by following a certain pattern. A number of patterns, i.e., basic structures of 

gas hydrates have been identified according to the cage types and the number of different cages in 

a unit structure. The most two common structures for simple natural gas hydrates are structure-I 

(sI) and structure-II (sII), as demonstrated in Fig. 1-1. It is illustrated that a unit sI hydrate is made 

of two small cages (512) and six large cages (51262) and that of sII hydrate is composed of sixteen 

small cages and eight large cages (51264). In general, small molecules of CH4 and CO2 tend to form 

sI hydrates whereas large ones, e.g., C3H8 will form sII hydrates. 
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Fig. 1-1 Schematic structures of gas hydrates (Koh and Sloan, 2007) 

 

Gas hydrates were initially regarded as a problem in flow assurance because they would block 

the pipelines for natural gas transport or the wellbores (Hammerschmidt, 1934). A few decades 

ago, natural gas hydrates were found widely distributed in nature, e.g., in the permafrost areas and 

under the seafloor. It was estimated that the hydrocarbons trapped in natural gas hydrate reservoirs 

were more than twice of those in other fossil fuels (Burshears et al.,1986). Numerous efforts have 

been made to understand the mechanisms and feasibility of gas production from hydrate reservoirs 

using various approaches, e.g., experiments in the lab (Li et al., 2015a; 2015b; 2016a; Yousif et 

al., 1990), mathematical calculations (Li et al., 2016b; Zheng et al., 2015; 2017), and numerical 

simulation (Li et al., 2017; 2020; Sun et al., 2005; Zheng et al., 2018a; 2018b). A number of in-

situ field-scale tests have been carried out to explore the possibility of commercial exploitation of 

gas hydrate reservoirs, e.g., Alaska of the USA, Qilian Mountain of China, Nankai Trough of Japan, 

and the first commercial production at Messoyakha (Anderson et al., 2014; Colwell et al., 2004; 

Makogon et al., 2013; Zhao et al., 2013). However, unexpected hydrate dissociation in the 

underground, e.g., under the seafloor may induce geological hazards. The cementation effect of 

hydrates on the porous media is important for the geological stability (Zheng et al., 2019). 
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Recently, gas hydrates have found themselves an important role in industrial applications, e.g., gas 

separation, storage, transportation, and desalination (Babu et al., 2018; Cai et al., 2019; Gambelli 

et al., 2019; Inkong et al., 2019; Kastanidis et al., 2019; Xu et al., 2018). Hydrate-based 

technologies might be more efficient than conventional methods. For instance, over 160 m3 natural 

gas can be stored in a unit volume of hydrates at relatively moderate pressure and temperature 

conditions. When the temperature is below the freezing point, the gas hydrates will be more stable 

owing to the self-preservation effect (Chong et al., 2016). Hydrate-based desalination takes 

advantage of the fact that the ions cannot enter the hydrate cages. Therefore, by forming hydrates 

with seawater first and then dissociating the separated solid hydrates, relatively fresh water can be 

obtained. The significance of gas hydrate research is summarized in Fig. 1-2. 

 

 

Fig. 1-2 Schematic diagram of the potential applications of gas hydrates 
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Gas hydrates tend to be stable at high-pressure and low-temperature conditions and will be 

dissociated when the pressure is reduced or the temperature is elevated. The incipient hydrate 

formation condition is termed as the phase boundary of gas hydrates. The phase boundary of CH4 

hydrates formed in pure water is illustrated as the black dots in Fig. 1-3, which divides the phase 

diagram of the system into two zones, i.e., the hydrate-present zone above the curve and the 

hydrate-absent zone below the phase boundary curve. Phase boundary is the foundation to 

understand the formation and dissociation behaviors of a hydrate system. The phase boundary of 

gas hydrates is influenced by numerous factors, e.g., gas species, composition of the gas mixture, 

and the chemical additives in the aqueous phase. As demonstrated in Fig. 1-3, the phase boundary 

pressure decreases when C2H6 or CO2 is added into the CH4-H2O system, whereas it increases as 

the chemical additive, i.e., NaCl is added. The elevation of phase boundary pressure by adding the 

chemical additives is termed as the inhibition effect and the chemical additives in this scenario are 

called inhibitors. Some other chemical additives, e.g., sodium dodecyl sulfate (SDS) and 

Tetrahydrofuran (THF) can reduce either the kinetics or the phase boundary pressure of hydrate 

formation and therefore, are named promoters. Inhibitors are widely applied in flow assurance to 

prevent hydrate accumulation in the pipelines and effective promoters of hydrates are being 

explored in hydrate-based technologies, e.g., desalination, gas separation and storage. 
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Fig. 1-3 Phase boundary of hydrates in different systems  

(The data points in this figure can be found in the database in Chapter 3) 

 

1.2 Objective of This Study 

The objective of this study is to elucidate the phase behavior, i.e., the phase boundary, stability 

and growth behavior of CH4-C2H6-CO2 hydrates using experimental measurement, theoretical 

modeling, and molecular dynamic (MD) simulation methods. The specific goals include: 

i) To establish a comprehensive database of the measured phase boundary of the single and 

binary CH4, C2H6, and CO2 hydrates formed in pure water and NaCl solutions covering a wide 

range of pressure and temperature conditions, including the corresponding experimental 

approaches. This database will not only provide a benchmark to validate the experimental 

apparatus and the experimental procedures adopted in this work, but also serves as a tool to cross-

verify the collected data from various sources and further verify the reliability of the theoretical 

models developed in this work. 
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ii) To measure the phase boundary of the binary CH4-CO2 hydrates formed in pure water and 

NaCl solutions by employing the high-pressure PVT cell. These data points fill the blank of CH4-

CO2 hydrates formed in NaCl solutions at the high-pressure conditions. 

iii) To analyze the impact of parameters, e.g., reference properties on the determination of 

hydrate phase boundary and develop new theoretical phase boundary models by using a different 

set of reference properties. Three theoretical models are developed in this work to predict the phase 

boundary of gas hydrates. The first model is a standard one using the original Peng-Robinson (i.e., 

PR) equation of state (i.e., EoS) and the Henry’s law respectively for the gas-rich phase(s) and the 

aqueous phase. In the second model, a single modified PR EoS is developed to calculate the 

aqueous and gas-rich phases. In these two models, the effect of electrolyte on the hydrate phase 

boundary is quantified by employing the Pitzer model. In the third model, a unified EoS is 

proposed to account for the non-hydrate phases, i.e., the aqueous phase, the gas-rich phase, and 

the dissolved electrolytes. 

iv) To explore the mechanisms behind the structure change of the CH4-C2H6 hydrates with 

gas composition using the MD simulation. The effect of CO2 and pressure on the hydrate structure 

stability is also elucidated. 

 

1.3 Outline of This Dissertation 

This dissertation consists of seven chapters. Chapter 1 describes the background and objectives of 

this research. Chapter 2 provides a literature review regarding the determination of hydrate phase 

boundary using experimental approaches and the theoretical models; hydrate nucleation and 

growth process using MD simulation, experiments, and mathematical models; hydrate stability 
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and structure change with gas composition and pressure conditions; previous research the CH4-

C2H6 hydrates and motivations to the study of CH4-C2H6-CO2 hydrates formed in pure water and 

saline water systems. In Chapter 3, a comprehensive database of measured phase boundary of CH4, 

C2H6, CO2, CH4-C2H6, CH4-CO2 hydrates is established. The phase boundary of CH4-CO2 

hydrates formed in NaCl solutions at high-pressure conditions is measured by using the designed 

experimental apparatus in this work to fill the blank of the database. The growth behavior of 

hydrates formed at the interface of gas-bulk water and water-gas bubble is also observed and 

recorded. In Chapter 4, the basic framework of determining the hydrate phase boundary is 

introduced. Two theoretical models using separate models for the non-hydrate components, i.e., 

gas, water, and electrolytes. The impact of reference properties is evaluated by using sensitivity 

analysis. A new set of reference properties are used in all the theoretical models developed in this 

research. The Kihara parameters of CH4, C2H6, and CO2 are optimized by employing the particle 

swarm optimization approach. A unified EoS is developed in Chapter 5 so that all the non-hydrate 

components can be considered in the unified EoS. The performance of this model is evaluated by 

comparing with the collected phase boundary data points of pure and binary CH4, C2H6, and CO2 

hydrates formed in single and mixed NaCl, KCl, CaCl2, and MgCl2 solutions. In Chapter 6, the 

stability of CH4-C2H6 and CH4-C2H6-CO2 hydrates at various gas composition and pressure 

conditions are investigated by using MD simulation. The cage occupancy in all the designed 

scenarios are calculated using the developed theoretical model. The rotational and translational 

motion of gas molecules and cage water is analyzed in detail to examine the stability of hydrate 

cages and the interactions between gas and water and between different gas molecules. In Chapter 

7, the conclusions of this work and the recommendations for the futher work is summaried. 
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CHAPTER 2  LITERATURE REVIEW 

 

Various research topics have been developed on gas hydrates, e.g., hydrate formation and 

dissociation behaviors, and physical properties (Braeuer et al., 2015; Ji et al., 2019; Khurana et al., 

2017; Majid et al., 2017; Li et al., 2016a; 2016b; 2017; Zheng et al., 2015). The phase boundary 

of gas hydrates refers to the pressure and temperature conditions of the incipient hydrate formation, 

which can be influenced by many factors, e.g., gas composition, components in the aqueous phase, 

and the confinement (Cai et al., 2020; Chen et al., 2017; Li et al., 2015a; 2015b; Song et al., 2016). 

The confinement, e.g., porous media will increase the phase boundary pressure due to the presence 

of capillary effect (Østergaard et al., 2002; Uchida et al., 2004). This work focuses on the phase 

boundary of hydrates formed in the bulk phase, where the impact of the capillary pressure is 

negligible (Zheng et al., 2020b). This is because the phase boundary of hydrate in porous media is 

greatly influenced by the properties of the porous media, e.g., pore size distribution, which makes 

it hard to evaluate the reliability of measured data from various sources. Also, the phase boundary 

of hydrates in porous media can be determined by combining the phase boundary of hydrates in 

the bulk phase with an additional term, e.g., capillary pressure (Goel, 2006). 

 

2.1 Determination of Hydrate Phase Boundary 

2.1.1 Experimental research 

Quantities of experimental studies have been carried out on the phase boundary of gas hydrates 

formed in various hydrate-forming systems in the bulk phase over the past decades by many 

researchers. For example, Adisasmito et al. (1991) measured the phase boundary of hydrates 
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formed by pure gas components with pure water. The impacts of impurities in the gas phase 

(Dholabhai and Bishnoi, 1994; Legoix et al., 2017; McLeod and Campbell, 1961), as well as 

inhibitors and promotors in the aqueous phase on the phase boundary of gas hydrates, have been 

quantified (Belandria et al., 2012; Fan et al., 2001; Kang et al., 1998; Porz et al., 2009; Ricaurte et 

al., 2012; Sun et al., 2001). Apart from the phase boundary of gas hydrates, the interfacial 

phenomenon is also significant for the analysis of the phase behavior of gas hydrate systems 

because hydrate formation mainly occurs at the water-gas interface. Various experimental systems 

have been established to investigate the interfacial phenomenon during hydrate formation, and can 

be roughly divided into two categories, i.e., dynamic system (Yu et al., 2020) and static system 

(Sun et al., 2007). It has been found that the hydrate formation at the water-gas interface is greatly 

influenced by the size and shape of the gas bubble, NaCl concentration, and the driving force of 

hydrate formation (Li et al., 2015a). 

Various experimental apparatus and approaches have been utilized by different researchers 

(Khan et al., 2016; Shahnazar and Hasan, 2014). The pressure-volume-temperature (PVT) cell is 

a common device to measure the phase boundary of gas hydrates using isochoric pressure-search 

(IcPS), isobaric temperature search (IbTS), and isothermal pressure search (IthPS) approaches. 

These experimental methods have different advantages and limitations. For example, the phase 

boundary dissociation method is only applicable for systems with a unit degree of freedom. The 

reliability of the measured experimental data can be affected by the experimental approaches. For 

instance, the phase boundary conditions are commonly determined visually in the IbTS and IthPS 

methods, i.e., to visually catch the pressure and temperature at which the last visible hydrate 

particle disappears in the PVT cell or the Cailletet equipment (De Roo et al., 1983). Therefore, the 

accuracy of the visual determination approach is restricted by the experience of the observers and 
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the IcPS method is more reliable. New techniques, e.g., DSC, Raman, and light beams may 

improve the reliability of the measured data (Cha et al., 2016; Jager and Sloan, 2001; Kharrat and 

Dalmazzone, 2003; Maekawa, 2001; Zhong et al., 2019). Also, the measurement procedures, e.g., 

the temperature elevation rate during the heating process, have a significant impact on the accuracy 

of the measured experimental data. One example is the graphic method that is commonly used in 

the IcPS approach, in which the phase boundary is determined by a sharp change in the slope of 

the pressure-temperature curve in the heating process. Errors may be introduced if the rate of 

temperature elevation is too large during the heating process (Tohidi et al., 2000), even though the 

graphic method is thermodynamically sound (Zheng et al., 2020c).  

 

2.1.2 Theoretical modeling 

Numerous efforts have been made to reproduce and predict the phase boundary of gas hydrates. A 

typical thermodynamic model of hydrate phase boundary bears three functions, i.e., i) able to 

handle the hydrate phase, ii) capable of describing the chemical additive-free non-hydrate phases, 

and iii) able to quantify the effect of chemical additives in the aqueous phase. Various approaches 

have been developed for the hydrate phase, such as empirical approaches of specific gravity and 

K-value method (Katz, 1945; Wilcox et al., 1941), and thermodynamic models (Parrish and 

Prausnitz, 1972; van der Waals and Platteeuw, 1958). The most popular model is the van der 

Waals-Platteeuw (vdW-P) model, which assumes that the gas molecules do not distort the hydrate 

cages, hydrate cages are perfectly spherical, gas molecules can freely rotate within the cavities, 

and the partition of gas molecules into the hydrate cages resembles Langmuir adsorption (van der 

Waals and Platteeuw, 1958). These assumptions are valid for simple gas molecules in ordinary 

conditions. Xu et al. (2011) revealed through a first-principle calculation that the distortion of 
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hydrate cages was negligible for small molecules, e.g., CH4 and C2H6. However, they may not be 

valid at some other conditions, e.g., high pressure and large molecules. More sophisticated models 

have been proposed for complicated systems over the years. Examples include the removal of the 

assumptions in the vdW-P model, e.g., the gas molecules do not distort the hydrate cage (Ballard 

and Sloan, 2002; Klauda and Sandler, 2003; Zele et al., 1999), gas molecules can freely rotate 

within the cavities (John et al., 1985), the hydrate cages are perfectly spherical (Sparks et al., 1999), 

and the Langmuir adsorption assumption (Chen and Guo, 1996). Furthermore, different modeling 

frameworks have been tested for the chemical additive-free non-hydrate phases, i.e., gas-rich phase 

and additive-free aqueous phase. The first example is to employ combined models, e.g., a cubic 

equation of state (EoS) combined with Henry’s law and a cubic EoS combined with mixing rules 

(Munck et al., 1988; Osfouri et al., 2015; Yang et al., 1997). Another example is to apply a single 

EoS, e.g., modified Peng-Robinson (PR) EoS or cubic-plus-association (CPA) EoS (Aasen et al., 

2017; Li and Yang, 2013; Meragawi et al., 2016). The latter approach is advantageous in 

thermodynamic consistency but is more complex than the former one (Jager et al., 2003). 

Moreover, cutting-edge research techniques, e.g., ab initio quantum mechanical calculation is 

well-accepted to determine parameters in the thermodynamic models (Anderson, 2005; Cao, 2002; 

Velaga and Anderson, 2013).  

Apart from gas and water components, the electrolytes dissolved in the reservoir fluids also 

have a significant impact on the phase boundary of gas hydrates by competing for water molecules 

with gas (Englezos and Bishnoi, 1988). The electrostatic forces generated by the dissolved 

electrolytes make the modeling work more challenging. Different models have been developed to 

account for the effect of the dissolved electrolytes on the phase boundary of gas hydrates. For 

instance, Zheng et al. (2020b) developed a model to predict the hydrate phase boundary by 
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combining a modified PR EoS and the Pitzer activity model. Zuo and Guo (1991) combined the 

Patel-Teja (PT) EoS with a Debye-Huckel (DH) term and Kurihara’s mixing rule to calculate the 

phase equilibrium of electrolyte solutions at high-temperature conditions. Later, Liao et al. (1999) 

applied this model in predicting the phase boundary of gas hydrates by replacing the Kurihara’s 

mixing rule with a classical one and applying ion-water binary interaction parameters (BIP). 

Masoudi et al. (2003) modified Zuo and Guo’s model by eliminating the DH term and employing 

the non-density dependent (NDD) mixing rule. In general, the combined models are advantageous 

in simplicity, and the single, or unified models outweigh the combined models in the consistency 

of the thermodynamic foundation. Søreide and Whitson (1992) took into account the effect of 

electrolytes by using the modified Alpha function and binary interaction parameters. A 

combination of EoS with an electrostatic term approach has been explored and produces 

satisfactory results in specific conditions (Zuo and Stenby, 1997). Unified electrolyte-EoS models, 

which explicitly consider the interactions among gas, water, and dissolved ions by summing up 

the contributions of various interactions to the Helmholtz free energy are gaining increasing 

attention (Selam et al., 2018). Numerous unified models have been proposed to quantify the impact 

of various components on the change of system free energy (Fürst and Renon, 1993), e.g., 

electrolyte-statistical association fluid theory (e-SAFT) models (Selam et al., 2018) and 

electrolyte-CPA (e-CPA) models (Courtial et al., 2014). Also, activity models, e.g., the Pitzer 

model have been widely applied which proves to be reliable up to the electrolyte concentration of 

six molalities (Pitzer and Mayorga, 1973). In the Pitzer model, the ions are regarded as hard 

spheres and a continuous solvent assumption is made, which is not suitable for high concentrated 

electrolyte solutions where the short-range interactions, e.g., the repulsive interactions between 

ions of like sign and the ion-water interactions are strong. In a sense, the Pitzer model is a semi-
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empirical collection of functions and terms keeping a balance between the simplicity in the 

calculation and the accuracy in reproducing the experimental data. In general, the Pitzer model 

applied in this work is capable of representing the effect of electrolytes on water activity up to the 

concentration of 6 molalities. Efforts have been made to extend the Pitzer model into higher 

concentrated electrolyte solutions, e.g., by combining with a short-range water activity coefficient 

model, which involves a large number of adjustable parameters. 

 

2.2 Hydrate Formation and Structure 

The hydrate formation process has been divided into two stages, i.e., hydrate nucleation and 

hydrate growth (Bishnoi and Natarajan, 1996). A schematic plot of gas consumption during 

hydrate formation is presented in Fig. 2-1. In the nucleation stage, i.e., section (a) in Fig. 2-1 the 

gas and water molecules organize into stable critical nuclei under the effect of hydrophobic 

hydration which induces a significant decrease in entropy of the solution. In the hydrate growth 

stage, i.e., section (b) in Fig. 2-1 the gas consumption rate increases rapidly due to the high rate of 

hydrate formation.  
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Fig. 2-1 Schematic curve of gas consumption during hydrate formation (Verrett et al., 2012) 

 

The critical nuclei serve as a boundary to distinguish the hydrate nucleation and growth stages. 

Quantitatively, the critical nucleus is defined as the hydrate crystal having the same probability of 

dissociation and nucleation, i.e., 50% respectively (Guo et al., 2011; Zhang et al., 2016). 

Physically, the amorphous nuclei or crystalline nuclei of hydrates will be formed at low-

temperature and high-pressure conditions in the water-guest mixture because the newly formed 

hydrate nuclei are more stable than the original water-guest system at the given conditions (Barnes 

and Sum, 2013). However, an energy penalty is needed to form the interface between the new 

hydrate phase and the original phases of the water-guest mixture. In the early stage, i.e., when the 

size of hydrate nuclei is smaller than that of the critical nuclei, the effect of this energy penalty is 

dominant and the formed hydrate nuclei are more likely to be dissociated. Above the size of critical 

nuclei, the impact of free energy decrease induced by the formation of the hydrate phase is 

dominant, which promotes hydrate growth at a relatively high rate (Debenedetti and Sarupria, 
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2009). The schematic diagram of free energy variation during hydrate formation is illustrated in 

Fig. 2-2. 

 

 

Fig. 2-2 Schematic diagram of free energy change during hydrate formation 

 

Observations of hydrate surface morphology can extend our knowledge on hydrate formation 

kinetics and are also significant for the study of interfacial properties. For example, the roughness 

of the hydrate surface has a great impact on the crystal-crystal cohesive force (Aman et al., 2012). 

The morphology of hydrate particles may change the dissociation behavior, e.g., it was found the 

dissociation rate of the dendritic particle is slower (Wang et al., 2020). Freer et al. (2001) asserted 

that single crystals tended to form at low driving-force, which was proceeded by a step mechanism; 

while at high driving force, facets disappeared and the hydrate film became roughened due to the 

continuous mechanism. Various shapes of hydrate crystals have been observed, e.g., triangle, 

polygons, and sword-like shape, as presented in Fig. 2-3 (Li et al., 2014), where we can see the 

variation of hydrate surface morphology with the degree of subcooling, guest species, and the guest 

composition. Ohmura et al. (2005) found that the morphology of CH4 hydrate crystals formed at 
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the interface of vapor and gas-saturated water phases changes from columnar to polygonal to 

dendritic with the increase in pressure. It was observed that the size of individual hydrate crystals 

on the hydrate film decreased with the increase of CH4 composition in CH4-C2H6-C3H8 (Saito et 

al., 2011). It was indicated that the morphology of the hydrate surface was in favor of mass or heat 

transfer which in turn contributed to the further growth of the hydrate film (Li et al., 2014). Aman 

and Koh (2016) suggested that asserted that the change of hydrate film morphology is to maximize 

the crystal surface area to volume ratio to release the heat from hydrate formation. Researchers 

have tried to classify the morphology of hydrate film based on the degree of subcooling (Sakemoto 

et al., 2010; Saito et al., 2011; Tanaka et al., 2009). The additives in the aqueous phase, e.g., 

hydrate inhibitors also influence the morphology of hydrate surface by changing the wettability of 

the water-gas interface (Aman et al., 2010). In addition, the morphology of hydrate surface is 

greatly influenced by the location of hydrate formation. For instance, it was found that the 

maximum hydrate particle size in the bulk liquid is larger than that in the gas-water interface, but 

the average particle size in the bulk liquid is smaller than that at the interface, which is due to the 

larger shear force caused by stirring in the bulk liquid phase (Wang et al., 2020). Servio and 

Englezos (2003) demonstrated the hydrate film formed at the gas-water droplet interface has higher 

roughness. 

The morphology of hydrate surface is determined by the lateral and thickness growth of the 

hydrate film, which is further a function of subcooling, supersaturation, gas composition, and 

chemical additives in the aqueous solutions (Liu et al., 2018; Sun et al., 2018). The lateral growth 

rate of hydrate film changes with the gas components, e.g., the lateral growth rate of CH4-C3H8 

mixed hydrates is smaller than that of pure hydrates at the same driving force; In turn, the thickness 

of hydrate film of the mixed hydrates is larger than that of the pure hydrates due to the limitation 
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of mass transfer (Peng et al., 2007). Kishimoto et al. (2012) found that the morphology of single 

cyclopentane hydrate crystals is not influenced by the concentration of NaCl, but the lateral growth 

rate of the hydrate film decreased with the addition of NaCl. The lateral hydrate film growth rate 

changes with gas species, e.g., the rate of CO2 hydrates formed at the gas-water droplet interface 

is higher than that of CH4, C2H6, and C3H8 at the same degree of subcooling (Tanaka et al., 2009). 

Li et al. (2014) measured the lateral and thickness growth of pure and mixed CH4-C2H6 hydrate 

film formed at the interface of the gas bubble and the surrounding water and found that the lateral 

growth rate is higher for pure than the mixed hydrates and the initial thickness of hydrate film is 

smaller for the pure hydrate. By observing the measured lateral hydrate film growth rate of 

different gas molecules, Saito et al. (2010) concluded that the lateral growth of hydrate film is 

more mass-transfer limited than heat-transfer. Various mass-transfer-rate-limiting models of the 

thickness growth of hydrate film have been established, e.g., diffuse layer models, permeable 

micro-perforated plate model (e.g., guest permeable and water permeable), and sedimented particle 

aggregate layer model, based on different assumptions of mass transfer (Mori, 1998). Peng et al. 

(2007) used the convective heat-transfer model to calculate the lateral hydrate film growth rate 

which fitted well with the measured ones formed at the interface of the gas bubble and the 

surrounding water. In their model, the thickness growth rate of the hydrate film was assumed 

inversely proportional to the degree of subcooling. Freer et al. (2001) established a model 

combining kinetics and heat transfer. Sugaya and Mori (1996) proposed three controlling 

mechanisms of hydrate film growth at the interface, i.e., water-gas interaction at the interface, 

diffusive transport of water and gas across the interface, diffusive transfer of heat released by 

hydrate formation. 
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Fig. 2-3 Morphology of CH4-C2H6 hydrate film at various guest composition and degree of 

subcooling (Li et al., 2014) 

 

2.2.1 Observations of hydrate nucleation 

Hydrate nucleation is triggered by the subcooling (i.e., ∆T = Te-Ts, where Te and Ts denote the 

equilibrium temperature and the temperature of the system, respectively) or the supersaturation 

and is a stochastic process, which has been reflected by the extended induction time. Numerous 

hypotheses have been proposed for the hydrate nucleation, e.g., local structuring, labile clusters, 

cage adsorption, and blob mechanism hypothesis (Lehmkühler et al., 2009; Liu, 2017; 

Radhakrishnan and Trout, 2002). The cage adsorption hypothesis is more promising according to 

the MD simulation. For instance, it was found that the dissolved CH4 molecules tend to be adsorbed 

to the hydrate cage, and by evaluating hydrogen bonds it was concluded that the adsorbed CH4 

will enhance the connectivity of water molecules in the hydrate cage (Guo et al., 2007).  
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The stochastic nature of hydrate nucleation makes it challenging to fully understand this 

process. Due to the small dimensions along the pathway hydrate nucleation occurs (i.e., 

nanometer-scale) and the short timescale (i.e., typically in microseconds), it is difficult to observe 

the hydrate nucleation process through experiments (Aman and Koh, 2016). With the development 

of molecular dynamic (MD) simulation, several insights into the hydrate nucleation process have 

been provided in recent decades. One representative process of hydrate nucleation is presented in 

Fig. 2-4 (Walsh et al., 2009), which highlights the ordering of CH4 guest and water molecules 

during the formation of the first hydrate cage. The first observation to note is the adsorption force 

of the water rings and the partial water cages to the CH4 guest molecules. In Fig. 2-4(A), one water 

ring made of five water molecules adsorbs two orange CH4 molecules on opposite sides of this 

water ring. When the first hydrate cage is formed, 11 CH4 molecules are adsorbed on the water 

faces of the hydrate cage, as shown in Fig. 2-4(D). It should be noted that the first cage formed in 

this MD simulation is a 512 one, which is consistent with the molecular-level experimental 

observations (Schicks and Luzi-Helbing, 2013). These absorbed CH4 molecules become more 

ordered around the hydrate cage with time going by, as illustrated in Fig. 2-4(E). In separate 

research, Guo et al. (2007; 2009) not only observed the adsorption of CH4 molecules on the hydrate 

cage but also found that the adsorbed guest molecules can enhance the stability of the hydrate cage. 

Guo et al. attributed the enhanced stability of the hydrate cage to the decreased hydrogen bond 

between water forming the cage and the water molecules in the surrounding aqueous phase. 

Another observation is the dissociation of the incomplete hydrate cage by comparing the Fig. 2-

4(B) and Fig. 2-4(C). This fluctuation may be one source of the stochastic nature of the hydrate 

nucleation process. One more observation is that the water rings in the hydrate cage open and break 
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before the formation of new hydrate cages with the absorbed CH4 molecules, as demonstrated in 

Fig. 2-4(F).  

 

 

Fig. 2-4 Nucleation of the first CH4 hydrate cage (Walsh et al., 2009) 

(Water: gray lines; Methane: blue spheres; Hydrogen bonds: red lines; Violet sphere: the first 

methane molecule to become permanently enclathrated; Two orange sphere: the first absorbed 

CH4 molecules) 

 

The nucleation of mixed CH4-CO2 hydrates has been investigated, as presented in Fig. 2-5 

(He et al., 2016). Similar to the nucleation of pure CH4 hydrate, the adsorption of guest molecules 

to the water rings occurs in Fig. 2-5(A). Also, the first complete hydrate cage formed in a mixed 

CH4-CO2 system is a 512 one occupied by CH4, as shown in Fig. 2-5(B) through Fig. 2-5(D). It is 

evaluated that the 512 cage structure has the smallest deviation from the hydrogen bond network 

of water (He et al., 2016), i.e., the lowest entropy penalty (Liu, 2017). The adsorption ratio, i.e., 
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the ratio of guests adsorbed on the cage faces changes with the guest composition. For example, 

the adsorption ratio of CH4-to-CO2 is 7:4 when the CH4 concentration in the mixed guests is 50%, 

i.e., Fig. 2-5(B) and when it decreases to 25%, i.e., Fig. 2-5(C), the adsorption ratio becomes 5:5. 

The fluctuation, i.e., the dissociation of incomplete cages and the opening and break of the hydrate 

cage before the formation of new cages are observed as well in the mixed hydrate nucleation. It is 

worth noting that some other types of hydrate cages than those illustrated in Fig. 1-1 have been 

detected by a various researcher in the nucleation stage, e.g., 51263, 4151062, 4151063, and 4151064 

not only for mixed but also for pure gas hydrates (He et al., 2016; Vatamanu and Kusalik, 2006; 

Wilson et al., 2016). These hydrate cages are metastable but might be kinetically preferred during 

hydrate nucleation. For example, the 4151062 hydrate cages have been found formed in the early 

stage and more common than other cages during C2H6 hydrate nucleation, but gradually change 

into other thermodynamically preferred cages, e.g., 51262 (Wilson et al., 2016). Therefore, the 

observation of the hydrate nucleation process is greatly sensitive to the time scale applied in the 

MD simulation. 

 

 

Fig. 2-5 Nucleation of the mixed CH4-CO2 hydrate cage at different gas compositions  

(Free water: gray lines; CH4: blue spheres; CO2: red sphere; Violet sphere: the central CH4 

molecule to form the first hydrate cage; Water molecules forming cages around the central CH4 

molecule are shown as red and white rods) 
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2.2.2 Hydrate structure and stability 

The specific structure formed at a given condition is a comprehensive result of the kinetic and 

thermodynamic stability of hydrate cages. The impact of the kinetics of hydrate formation on the 

hydrate structure mainly dominant in the nucleation stage and the initial stage of hydrate growth. 

As aforementioned, various hydrate structures can be formed, depending on the gas species, gas 

composition, pressure, and temperature conditions. Many experimental efforts have been made to 

identify the structure of gas hydrates, e.g., Raman spectroscopy (Schicks and Ripmeester, 2004), 

NMR spectroscopy (Pietrass et al., 1995), and X-ray diffraction (Chou et al., 2000). For instance, 

Chou et al. (2000) observed the sII structure of CH4 hydrates when the pressure was elevated up 

to 100 MPa, which was also indicated in the experimental phase boundary data measured by 

Dyadin et al. (1997). The coexistence of sI and sII CH4 hydrates at moderate pressure and 

temperature conditions were also indicated in the Raman spectra experiments (Schicks and 

Ripmeester, 2004). An intermediate phase was indicated during xenon hydrate formation (Pietrass 

et al., 1995). The sII structure was also detected in the CO2 hydrates (Fleyfel and Devlin, 1991; 

Staykova et al., 2003). De Menezes et al. (2019) investigated the hydrates formed in CH4-C3H8-

H2O systems using HP-µDSC and a PVT cell and observed the coexistence of sI and sII hydrates. 

It is noted that there are different conclusions in the hydrate structure change. For instance, Hirai 

et al. (2000) reported that no structure change of the CH4 hydrates was observed in the X-ray 

experiment when the pressure ranged from 200 to 5500 MPa. Fleyfel and Sloan (1991) suggested 

that no structure change was observed in the CH4-C2H6 hydrates because the pressure-temperature 

curves shared the same slope in their work. Molecular dynamic (MD) simulation is also a powerful 

tool in hydrate structure research. Walsh et al. (2009) detected sI-sII coexistence for CH4 hydrates 

in a microsecond time scale MD simulation. Moon et al. (2003) observed the simultaneous 
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formation of sI and sII hydrates during nucleation, in which the sII structure was inferred from the 

observations that the small cages, i.e., 512 were face-sharing connected. Furthermore, the hydrate 

structures have also been investigated using the thermodynamic models. Ballard and Sloan (2000) 

demonstrated the structure change of the CH4-C2H6 hydrates at various pressure and gas 

composition conditions by employing a theoretical model, as shown in Fig. 2-6. 

 

 

Fig. 2-6 Schematic diagram of the structure change of CH4-C2H6 hydrates (Ballard and Sloan, 

2000) 

  

The stability of gas hydrates is crucial to the hydrate structure, which is inferable from the 

preference of gas occupancy in various hydrate cages. Hester and Sloan (2005) quantified the cage 

occupancy of gas molecules in the small and large cages of sI and sII hydrates using the Langmuir 

constant, as shown in Fig. 2-7. According to the Langmuir adsorption described in Eq. 4-8, larger 

Langmuir constant results in a higher fraction of gas molecules in the hydrate cages. Therefore, 
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CH4 hydrates are more stable in sI structure. Experiments and MD simulation also have been 

widely used to evaluate the stability of gas hydrates. Chialvo et al. (2002) compared the structure 

stability of the sI CH4 hydrates with various cage occupancy using MD simulation and concluded 

that the configuration energy decreased monotonically with cage occupancy. The stability of the 

hydrate structure is influenced not only by the overall cage occupancy but also by the occupancy 

of small and large cages. For example, the stability of sI CO2 hydrates increases with the overall 

cage occupancy and it is more stable to occupy the large cages compared with the small ones (Liu 

et al., 2012). Martos-Villa et al. (2013) calculated the binding energy of sI CH4 hydrates with 

various occupancy modes in small and large cages, it was found the binding energy increased with 

increasing occupancy in the large cages. Also, the binding energy of single CH4 in small cages 

was found higher than that in the large cage, while that of CO2 was higher in the large cages than 

in the small ones. Liu et al. (2016) designed various full cage occupancy for pure and mixed CH4-

CO2 hydrates and analyzed the change in the interaction energy to evaluate the stability and fitness 

of CH4 and CO2 molecules in small and large cages in sI hydrates. By analyzing the potential 

energy and the mean square displacement (MSD) of atoms in the water cage, Qi and Zhang (2011) 

indicated that the stability of CH4-CO2 mixed hydrate with CO2 occupancy of 75% is higher than 

that with 85% occupancy. Based on NMR study of mixed sI CH4-C2H6 hydrates, it was found that 

the dissociation rate of C2H6 in the large cage is higher than CH4 in the small cage (Dec et al., 

2007). The authors also examined the faster dissociation behavior of C2H6 in large cages by 

combining with the thermodynamic models and suggested that the less stable behavior of C2H6 in 

large cages was due to the empty small cages. In an MD simulation of the sI CH4-C2H6 hydrates, 

one peak in the RDF curve of C2H6-C2H6 pair was found equal to the average length between the 
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large cage of sI hydrates, i.e., 51262, which indicated the stability of the hydrate structure at the 

simulation conditions and no cage distortion was observed (Erfan-Niya et al., 2011). 

 

 

Fig. 2-7 Occupancy preference of CH4 molecules in the small and large cages in sI and sII hydrates 

(Hester and Sloan, 2005) 

 

2.3 Hydrate Systems Containing CH4, C2H6, and CO2 

Systems containing CH4, C2H6, and CO2 are of great interest since CH4 and C2H6 are the two most 

concentrated species in the natural gases (Kvenvolden, 1995). For example, the average 

composition of CH4 and C2H6 in the natural gases is above 96 mol% in the Gulf of Mexico (GoM) 

and Alaska North Slope (Collett et al., 1988; Sassen et al., 1998). The mean gas composition at 

different locations of GoM is as shown in Table 2-1. The average gas composition of the vent gas: 

93.15% CH4, 3.73% C2H6, 1.96% C3H8, 0.35% i-C4H10, 0.53% n-C4H10, 0.25% i-C5H12, 0.03% n-

C5H12. 
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Table 2-1 The average gas composition in Gulf of Mexico 

Location Gas type CH4 C2H6 C3H8 
i-

C4H10 

n-

C4H10 

i-

C5H12 

n-

C5H12 
CO2 References 

Green 

Canyon 

Vent gas 93.42 4.22 1.22 0.24 0.64 0.36 0 0 Sassen and 

MacDonald, 

1997 
Hydrate 61.30 10.48 9.70 2.25 5.50 10.63 0 0 

Vent gas 93.15 3.45 2.45 0.30 0.45 0.20 0 0 Sassen et al., 

1998 Hydrate 76.78 10.00 9.85 1.85 1.18 0.35 0 0 

Hydrate 69.03 5.97 17.13 4.03 0.82 0 0 2.97 
Brooks et 

al., 1986 

Vent gas 93.13 3.58 2.07 0.37 0.53 0.23 0.12 0 Sassen et al., 

2001a Hydrate 76.17 9.86 10.25 1.96 1.36 0.28 0.05 0 

Sediment 87.70 7.20 3.30 0.50 0.90 0.20 0.20 0 
Sassen et al., 

2001b 
Vent gas 93.20 3.70 2.10 0.50 0.50 0.20 0 0 

Hydrate 77.50 9.50 9.70 1.80 1.20 0.50 0 0 

Sediment 71.93 14.27 3.82 2.15 2.22 5.29 0.33 0 
Sassen et al., 

1999 

Mississippi 

Canyon 
Hydrate 75.18 7.53 11.20 5.45 0.50 0.15 0.10 0 

Sassen et al., 

2001a 

 

CO2 naturally exists in natural gas reservoirs and the gas hydrate reservoirs (Adisasmito and 

Sloan, 1992; Jia et al., 2019a; 2019b; van Denderen et al., 2009). It has been estimated that the 

composition of CO2 in natural gas hydrate reservoirs is 0.1-4.6 mol% (Seo et al., 2000). The 

concentration of CO2 in natural gases is being increased with enhanced oil recovery by CO2 

injection (Fan and Guo, 1999; Jia et al., 2018; Zhang et al., 2019), with the production of gas 

hydrates by CO2 exchange and with CO2 sequestration (Boswell et al., 2016). When the 

aforementioned CO2-contained natural gases, with a majority of CH4 and C2H6, are produced 

through wellbore or during wellbore drilling, gas hydrates may be formed, resulting in severe flow 
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assurance issues. Furthermore, CO2 sequestration and hydrate production using CO2 exchange are 

significant to alleviate global warming.  

Another motivation to select CH4/C2H6/CO2 gas mixture as the targeted gas system is from 

the microscopic perspective. In consistence with the size ratio analysis in Table 2-2, CH4, C2H6, 

and CO2 have been proved as sI hydrate formers (Hester and Sloan, 2005; Ripmeester, 2000; Sloan 

and Koh, 2007), i.e., only sI hydrates will be formed by the three pure gases with H2O along the 

hydrate phase boundary. However, surprising complexity will be introduced when these simple sI 

hydrate formers are mixed with each other due to the preference of various gas species in the 

different hydrate cages. For instance, by using full occupancy mode in the MD simulation, i.e., all 

the cages in the sI hydrates are occupied either by CO2 or CH4 molecules, Geng et al. (2009) 

concluded that at their simulation conditions, CO2 molecules were more stable in the large cages 

in the sI hydrates and CH4 molecules preferred the small cages, which was confirmed by the MD 

simulation work of Nohra et al. (2012). Experimentally, it was observed that CO2 molecules can 

enter both the small and large hydrate cages (Fleyfel and Sloan, 1991). Hence, CO2 will compete 

with C2H6 molecules for the large cages and under some conditions, it also competes with the CH4 

molecules for the small cages. Phase boundary data is a useful tool to reveal the mechanisms 

behind hydrate structure transition in systems containing CH4 and C2H6, as well as the role of 

competing effect between C2H6 and CO2 molecules. Gas molecules cannot enter the hydrate cage 

if the gas-to-hydrate cage diameter ratio, γ, is significantly larger than 1, whereas it requires a 

lower temperature to stabilize the hydrate structure if γ is too small (Adisasmito and Sloan, 1992). 

Overall, hydrates are more stable when γ is less and closer to 1 (Becke et al., 1992).  
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Table 2-2 Gas size and the gas-cage diameter ratios of sI and sII hydrates 

Gas 

species 

Gas 

diameter, Å 

Gas-cage diameter ratio, γ 

sI structure sII structure 

Small cage Large cage Small cage Large cage 

CH4 4.4 0.88 0.76 0.89 0.67 

C2H6 5.5 1.10 0.95 1.12 0.84 

CO2 5.1 1.02 0.89 1.04 0.78 

 

Moreover, sII hydrates have been found formed in systems containing CH4-C2H6 gas mixture, 

even though CH4 and C2H6 are both sI hydrate formers. By attributing two peaks in the Raman 

spectra of C-C stretching-vibration mode of C2H6 hydrates to C2H6 molecules in the large cage of 

sI and sII respectively, Uchida et al. (2002) detected the structure change of CH4-C2H6 hydrates 

formed with ice particles. Only sI hydrates were formed when the vapor composition of C2H6 was 

below 2 mol% and above 22 mol%. However, sII hydrates were detected when the vapor C2H6 

composition was between 2 and 12 mol%. By forming CH4-C2H6 hydrates with water, 

Subramanian et al. (2000a) also observed the hydrate structure change when the vapor composition 

of C2H6 was between 25 and 27.8 mol% by using Raman and NMR spectroscopic measurements. 

The authors also detected a lower point for the structure change, i.e., 0.6-0.8 mol% of C2H6 in the 

vapor phase of the CH4-C2H6 mixture (Subramanian et al., 2000b). It is noted that the determined 

guest composition where hydrate structure has changed is close but not exactly the same in these 

two research groups (Uchida et al., 2002; Subramanian et al., 2000a; 2000b). This is mainly 

attributed to the different experimental conditions, e.g., pressure and temperature. It is also noted 

that the pressure and temperature conditions applied in these measurements were well inside the 

phase boundary of gas hydrates. Ballard and Sloan (2000) shed light on the structure change of 

mixed CH4-C2H6 hydrates at the incipient hydrate formation conditions through thermodynamic 
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modeling, which indicated that upper and lower structure change point varied with pressure and 

temperature. In addition, the coexistence of sI and sII hydrates was detected when the composition 

of C2H6 ranged from 12 to 22 mol% by Uchida et al. (2002). However, it had been presented that 

the coexistence of sI and sII hydrates of CH4-C2H6 hydrates was metastable and would transform 

into either sI or sII structure depending on the guest composition (Ohno et al., 2009; Takeya et al., 

2003). Efforts have been made to explore the mechanisms behind the structure change of mixed 

CH4-C2H6 hydrates by using thermodynamic calculation (Adamova et al., 2010; Hendriks et al., 

1996; Hester and Sloan, 2005; Uchida et al., 2002). Adamova et al. (2010) explored the sI and sII 

structure change of CH4-C2H6 hydrates using molecular modeling. Uchida et al. (2002) indicated 

that the structure change was driven by two competing factors, i.e., the occupancy preference of 

guests in hydrate cages and the cage number ratio in different hydrate structures. For instance, 

C2H6 is thermodynamically more stable in 51264, i.e., the large cage in sII structure than in 51262, 

i.e., the large cage in sI structure. On the other hand, the ratio of large cages in sI is greater than 

that of the large cage in sII, as illustrated in Fig. 1-1. Therefore, sI structure is preferred when the 

composition of C2H6 is high. However, this conclusion is based on a rough thermodynamic 

analysis of interactions between the hydrate cage and the specific guest molecules, which does not 

consider the impact of other guest molecules, e.g., the interactions between guest-guest molecules, 

and is not on a molecular level base. Besides, even though no structure change of mixed CH4-CO2 

or C2H6-CO2 hydrates has been reported, the appearance of CO2 could impact the hydrate structure 

formed by CH4-C2H6-CO2 mixtures. This is because CO2 molecules can not only enter the large 

cage of either sI or sII hydrates but also the smaller ones and therefore, will compete with CH4 and 

C2H6 molecules for the small and large hydrate cages. This, for one thing, might change the cage 

occupancy due to the interactions of guest molecules and for another thing may also influence the 
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hydrate structure change. The aforementioned impacts of CO2 on the formation of mixed CH4-

C2H6-CO2 hydrates, as illustrated with the grey line in Fig. 2-8, are still unknown. In Fig. 2-8, the 

triangle is used to represent the composition of this system. The vertices and edges represent the 

pure gas component and binary gas mixture, respectively, and each point inside this triangle 

represents a ternary gas mixture. For example, the points along the edge of CH4-C2H6 denote the 

binary CH4-C2H6 gas mixture, and the composition of C2H6 increases as the point moves from left 

to right along this edge. 

 

 

Fig. 2-8 Schematic diagram of structure change of mixed CH4-C2H6-CO2 hydrates 

 

The sodium chloride (NaCl) is the most concentrated electrolyte in the seawater and reservoir 

fluids (Castellini et al., 2006; Fu and Aharon, 1998). It is believed that anions have a greater effect 

than cations on the phase boundary of gas hydrates, and the impact is elevated with a decrease in 

ion diameters (Cha et al., 2016). Hence, NaCl has been chosen to represent the impact of 

electrolytes on the phase boundary of gas hydrates by numerous researchers. The phase boundary 

of pure or binary CH4, C2H6, and CO2 hydrates formed in NaCl solutions is crucial for not only 

the flow assurance and energy recovery but also CO2 sequestration. When the captured CH4-CO2 
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gas mixture, e.g., from biogas and coal-bed methane is sequestrated in deep water or depleted 

fossil fuel reservoirs (White et al., 2005; Zatsepina and Pooladi-Darvish, 2012), it is important to 

understand the hydrate phase behavior at various CH4, C2H6, and CO2 composition and 

concentration of NaCl solutions. 

 

2.4 Summary 

A comprehensive literature review is carried out covering the experimental and theoretical 

modeling approaches in determining the phase boundary of gas hydrates formed in the bulk phase, 

experimental observations and MD simulation results of hydrate nucleation and growth behaviors, 

hydrate systems containing CH4, C2H6, and CO2 gas species. The reliability and shortcomings of 

various experimental devices and methods, e.g., IcPS, IbTS, and IthPS, are compared. Different 

frameworks of theoretical models for hydrate systems, e.g., combined models and single EoS 

models and various models accounting for the effect of electrolytes are summarized. The 

morphology of the surface of hydrate film formed at the water-gas interface is decided by the 

degrees of subcooling, supersaturation, gas composition, and chemical additives in the aqueous 

phase. The structure of gas hydrates is influenced by numerous factors, e.g., gas composition and 

pressure. A structure change of the CH4-C2H6 hydrates has been observed in experiments and 

thermodynamic models. However, the mechanisms of CH4-C2H6 hydrate structure change is 

unknown. Also, the structure stability of CH4-C2H6-CO2 hydrates is not clear. By examining the 

investigations of the hydrate formation process using MD simulation, it was found that two 

routines might be eligible to explore the mechanisms driving the structure change of mixed CH4-

C2H6 hydrates with the guest composition. The first routine is through simulating the nucleation 

process, i.e., starting from a mixture of guest and water molecules in the vapor and liquid phases 
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and run the simulation to figure out the final structure of the formed hydrates. The second routine 

is to evaluate the stability of the sI structure and the sII structure respectively of the mixed CH4-

C2H6 hydrates. The observation of nucleation results depends on the time scale of the simulation 

because the nucleation process is controlled by both kinetic and thermodynamic preferences of the 

guests in various hydrate cages. However, the structure change of interest in this work occurs in a 

relatively large time scale, e.g., lab observation and hydrates formed in nature. Therefore, the 

second routine is recommended. 
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CHAPTER 3  EXPERIMENTAL MEASUREMENTS OF GAS HYDRATE 

PHASE BEHAVIOR 

 

3.1 Database of Hydrate Phase Boundary 

A comprehensive database is critical not only for cross-verification of experimental data from 

different sources but also for reliable parameter regression in the modeling work. In this section, 

we have established a comprehensive database of the measured phase boundary of CH4, C2H6, 

CO2, and binary CH4-C2H6 and CH4-CO2 hydrates formed in pure H2O and NaCl solutions, which 

is an extension of the experimental data summarized by Sloan and Koh (2007). Experimental 

approaches applied in various research groups are also summarized in the new database, which is 

important to preliminarily evaluate the reliability of the experimental data. A total of 1036 

measured equilibrium phase boundary data points for pure CH4, C2H6, CO2, and binary CH4-C2H6, 

CH4-CO2 hydrate systems published in the period of 1946 to 2020 have been collected. Tables 

Table 3-1 through Table 3-5 list the equilibrium pressures and temperatures, measurement 

methods, water salinity, and the number of data points for gas hydrates formed by CH4, C2H6, CO2, 

and CH4-C2H6, CH4-CO2 mixture, respectively.  

The first group of experimental phase boundary data of CH4 hydrates was provided by Deaton 

and Frost (1946), who systematically measured the phase boundary of CH4 hydrates at moderate 

pressures. Researchers also measured the phase boundary of CH4 hydrates at high-pressure 

conditions (Dyadin et al., 1997; Kobayashi and Katz, 1949; Marshall et al., 1964; Nakano et al., 

1999). For example, Dyadin et al. (1997) investigated the phase behavior of CH4 hydrates at 

pressures up to 1000 MPa and indicated a structure change of CH4 hydrates at pressures higher 
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than 620 MPa. The phase boundary data of CH4 hydrates formed in high concentrated NaCl 

solutions, up to 30 wt%, were supplemented by Hu et al. (2017). In this work, only the measured 

phase boundary data points of CH4 hydrates with a temperature lower than 300 K and NaCl 

concentration smaller than 6 molalities, i.e., 25.98 wt% are collected and presented in Table 3-1, 

with the purpose of parameter regression and validation of the developed model in Chapter 4. A 

total of 383 data points have been collected in Table 3-1, in which 213 points are for the CH4 

hydrates formed in pure H2O, and the other 170 data points are for those formed in NaCl solutions. 

 

Table 3-1 Collected phase boundary data of CH4 hydrates 

P, MPa T, K Methods 
NaCl, 

wt% 

Data 

points 
References 

2.68-10.57 273.4-286.4 PBD 

0 

11 Adisasmito et al., 1991 

2.69-10.04 273.3-286.0 IthPS (visual) 9 De Roo et al., 1983 

2.77-9.78 273.7-285.9 IthPS (visual) 13 Deaton and Frost, 1946 

20.19-50.45 291.9-298.7 IcPS (Raman) 9 Jager and Sloan, 2001 

2.65-28.57 273.2-294.3 IcPS (visual) 8 Jhaveri and Robinson, 1965 

2.92-9.54 274.3-285.8 IcPS (graphic) 17 Kamari et al., 2017 

5.36-7.07 280.0-282.7 IcPS (graphic) & PBD 3 Kastanidis et al., 2016 

5.73-7.68 281.2-284.0 IbTS (DSC) 3 Kharrat and Dalmazzone, 2003 

2.90-12.60 274.2-288.2 IcPS (light) 30 Maekawa, 2001 

15.93-43.78 290.2-298.2 IcPS (graphic) 7 Marshall et al., 1964 

9.62-48.68 285.7-298.7 IcPS (visual) 8 McLeod and Campbell, 1961 

2.96-8.96 274.2-285.2 IcPS (visual) 12 Mei et al., 1996 

3.06-47.86 274.6-298.3 IcPS (graphic) 11 Mohammadi et al., 2005 

2.92-9.54 274.3-285.8 PBD 17 Nakamura et al., 2003 

2.77-28.02 273.6-294.0 IthPS (visual) 13 Ross and Toczylkin, 1992 

5.55-15.29 280.2-288.7 IcPS (graphic) 9 Sabil et al., 2014 

5.00-25.00 279.5-293.0 IbTS (visual) 6 Sadeq et al., 2017 

2.60-5.00 273.2-279.6 IcPS (visual) 3 Seo et al., 2001 
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3.50-6.50 276.3-282.1 IthPS (visual) 3 Servio and Englezos, 2002 

2.87-6.10 275.4-281.2 PBD 6 Thakore and Holder, 1987 

3.02-16.96 275.2-290.7 IcPS (visual) 7 Verma, 1974 

3.53-9.38 276.3-285.6 IcPS (graphic) 8 Ward et al., 2014 

3.42-22.50 274.5-291.1 IcPS (graphic) 

3 

6 Atik et al., 2009 

2.75-5.36 272.7-279.4 IthPS (visual) 6 Dholabhai et al., 1991 

4.00-7.90 276.4-283.1 IcPS (light) 7 Maekawa, 2001 

7.00-20.00 281.3-290.1 IcPS (DSC) 
3.5 

5 Lafond et al., 2012 

3.31-15.89 275.0-288.9 IcPS (light) 13 Maekawa et al., 1995 

3.58-9.60 274.2-283.6 IcPS (graphic) 5 5 Mohammadi et al., 2008 

3.97-10.02 275.1-283.7 IcPS (graphic) 5.44 5 Cha et al., 2016 

6.60-67.81 280.7-299.1 IcPS (Raman) 6.22 11 Jager and Sloan, 2001 

3.07-18.08 269.7-286.4 IcPS (light) 10 19 Maekawa et al., 1995 

4.92-11.42 274.7-282.0 IcPS (graphic) 10.83 5 Cha et al., 2016 

7.51-71.56 279.2-296.0 IcPS (Raman) 10.85 11 Jager and Sloan, 2001 

2.69-7.55 268.3-278.0 IthPS (visual) 11.76 6 De Roo et al., 1983 

4.50-7.57 272.7-277.7 IbTS (DSC) 11.89 3 Kharrat and Dalmazzone, 2003 

28.80-79.4 288.0-296.0 IcPS (graphic) 12 2 Hu et al., 2017 

3.93-26.50 269.5-285.1 IcPS (graphic) 15 3 Haghighi et al, 2009 

4.23-8.57 269.2-277.7 IbTS (DSC) 
17.13 

3 De Roo et al., 1983 

2.39-8.57 263.4-275.1 IthPS (visual) 5 Kharrat and Dalmazzone, 2003 

7.92-70.56 274.4-291.0 IcPS (Raman) 17.17 10 Jager and Sloan, 2001 

5.02-15.38 268.6-277.3 IcPS (graphic) 
20 

3 Haghighi et al, 2009 

5.90-17.35 268.5-278.7 IcPS (light) 14 Maekawa et al., 1995 

2.94-11.00 261.8-272.8 IthPS (visual) 21.52 7 De Roo et al., 1983 

7.85-71.30 270.7-285.8 IcPS (Raman) 22.07 10 Jager and Sloan, 2001 

28.20-186.00 277.0-293.0 IcPS (graphic) 23 6 Hu et al., 2017 

4.78-9.55 263.0-268.6 IthPS (visual) 24.12 5 De Roo et al., 1983 

Note: DSC- differential scanning calorimetry; PBD- phase boundary dissociation; IcPS- Isochoric pressure 

search; IthPS- Isothermal pressure search; IbTS- Isobaric temperature search. 

 

Different from the CH4 hydrates, the phase boundary of C2H6 hydrates is characterized by an 

upper quadruple point, which separates the hydrate-aqueous-vapor (i.e., H-A-V) three-phase 
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boundary from that of hydrate-aqueous-liquid C2H6 (i.e., H-A-LC2H6). A total of 179 data points 

have been collected in Table 3-2, in which 118 points are for the C2H6 hydrates formed in pure 

H2O, and the other 61 data points are for those formed in the NaCl solutions. These data points 

cover a temperature range from 265.4 to 296.5 K and the NaCl concentration of 3.1 to 20 wt%. 

The methods adopted to determine the phase boundary conditions are also summarized. 

 

Table 3-2 Collected phase boundary data of C2H6 hydrates 

P, MPa T, K Methods 
NaCl, 

wt% 
Data points Reference 

0.85-3.08 277.8-287.2 - 

 

10 Avlonitis, 1988* 

0.51-2.73 273.7-286.5 IthPS (visual) 20 Deaton and Frost, 1946 

0.81-1.55 277.6-282.5 PBD 3 Galloway et al., 1970 

0.95-3.36 278.8-288.2 IcPS (visual) 7 Holder and Hand, 1982 

0.78-2.62 277.5-286.5 IcPS (visual) 7 Holder and Grigoriou, 1980 

0.59-3.17 274.6-287.3 IcPS (light) 20 Maekawa and Imai, 2000 

19.48-67.52 290.4-296.5 - 19 Nakano et al., 1998a* 

3.33-20.34 288.0-290.6 IcPS (visual) 8 Ng and Robinson, 1985 

0.55-6.84 273.4-288.4 - 18 Roberts et al., 1940* 

0.60-32.52 273.9-292.0 IthPS (visual) 6 Ross et al., 1992 

0.73-3.07 275.2-286.2 IcPS (light) 3.1 17 Maekawa and Imai, 2000 

0.54-2.90 272.2-284.7 IcPS (graphic) 5 7 Mohammadi et al., 2008 

0.88-2.17 273.7-280.4 IcPS (graphic) 
10 

5 Tohidi et al., 1997 

0.70-2.88 271.6-282.1 IcPS (light) 13 Maekawa and Imai, 2000 

1.08-2.15 272.7-277.1 IcPS (graphic) 15 3 Tohidi et al., 1997 

1.21-2.48 268.9-274.2 IcPS (light) 

20 

7 Maekawa and Imai, 2000 

0.69-1.52 266.3-271.5 IcPS (graphic) 4 Tohidi et al., 1993 

0.74-1.83 265.4-271.9 IthPS (visual) 5 Englezos et al., 1991 

Note: PBD- phase boundary dissociation; IcPS- Isochoric pressure search; IthPS- Isothermal pressure 

search. 

* The original copy is not available, data are transferred from elsewhere (Sloan and Koh, 2007). 
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Similar to the phase boundary of C2H6 hydrates, the phase boundary of CO2 hydrates is also 

featured by an upper quadruple point. However, the determined upper quadruple points of CO2 

hydrates in pure H2O are diverse (Chapoy et al., 2011; Kastanidis et al., 2016; Mohammadi et al., 

2005; Nakano et al., 1998; Ng and Robinson, 1985). In this work, only the measured phase 

boundary data of CO2 hydrates with temperature below 282 K, i.e., H-A-V three-phase boundary 

data points are collected and tabulated in Table 3-3. The NaCl solution concentrations range from 

3 wt% to 20 wt%. As can be seen in Table 3-3, a total of 187 data points have been collected for 

the phase boundary of CO2 hydrates, 158 of which are for CO2 hydrates formed in pure H2O, and 

the rest 29 date points are for those formed in NaCl solutions. 

 

Table 3-3 Collected H-A-V three-phase boundary data of CO2 hydrates 

P, MPa T, K Methods 
NaCl, 

wt% 

Data 

points 
Reference 

1.42-3.51 274.3-281.5 PBD 

0 

7 Adisasmito et al., 1991 

1.32-3.71 273.7-281.9 IthPS (visual) 17 Deaton and Frost, 1946 

1.50-2.78 274.7-279.7 IthPS (visual) 10 Fan and Guo, 1999 

1.50-2.78 274.7-279.7 IthPS (visual) 3 Fan et al., 2000 

2.04-3.69 277.2-281.9 IcPS (graphic) 4 Kamari et al., 2017 

2.33-3.97 278.6-282.0 IcPS (graphic) & PBD 7 Kastanidis et al., 2016 

1.05-3.69 271.8-282.0 Differential 33 Larson, 1955 

1.82-3.69 276.5-282.0 IcPS (visual) 8 Mooijer-van den Heuvel et al., 2001 

1.35-3.83 274.0-281.8 IcPS (graphic) 7 Ohgaki et al., 1993 

1.38-3.84 273.9-282.0 - 6 Robinson and Mehta, 1971 

1.10-3.38 272.7-281.5 IcPS (graphic) 11 Sabil et al., 2014 

1.50-3.50 274.8-281.5 IcPS (visual) 4 Seo et al., 2001 

2.04-3.69 277.2-281.9 IcPS (visual) 4 Unruh and Katz, 1949 

1.22-3.68 273.1-281.8 - 37 Vlahakis et al.,1972 a 

1.30-2.96 272.2-278.9 IthPS (visual) 3 4 Dholabhai et al., 1993 
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1.37-3.73 271.8-280.2 IcPS (graphic) 5 4 Mohammadi et al., 2008 

1.66-3.62 273.6-279.7 Differential 5.53 4 Larson, 1955 

1.16-3.16 268.0-276.1 IthPS (visual) 
10 

5 Dholabhai et al., 1993 

1.86-3.23 263.2-276.1 IcPS (graphic) 4 Tohidi et al., 1997 

1.21-3.24 265.4-273.0 IthPS (visual) 15 4 Dholabhai et al., 1993 

1.52-3.12 263.2-268.8 IcPS (graphic) 20 4 Tohidi et al., 1997 

Note: PBD- phase boundary dissociation; IcPS- Isochoric pressure search; IthPS- Isothermal pressure 

search. 

a The original copy is not available, data are transferred from elsewhere (Sloan and Koh, 2007); 

‘-’ denotes that the information is unavailable. 

 

The collected data points of the binary CH4-C2H6 hydrates formed in pure H2O and NaCl 

solutions are demonstrated in Table 3-4, with the composition of CH4 in the feed CH4-C2H6 gas 

mixture ranging from 1.6 mol% to 98.8 mol% and the NaCl concentration up to 23 wt%. A total 

of 185 data points have been collected in Table 3-4, in which 150 are for the binary CH4-C2H6 

hydrates formed in pure H2O and 35 data points are for those formed in the NaCl solutions. The 

phase boundary pressure and temperature cover a range of 0.95-172.8 MPa and 274.8-314.2 K, 

respectively for the hydrates formed in pure H2O. For those formed in the NaCl solutions, the 

measured phase boundary pressure and temperature are ranged from 4.00 to 179.00 MPa and 276.0 

to 314.5 K, respectively. 

 

Table 3-4 Collected phase boundary data of binary CH4-C2H6 hydrates 

CH4, 

mol% a 
P, MPa T, K Methods 

NaCl, 

wt% 

Data 

points 
Reference 

98.8 2.86-5.09 274.8-280.4 IthPS (visual) 

0 

3 Deaton and Frost, 1946 

97.8 2.37-6.09 274.8-283.2 IthPS (visual) 5 Deaton and Frost, 1946 

97.1 2.16-4.03 274.8-283.2 IthPS (visual) 3 Deaton and Frost, 1946 
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95 1.84-4.77 274.8-283.2 IthPS (visual) 5 Deaton and Frost, 1946 

94.6 6.93-68.43 284.9-302.0 IcPS (visual) 8 
McLeod and Campbell, 

1961 

90.4 1.52-3.97 274.8-283.2 IthPS (visual) 4 Deaton and Frost, 1946 

85 2.08-10.80 279.5-292.0 IcPS (graphic) 6 Becke et al., 1992 

80.9 6.90-68.57 284.9-304.1 IcPS (visual) 8 
McLeod and Campbell, 

1961 

74.7 33.7-172.8 299.1-314.2 IcPS (graphic) 5 Hu et al., 2018 

56.4 0.95-2.43 274.8-283.2 IthPS (visual) 4 Deaton and Frost, 1946 

27.51 2.76-11.28 280.4-288.0 IcPS (graphic) 5 Sabil et al., 2014 

17.7 1.42-3.00 281.6-287.0 IcPS (visual) 5 
Holder and Grigoriou, 

1980 

4.7 0.99-2.99 279.4-287.6 IcPS (visual) 6 
Holder and Grigoriou, 

1980 

1.6 1.81-3.08 283.9-287.8 IcPS(visual) 4 
Holder and Grigoriou, 

1980 

47.5-91.3* 1.25-7.13 279.0-290.3 IcPS (light) 27 Maekawa, 1998 

90.2-98.9* 1.70-11.10 275.4-289.6 IcPS (light) 52 Maekawa, 2001 

74.7 34.30-176.70 282.3-314.5 IcPS (graphic) 12 6 Hu et al., 2018 

74.7 33.20-179.00 292.4-307.4 IcPS (graphic) 23 5 Hu et al., 2018 

90.2-97.9* 4.00-10.00 276.0-288.0 IcPS (light) 3 24 Maekawa, 2001 

Note: IcPS- Isochoric pressure search; IthPS- Isothermal pressure search. 

a The composition denotes the mole fraction of CH4 in the feed gas mixture. 

* indicates that the unit of composition is in volume fraction. 

 

The collected data points of binary CH4-CO2 hydrates formed in pure H2O and NaCl solutions 

are listed in Table 3-5. The composition of CH4 in the feed CH4-CO2 gas mixture ranges from 3.48 

mol% to 92 mol%, aiming at various potential applications of CH4-CO2 hydrates, e.g., CO2 

sequestration and gas storage. The phase boundary pressure and temperature cover a range of 1.10-

25.00 MPa and 262.0-295.1 K, respectively, and the concentration of NaCl ranges from 5 wt% to 
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20 wt%. As demonstrated in Table 3-5, a total of 158 data points have been collected for the 

measured phase boundary of CH4-CO2 hydrates, in which 124 points are for those formed in pure 

H2O, and 34 points belong to those formed in NaCl solutions. Most data points of the binary CH4-

CO2 hydrates formed in NaCl solutions focused on low-pressure conditions, i.e., below 10 MPa 

(Dholabhai and Bishnoi, 1994; Fan and Guo, 1999). High-pressure data of this system have been 

supplemented recently by Zheng et al. (2020) with pressure up to 61.99 MPa. 

 

Table 3-5 Collected phase boundary data of binary CH4-CO2 hydrates 

CH4, 

mol% a 
P, MPa T, K Methods 

NaCl, 

wt% 

Data 

points 
Reference 

92 3.83-8.40 277.8-285.1 PBD 

0 

4 Adisasmito et al., 1991 

90 5.00-25.00 280.6-293.4 IbT (visual) 6 Sadeq et al., 2017 

87 3.24-10.90 276.9-287.4 PBD 5 Adisasmito et al., 1991 

84 5.00-25.00 281.5-293.5 IbT (visual) 6 Sadeq et al., 2017 

80 

2.36-7.47 275.1-285.3 IthPS (visual) 6 Beltrán and Servio, 2008 

5.00-25.00 282.1-294.0 IbTS (visual) 6 Sadeq et al., 2017 

2.36-7.53 274.1-284.8 IthPS (visual) 4 Dholabhai and Bishnoi, 1994 

2.00-5.00 273.6-281.5 IcPS (visual) 4 Seo et al., 2001 

2.30-3.40 274.0-278.3 IthPS (visual) 4 Servio et al., 1999 

74.49 2.63-3.46 274.3-277.3 IcPS (graphic) 5 Kastanidis et al., 2017 

73.6 5.29-11.62 284.2-289.2 IcPS (graphic) 3 Belandria et al., 2010 

70 2.19-6.56 275.4-285.3 IthPS (visual) 6 Beltrán and Servio, 2008 

61 5.43-9.78 283.1-287.4 PBD 3 Adisasmito et al., 1991 

60 2.05-5.88 275.3-284.7 IthPS (visual) 5 Beltrán and Servio, 2008 

59.71 2.03-5.17 275.5-283.4 IcPS (graphic) 4 Mohammadi et al., 2013 

51.0 5.82-12.41 284.8-289.9 IcPS (graphic) 2 Belandria et al., 2010 

50 
1.92-5.63 275.2-284.7 IthPS (visual) 6 Beltrán and Servio, 2008 

1.78-5.07 273.5-283.1 IthPS (visual) 14 Servio et al., 1999 

40 1.50-3.50 273.6-280.2 IcPS (visual) 4 Seo et al., 2001 

32 2.58-4.12 278.2-282.0 PBD 3 Adisasmito et al., 1991 
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29.9 3.25-5.32 281.4-284.7 IcPS (graphic) 3 Partoon et al., 2016 

27.51 2.76-11.28 280.4-287.9 IcPS (graphic) 5 Sabil et al., 2014 

27.0 3.16-13.06 280.6-289.1 IcPS (graphic) 3 Belandria et al., 2010 

5.9 1.82-5.81 276.0-284.2 IcPS (graphic) 4 Chapoy et al., 2014 

3.48 1.10-4.80 273.5-282.3 IthPS (visual) 9 Fan and Guo, 1999 

80 

2.30-6.98 271.6-282.0 

IthPS (visual) 

5 4 

Dholabhai and Bishnoi, 1994 
2.03-6.56 268.5-279.0 10 4 

1.86-7.31 264.8-277.2 15 5 

2.12-9.15 261.9-274.3 20 4 

29 13.51-61.99 287.0-295.1 IcPS (graphic) 5.0 5 
Zheng et al., 2020a b 

21 10.26-51.98 286.1-292.4 IcPS (graphic) 3.5 5 

5.02 1.24-3.75 267.9-277.4 IthPS (visual) 9.45 7 Fan and Guo, 1999 

Note: PBD- phase boundary dissociation; IcPS- Isochoric pressure search; IthPS- Isothermal pressure 

search; IbTS- Isobaric temperature search. 

a The composition denotes the mole fraction of CH4 in the feed gas mixture. 

b These data points are measured in this work, which will be introduced in Section 3.2. 

 

3.2 Experimental Measurement 

Before one of our recent works (Zheng et al., 2020a), only two groups of phase boundary data 

points are available for CH4-CO2 hydrates formed in NaCl solutions based on the established 

database, with the pressure lower than 10 MPa. However, the pressure could be over 20 MPa in 

the real application. For example, gas hydrates have been detected at the water depth of 2400 m in 

the Gulf of Mexico with the deepest bottom simulating reflector (BSR) at around 600 m below the 

seafloor (Kastner et al., 2008; Milkov and Sassen, 2003; Shedd et al., 2012). It is necessary to 

supplement the experimental phase boundary database of CH4-CO2 hydrates formed in NaCl 

solutions at high-pressure and high-temperature conditions due to the fact some interesting 

phenomena may occur at these conditions, e.g., the deformation of hydrate cage at high pressure 
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and the pairing between ions at high temperature. In this section, a high-pressure experimental 

apparatus system is established to investigate the phase boundary and the interfacial phenomenon, 

i.e., hydrate formation at the water-gas interface and to measure the phase boundary of CH4-CO2 

hydrates formed in NaCl solutions at high-pressure and high-temperature conditions. 

 

3.2.1 Experimental apparatus 

A schematic diagram of the experimental apparatus designed to measure the phase boundary and 

morphology of gas hydrates is illustrated in Fig. 3-1. The central component is a PVT cell where 

hydrate formation and dissociation take place. The wetting parts of the PVT cell are made of 

stainless steel coated with anticorrosive Hastelloy. It is equipped with a sapphire window through 

which the view inside the cell can be observed and recorded by using a CCD digital video camera. 

The maximum pressure of the PVT cell can sustain is 70 MPa and the temperature can range from 

-10 to 200 ℃. The volume of the PVT cell is changeable between 5 and 300 ml by moving a 

motor-driven piston. A magnetic stirrer is mounted on the top of the piston for agitation. The PVT 

cell can be rotated between 0° and 135° so that the optimal observation angle can be utilized. The 

temperature inside the PVT cell is regulated with an external silicon oil bath. The capacity of the 

external bath is -20 to 200 ℃ with a resolution of 0.01 °C. The pressure and temperature inside 

the cell are measured by using the pressure and temperature transducers and recorded continuously 

with a Falcon data acquisition system. The accuracy of the pressure and temperature transducers 

are ±0.35% F.S. and ±0.01 °C, respectively. An Agilent 490 Micro gas chromatograph (GC) is 

equipped to measure the guest composition of the guest mixture prepared in the transfer cylinder. 

A Platinum DV-200N vacuum pump with a capacity of 200 L/min is employed to degas the 

experimental device. 
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Fig. 3-1 Schematic diagram of experimental apparatus applied in the measurement the phase 

boundary of gas hydrates 

 

3.2.2 Experimental materials and procedure 

The CH4, C2H6, and CO2 gases with a purity of 99.99 mol% are supplied by Matheson Tri-Gas 

and stored in three gas tanks, respectively. Deionized water with a resistivity of 18 MΩ⸱cm 

(measured with YSI 3200 Conductivity Instrument) is prepared in the lab with Milli-Q Direct 

water purification system. Sodium Chloride (NaCl) with a purity of 99.5 wt% provided by Fisher 

Scientific Company is used. 

The experimental procedures are as described below. 

1) Prepare the guest mixture (take the binary gas mixture of CH4-CO2 for example):  

a. Vacuum the PVT cell using the vacuum pump for 30 min; 
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b. Transfer the pure CH4 from the CH4 gas cylinder to the PVT cell until a specified pressure 

is reached; 

c. Calculate the moles of CH4 that has been injected into the PVT cell by employing the PR 

EoS as described in Chapter 4, and estimate the final pressure using the PR EoS after the CO2 

injection; 

d. Transfer the pure CO2 from the CO2 gas cylinder to the PVT cell, until the estimated final 

pressure is obtained; 

e. Measure the bubble point of the prepared gas mixture to confirm the composition; 

f. Further confirm the composition of gas composition using the Micro GC. 

2) Prepare the aqueous solution: 

The NaCl solution with a specific concentration is prepared and stored in the cleaned transfer 

cylinder. 

3) Loading the aqueous solution:  

a. Vacuum the tubing that connects the PVT cell and the transfer cylinder; 

b. Inject the prepared NaCl solution into the PVT cell by employing the syringe pump.  

4) Measure the equilibrium phase boundary of the mixed hydrates formed in the NaCl 

solution:  

The isochoric pressure-search method (Zheng et al., 2020a) is applied to obtain the 

equilibrium pressure and temperature, as shown in Fig. 3-2. In the isochoric pressure-search 

method, the phase boundary of gas hydrates is determined with the intersection of the pressure-

temperature (P-T) curves, which involves two processes, i.e., hydrate formation (see the blue 
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curves A-E-B-C in Fig. 3-2) and hydrate dissociation (see the red curves C-D-E-A in Fig. 3-2). 

Along the red curves, the temperature in the PVT cell is decreased stepwise at a rate of 5 K/h 

(Tohidi et al., 2000), until a small amount of hydrates is formed in the cell. In this stage, the 

pressure decline is initially induced by gas dissolution and then by hydrate formation, i.e., hydrate 

nucleation and crystal growth. When some amount of hydrates are formed, the temperature of the 

PVT cell is increased to dissociate the hydrates. The temperature is increased fast stepwise initially 

with a rate of 0.5 K/h. When approaching the phase boundary temperature, the temperature in the 

PVT cell is increased at a rate of 0.1 K/h (Atik et al., 2010), until a sharp change in the slope of 

the P-T curve is observed, which is cross-verified by the disappearance of hydrates in the PVT cell 

from the video camera. During the experiments, the pressure and temperature are regulated by 

moving the piston and through the external bath respectively. The magnetic stirrer is turned on to 

agitate the fluids until equilibrium. 

 

 

Fig. 3-2 Schematic diagram of determining the hydrate phase boundary using the isochoric-

pressure search method 
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5) Observe the morphology of hydrates formed in the PVT cell:  

The morphology of the CH4-CO2 hydrates formed at the water-gas interface and its variation 

with time will be observed.  

 

3.2.3 Measurement of the hydrate phase boundary 

Verification of the experimental device 

To verify the reliability of the experimental apparatus and the procedures adopted in this work 

for quantitative measurements, the phase boundary of CH4 hydrates in pure water is measured and 

compared with 213 experimental data points from the collected database in Section 3.1, as shown 

in Fig. 3-3. It is illustrated that measured data by using the experimental device in this work and 

the isochoric pressure-search method are consistent with those in the collected database. The phase 

boundary pressure increases linearly with temperature in this semi-log plot, indicating that there is 

no structure change of the CH4 hydrates in this temperature range. 

 

 

Fig. 3-3 Comparison of the measured phase boundary data of CH4 hydrates formed in pure water 

with the ones collected in the literature 
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Measured phase boundary of CH4-CO2 hydrates in NaCl solutions 

The measured phase boundary data of the mixed CH4-CO2 hydrates are listed in Table 3-6. 

The temperature of Mix-1 ranges from 286.05 to 292.35 K and the measure phase boundary 

pressure is up to 51.98 MPa. As for Mix-2, the temperature is ranged from 287.04 to 295.09 K, 

with the pressure as large as 61.99 MPa. These data points have filled the blank of the database of 

CH4-CO2 hydrate phase boundary in NaCl solutions at high-pressure and high-temperature 

conditions.  

 

Table 3-6 Experimental scenarios and the measured phase boundary of CH4-CO2 hydrates 

Gas mixture CH4, mol% CO2, mol% NaCl, wt% T, K P, MPa 

Mix-1 21 79 3.5 

286.05 10.26 

288.66 22.03 

290.20 33.73 

291.95 46.05 

292.35 51.98 

Mix-2 29 71 5.0 

287.04 13.51 

289.11 21.60 

291.05 31.21 

292.74 44.64 

295.09 61.99 

 

3.2.4 Observation of hydrate formation at the interface 

It is known that hydrate formation tends to occur at the water-gas interface, but the observations 

of the interfacial phenomena in the PVT cell are scarce. In this work, the hydrate formation and 

dissociation in the PVT cell are observed through the sapphire window and the video camera 
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(Zheng et al., 2020a). The evolution of hydrate formation at the water-gas interfaces have been 

illustrated in Fig. 3-4. It can be seen that the roughness of the water-gas interfaces increases due 

to hydrate growth in Fig. 3-4a and Fig. 3-4b. Two hypotheses are proposed to explain the fine 

pillars formed at the planar gas-water interface (i.e., Fig. 3-4a) and the bubble-water interface (i.e., 

Fig. 3-4b) as illustrated by the white arrows in Fig. 3-4a and Fig. 3-4b. The first hypothesis is that 

the fine pillars are formed owing to the non-equilibrium state of gas and water phases (Fu et al., 

2018), and the second hypothesis attributes these fine pillars to the non-uniform lateral growth of 

hydrates at the interface. Hydrate formation is controlled by various mechanisms, e.g., mass 

transfer, heat transfer, and kinetic rate of hydrate formation (Zheng et al., 2015, 2018a, 2018b). 

Given the size of the PVT cell and the two-fold temperature controlling system, the heat transfer 

mechanism is negligible in this work. When the mass transfer rate, e.g., gas dissolution from the 

gas phase to water induced by the non-equilibrium condition is lower than the kinetic rate of 

hydrate formation, the pillars at the water-gas interfaces will be formed. The non-uniform lateral 

growth of gas hydrates at the interfaces can also lead to the formation of pillars. The growth of 

hydrate film at the water-gas interface tends to deform the geometry of the interface, e.g., gas 

escapes from the gas bubbles due to the change of interfacial tension as gas hydrates are formed. 

However, when the kinetic rate of hydrate growth is larger than the rate of gas transfer and, in the 

meanwhile, if the driving force for gas transfer is not high enough to overcome the restraint of the 

hydrate film, the fine pillars will be formed at the surface of the gas bubble. To investigate the 

interfacial phenomena with a larger mass transfer rate, a perturbation, i.e., stirring is applied in the 

PVT cell, as shown in Fig. 3-4c. It is demonstrated that a portion of gas bubbles have been broken 

into pieces which promoted hydrate growth due to the larger surface for hydrate formation. It is 

interesting to notice that the roughness of the water-gas interface becomes smaller as time goes 
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by, which can be clearly observed by comparing the bubble marked by the white arrow in Fig. 3-

4c and Fig. 3-4d. The reduced roughness at the water-gas interface is induced by the thickness 

growth of the hydrate film (Sun et al., 2007). 

 

 

Fig. 3-4 Evolution of hydrate formation in the PVT cell.  

(a) Hydrate formation at the bulk gas-aqueous phase interface; (b) Hydrate formation at the 

bubble-liquid phase interface; (c) Hydrate distribution after perturbation; (d) Final view of 

hydrate formation process. Note that (a)-(d) are in the time order. (d) demonstrates the full view 

of the PVT cell, and view location in (a), (b), and (c) is denoted with the white rectangle in (d). 

 

The evolution of hydrate dissociation in the PVT cell is presented in Fig. 3-5. It is worth noting 

that the gas hydrates formed in the PVT cell are not consolidated due to the short duration. 

Therefore, no specific location of hydrate dissociation is observed. During hydrate dissociation, 

gas is released from the solid hydrate phase and accumulates from small gas bubbles into larger 
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ones. The surface of bubbles is smooth and their shapes are restricted by the occurrence of hydrate 

and liquid phases. 

 

 

Fig. 3-5 Evolution of hydrate dissociation in the PVT cell. (a)-(d) are in the time order. 

 

3.3 Summary 

In this section, a database of the measured phase boundary of CH4, C2H6, CO2, and binary CH4- 

C2H6 and CH4-CO2 hydrates formed in pure H2O and NaCl solutions has been established, which 

not only supplements the newly published experimental data to the existing database but also adds 

the experimental approaches.  

In order to fill the blank in the database of CH4-CO2 hydrates formed in the NaCl solutions at 

high-pressure and high-temperature conditions, a high-pressure PVT equipment is designed. In 

this section, the phase behavior of CH4-CO2 hydrates formed in NaCl solution is investigated by 

using the PVT cell. The phase boundary of the CH4-CO2 hydrates is measured by using the 
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isochoric pressure-search method in the high-pressure and high-temperature regions. The 

measured phase boundary data points of CH4-CO2 hydrates formed in NaCl solutions extend the 

phase boundary pressure up to 61.99 MPa and the temperature to 295.09 K. These data points are 

important for the study of interactions between water, gas, and ions in high-pressure and high-

temperature regions. 

Hydrate formation at the water-gas interface is also observed. The roughness of the water-gas 

interface is greatly increased at the initial stage of hydrate formation in the PVT cell. Two 

hypotheses have been proposed to explain the fine pillars formed at the water-gas interface, i.e., 

the non-equilibrium state of gas and water phases and the non-uniform lateral growth of hydrates 

at the interface. During hydrate formation, the water-gas interface becomes smoother with time, 

due to the thickness growth of the hydrate film.  
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CHAPTER 4  DETERMINATION OF THE HYDRATE PHASE 

BOUNDARY USING SEPARATE MODELS FOR NON-HYDRATE 

PHASES 

 

4.1 Basic Framework to Determine Hydrate Phase Boundary Pressure 

In a gas-hydrate system, two phases may occur in the aqueous solutions, i.e., aqueous phase and 

sI or sII hydrate phase, as shown in Fig. 4-1 (Zheng et al., 2020b). Each molecule in the system 

keeps rotating, vibrating, and translating. At the equilibrium state, the rate of one specific 

component, e.g., gas and water entering a phase is equal to that departing from that phase. At the 

equilibrium phase boundary conditions, the gas and water molecules are in a dynamic equilibrium 

state. Some water molecules organize to form new hydrate cages and at the same time, some other 

water molecules break away from the hydrate cages and enter the aqueous phase. The rate of these 

two processes are identical at the equilibrium state. 

 

 

Fig. 4-1 Schematic diagrams of the configuration of water and gas molecules in (a) aqueous phase; 

(b) stable hydrate cages of the sI unit cell; (c) stable hydrate cages of the sII unit cell; (d) 

unoccupied hydrate cages of the sI unit cell.  

(The red, white, and green balls represent oxygen, hydrogen, and carbon atoms, respectively) 
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In the theoretical models of this work, the chemical potential difference of water components, 

i.e., w  is used to quantify the driving force of the water molecules’ motion. Therefore, the 

criterion of hydrate phase boundary is the equality of w  between various phases, e.g., hydrate 

phase and aqueous phase. In this work, the water chemical potential in the unoccupied hydrate 

cage used as a reference to determine the chemical potential difference of water molecules, as can 

be seen in Fig. 4-1. Hence, the criterion of equilibrium condition at the hydrate phase boundary 

can be summarized in Eq. 4-1 (Holder et al., 1988). 

H H A A

w w w w w w

       = − = − =                                                  (4-1) 

where w

 , 
H

w , and 
A

w  denote the water chemical potential in the unoccupied hydrate cage, the 

stable hydrate, and the aqueous phases, respectively; 
H

w  is the water chemical potential 

difference between the unoccupied hydrate cage and the stable hydrate phase; 
A

w  represents the 

water chemical potential difference between the unoccupied hydrate cage and the aqueous phase. 

A typical flowchart to calculate the phase boundary of gas hydrates by using the chemical-

potential-difference criterion is demonstrated in Fig. 4-2. When the composition and temperature 

of the system of interest is specified, this calculation algorithm starts from an initial guess of the 

phase boundary pressure. In this work, the reference hydrate phase boundary proposed by Parrish 

and Prausnitz (1972) serves as the initial guess of the phase boundary pressure, as shown in Eq. 4-

2. Then a flash calculation is performed on the non-hydrate phases, e.g., gas-rich vapor phase and 

gas-rich liquid phase to obtain the required parameters for the calculation of water chemical 

potential difference. The details of this step will be discussed in the following sections. If the 

difference of the calculated water chemical potential difference of hydrate phase and aqueous 

phase are within the specified number, e.g., 10-6, the algorithm is ended. Otherwise, the pressure 
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will be updated using bisection method or Newton-Raphson method and the abovementioned steps 

are to be repeated. 

( ) / lnR R Rln P A B T C T= + +                                                 (4-2) 

where P and T are in atm and K, respectively. Coefficients RA , 
RB , and RC  are hydrate structure-

specific constant, i.e., RA  = -1212.2, RB  = 44344.0, RC  = 187.719 for sI hydrates, and RA  = -

1023.14, RB  = 34984.3, RC  = 159.923 for sII hydrates. 

 

 

Fig. 4-2 Flowchart to calculate the hydrate phase boundary using the chemical-potential-difference 

criterion 

 

As aforementioned, sI or sII hydrates will be formed by the light natural gas components. In 

the thermodynamic modeling, it is necessary to determine the phase boundary pressure of both sI 

and sII hydrates and choose the smaller one as the phase boundary pressure. The flowchart of this 

process is illustrated in Fig. 4-3. 
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Fig. 4-3 Flowchart to select the phase boundary pressure (PI and PII represent the phase boundary 

pressure of sI and sII hydrates, respectively) 

 

4.1.1 Determination of water chemical potential difference in the aqueous phase 

The water chemical potential difference in the aqueous phase, i.e., 
A

w  is calculated using a 

classical thermodynamic model (Englezos and Bishnoi, 1988): 

* lnA A

w w wRT a  = −                                                       (4-3) 

where wa  is the water activity in the aqueous phase; 
*A

w  is the water chemical potential 

difference in the pure water phase, which is a function of pressure and temperature, quantified by 

Eq. 4-4 (Holder et al., 1980; Munck et al., 1988): 

0 0

* *

0

2

0

A A
T P

w w w w

T P

H V
dT dP

RT RT RT RT

    
= − +                                          (4-4) 
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where the subscript 0 means the reference condition, i.e., 0T  = 273.15 K and 0P  = 0 Pa;  wV  

denotes the molar volume difference of water between the unoccupied hydrate cage and the pure 

water phase, which was determined by Stackelberg and Müller (1951) using X-ray 

crystallography; wH  represents the molar enthalpy difference between water in the unoccupied 

hydrate cage and that in the pure water phase. In this work, wV  is assumed independent on of 

pressure and temperature (Munck et al., 1988) and wH  varies with temperature, described using 

Eq. 4-5: 

0
0

T

w w Pw
T

H H C dT = +                                                  (4-5) 

where 0wH  denotes the molar water enthalpy difference at the reference condition; PwC  is the 

molar heat capacity difference of water in the unoccupied hydrate cage and the pure water phase, 

which is a function of temperature: 

( )0 1 0Pw PwC C b T T =  + −                                                     (4-6) 

where 0PwC  = 38.12 J/mol/K and 1b  = 0.14 J/mol/K2, determined using experimental data 

(Parrish and Prausnitz, 1972). 

 

4.1.2 Determination of water chemical potential in the hydrate phase 

The water chemical potential difference in the hydrate phase is determined by using the vdw-P 

model (van der Waals and Platteeuw, 1958), as illustrated in Eq. 4-7. The vdw-P model assumes 

that the hydrate phase is an ideal solid solution (Ballard and Sloan, 2002). 
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2

1 1

1
g

H

w

i

n

i ij

j

RT ln  
= =

 = −
  

 −   
   

                                              (4-7) 

where i  denotes the number of small (i = 1) and large (i = 2) hydrate cages per water molecule 

in the hydrate phase. It was determined that 1  = 1/23, 2  = 3/23 for the unit sI hydrates, and 1  

= 2/17, 2  = 1/17 for the unit sII hydrates. gn  represents the total number of gas species in the 

system of interest; ij  denotess the fraction of i-type cage occupied by gas species j, which is 

calculated by assuming that the process of gas entering the hydrate cage is similar to the Langmuir 

adsorption: 

1

ij j

ij

ik k

k

C f

C f
 =

+
                                                            (4-8) 

where jf  is the gas fugacity, which is determined by flash calculation using EoS that will be 

introduced in the following sections; 
ijC  is the Langmuir constant, representing the driving force 

for the occupancy of gas molecules in the hydrate cages: 

2

0

4 ( )i jR

ij

B Bk T k T

W r
C exp r dr

 −

=
 −
 
 

                                           (4-9) 

where 
Bk  is Boltzmann constant; 

iR  and j  denote the radius of the hydrate cage i and the hard-

core radius of gas molecule j, respectively. 1R  = 3.975 Å and 2R  = 4.30 Å are used for the small 

and large cages of sI hydrates respectively, and 1R  = 3.91 Å and 2R  = 4.73 Å are for those of sII 

hydrates (Parrish and Prausnitz, 1972). ( )W r  is the potential energy due to the interaction of gas 

with water molecules forming the hydrate cages (Holder et al., 1988). Kihara potential functions 

applied to determine ( )W r  (McKoy and Sinanoğlu, 1963; Parrish and Prausnitz, 1972): 
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                            (4-10) 

1
1 1

N N

j jN

ij

i i i i

r r

N R R R R

 


− −    
 = − − − − +   
     

                                    (4-11) 

where jE  is the maximum attractive potential energy of gas species j; j  is the zero potential 

energy distance of gas species j; i  is the coordination number of small and large hydrate cages, 

i.e., the number of water molecules in each cage. 1  = 20, 2  = 24 for sI hydrates and 1  = 20, 

2  = 28 for sII hydrates are adopted in this work (Parrish and Prausnitz, 1972). 

 

4.1.3 Reference Properties 

Reference properties, i.e., the properties at the reference conditions are important parameters for 

the calculation of 
A

w , e.g., 
*

0

A

w  and 0wH  in Eqs. 4-4 and 4-5. The reference properties 

determined by various researchers has been summarized in Table 4-1. It can be seen that there is 

a discrepancy on these reference properties with different sources. Given the fact that the 

unoccupied hydrate cage is not stable, it is unrealistic to measure the reference properties directly. 

Hence, the experimental data, e.g., hydrate phase boundary and hydrate composition have been 

employed in various ways to decide the reference properties indirectly, which results into the 

disagreement as shown in Table 4-1. For example, Parrish and Prausnitz (1972) evaluated the 

reference properties of sI and sII hydrates using a trial-and-error algorithm. Dharmawardhana et 

al. (1980) calculated the reference properties by using the experimental data of cyclopropane 

hydrate composition. The reference properties of sI hydrates were obtained by forcing satisfactory 

of the criterion in Eq. 4-1. Later, Holder et al. (1984) revisited the experimental data measured by 
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Dharmawardhana et al. (1980) and achieved a new set of reference properties by employing a 

sounder approach, i.e., linear regression.  

 

Table 4-1 Summary of reference properties determined in the literature 

*

0

A

w , J/mol 0wH , J/mol a 
References 

sI sII sI sII 

1256 795 -5258 -5174 Child, 1964 

1264 883 -4858 -5201 Parrish and Prausnitz, 1972 

1297 937 -4622 -4986 Dharmawardhana et al., 1980 

1235 - -4327 - Holder et al., 1980 

1155 - -5627 -6008 Holder and Hand, 1982 

1299.4 - -4150 - Holder et al., 1984 

1120 931 -4297 -4611 John et al., 1985 

1287 1068 -5080 -5247 Handa and Tse, 1986 

1236 - -4308 - Cao, 2002 

Gas specific Lee and Holder, 2002 

1203 1077 -4839 -4715 Anderson, 2005 

1206 - -4751 - Velaga and Anderson, 2013 

a Molar enthalpy difference of -6011 J/mol between ice and liquid water is applied (Holder et al., 1980). 

 

Preliminary assessments of the sensitivity of the reference properties by previous researchers 

(Cao et al., 2002; Mehta and Sloan, 1994) suggest that the phase boundary pressure of gas hydrates 

is more sensitive to 
*

0

A

w  than 
0wH . In this work, a straightforward algorithm is proposed to 

quantitatively evaluate the sensitivity of hydrate phase boundary pressures to these two reference 

properties. The reference properties obtained by Parrish and Prausnitz (1972) are used as the Base 

case for comparison. The difference between the reference properties determined by other 
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researchers in Table 4-1 and the Base case is evaluated by using a variation parameter defined in 

Eq. 4-12 (take the variation of 
*

0

A

w  for instance): 

* *

0 0,

*

0,

100%

A A

w w PP

A

w PP

Variation
 



 −
= 


                                      (4-12) 

where 
*

0

A

w  is the water chemical potential difference of pure H2O evaluated by other researchers, 

and 
*

0,

A

w PP  is the one determined by Parrish and Prausnitz (1972), i.e., 1264 J/mol for sI hydrates. 

The average absolute relative deviation (AARD) defined in Eq. 4-13 is applied to quantify the 

sensitivity of the reference properties. 

1

1
100%

P
j jN

cal exp

j
jP exp

P P
AARD

N P=

−
=                                           (4-13) 

where 
j

expP  represents the measured phase boundary pressure at the specified jth temperature; 
j

calP  

denotes the calculated phase boundary pressure using various reference properties; PN  is the 

number of experimental data points. 

The deviations of the CH4 hydrate phase boundary pressure using different variations of the 

reference properties are illustrated in Fig. 4-1. It is shown that the calculated phase boundary 

pressure of gas hydrates can be deviated by as large as 40% when different 
*

0

A

w  determined by 

various researchers are employed. Overall, the phase boundary pressure is strongly sensitive to 

*

0

A

w , and weakly sensitive to 0wH . Therefore, it is crucial to select appropriate reference 

properties, particularly 
*

0

A

w . 
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Fig. 4-4 Sensitivity of the calculated phase boundary pressure of CH4 hydrates to the reference 

properties 

 

With closer observation, the approaches applied to determine the reference properties can be 

classified into two categories, i.e., simultaneous approach and stepwise approach (Zheng et al., 

2020b). In the simultaneous approach, the reference properties and Kihara parameters (see Section 

4.1.4) are determined simultaneously by forcing the equality of measured and calculated phase 

boundary of gas hydrates (Holder and Hand, 1982; Holder et al., 1980; Parrish and Prausnitz, 

1972). In the stepwise approach, the Kihara parameters are evaluated with experimental data of 

hydrate compositions (Dharmawardhana et al., 1980; Holder et al., 1984) or with ab initio quantum 

mechanical calculation (Anderson, 2005; Cao, 2002; Velaga and Anderson, 2013). Then the 

reference properties are determined with the phase boundary data of gas hydrates. Physically, the 

simultaneous approach attributes the uncertainties, e.g., errors in the measured experimental data 

randomly to parameters in the models of 
A

w  and 
H

w . While in the stepwise approach, 

especially in the cases where the Kihara parameters are determined by the ab initio calculation, the 

experimental uncertainties in the measured phase boundary of gas hydrates are automatically 
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attributed to the reference properties. It is believed that the treatment of experimental uncertainties 

in the latter approach is more physically reasonable, particularly for CH4-CO2 hydrates where the 

non-ideality of the hydrate phase is negligible at moderate conditions (McKoy and Sinanoğlu, 

1963). Therefore, the reference properties evaluated by Anderson (2005) are selected in this work 

(see Table 4-1). 

 

4.1.4 Kihara parameters 

Kihara parameters j , j , and jE  need to be decided for the gas species of interest when the 

reference properties are settled (Zheng et al., 2020b). The particle swarm optimization (PSO) 

algorithm (Clerc and Kennedy, 2002) is adopted to optimize these six parameters by fitting against 

the experimental data of phase boundary of pure and binary CH4, C2H6, and CO2 hydrates formed 

in pure water (Avlonitis, 1994). The upper and lower searching range limits are 0.25-0.40 Å, 2.5-

3.7 Å, 147-158 K for  ,  , and / BE k  of CH4, are 0.50-0.60 Å, 3.0-4.0 Å, 160-180 K for  ,   

and / BE k  of C2H6, and 0.65-0.77 Å, 2.5-3.5 Å, 165-175 K for those of CO2, based on the 

optimization results of previous researchers (Avlonitis, 1994; Clarke and Bishnoi, 2003; Lee et al., 

2016; Parrish and Prausnitz, 1972). The implicit least squares objective function proposed by 

Clarke and Bishnoi (2003) is used in this work, making the computation less expensive (Zheng et 

al., 2020b): 

2

, ,

1

 
P

A HN
w i w i

i i

Objective function
RT

 

=

  −
=   

 
                                      (4-14) 
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where ,

A

w i  and ,

H

w i  are calculated with Eqs. 4-3 and 4-7, respectively; PN  is the number of 

experimental data points selected for optimization; i denotes the ith data points used in the 

optimization.  

In this work, 146 out of 1092 data points in Table 3-1 through Table 3-5 in Chapter 3 are 

selected for the optimization of the six Kihara parameters simultaneously, including 75 points for 

CH4 hydrates formed in pure H2O, 13 data points for C2H6 hydrates formed in pure H2O, 48 points 

for CO2 hydrates formed in pure H2O, 4 data points for CH4-C2H6 hydrates formed in pure H2O 

and 6 points for binary CH4-CO2 hydrates formed in pure H2O. The phase boundary temperatures 

of CH4 hydrates are collected below 300 K, because it is not reasonable to assume constant hydrate 

cage parameters above 300 K (Ballard and Sloan, 2002; Parrish and Prausnitz, 1972). As for CO2 

hydrates, the H-A-V three-phase boundary data are more reliable and therefore chosen for 

regression. It is noted that the data points of pure CH4 and CO2 hydrates for optimization are 

selected randomly after removing the ones with obvious deviation. For the binary CH4-CO2 

hydrates, the ones with a CH4 composition of 70 mol% is used for regression. The optimized 

Kihara parameters of CH4, C2H6, and CO2 are presented in Table 4-2. 

 

Table 4-2 The optimized Kihara parameters of CH4, C2H6, and CO2 

Kihara parameters  , Å σ, Å E/kB, K 

CH4 0.309 3.136 157.11 

C2H6 0.435 3.472 178.28 

CO2 0.709 2.981 165.20 
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4.1.5 Effect of Electrolytes 

As aforementioned, the presence of electrolytes in the aqueous phase will change the water 

activity, which further plays a role in the phase boundary of gas hydrates. In the separate models 

proposed in this section, the Pitzer model (Pitzer and Mayorga, 1973; Zha et al., 2012) is employed 

to quantify the effect of electrolytes, i.e., NaCl in this work on water activity, denoted as ,w NaCla . 

( ) ( )( )
0.5

0.5 2

, 0 1 20.5

18
1 2

1000 1 1.2
w NaCl Na Cl

A Ivm
ln a Z Z m exp I m

I

   + −

  
= − + − + +  − +   +   

      (4-15) 

where m  represents the concentration of NaCl in the aqueous phase, in molality; 
Na

Z
+  and 

Cl
Z

−  

are the charge of ions Na+
 and Cl− ; 

Na Cl
v v v+ −= + ; 

Na
v +  and 

Cl
v −  are the stoichiometric numbers 

of ions in NaCl; 0
 , 1

 , and 2
  are electrolyte-specific constants, which are 0.0765, 0.2664, and 

0.00127 respectively for NaCl (Pitzer and Mayorga, 1973); I  is the ionic strength, determined by 

Eq. 4-16; A
  denotes the Debye-Huckel coefficient, as shown in Eq. 4-17. 

( )2 21

2 Na Na Cl Cl
I z m v z m v+ + − −=   +                                        (4-16) 

3/2
221

3 1000
A w

w B

N e
A

k T


 



 
=  

 
                                          (4-17) 

where A
N  is the Avogadro number; B

k  denotes the Boltzmann constant; w
  represents water 

density; e  is the electronic charge, 4.8029×10-10 esu; w  is the water dielectric constant evaluated 

with Eq. 4-18 (Englezos, 1992). 

( )305.7exp exp 12.741 0.01875 / 219w T T = − − + −                       (4-18) 
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4.2 Separate Models for Aqueous and Gas-rich Phases 

4.2.1 Mathematical models 

In this section, a modeling framework using separate models for the aqueous phase and the gas-

rich phase is described, i.e., the Peng-Robinson (PR) EoS for the gas-rich phase and Henry’s law 

combined with the Poynting correction for the gas solubility in the aqueous phase. The effect of 

NaCl on the hydrate phase boundary is considered using the Pitzer model described in Section 

4.1.5. 

The PR EoS is described in the following equations (Peng and Robinson, 1976): 

( )
( ) ( )

aRT
P

V b

T

b V V b b V
= −

− + + −
                                             (4-19) 

( ) ( )
2 2

0.457235 c

c

a T
T

T
R

P
=                                                  (4-20) 

0.07780 c

c

RT
b

P
=                                                         (4-21) 

where V  and b  denote the molar volume and the covolume, respectively; c
T  and c

P  are the 

critical temperature and pressure. The universal alpha function ( )T  is applied for the gas species, 

as illustrated in the following equation (Zheng et al., 2020a). 

( ) ( )( )
2

2
1 0.37464 1.54226 0.26992 1

r
T T  = + + − −                             (4-22) 

where   is the acentric factor; r
T  is the reduced temperature, e.g., /

r c
T T T= . 

For gas mixtures, van der Waals mixing rule is employed: 

( )1i j ij i j

i j

a x x k a a−=                                             (4-23) 
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j i

i

b x b=                                                             (4-24) 

where ix  denotes the molar composition; ijk  is the binary interaction parameter (BIP). In this 

section, the BIP for the CH4-C2H6 and CH4-CO2 pairs are 0 and 0.13, respectively. 

The aqueous phase can be regarded as ideal solution when only CH4, C2H6, and CO2 are 

present due to the relatively low solubility, and ,w g wa x= , i.e., water composition in the aqueous 

phase for the ideal solution. Henry’s law combined with Poynting correction is employed to 

determine wx  (Holder et al., 1988): 

( )1

1
gn

i
w

i i i

f
x

H exp PV RT=

= −
  

                                             (4-25) 

where gn  is the number of gas species dissolved in the aqueous phase; i
V  denotes the partial molar 

volume of gas species i in the water phase given by Holder et al. (1988); i
f  represents the gas 

fugacity determined with PR EoS; i
H  is the Henry’s constant, calculated with Eq. 4-26 (Holder et 

al., 1988): 

( )i i iH exp A B T= +                                                      (4-26) 

where H and T are in atm and K, respectively; i
A  and i

B  are gas specific constants, e.g., i
A = 

15.826277, i
B  = -1559.0631 for CH4, iA  = 18.400368, i

B  = -2410.4807 for C2H6, and iA  = 

14.283146, i
B  = -2050.3269 for CO2. 

The water activity in the aqueous solution can be determined using the following equation: 

,w w w NaCla x a=                                                          (4-27) 
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where wx  is the composition of water in the aqueous phase, described in Eq. 4-25; ,w NaCla  

considers the effect of NaCl on the water activity, which can be calculated by employing Eq. 4-

15. 

By combining with the equations listed in Section 4.1, this model can be used to calculate the 

phase boundary pressure of gas hydrates. The procedure of the calculation algorithm is illustrated 

in the flowchart in Fig. 4-5 (Zheng et al., 2020b). The parameters, e.g., gas composition and 

temperature of interest are prepared in the input file. Then an initial guess of pressure is achieved 

by using the phase boundary of the reference hydrates. A flash calculation with PR EoS is 

implemented for the input gas species to obtain the fugacity of the gas at the equilibrium 

conditions. The water chemical potential difference of the hydrate phase, i.e., 
H

w  is calculated 

with the vdW-P model and the achieved fugacity. The fugacity is also used with Henry’s law to 

determine the composition of the aqueous phase, which is further employed to calculate the water 

chemical potential difference of the aqueous phase, i.e., 
A

w . The impact of NaCl on water 

activity is calculated by using the Pitzer model (Pitzer and Mayorga, 1973). The pressure is 

updated until the difference between the calculated 
H

w  and 
A

w  is within a certain error, e.g., 

10-6. Note that this procedure is employed to calculate the phase boundary pressure of both sI and 

sII hydrates, and the smaller one is the phase boundary pressure at the specified temperature. 
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Fig. 4-5 Flowchart to determine the phase boundary of gas hydrates using separate model for 

aqueous and gas-rich phases 

 

4.2.2 Simulation results 

To verify the reliability of the developed model, the phase boundary data collected in the literature 

and measured in this work in Chapter 3 will be applied to compare with the calculated results. The 

AARD defined in Eq. 4-13 is applied to evaluate the difference between the measured phase 

boundary pressure and those calculated using the proposed model (Zheng et al., 2020a). The 

program is coded by using MATLAB platform. 
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CH4 hydrates 

The measured phase boundary data of CH4 hydrates formed in pure H2O and various 

concentrated NaCl solutions are illustrated in Fig. 4-6, along with the calculated results. It can be 

seen that the phase boundary pressure increases with the temperature for all cases. Also, the phase 

boundary pressure increases with the concentration of NaCl solutions, owing to the stronger 

interaction between the charged ions and the dipoles of water molecules at the higher concentration 

of NaCl solutions. The consequence of the strong interaction is that fewer water molecules are 

available for the hydrate formation. In general, the developed model can accurately reproduce the 

383 data points, in which only 75 data points are included in the optimization process. The 

deviations between the calculated and the measured phase boundary pressure are calculated with 

Eq. 4-13. The AARD of the total 383 data points is 4.63%, indicating the developed model is 

capable of predicting the equilibrium phase boundary of CH4 hydrate formed in both pure and 

saline water. The largest deviation is found for 20 wt% resulting in an AARD of 18.01%. It is 

noted that the collected phase boundary data points are scattered for the case of 20 wt% NaCl 

solution. Also, there is a distinct disagreement in the collected two groups of measured phase 

boundary data points for 20 wt% case (Haghighi et al, 2009; Maekawa et al., 1995). Overall, the 

calculated results by using the developed model demonstrate a higher deviation from the measured 

phase boundary pressure at larger concentrations of NaCl solutions. This is because the 

interactions between the dissolved gas and ions are not explicitly included in this work. The effect 

of NaCl on the phase boundary of hydrates is simply expressed with the Pitzer model, which has 

intrinsic limitations at high electrolyte concentrations (Rowland et al., 2015). However, the 

AARDs of most cases are small. For example, the AARDs of the cases with 0, 3, 5, 10, and 15 

wt% NaCl concentrations are 1.93, 2.59, 0.96, 3.73, and 1.97%, respectively. 
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Fig. 4-6 Calculated and measured phase boundary of CH4 hydrates formed in pure water and NaCl 

solutions. 

References: ● (Adisasmito et al., 1991; De Roo et al., 1983; Deaton and Frost, 1946; Jager and Sloan, 2001; 

Jhaveri and Robinson, 1965; Kamari et al., 2017; Kastanidis et al., 2016; Kharrat and Dalmazzone, 2003; 

Maekawa, 2001; Marshall et al., 1964; McLeod and Campbell, 1961; Mei et al., 1996; Mohammadi et al., 

2005; Nakamura et al., 2003; Ross and Toczylkin, 1992; Sabil et al., 2014; Sadeq et al., 2017; Seo et al., 

2001; Servio and Englezos, 2002; Thakore and Holder, 1987; Verma, 1974; Ward et al., 2014); ▲ (Atik et 

al., 2009; Dholabhai et al., 1991; Maekawa, 2001); ▼ (Lafond et al., 2012; Maekawa et al., 1995); ■ 

(Mohammadi et al., 2008); ▲ (Cha et al., 2016); ○ (Jager and Sloan, 2001); ◄ (Maekawa et al., 1995); ► 

(Cha et al., 2016); □ (Jager and Sloan, 2001); ● (De Roo et al., 1983); ▲ (Kharrat and Dalmazzone, 2003); 

▼ (Hu et al., 2017); ▼ (Haghighi et al, 2009); ▼ (De Roo et al., 1983; Kharrat and Dalmazzone, 2003); ■ 

(Jager and Sloan, 2001); ■ (Haghighi et al, 2009; Maekawa et al., 1995); ■ (De Roo et al., 1983); ● (Jager 

and Sloan, 2001); ● (Hu et al., 2017); ● (De Roo et al., 1983). Note that the percentage in the legend denotes 

the weight fraction of NaCl in the aqueous solution. The symbols represent the measured data points and 

the lines are for the calculated ones. 
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C2H6 hydrates 

The measured and calculated phase boundary of C2H6 hydrates formed in the pure water and 

the NaCl solution is demonstrated in Fig. 4-7. It is observed that the phase boundary pressure of 

the C2H6 hydrates also increases with the concentration of NaCl solution. An upper quadruple 

point exists in the phase boundary curve of C2H6 hydrates when the temperature is around 288 K 

and this upper quadruple point is also captured using the proposed theoretical model. The deviation 

of the calculated phase boundary pressure from the measured ones is evaluated using Eq. 4-13. 

The deviation of the C2H6 hydrates formed in pure water is relatively large, with the AARD of 

8.0% for the 118 data points in the pure water. The large deviation may result from the fact that 

the collected data points at the high-pressure conditions are scared and lack of cross-verification. 

The AARDs of the phase boundary pressure of C2H6 hydrates formed in the NaCl solutions range 

from 2.5 to 4.7% when the NaCl concentration is between 3.1 and 20 wt%. The overall AARD of 

these 61 phase boundary data points is 3.9%. The deviations of the calculated results from the 

measured ones are acceptable because only 13 out of 179 data points were used for optimization 

in Section 4.1.4. 

 



72 

 

 

Fig. 4-7 Calculated and measured phase boundary of C2H6 hydrates formed in pure water and NaCl 

solutions.  

References: ● (Deaton and Frost,1946; Galloway et al., 1970; Holder and Grigoriou, 1980; Holder and 

Hand, 1982; Maekawa and Imai, 2000; Nakano et al., 1998; Ross et al., 1992); ▲ (Maekawa and Imai, 

2000); ▼ (Mohammadi et al., 2008); ■ (Maekawa and Imai, 2000; Tohidi et al., 1997); ▲ (Tohidi et al., 

1997); ○ (Englezos et al., 1991; Maekawa and Imai, 2000; Tohidi et al., 1993). Note that the percentage in 

the legend denotes the weight fraction of NaCl in the aqueous solution. The symbols represent the measured 

data points and the lines are for the calculated ones. 

 

CO2 hydrates 

The measured and calculated phase boundary of CO2 hydrates formed in pure H2O and NaCl 

solutions are presented in Fig. 4-8. Similar to those of CH4 and C2H6 hydrates, the phase boundary 

pressure of CO2 hydrates increases with the temperature and the concentration of NaCl solutions. 

The phase boundary pressure increases from 1.66 to 2.47 MPa when the NaCl solution increases 

from 10 to 15 wt% at the temperature of 271 K. The lowest AARD is 1.08% for the case of 15 
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wt% NaCl solution, and the highest one is 3.71% for the case of 5.53 wt% NaCl solution. Overall, 

the calculated phase boundary pressure of CO2 hydrates by using the developed model is 

satisfactory with an AARD of 2.79% for the total 187 points. Although only 48 data points of CO2 

hydrates in pure H2O are included in the parameter optimization process, the model demonstrates 

good predictability when NaCl is present. 

 

 

Fig. 4-8 Calculated and measured phase boundary of CO2 hydrates in pure water and NaCl 

solutions.  

References: ● (Adisasmito et al., 1991; Deaton and Frost, 1946; Fan and Guo, 1999; Fan et al., 2000; Kamari 

et al., 2017; Kastanidis et al., 2016; Larson, 1955; Mooijer-van den Heuvel et al., 2001; Ohgaki et al., 1993; 

Robinson and Mehta, 1971; Sabil et al., 2014; Seo et al., 2001; Unruh and Katz, 1949; Vlahakis et al.,1972); 

▲ (Dholabhai et al., 1993); ▼ (Mohammadi et al., 2008); ■ (Larson, 1955); ▲ (Dholabhai et al., 1993; 

Tohidi et al., 1997); ○ (Dholabhai et al., 1993); ◄ (Tohidi et al., 1997). Note that the percentage in the 

legend denotes the weight fraction of NaCl in the aqueous solution. The symbols represent the measured 

data points and the lines are for the calculated ones. 
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CH4-C2H6 hydrates in pure H2O and NaCl solutions 

The calculated and measure phase boundary curves of the binary CH4-C2H6 hydrates formed 

in pure water and NaCl solutions are presented in Fig. 4-9. Overall, the phase boundary pressure 

of the CH4-C2H6 hydrates decreases as the concentration of CH4 becomes smaller. Also, the phase 

boundary pressure increases with the addition of NaCl in the aqueous solution by comparing the 

phase boundary curves with the CH4 composition of 74.7 mol%. It is noted that the measured data 

points of the case with a CH4 composition of 27.51 mol% is less reliable. Because the measured 

phase boundary pressure of this case is larger than that of case with a higher CH4 composition, 

e.g., 56.4 and 85 mol%, which is contrary to the general trend that the phase boundary pressure 

increases with the rise in CH4 concentration in the CH4-C2H6 mixture. Hence, this group of data 

points are not included to validate the developed theoretical model. The overall AARD of the 77 

data points in the Fig. 4-9 is 6.9%. As aforementioned, the mixture of CH4-C2H6 might form sII 

structure hydrates even though both CH4 and C2H6 are sI formers. According to the theoretical 

model proposed in this section, it is found that only sI hydrate structure is formed when the CH4 

composition is 98.8 mol% and when its composition is below 74.7 mol%. When the composition 

of CH4 is between 97.8 and 74.7 mol%, sII structure is detected. For instance, only sII structure 

hydrates are formed for the data points with CH4 concentration of 97.1, 95, 90.4, and 80.9 mol%. 

It is worth noting that the hydrate structure is also influenced by the pressure and temperature, 

which is observed when the CH4 concentration is 97.8, 94.6, 85, and 74.7 mol%. 
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Fig. 4-9 Calculated and measured phase boundary of CH4-C2H6 hydrates in pure water and NaCl 

solutions.  

References: ●, ▲, ▼, ■, ●, and ○ (Deaton and Frost, 1946); ▲ and ► (McLeod and Campbell, 1961); ◄ 

(Becke, 1992); □, ▼, and ■ (Hu et al., 2018); ▲, ▼, and ▼ (Holder and Grigoriou, 1980); × (Sabil et al., 

2014). Note that the percentage in the legend represents the mole fraction of CH4 in the feed gas mixture. 

‘74.7%-12wt%’ and ‘74.7%-23wt%’ denote that the CH4 composition in the gas mixture is 74.7 mol% and 

the NaCl concentration is 12 and 23 wt%, respectively. The symbols represent the measured data points 

and the lines are for the calculated ones. 

 

CH4-CO2 hydrates in pure H2O 

The measured and calculated phase boundary of binary CH4-CO2 hydrates formed in pure 

H2O with various gas compositions are demonstrated in Fig. 4-10. The phase boundary curves of 

the binary CH4-CO2 hydrates are characterized by a convergence trend at the high-temperature 
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range (Adisasmito et al., 1991; Sadeq et al., 2017; Seo et al., 2001). This convergence trend may 

be explained qualitatively with the Clausius-Clapeyron equation:  

( )
2

d

c

d lnP H

dT Z RT


=                                                            (4-28) 

where 
dH  is the dissociation enthalpy of gas hydrates; 

cZ  represents the compressibility factor. 

Both 
dH  and 

cZ  are dependent on temperature T . It has been found that 
dH  of CO2 hydrates is 

generally larger than that of CH4 hydrates (Kang et al., 2001). Also, CO2 is more compressible 

than CH4. Therefore, the slope of phase boundary curves of the binary CH4-CO2 hydrates in the 

semi-logarithm pressure-temperature plot increases with the concentration of CO2 in the gas 

mixture, resulting in a convergence trend at the high-temperature range in Fig. 4-10. This trend 

was also observed in the calculated phase boundary of binary CH4-CO2 hydrates formed in NaCl 

solutions. 

In addition, the phase boundary pressure of the binary hydrates declines with increasing CO2 

compositions in the feed gas mixture. This is because the diameter of the CO2 molecule is similar 

to that of the large cages in sI hydrates so that CO2 molecules form hydrates more readily than 

CH4 at the same conditions (Becke et al., 1992). Compared with the measured phase boundary 

data of pure gas, those of gas mixture tend to have larger discrepancies. Because more errors might 

be introduced in determining composition the of gas mixture. For instance, the measured phase 

boundary pressure of CH4-CO2 hydrates with a CH4 composition of 74.49 mol% in the feed gas 

mixture, denoted with the inverted red triangle in Fig. 4-10 is even higher than that with a CH4 

composition of 80 mol%. This goes against the abovementioned trend. In spite of the discrepancies 

among data with various sources, the overall AARD of these 124 points is 5.86%, which is 

acceptable given only 6 of the 124 data points have been used for optimization. The deviations are 
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relatively large when the concentration of CH4 in the feed gas mixture is low, partially due to the 

fact that cross-verification is unavailable for the data reported in these composition ranges. For the 

data with cross-verification, e.g., with CH4 composition in the feed gas mixture of 80, 70, and 60 

mol%, the AARDs are 3.87, 3.63, and 1.77%. Specifically, the AARDs of the cases with NaCl 

concentration of 12 and 23 wt% are 5.9% and 3.2%, which proves the accuracy of the proposed 

model. 

 

 

Fig. 4-10 Calculated and measured phase boundary of CH4-CO2 hydrates in pure H2O.  

Reference: ● (Adisasmito et al., 1991); ▲ (Sadeq et al., 2017); ▼ (Adisasmito et al., 1991); ■ (Sadeq et al., 

2017); ▲ (Beltrán and Servio, 2008; Sadeq et al., 2017; Dholabhai & Bishnoi et al., 1994; Seo et al., 2001; 

Servio et al., 1999); ▼ (Kastanidis et al., 2017); ○ (Belandria et al., 2010); ► (Beltrán and Servio, 2008); □ 

(Adisasmito et al., 1991); ● (Beltrán and Servio, 2008); ▲ (Mohammadi et al., 2013); ▼ (Belandria et al., 

2010); ▼ (Beltrán and Servio, 2008; Servio et al., 1999); ■ (Seo et al., 2001); ■ (Adisasmito et al., 1991); ● 

(Partoon et al., 2016); ● (Sabil et al., 2014); ● (Belandria et al., 2010); ■ (Chapoy et al., 2014); ● (Fan and 
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Guo, 1999). Note that the percentage in the legend represents the mole fraction of CH4 in the feed gas 

mixture. The symbols represent the measured data points and the lines are for the calculated ones. 

 

CH4-CO2 hydrates in NaCl solutions 

The impact of NaCl on the phase boundary of the binary CH4-CO2 hydrates is presented in 

Fig. 4-11. It can be seen that the phase boundary pressure of the binary CH4-CO2 hydrates increases 

with the concentrations of NaCl solutions, similar to that of pure CH4 and CO2 hydrates. The 

deviations of the collected 34 phase boundary data points are evaluated by using Eq. 4-13. The 

largest AARD is 9.08% in the case with CH4 composition of 80 mol% and NaCl concentration of 

5 wt%. One possible cause of the relatively large deviation is the simplified treatment of water 

activity. As described in Section 3, the effect of dissolved gas and NaCl on the phase boundary of 

gas hydrates were represented by Henry’s law and the Pitzer model separately, which neglects the 

interactions between gas and dissolved ions. Hence, models explicitly taking into account the 

interactions among gas, water, and ions are recommended to more accurately predict the phase 

boundary of hydrates formed in systems containing gas mixture and electrolytes. It is worth noting 

that the AARD of the 34 data points is 5.94%, which proves the reliability of the developed model 

since none of these data points have been employed in the optimization. 
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Fig. 4-11 Calculated and measured phase boundary of CH4-CO2 hydrates in NaCl solutions.  

References: ●, ▲, ▼, ■ (Dholabhai and Bishnoi, 1994); ▲ (Fan and Guo, 1999); ×, × (Zheng et al., 2020). 

Note that the percentage before CH4 denotes the mole percent of CH4 in the feeding gas mixture and that 

after CH4 represents the mass fraction of NaCl in the aqueous phase, in wt%. The symbols represent the 

measured data points and the lines are for the calculated ones. 

 

4.3 A Single Modified PR EoS for Aqueous and Gas-rich Phases 

4.3.1 Mathematical models 

In this section, a modeling framework using a single model for the aqueous phase and the gas-rich 

phase is described, i.e., a modified Peng-Robinson (mPR) EoS. The effect of NaCl on the hydrate 

phase boundary is determined using the Pitzer model. The modified PR EoS proposed by Li and 

Yang (2013) is applied in this work due to its high capability for the polar molecule of water. Such 

a modified PR EoS incorporates a new alpha function for water and asymmetric binary interaction 
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parameters (BIP) for water-gas pairs so that the fluid phase can be considered by using a single 

EoS (Zheng et al., 2020a).  

Alpha function of water is illustrated in the following equation: 

( ) ( ) ( ) ( )1 2
2

1.00095 0.39222 1 0.07294 1 0.00706 1
rw rw rww

T T TT − −
+ − − − + −=                 (4-29) 

where rw
T  is the reduced water temperature, i.e., /

rw cw
T T T= . The alpha function in Eq. 4-22 is 

applied for the gas components. 

The asymmetric BIP is used for water-gas pairs. In the gas-rich phase, the BIP between CH4-

H2O, C2H6-H2O, and CO2-H2O equal 0.485, 0.492, and 0.1896, respectively (Søreide and Whitson, 

1992). While in the aqueous phase, the following correlations are proposed (Li and Yang, 2013; 

Søreide and Whitson, 1992): 

( ) ( )
2

0.1 2

,
1.1120 1.7369 1.1001 0.8360 0.15742 1.0988

A

HC H O r r
k T T  −

= − − + + − +        (4-30) 

2 2
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,
1.104324 2.040527 1.417707 0.379003

A

CO H O r r r
k T T T= − + − +                       (4-31) 

where 
2,

A

HC H O
k  and 

2 2,

A

CO H O
k  represent the BIP between water and hydrocarbon component and that 

between water and CO2 in the aqueous phase, respectively. 

The flowchart of the phase boundary calculation by using the modified PR EoS is illustrated 

in Fig. 4-12. First, the gas composition, water salinity, and temperature of interest are provided. 

Then the gas fugacity and water composition in the aqueous phase are calculated by using the 

modified PR EoS with the initial guess of pressure. The effect of NaCl on water activity is 

evaluated by using the Pitzer model. The pressure is updated until the difference between 
H

w  

and 
A

w , which are respectively determined by using the vdW-P model and the Holder’s 
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framework (Holder et al., 1980), is within a certain error. Note that the correlation of the reference 

hydrate phase boundary (Parrish and Prausnitz, 1972) provides a good guess of the initial pressure. 

This flowchart will be implemented twice to calculate the phase boundary pressure of sI and sII 

hydrates respectively, and the smaller one is selected as the phase boundary pressure under the 

specific temperature and composition conditions. 

 

 

Fig. 4-12 Flowchart to calculate the phase boundary using a single model for the aqueous and gas-

rich phases 

 

4.3.2 Simulation results 

The collected and measured phase boundary database of binary CH4-C2H6 and CH4-CO2 hydrates 

established in Chapter 3 is adopted to evaluate the reliability of the proposed theoretical model 

using a modified PR EoS for the aqueous and gas-rich phases.  
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Phase boundary of CH4-C2H6 hydrates in pure water and NaCl solutions 

The calculated phase boundary of the binary CH4-C2H6 hydrates formed in the pure water and 

the NaCl solutions are compared with the measured ones, as illustrated in Fig. 4-13. It can be seen 

that the theoretical model developed in this section can well capture the effect of gas composition 

and NaCl concentration on the hydrate phase boundary. It is worth noting that this model is also 

capable of capturing the effect of gas composition, pressure, and temperature on the structure 

change of CH4-C2H6 hydrates. Quantitatively, the overall AARD of these data points determined 

by using Eq. 4-13 is 6.8%, close to the model developed in Section 4.2. For instance, the AARDs 

are 2.1, 2.2, and 8.3% respectively for the scenarios of the binary CH4-C2H6 hydrates with a CH4 

composition of 74.7 mol% formed in the pure water, in 12 wt% and 23 wt% NaCl solutions. 

 

 

Fig. 4-13 Calculated and measured phase boundary of CH4-C2H6 hydrates in pure water and NaCl 

solutions.  
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References: ●, ▲, ▼, ■, ●, and ○ (Deaton and Frost, 1946); ▲ and ► (McLeod and Campbell, 1961); ◄ 

(Becke, 1992); □, ▼, and ■ (Hu et al., 2018); ▲, ▼, and ▼ (Holder and Grigoriou, 1980); × (Sabil et al., 

2014). Note that the percentage in the legend represents the mole fraction of CH4 in the feed gas mixture. 

‘74.7%-12wt%’ and ‘74.7%-23wt%’ denote that the CH4 composition in the gas mixture is 74.7 mol% and 

the NaCl concentration is 12 and 23 wt%, respectively. The symbols represent the measured data points 

and the lines are for the calculated ones. 

 

Phase boundary of CH4-CO2 hydrates in pure water 

A total of 86 collected phase boundary data points of CH4-CO2 hydrates formed in the pure 

water are used in this section to validate the theoretical model proposed in this section. The CH4 

concentration in the feed gas mixture ranging from 27 to 92 mol%, with pressure and temperature 

up to 25 MPa and 294 K, respectively, as demonstrated in Fig. 4-14. The collected data points are 

denoted with symbols and the calculated results are represented with curves. It is shown that the 

phase boundary pressure decreases with the concentration of CO2 in the feed gas mixture, due to 

the larger diameter of CO2 than that of CH4. Similar to that of pure CH4 hydrates, the phase 

boundary curve of individual CH4-CO2 hydrates is linear in the semi-log curve, but the slope of 

the phase boundary curves changes with the gas composition, resulting in a convergence trend of 

the phase boundary curves at the high-temperature region. This convergence trend can be 

explained with the Clausius-Clapeyron equation (Zheng et al., 2020b). It can be observed that the 

calculated phase boundary by using the proposed theoretical model is close to the measured ones, 

with an overall AARD of 3.7%. The relatively large deviations of 4.2% and 4.9% are from 

scenarios with CH4 concentration of 50 mol% and 80 mol%, respectively. One cause of the 

relatively large deviation of these two cases is that the measured data for these cases are more 

scattered. The AARD of the rest cases is below 4.0%. 
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Fig. 4-14 Comparison of the collected phase boundary data (symbols) with the calculated phase 

boundary (curves) of CH4-CO2 hydrates formed in pure water.  

Reference: ● and ● (Adisasmito et al., 1991); ● and ● (Sadeq et al., 2017); ● (Beltrán and Servio, 2008; 

Sadeq et al., 2017; Dholabhai and Bishnoi, 1994; Seo et al., 2001; Servio et al., 1999); ▲ and ▲ (Beltrán 

and Servio, 2008); ▲ (Beltrán and Servio, 2008; Servio et al., 1999); ▲ (Seo et al., 2001); ▲ (Partoon et 

al., 2016); ■ (Belandria et al., 2010). Note that the percentage in the legend represents the mole fraction of 

CH4 in the feed gas mixture. The symbols represent the measured data points and the lines are for the 

calculated ones. 

 

Phase boundary of CH4-CO2 hydrates in NaCl solutions 

In this section, the reliability of the newly developed model will be further evaluated by using 

the collected database of CH4-CO2 hydrates formed in NaCl solutions. As aforementioned, only 

two groups of measured phase boundary data of CH4-CO2 hydrates formed in NaCl solutions are 

available in the literature (Dholabhai and Bishnoi, 1994; Fan and Guo, 1999), as presented in Fig. 

4-15, where the filled circles and the triangle symbols represent the collected data and the curves 

denote the phase boundary conditions calculated with the newly developed model. It is 
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demonstrated that the phase boundary pressure of CH4-CO2 hydrates increases with the NaCl 

concentrations, owing to the influence of ions on the water activity. The deviations of the 

calculated phase boundary pressure from the collected database are evaluated by using Eq. 4-13. 

The overall AARD 24 data points is 5.3%, which is acceptable since none of these data points have 

been used for parameter optimization. This proves the reliability of the newly developed model in 

predicting the phase boundary of CH4-CO2 hydrates formed in NaCl solutions. 

 

 

Fig. 4-15 Comparison of the collected and measured phase boundary data (symbols) with the 

calculated phase boundary (curves) of CH4-CO2 hydrates formed in NaCl solutions.  

Reference: ●, ●, ●, and ● (Dholabhai and Bishnoi, 1994); ▲ (Fan and Guo, 1999); × and × (Zheng et al., 

2020a). Note that the percentage in the legend represents the mass fraction of NaCl in the solutions. The 

CH4 concentration in the feed gas mixtures are 80 mol% and 5.02 mol% respectively for the collected data 

denoted with the filled circles and the triangle, and those for the black and red crosses are 21 and 29 mo%, 

respectively. 

 

It is interesting to see the phase boundary denoted by the black and red crosses in Fig. 4-15 is 

in contrast to the observations that the phase boundary pressure of CH4-CO2 hydrates increases 
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with CH4 concentration as well as the salinity of NaCl solutions. This is due to the high 

concentration of CO2 measured in this work, i.e., 79 and 71 mol% respectively, in which case the 

upper quadruple point (i.e., hydrate-vapor-water-liquid gas four-phase coexistence point) is easily 

satisfied (Zheng et al., 2020a). It was estimated that the upper quadruple point is around 8 MPa for 

the CH4-CO2 mixture containing 78 mol% CO2 (Bi et al., 2013). The high-pressure condition, i.e., 

above 10 MPa is of interest for the data points denoted with the black and red crosses. When the 

pressure is above the upper quadruple point of the CH4-CO2 mixture, the phase boundary pressure 

is higher for mixture with a larger concentration of CO2. This is supported by the phase boundary 

curve of CH4-CO2 hydrates containing 27 mol% CH4 in the feed gas mixture in Fig. 4-14, where 

we can see its phase boundary pressure is higher than that of CH4-CO2 hydrates containing 80 

mol% CH4 in the feed gas mixture when the pressure is higher than 10 MPa. The AARDs are 8.9% 

and 6.2% for the scenarios represented by the black and red crosses respectively. This is acceptable 

since an ideal solid solution of hydrate model is applied in this work. Also, none of these data 

points have been used in parameter regression. These data points have filled the blank of 

experimental phase boundary data at high-pressure and high-temperature conditions, which is 

significant to investigate the interactions between gas, water, and ions. 

 

4.4 Summary 

In this section, two theoretical models have been established, both of which adopt separate models 

for the non-hydrate phases. In the first model, the PR EoS for the gas-rich phase and the Henry’s 

law combined with the Poynting correction for the gas solubility in the aqueous phase. The effect 

of NaCl on the hydrate phase boundary is considered using the Pitzer model. In the second model, 

a single mPR EoS is applied for both aqueous and gas-rich phases and the Pitzer model is used to 
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account for the impact of NaCl on water activity in the aqueous phase. In both of the two models, 

a new set of reference properties are applied and the Kihara parameters of CH4, C2H6, and CO2 are 

optimized by fitting against the measured phase boundary data points of hydrates formed in pure 

water. 

The database developed in this section is used to quantify the reliability of the two developed 

models. It is found that the two models can capture the general trend that the phase boundary 

pressure of CH4, C2H6, CO2, and binary CH4-C2H6 and CH4-CO2 hydrates increases with the 

temperature and the concentration of NaCl solutions. Also, the phase boundary pressure of the 

binary CH4-C2H6 and CH4-CO2 hydrates increases with the concentration of CH4 in the feed gas. 

The overall AARD of the 984 data points using the first theoretical model is 5.0%. The data points 

of the binary CH4-C2H6 and CH4-CO2 hydrates formed in the pure water and NaCl solution are 

employed to evaluate the reliability of the second model. The overall AARD of the 187 data points 

of the binary hydrates is 5.2%. It is worth noting that the two theoretical models are capable of 

detecting the sII structure formed by the binary CH4-C2H6 hydrates. The structure of the binary 

CH4-C2H6 hydrates is influenced not only by the gas composition, but the temperature and 

temperature as well. Also, the reliability of the two groups of data points of CH4-CO2 hydrates 

measured in Section 3.2 has been verified with the calculated results by using these two theoretical 

models. For example, the AARD of the data points of the cases with a NaCl concentration of 3.5 

and 5.0 wt% are 8.9% and 6.2%, respectively. 
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CHAPTER 5   DETERMATION OF THE HYDRATE PHASE BOUNDARY 

USING A UNIFIED EOS FOR THE NON-HYDRATE PHASES 

 

A unified EoS is developed in this chapter to quantify the effect of the dissolved gas and electrolyte 

on water activity in the aqueous phase. The performance of this model will be tested by comparing 

with the phase boundary of pure and binary CH4, C2H6, and CO2 hydrates formed in single and 

mixed NaCl, KCl, MgCl2, and CaCl2 solutions. These electrolytes are the most concentrated ones 

in the seawater and the reservoir fluids. Also, NaCl and KCl are the representatives of 1-1 type 

electrolytes and MgCl2 and CaCl2 are those of 2-1 type ones (Zheng et al., 2020c). 

 

5.1 Model Development 

5.1.1 Unified EoS 

As demonstrated in Fig. 5-1, in addition to the van der Waals forces between gas molecules, a 

system containing natural gas, water, and ions involves various other interactions, e.g., the 

hydrogen bonds between water molecules, ionic solvation between water and ions, hydrophobic 

hydration between water and gas molecules, and Coulombic forces between cation and anion. In 

this work, a unified EoS is developed to represent the influences of different interactions on the 

thermodynamic properties, e.g., water activity and fugacity. In this new unified EoS, a modified 

PR EoS is employed to quantify the interactions between water, natural gas, and uncharged ions. 

As for the charged ions, a simplified explicit mean spherical approximation (MSA) term and a 

Born term are used to describe the Coulombic force and discharging-charging processes, 

respectively. Two assumptions are made in the development of this model. First, the interactions 
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between gas and ions can be ignored due to the low solubility of natural gas. The second one is 

that the ion-pairing effect is negligible. This is because the ion-pairing is significant at high-

temperature conditions (Kontogeorgis et al., 2018). The electrolytes of interest, i.e., NaCl, KCl, 

MgCl2, and CaCl2, can be regarded as fully ionized at hydrate formation conditions. 

 

 

Fig. 5-1 Schematic diagram of the interactions between various components 

 

The unified EoS is established by summing up the contributions of the aforementioned 

interactions to the Helmholtz free energy. Similar to the work of Ahmed et al. (2018), the first step 

is to turn the ions into uncharged ones and the energy change is determined by using the Born 

term, as described in Eq. 5-1. 

22
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Born
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A n Ze N

RT D RT 
= −                                                 (5-1) 

where e denotes the elementary charge, 1.60×10-19 C; NA is the Avogadro number, 6.0232×1023 

mol-1; D0 represents the permittivity of vacuum, 8.854×10-12 F/m; i
n  and i

Z  are the moles and 
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charges of ions respectively in the aqueous phase; 
Born

i
  denotes the diameter of solvated ion, 

which includes the effect of ionic solvation (Inchekel et al., 2008).  

The next step is to include the effect of the repulsive and attractive interactions between gas, 

water, and uncharged ions by using a modified PR EoS (Li and Yang, 2013). Their contributions 

to the Helmholtz free energy are quantified with the following equations: 

 
( ) (1 2)

ln ln
2 2 (1 2)

r

mPR
a TA V b V b

nRT V bRT V b

− + +
= − −

+ −

  
  

   
                                (5-2) 

( ) ( ) ( )
2 2

0
0.457235 c

c

a T
R T

a
P

T T ==                                          (5-3) 

0.07780 c

c

RT
b

P
=                                                              (5-4) 

The new alpha function of water described in Section 4.3.1 is applied. Similarly, the 

asymmetric BIP for water-gas pairs in the aqueous phase is employed. In this model, the BIP of 

gas-gas and gas-ion pairs are assumed 0. 

The third step of developing the unified EoS is to charge the ions. The corresponding change 

in the Helmholtz free energy is described by the Born term as shown in Eq. 5-5 (Inchekel et al., 

2008).  

22
,
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r

Born ch i iA

Born
ir i

A n Ze N

RT D D RT 
=                                                (5-5) 

where r
D  denotes the relative dielectric constant. 
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In the last step, a simplified explicit MSA term (Haghtalab and Mazloumi, 2010; Lin et al., 

2007) is used to quantify the contribution of Coulombic force to the Helmholtz free energy, as 

shown in the following equations: 
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where 
MSA

i  denotes the ion diameter in the MSA term. 

Therefore, the total residual Helmholtz free energy of a system containing gas, water, and 

electrolytes can be expressed as: 

r r r r

mPR Born MSAA A A A= + +                                                  (5-10) 

where , ,

r r r

Born Born dis Born chA A A= + . 

The pressure and fugacity coefficients may be calculated with Eqs. 5-11 and 5-12, 

respectively: 
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where c
Z  denotes the compressibility factor. 

Derivation of pressure 

In this work, it is assumed that the relative dielectric constant r
D  is dependent on the molar 

volume. 

r r r
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where, 
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Derivation of fugacity coefficient 
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where, ( )/B bP RT= , ( )
2
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The fugacity and water activity can be determined by using Eqs. 5-28 and 5-29, respectively. 

i i i
f x P=                                                            (5-28) 

w
w w

w

a x



=                                                        (5-29) 

where w


 denotes the fugacity coefficient of water in the infinite dilute solution at the same 

pressure and temperature conditions. 

 

5.1.2 Model Parameters 

Two categories of parameters are still unsettled in the proposed unified EoS at this point, i.e., the 

non-ion-associated parameters and the ion-associated parameters. The non-ion-associated 
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parameters are cT , cP  and   of CH4, C2H6, CO2, and H2O in Eqs. 5-3 and 5-4. These parameters 

have been well tabulated in the literature (Sandler, 2017) and are summaries in Table 5-1. 

 

Table 5-1 The parameters of CH4, C2H6, CO2 and H2O 

Molecules Tc, K Pc, MPa   

CH4 190.6 4.60 0.008 

C2H6 305.4 4.88 0.098 

CO2 304.2 7.38 0.225 

H2O 647.3 22.05 0.344 

 

The ion-associated parameters that are to be determined include 
Born

i  in Eqs. 5-1 and 5-5, 

MSA

i  in Eq. 5-8, BIP of water-uncharged ion pairs, i.e., kH2O-ion in Eq. 5-5, r
D  in Eqs. 5-5 and 5-

9, and parameters of ia  and ib  of uncharged ions in Eqs. 4-23 and 4-24. In this work, 
Born

i  

proposed by Maribo-Mogensen (2014) is used, which were determined by calculating the 

ionization energy and electron affinity with the Born term, as listed in Table 5-2. 
MSA

i  equal to 

Born

i  is applied. The BIP of kH2O-ion determined by Inchekel et al. (2008) are adopted, as 

demonstrated in Table 5-2. 

 

Table 5-2 Solvated ion diameter and BIP of water-ion pairs 

Ions σBorn, Å a KH2O-ion
 b 

Na+ 2.8 -0.439 

K+ 3.4 0.087 

Mg2+ 2.54 0.114 

Ca2+ 3.2 -0.287 

Cl- 3.98 -0.356 

a Maribo-Mogensen, 2014; b Inchekel et al., 2008 
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The Simonin model (Courtial et al., 2014) is used to calculate the relative dielectric constant: 

1

s

r ions

i

i

D
D

x

=

+
                                                          (5-30) 

where   is a tunable parameter, set to 5.08 in this work; s
D  is the relative permittivity of pure 

water, determined by employing the Schmidt correlation: 
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=                                                                (5-36) 

where 
*  and *T  denote the reduced density and temperature, respectively, with * 29 1/ 8. 5T T=  

and 0
  = 1000 kg/m3; w

n  and w
M  are the moles and molar weight of water. 

As to the uncharged ions, parameter a0, b, and Tc have been found obeying the following 

correlations (Wu and Prausnitz, 1998): 

30 7
0.2536 10 / 0.0074

c
a B V  −=                                              (5-37) 
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0.2891 1.7073
c
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where c
V  denotes the critical molar volume; 

ion  is the Lennard-Jones energy parameter, 

determined by using Eq. 5-41; B represents the London coefficient, calculated with Eq. 5-42. 
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where ne denotes the number of electrons in the ions; 
P and 

P  are the polarizability and the 

Pauling diameter of ions, as shown in Table 5-3. It is noted that the unit of P  in Eq. 5-41 is Å and 

that in Eq. 5-42 is meter. The results of parameter a0, b, and Tc of ions are illustrated in Table 5-3. 

The parameter a of ions can be calculated using ( )0
a Ta =  , where ( )T  is determined by 

employing Eq. 4-22 with   being 0. 

 

Table 5-3 Parameters of uncharged ions 

Ions σP, Å a αp, Å
3 b ne b, cm3/mol a0, J⸱m3 Tc, K 

Na+ 1.92 0.21 10 5.824 0.0299 102.10 

K+ 2.66 0.87 18 13.308 0.2040 296.89 

Mg2+ 1.30 0.12 10 1.421 0.0316 260.84 

Ca2+ 2.12 0.53 18 6.590 0.1119 303.18 

Cl- 3.62 3.02 18 34.726 0.5561 326.49 

a (Zuo and Guo, 1991); b (Jin and Donohue, 1988) 
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5.1.3 Calculation Algorithm 

The calculation procedure of hydrate phase boundary pressure is demonstrated in Fig. 5-2. The 

first step is to specify gas, water, and electrolyte concentrations in the system, as well as other 

parameters and conditions, e.g., temperature. An initial guess of the hydrate phase boundary 

pressure is obtained by using the reference hydrate approach proposed by Parrish and Prausnitz 

(1972). The flash calculation is implemented by employing the newly proposed unified EoS to 

determine the fugacity and the water activity at the equilibrium conditions. The pressure is updated 

until the difference between the calculated 
H

w  and 
A

w  is within a certain error, e.g., 10-6. This 

procedure is performed twice: one is for the phase boundary pressure of sI hydrates and the other 

one is for that of sII hydrates. The smaller pressure can be assigned as the phase boundary pressure 

(P) at the specified temperature. 

 

 

Fig. 5-2 Flowchart of the phase boundary calculation using the new model 
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As demonstrated in Fig. 5-2, the unified EoS will be applied to determine the thermodynamic 

quantities of fugacity and water activity at the equilibrium conditions. The flowchart of this 

algorithm is presented in Fig. 5-3. A successive implementation of stability tests and flash 

calculations is able to handle multiphase scenarios up to three non-hydrate phases. In a system 

containing gas, water, and electrolytes above the freezing point, the possible non-hydrate phases 

that may occur are aqueous phase, gas-rich vapor phase, and gas-rich liquid phase. It is assumed 

that ions only show up in the aqueous phase. The first step of this algorithm is to specify the 

parameters of the system, e.g., temperature T and overall composition z. Then a stability test is 

implemented. The trial phase of this step is the aqueous phase composed of 99.9 mol% H2O and 

other non-ion components evenly share the rest 0.1 mol% (Mortezazadeh and Rasaei, 2017). Next, 

a 2-phase flash calculation is carried out using the K-value obtained from the stability test at the 

previous step. The compositions of the aqueous and the gas-rich phases, i.e., x and h can be 

determined by the 2-phase flash calculation algorithm. Then the stability test will be performed 

again to check whether the gas-rich phase is stable in a single phase. The K-value in this step is 

obtained by employing the Wilson equation (Whitson and Brulé, 2000). If the gas-rich phase is 

not stable in one single phase, a 3-phase flash calculation will be implemented. In this work, the 

stability test follows Michelsen’s algorithm, which has been elucidated clearly elsewhere (Whitson 

and Brulé, 2000). The 2-phase and 3-phase flash calculations are based on Rachford-Rice 

equations (Haugen et al., 2011; Li and Firoozabadi; Moortgat et al., 2012; Nazari et al., 2019; Qiu 

et al., 2014).  
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Fig. 5-3 Flowchart of determining the fugacity and water activity using the unified EoS 

 

5.2 Simulation Results 

5.2.1 Phase boundary of CH4 hydrates in single-electrolyte solutions 

The newly developed model is applied in calculating the phase boundary of pure CH4 hydrates 

formed in single NaCl, KCl, MgCl2, or CaCl2 aqueous solution. A total of 276 measured data 

points have been collected in this section, as tabulated in Table 5-4. The temperature of the 

collected data extends from 261.8 to 296.0 K, with the concentration of electrolytes range of 3-

24.12 wt% for NaCl, 5-15 wt% for KCl, 1-15 wt% for MgCl2, and 5-19.8 wt% for CaCl2. The 

phase boundary curves of these scenarios are illustrated in Fig. 5-4 through Fig. 5-7. 
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Table 5-4 Phase boundary of pure CH4 hydrates formed in single-electrolyte solutions 

Electrolytes 
Cele, 

wt% 

No. of 

Data 
T range, K 

AARD, 

% 
Data source 

NaCl 

3 19 277.7-291.1 3.0 
Atik et al., 2009; Dholabhai et al., 

1991; Maekawa, 2001 

3.5 18 275.0-290.1 5.4 
Lafond et al., 2012; Maekawa et al., 

1995 

5 5 274.2-283.6 1.6 Mohammadi et al., 2008 

5.44 5 275.1-283.7 2.6 Cha et al., 2016 

10 19 269.7-286.4 3.0 Maekawa et al., 1995 

10.83 5 274.7-282.0 2.6 Cha et al., 2016 

10.85 11 279.2-296.0 7.1 Jager and Sloan, 2001 

11.76 6 268.3-278.0 5.12 De Roo et al., 1983 

11.89 3 272.7-277.7 0.34 Kharrat and Dalmazzone, 2003 

12 2 288.0-296.0 2.5 Hu et al., 2017 

15 3 269.5-285.1 2.8 Haghighi et al, 2009 

17.13 8 263.4-275.1 2.4 
De Roo et al., 1983; Kharrat and 

Dalmazzone, 2003 

17.17 10 274.4-291.0 3.06 Jager and Sloan, 2001 

20 17 268.5-278.7 4.9 
Haghighi et al, 2009; Maekawa et al., 

1995 

21.52 7 261.8-272.8 4.2 De Roo et al., 1983 

22.07 10 270.7-285.8 4.0 Jager and Sloan, 2001 

24.12 5 263.0-268.6 4.9 De Roo et al., 1983 

KCl 

5 6 271.6-283.2 0.9 Mohammadi et al., 2008 

6.83 7 275.5-284.2 3.4 Cha et al., 2016 

10 7 270.1-281.5 2.0 Mohammadi et al., 2008 

13.41 8 275.1-282.3 4.6 Cha et al., 2016 

15 3 276.5-285.0 5.9 Haghighi et al, 2009 

MgCl2 1 5 280.8-292.2 0.6 Atik et al., 2006 
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3 6 272.9-286.4 0.8 Kang et al., 1998 

5 11 273.3-290.0 1.4 
Atik et al., 2006; Mohammadi et al., 

2009 

6 5 271.3-284.1 1.0 Kang et al., 1998 

10 21 272.4-287.4 4.1 

Atik et al., 2006; Haghighi et al, 

2009; Kang et al., 1998; Mohammadi 

et al., 2009 

15 9 270.4-280.2 11.7 Atik et al., 2006; Kang et al., 1998 

CaCl2 

5 11 272.0-284.4 1.7 
Kharrat and Dalmazzone, 2003; 

Mohammadi et al., 2008 

10.2 4 278.4-282.3 1.3 Kharrat and Dalmazzone, 2003 

14.5 4 273.5-278.8 2.4 Kharrat and Dalmazzone, 2003 

15 6 268.0-277.4 6.9 Mohammadi et al., 2008 

17.1 6 265.4-282.2 12.1 Atik et al., 2006 

19.8 4 270.1-273.5 6.8 Kharrat and Dalmazzone, 2003 

Note: Cele denotes the concentration of electrolytes. 

 

The measured and calculated phase boundary of CH4 hydrates formed in NaCl solutions are 

presented in Fig. 5-4. It can be seen that the phase boundary pressure increases with the 

concentration of NaCl and this trend has been well captured by the newly developed 

thermodynamic model. The AARD of most scenarios are below 5% even at the high NaCl 

concentration of 24.12 wt%. A total of 153 data points of CH4 hydrates formed in NaCl solutions 

have been used for comparison in this work and the overall AARD of these data points is 2.8%, 

which suggests that the new model is accurate to predict the phase boundary of pure CH4 hydrates 

formed in NaCl solutions with electrolyte concentration up to 24.12 wt%. 
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Fig. 5-4 Collected and calculated phase boundary of CH4 hydrate formed in NaCl solutions 

(Symbols represent collected data points, curves denote calculated results, numbers are NaCl concentrations 

in wt%) 

 

The calculated phase boundary of CH4 hydrates formed in KCl solutions is compared with the 

measured ones in Fig. 5-5. The effect of KCl on the hydrate phase boundary is similar to that of 

NaCl, i.e., elevating the phase boundary pressure. The AARDs for KCl concentrations of 5, 6.83, 

10, and 13.41 wt% are 0.9, 3.4, 2.0, and 4.6%, respectively. The AARDs are relatively high for 

the scenarios with the KCl concentration of 6.83 and 13.41 wt%. This might be because Cha et al. 

(2016) measured these data points with two methods, i.e., isochoric pressure-search method and 

differential scanning calorimetry. All the data points measured using these two approaches have 

been included in this work for comparison, which may induce error due to the different accuracy 

of various measuring approaches (Zheng et al., 2020a). The overall AARD of these 31 data points 

are 3.1% despite the possible inaccuracies in the collected data points, which proves that this new 
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model is reliable in predicting the phase boundary of CH4 hydrates formed in KCl solutions with 

KCl concentration up to 15 wt%. 

 

 

Fig. 5-5 Collected and calculated phase boundary of CH4 hydrate formed in KCl solutions 

(Symbols represent collected data points, curves denote calculated results, numbers are KCl concentrations 

in wt%) 

 

The phase boundary of CH4 hydrates in MgCl2 solution is demonstrated in Fig. 5-6. It can be 

seen that the phase boundary pressure also increases with the concentration of MgCl2. The AARD 

is smaller for the scenarios with lower concentration of MgCl2. For instance, the AARD is smaller 

than 2% when the concentration of MgCl2 is lower than 6 wt% and jumps to 11.7% when the 

concentration increases to 15 wt%. The large deviation may result from two aspects. For one thing, 

the measured data points are scattered at high concentrations of MgCl2 as shown in Fig. 5-6. For 

another thing, it is noted that all the ion-associated parameters applied in this work are selected 

from the literature without regression. Parameters from different sources, e.g., those in Table 5-2 
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and Table 5-3 may induce some inconsistency. In spite of this, the overall AARD of these 57 data 

points is 3.8%, which proves that the framework applied in this work is reliable. And the prediction 

results for hydrates formed in MgCl2 solutions can be further improved by better selection or 

regression of the ion-associated parameters.  

 

 

Fig. 5-6 Collected and calculated phase boundary of CH4 hydrate formed in MgCl2 solutions 

 (Symbols represent collected data points, curves denote calculated results, numbers are MgCl2 

concentrations in wt%) 

 

The measured and calculated phase boundary of CH4 hydrates formed in CaCl2 solutions are 

compared in Fig. 5-7, denoted with symbols and curves respectively. The hydrate phase boundary 

pressure also rises with CaCl2 concentrations. Similar to those of MgCl2 solutions, the AARD of 

hydrate phase boundary pressure is larger at higher CaCl2 concentrations. For example, the AARD 

are smaller than 3% when the concentration of CaCl2 is lower than 15 wt% and larger than 6% 

when the concentration is above 15 wt%. The overall AARD of these 35 data points is 5.0%. 
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Fig. 5-7 Collected and calculated phase boundary of CH4 hydrate formed in CaCl2 solutions 

(Symbols represent collected data points, curves denote calculated results, numbers are CaCl2 

concentrations in wt%) 

 

5.2.2 Phase boundary of CH4 hydrate in mixed-electrolyte solutions 

The performance of the new model in predicting the phase boundary of pure CH4 hydrates formed 

in mixed electrolyte solutions are investigated in this section. A total of 55 measured phase 

boundary data points have been used, i.e., 31 data points of hydrates formed in mixed NaCl-KCl 

solutions and the rest 24 points of hydrates formed in mixed NaCl-CaCl2 solutions, as shown in 

Table 5-5. The temperature of these collected data ranges from 264.4 to 281.8 K, with the mass 

concentration range of 6-23 wt% and 6-16 wt% respectively for the mixed NaCl-KCl and NaCl-

CaCl2 solutions. The deviations of calculated phase boundary pressure from the measured one 

have been evaluated using Eq. 4-13, with the AARD listed in Table 5-5. 
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Table 5-5 Phase boundary of pure CH4 hydrates formed in mixed electrolyte solutions 

Electrolytes Cele, wt% No. of Data T range, K AARD, % Data source 

NaCl-KCl 

[3, 3] 7 271.4-279.2 4.8 

Dholabhai et 

al., 1991 

[5, 5] 7 270.3-281.5 5.4 

[5, 10] 4 267.5-279.0 6.5 

[5, 15] 4 266.3-276.2 5.2 

[10, 12] 5 264.6-274.2 1.8 

[15, 8] 4 264.4-272.1 0.9 

NaCl-CaCl2 

[3, 3] 4 270.4-281.8 1.3 

[6, 3] 4 271.3-280.1 1.4 

[10, 3] 4 269.4-277.3 0.9 

[10, 6] 4 266.0-274.3 0.4 

[3, 10] 4 268.8-277.7 0.8 

[6, 10] 4 268.6-277.1 1.8 

Note: Cele denotes the concentration of electrolytes. 

 

The measured and calculated phase boundary of CH4 hydrates formed in mixed NaCl-KCl 

solutions are demonstrated in Fig. 5-8. It is shown that the phase boundary pressure increases with 

an elevation in the concentration of both NaCl and KCl, which is consistent with the effect of 

single-electrolyte solutions. The overall AARD of these 31 data points is 4.2%, which means the 

performance of the new model in predicting the hydrate phase boundary formed in mixed NaCl-

KCl solutions is satisfactory. 
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Fig. 5-8 Collected and calculated phase boundary of CH4 hydrate formed in mixed NaCl-KCl 

solutions  

(Symbols and curves represent the collected data points and the calculated results respectively; Na3K3 

means the concentration of NaCl and KCl are both 3 wt%) 

 

The phase boundary of CH4 hydrates formed in NaCl-CaCl2 solutions are presented in Fig. 5-

9, where we can see the difference between the calculated results and the measured data points is 

quite narrow. The AARD of all these 6 scenarios are smaller than 2% and the overall AARD is 

1.1%. It is demonstrated in Fig. 5-9 that the hydrate phase boundary curves are very close but not 

identical when the total mass concentration of NaCl plus CaCl2 is the same, e.g., Na3Ca10 and 

Na10Ca3. This is because the molar mass and the ion charges are different for these two 

electrolytes. 
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Fig. 5-9 Collected and calculated phase boundary of CH4 hydrate formed in the mixed NaCl-CaCl2 

solutions  

(Symbols and curves represent the collected data points and the calculated results respectively; Na3Ca3 

means the concentration of NaCl and CaCl2 are both 3 wt%) 

 

5.2.3 Phase boundary of CH4-CO2 and CH4-C2H6 hydrates in single-electrolyte solutions 

The newly developed model is applied to calculate the phase boundary of binary CH4-CO2 

hydrates and binary CH4-C2H6 hydrates in this section. A total of 58 data points are collected, in 

which 47 data points are for the CH4-CO2 hydrates and the rest 11 points are for the CH4-C2H6 

hydrates. The electrolyte concentrations of these collected data range from 3.5 to 23 wt% and the 

temperature ranges from 261.9 to 295.1 K, as shown in Table 5-6. 
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Table 5-6 Phase boundary of binary hydrates formed in single-electrolyte solutions 

Gas Electrolytes 
CH4, 

mol% 

Cele, 

wt% 

No. of 

Data  
T range, K AARD, % Data source 

CH4-

CO2 

NaCl 

80 

5 4 271.6-282.0 3.1 

Dholabhai et 

al., 1994 

10 4 268.5-279.0 3.2 

15 5 264.8-277.2 2.5 

20 4 261.9-274.3 4.4 

21 3.5 5 286.1-292.4 4.8 Zheng et al., 

2020b 29 5 5 287.0-295.1 6.0 

KCl 

80 

5 4 271.4-282.0 0.9 

Dholabhai et 

al., 1994 

10 4 269.2-279.0 2.6 

15 4 267.0-277.1 0.3 

CaCl2 
10 4 268.6-279.1 3.4 

15 4 266.7-276.9 6.8 

CH4-

C2H6 
NaCl 74.7 

12 6 292.4-307.4 2.4 
Hu et al., 2018 

23 5 282.3-296.7 4.4 

Note: Cele denotes the concentration of electrolytes. 

 

The phase boundary of the binary CH4-CO2 hydrates formed in NaCl solutions are presented 

in Fig. 5-10. The deviations of the calculated results from the collected data points are within 5% 

for most scenarios and the overall AARD of these 27 data points are 4.0%. It is suggested that the 

developed model is reliable not only at low pressure (below 10 MPa), but also at high-pressure 

conditions. 
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Fig. 5-10 Collected and calculated phase boundary of binary CH4-CO2 hydrate formed in NaCl 

solutions  

(Symbols and curves represent the collected data points and the calculated results respectively; numbers 

are NaCl concentrations in wt%; data of filled symbols are measured by Dholabhai et al. (1994), those of 

empty symbols are by Zheng et al. (2020a)) 

 

The phase boundary of the binary CH4-CO2 hydrates formed in KCl and CaCl2 solutions as 

well as the binary CH4-C2H6 hydrates formed in NaCl solutions are illustrated in Fig. 5-11. The 

deviations of the calculated phase boundary of binary CH4-CO2 hydrates formed in KCl solutions 

from the measured ones are very small, with the overall AARD of 1.2%. The difference between 

the calculated and measure phase boundary of the binary CH4-CO2 hydrates formed in CaCl2 

solutions is relatively large, with the overall AARD of 5.1%, which is consistent with the 

conclusions in section 5.2.1. 
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Fig. 5-11 Collected and calculated phase boundary of CH4-C2H6 and CH4-CO2 hydrates formed in 

NaCl, KCl, and CaCl2 solutions  

(Symbols and curves represent the collected data points and the calculated results respectively; Na12 

denotes the concentration of NaCl is 12 wt%; black symbols represent CH4-C2H6 hydrates and others are 

for CH4-CO2 hydrates) 

 

5.2.4 Phase boundary of CH4-CO2 and CH4-C2H6 hydrates in mixed electrolyte solutions 

The performance of the developed model is further evaluated by calculating the phase boundary 

of binary hydrates formed in mixed electrolyte solutions. A total of 31 measure hydrate phase 

boundary data points have been collected in this section, with 26 data points for the binary CH4-

CO2 hydrates and the rest 5 for the binary CH4-C2H6 hydrates. The temperature range of these 

collected data points are 265.1-286.0 K and the overall electrolyte concentration range of 11.09-

15 wt%. The deviations of the calculated results from the collected data points are quantified using 

Eq. 4-13, as shown with AARD in Table 5-7. 
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Table 5-7 Phase boundary of binary hydrates formed in single-electrolyte solutions 

Gas Electrolytes 
CH4, 

mol% 

Cele, 

wt% 

No. of 

Data  
T range, K 

AARD, 

% 
Data source 

CH4-

CO2 

NaCl-KCl 
80 [5, 10] 5 265.1-281.3 2.5 

Dholabhai et 

al., 1994 

50 [10, 5] 5 265.8-275.5 2.2 

NaCl-CaCl2 80 
[5, 10] 4 265.5-276.7 6.6 

[10, 5] 4 265.5-278.7 7.2 

NaCl-KCl-

CaCl2 

80 
[6, 5, 4] 

4 265.5-278.3 2.0 

50 4 266.0-275.5 0.7 

CH4-

C2H6 
NaCl-MgCl2 96 [5, 6.09] 5 278.8-286.0 4.0 Atik et al., 2006 

Note: Cele denotes the concentration of electrolytes. 

 

The phase boundary of the binary CH4-CO2 hydrates and the binary CH4-C2H6 hydrates 

formed in mixed electrolytes are presented in Fig. 5-12. The AARD of the binary CH4-CO2 

hydrates formed in mixed NaCl-KCl, NaCl-CaCl2, and NaCl-KCl-CaCl2 solutions are 2.3, 6.9, and 

1.3%, respectively. The AARD of the binary CH4-C2H6 hydrates formed in mixed NaCl-MgCl2 

solutions is 4%. These deviations are acceptable given the fact that no cross-verification of the 

collected data points are available. It is suggested that the developed model is reliable in predicting 

the phase boundary of binary hydrates formed in mixed electrolyte solutions. 
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Fig. 5-12 Collected and calculated phase boundary of CH4-C2H6 and CH4-CO2 hydrates formed in 

mixed-electrolyte solutions  

(Symbols and curves represent the collected data points and the calculated results respectively; Na5K10 

denotes that the electrolyte concentration of this scenario is 5 wt% NaCl and 10 wt% KCl; Empty circle 

denotes binary CH4-C2H6 hydrates and others are for CH4-CO2 hydrates 

 

5.2.5 Phase boundary of hydrates in pure water 

The developed model is able to predict hydrate formation in pure water when the concentrations 

of electrolytes are set as 0. In this section, the calculated and collected phase boundary of single 

CH4 (i.e., 100 mol%) and the binary CH4-CO2 hydrates formed in pure water are compared with 

the database established in Chapter 3. A total of 314 data points have been compared in Fig. 5-13, 

with 213 data points for pure CH4 hydrates and the rest 101 points for the binary CH4-CO2 

hydrates. The deviations of the calculated results from the collected data points are evaluated using 

Eq. 4-13. The deviations for most scenarios are below 5%. For example, the AARD of 2.0, 3.8, 
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3.5, and 1.6% are obtained respectively for the binary CH4-CO2 hydrates with CH4 composition 

of 90, 80, 70, and 60 mol%. The overall AARD of pure CH4 hydrates is 2.7% and that of the binary 

CH4-CO2 hydrates is 3.8%. This indicates that the developed model is also capable of predicting 

the phase boundary of hydrates formed in pure water. 

 

 

Fig. 5-13 Collected and calculated phase boundary of CH4-CO2 hydrates formed in pure water  

(Symbols represent collected data points, curves denote calculated results, numbers are the composition of 

CH4 in mol%) 

 

Overall, a total of 734 data points have been used in this work to evaluate the performance of 

the newly developed model in predicting the phase boundary of pure and binary hydrates formed 

in single and mixed electrolyte solutions as well as in pure water, among which 276 data points 

are for pure CH4 hydrates formed in single NaCl, KCl, MgCl2, and CaCl2 solutions, 55 data points 
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for CH4 hydrates formed in mixed electrolyte solutions, 58 data points for the binary CH4-CO2 and 

binary CH4-C2H6 hydrates formed in single electrolyte solutions, 31 data points for the binary 

hydrates formed in mixed electrolyte solutions, and 314 data points for hydrate formed in pure 

water. The overall AARD of all these 734 data points is 3.4%, which proves that the new model 

developed in this work is reliable to predict the phase boundary of hydrates formed in pure water 

and electrolyte solutions. 

 

5.3 Summary 

In this chapter, a new thermodynamic model has been proposed to determine the phase boundary 

of gas hydrates by using the vdW-P model for the hydrate phase and a unified EoS for the non-

hydrate phases. In the vdW-P model, the Kihara parameters of C2H6 are optimized by fitting 

against the phase boundary of pure C2H6 hydrates formed in pure water using particle swarm 

optimization method. In the unified EoS model, a mPR EoS is applied to describe the interactions 

between water, gas, and uncharged ions, a simplified explicit MSA term for the long-range 

Coulombic forces, and Born terms for the discharging-charging processes. The values of all the 

ion-associated parameters are selected from literature without regression. The reliability of the 

newly developed model has been evaluated by comparing with 734 measured phase boundary data 

points of pure and binary CH4, C2H6, and CO2 hydrates formed in single- and mixed-NaCl, KCl, 

MgCl2, and CaCl2 solutions as well as in the pure water. 

It has been found that the phase boundary pressure of both pure and binary hydrates increases 

with the concentration of electrolytes for both single- and mixed-electrolyte solutions. The 

deviations between the calculated and measured phase boundary data points of CH4 hydrates are 

3.9, 3.1, 3.8, and 5.0% respectively for those formed in NaCl, KCl, MgCl2, and CaCl2 solutions. 
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It is noted that the deviations of predictions for 2-1 electrolyte (i.e., MgCl2 and CaCl2) solutions 

are relatively large than that for the 1-1 electrolyte (NaCl and KCl) solutions. This trend is also 

observed in the binary CH4-CO2 hydrates formed in KCl and CaCl2 solutions, which lead to an 

AARD of 1.2 and 3.3%, respectively. Despite the relatively large deviations for the 2-1 electrolyte 

solutions, the framework applied in this modeling work is still believed reliable since all the ion-

associated parameters used in this work are from literature instead of regression. 

The reliability of the newly developed model is also proved by comparing with the collected 

phase boundary data of hydrates formed in mixed electrolyte solutions and in pure water. For 

example, the AARD of CH4 hydrates formed in mixed NaCl-KCl and NaCl-CaCl2 solutions are 

4.2 and 1.1%, respectively. The overall AARD of the binary CH4-C2H6 and CH4-CO2 hydrates in 

the mixed electrolytes solutions is 3.4% and that of hydrates formed in pure water is 3.0%. 
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CHAPTER 6  INSIGHTS INTO THE STABILITY OF CH4-C2H6/CO2 

HYDRATES USING MOLECULAR DYNAMIC SIMULATION  

 

In this section, the classical MD simulator LAMMPS (Large-Scale Atomic/Molecular Massively 

Parallel Simulator) is employed, which is open-source software distributed by the Sandia National 

Laboratories, a U.S. national lab of the Department of Energy (Plimpton, 1995). As 

aforementioned, the MD simulation enables us to describe the position evolution of each atom in 

the simulation box at each time step regulated by the pre-determined intermolecular potential 

function. The open-source visualization software of VMD (i.e., Visual Molecular Dynamics) is 

used for visualization (William et al., 1996). 

Numerous intermolecular potential models have been proposed for water molecules, e.g., 

SPC, TIP3P, and TIP4P (Jorgensen et al., 1983; Yonezawa, 2013). SPC and TIP3P potential 

functions are three-site models. TIP4P model inserts a fictitious massless and negatively charged 

site (i.e., M site). More advanced water potential functions have been developed, e.g., TIP4P/Ice 

and TIP4P-Ew to improve the model performance in various fields. In addition, various coarse-

grained models, e.g., mW and mTIP4P/2005 are being investigated to reduce the computational 

cost (Liu et al., 2014). Even though the coarse-grained models are advantageous in computational 

efficiency, they may lead to a compromise in structural properties (Lu et al., 2014). The reliability 

of the simulation results depends on the pre-defined potential functions exerted on each molecule. 

Ding et al. (2007) compared the radial distribution function (RDF) of water cage and guest 

molecules using SPC, SPC/E, and TIP4P water potential functions and found that these three 

potential models yielded similar results. Similar hydrate structural features resulted from SPC and 

SPC/E models were also observed by Chialvo et al. (2002). However, an increase in the system’s 
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density was noticed when the SPC/E model is used due to the larger dipole moment of this model. 

Also, the TIP5P model led to an increase in the configurational energy compared to the SPC model, 

which was attributed to the fact that the TIP5P model was more favorable to the formation of 

hydrogen bonds. The TIP4P/2005 water model generates phase boundary of hydrate with higher 

deviation than TIP4P/ICE (Jin and Coasne, 2017). The TIP4P/Ice model results in a reasonable 

phase boundary value while the TIP4P/2005 and TIP4P water models underestimate the phase 

boundary condition (Conda and Vega, 2010). Duan and Zhang (2006) suggested that the SPC/E 

potential function of water molecules could predict the PVT properties accurately at high-pressure 

conditions, e.g., 5 GPa. 

The influence of potential function adopted for the guest molecules has also been explored 

(English and MacElroy, 2003; Waldron et al., 2016). It was revealed that the size parameters had 

a great impact on the resulted energy parameters when the atomic Lennard-Jones (i.e., LJ) potential 

function was employed for CH4 and CO2. When the multi-site molecular potential functions, e.g., 

five-site and three-site were applied for these two guest molecules, the effect of the size parameters 

was much less significant. Also, the guest asymmetry has been found to greatly affect the 

configuration of hydrate cages (Chialvo et al., 2002). Zhang and Duan (2005) compared various 

force field models of CO2, e.g., MSM, EPM2 and proposed an optimized CO2 potential function 

which can reproduce the experimental observations such as the saturated liquid density and vapor 

pressure.  

6.1 Structure of Hydrate Cages 

6.1.1 sI hydrate structure 

As aforementioned, a unit sI hydrate cell is made of two 512 cages and six 51262 cages. In sI 

structure, the 512 cages are connected through their vertices instead of face sharing. The unit cell 

https://scholar.google.com/citations?user=Sl1Z18sAAAAJ&hl=en&oi=sra
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of sI hydrates consists of 46 water molecules and Pm3n space group symmetry, which can be 

regarded as a cubic lattice with an average lattice parameter around 12.03 Å. The Cartesian 

coordinates of the atoms in water cages of the unit sI and sII hydrate cells reported by Takeuchi et 

al. (2013) are employed as the initial configurations of the hydrate cages, where the positions of 

oxygen atoms in water cages were determined using X-ray diffraction experiments and those of 

hydrogen atoms were decided by following three criteria, i.e., the ice rule, the lowest potential 

energy, and the net-zero dipole moment. These configurations have been adopted in MD 

simulation of gas hydrates in the literature (Cladek et al., 2018; 2019). In this work, 3×3×3 unit 

cells of both sI and sII structures are adopted. We can use unit cells for MD simulation because it 

was found that there was no dissociation preference of small or large cages in a unit cell, i.e., the 

small and large cages dissociate simultaneously and the gas composition in the small and large 

hydrate cages remains constant (Gupta et al., 2007; Rovetto, 2007). Also, using unit cells of gas 

hydrates can eliminate the boundary edge effect (Martos-Villa et al., 2013). 

The normal view of a 3×3×3 unit cell of sI CH4-C2H6 hydrates is demonstrated in Fig. 6-1, 

where the gas molecules are inserted randomly into the cage center (Zheng et al., 2021). 

 

Fig. 6-1 Configuration of the 3×3×3 sI hydrate cages of CH4-C2H6 hydrates in this work 

(The red, white, and green balls represent oxygen, hydrogen, and carbon atoms, respectively) 
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6.1.2 sII hydrate structure 

The cubic sII hydrate unit cell consists of 136 water molecules and Fd3m space group symmetry. 

The lattice parameter of the unit cell of sII hydrates is 17.31 Å. The normal view of a 3×3×3 unit 

cell of sII CH4-C2H6 hydrates from different perspectives are demonstrated in Fig. 6-2, where the 

gas molecules are inserted randomly into the center of hydrate cages. 

 

Fig. 6-2 Configuration of the 3×3×3 sII hydrate cages of CH4-C2H6 hydrates in this work 

(The red, white, and green balls represent oxygen, hydrogen, and carbon atoms, respectively) 

 

6.2 MD Simulation 

6.2.1 Potential models 

The potential functions are used in the Lammps package to calculate the interactions between 

various molecules. The potential models are essential in MD simulation because they not only 

impact the reliability of the simulation results but also affect the computational costs due to the 

fact that they are supposed to capture the interaction forces of each molecule and will be 
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implemented at each iteration. Numerous potential models have been proposed for water 

molecules, e.g., SPC, TIPS2, TIP4P, and TIP5P (Jorgensen et al., 1983). Coarse-grained models, 

e.g., mW and mTIP4P/2005 are being investigated to reduce the computational cost. The 

simulation results may be greatly impacted by the potential models selected for water molecules. 

For instance, it was found that SPC and SPC/E models of water molecules generated similar radial 

distribution function results for CH4 and CO2 hydrates but SPC/E model led to higher system 

density due to the larger dipole moment in this model (Chialvo et al., 2002).  

In this work, the TIP4P-Ew model is applied for the H2O molecules (Horn et al., 2004), which 

combines the TIP4P model and the Ewald techniques for the long-range interaction and can 

generate structure properties in agreement with experimental data. For CH4 and C2H6 molecules, 

the Optimized Potentials for Liquid Simulations All-Atom (i.e., OPLS-aa) force field is used 

(Kaminski et al., 1994). An optimized potential function proposed by Zhang and Duan (2005) is 

employed for the CO2 molecules. The associated parameters of these potential functions are 

summarized in Table 6-1. 

 

Table 6-1 Parameters and potential function in the MD simulation 

Molecules Atom Mass, g/mol Charges, eV E, kcal/mol σ, Å l, Å a 

H2O 

H 1.008 0.5242 0 0 
O-H: 0.9572 

O-M: 0.1250 
O 15.9994 - 0.16275 3.16435 

M - -1.0484 - - 

CH4 
C 12.011 -0.24 0.066 3.500 

C-H: 1.090 
H 1.008 +0.06 0 0 

C2H6 
C 12.011 -0.18 0.066 3.500 C-H: 1.090 

C-C: 1.529 H 1.008 +0.06 0 0 

CO2 
C 12.011 +0.5888 0.05728 2.7918 

C-O: 1.163 
O 15.9994 -0.2944 0.16414 3.0 

a bond length 
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The formulas of the abovementioned intermolecular potential can be summarized in Eq. 6-1 

(Zhang and Duan, 2005). 

 ( )
     

12 6

1 1 1 1

1,2 4
ij ij i j
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 = − +           

                               (6-1) 

where the first term represents the short-range interaction and the second term denotes the 

Coulombic interaction. ijE is the well depth in the LJ potential curve, i.e., the maximum attractive 

energy; ij  denotes the distance of two atoms where the potential energy equals zero; ijr  is the 

separation distance between the two atoms; iq  represents the partial charge designated on the 

center of atom i. The Lorentz-Berthelot combination rules are used for cross interactions, as shown 

in Eqs. 6-2 and 6-3. 
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6.2.2 Simulation procedures 

The simulation procedure in this work is similar to that applied by Cladek et al. (2018; 2019) who 

utilized LAMMPS to investigate the interaction between guests and hosts of CH4-CO2 hydrates at 

low temperatures. The flowchart of the simulation procedure is illustrated in Fig. 6-3. The first 

step is to initialize the position of water molecules forming the hydrate cages. The initial position 

and orientation of the water molecules of both sI and sII hydrates are those demonstrated in Fig. 

6-1 and Fig. 6-2, respectively. The periodic boundary condition is applied in all the simulation 
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models. The second step is to fill the hydrate cage with guest molecules, according to the pre-

defined cage occupancy ratio. It is noted that the gas molecules are inserted into the center of the 

specified hydrate cages randomly. The third step is to specify the potential models for water and 

gas molecules, as demonstrated in Table 6-1. The next step, i.e., the fourth one is to use the NPT 

ensemble to obtain the equilibrium lattice parameter in the defined simulation box and the 

equilibrium state is reached when the volume of the ensemble reaches constant. It is found that 

6000 fs is long enough to reach a satisfactory equilibrium state in the NPT ensemble in this work 

with a time step of 0.5 fs. In the fifth step, an NVT ensemble will be applied to observe the 

evolution of the system in terms of the interaction energy and the structure. The time step of the 

simulation is 0.5 fs and the total simulation time of NVT ensemble simulation is 5×104 fs. When 

the simulation is terminated, the following parameters are used to analyze the stability of hydrates 

and the influencing factors: i) Radial distribution function (i.e., RDF), which is a measure of the 

probability of finding a pair of molecules at a specific distance. ii) Mean square displacement (i.e., 

MSD), a measure of average distance that molecules travel during simulation, which has been 

widely used to demonstrate the relative stability of hydrate structure (Martos-Villa et al., 2013).  

iii) Rotation angle, to trace the rotational motion of the gas and water molecules; iv) potential 

energy between water and gas molecules, to quantify the interaction of various gas species with 

the water cages. 
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Fig. 6-3 Flowchart of the MD simulation in this work 

 

6.2.3 Simulation scenarios  

In this section, 12 scenarios are designed to investigate the stability of CH4-C2H6 hydrates and the 

influence of pressure, gas composition, and CO2, as listed in Table 6-2. The temperature in all 

these scenarios is 274.2 K. In Scenarios #1 and #2, the composition of CH4 and C2H6 is 90 and 10 

mol%, which represents a stable sII structure according to the theoretical models developed in 

Chapter 4 and 5. The gas composition (20 mol% CH4 and 80 mol% C2H6 in Scenarios #3 and #4) 

corresponds to the stable sI structure hydrates based on the thermodynamic calculation. In the 

Scenarios #5 through #8, 20 mol% CO2 is added into the Scenarios #1 and #2, respectively. More 

CO2 of 50 mol% is mixed with the CH4-C2H6 mixtures in Scenarios #9 through #12. Two different 

pressures are applied in each gas composition scenario, both of which are above the phase 

boundary pressure. For instance, 2.0 MPa is employed in Scenario #1 and 5.0 MPa in Scenario #2, 

with the former one close to the phase boundary and the latter one far above the phase boundary 

pressure. 
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Table 6-2 Designed scenarios with various gas composition and pressure conditions 

Scenarios No. CH4, mol% C2H6, mol% CO2, mol% P, MPa 

#1 
90 10 - 

2.0 

#2 5.0 

#3 
20 80 - 

1.0 

#4 5.0 

#5 
90×0.8 10×0.8 20 

2.0 

#6 5.0 

#7 
90×0.5 10×0.5 50 

2.0 

#8 5.0 

#9 
20×0.8 80×0.8 20 

1.0 

#10 5.0 

#11 
20×0.5 80×0.5 50 

1.0 

#12 5.0 

 

The cage occupancy changes with pressure and gas composition conditions. In this work, the 

cage occupancy ratio of gas molecules in the small and large cages of sI and sII hydrates are 

determined using the developed theoretical models in Chapter 4, which represents a more realistic 

cage occupancy mode. It is noted that both sI and sII are simulated for Scenarios #1 through #4 to 

explore the structure change mechanisms of the CH4-C2H6 hydrates with gas composition. For the 

hydrates in Scenarios #5 through #12, the sI structure is more stable according to the theoretical 

calculation. This is in consistent with the schematic diagram in Fig. 2-8 where the hydrate structure 

change point corresponds to a gas mixture containing around 73 mol% CH4 and 27 mol% C2H6. 

As aforementioned, the stable structure of CH4-C2H6 hydrates mainly depends on two factors. The 

first one is the occupancy preference of gas molecules in the small and large hydrate cages. The 

second one is the ratio of small and large cages in various hydrate structures. According to previous 
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research, CO2 molecules prefer large cages to small cages. For the CH4-C2H6-CO2 mixture, CO2 

would compete with the C2H6 molecules for the large hydrate cages. Therefore, the sI structure, 

which can provide a higher ratio of large cages is more favorable for the CH4-C2H6-CO2 hydrates 

designed in Table 6-2. The cage occupancy ratio of each gas species in the 12 designed scenarios 

in Table 6-2 is presented in Table 6-3.  

 

Table 6-3 The occupancy ratio of various gas components in the small and large cages of sI and 

sII hydrates 

Scenarios 

sI sII 

512 (2) 51262 (6) 512 (16) 51264 (8) 

C1 C2 CO2 C1 C2 CO2 C1 C2 CO2 C1 C2 CO2 

#1 0.88 0 - 0.43 0.54 - 0.87 0 - 0.08 0.91 - 

#2 0.94 0 - 0.49 0.50 - 0.94 0 - 0.09 0.90 - 

#3 0.46 0 - 0.02 0.97 - 0.44 0 - 0 0.99 - 

#4 0.89 0 - 0.08 0.92 - 0.88 0 - 0.01 0.99 - 

#5 0.79 0 0.08 0.31 0.38 0.29       

#6 0.86 0 0.07 0.35 0.35 0.29       

#7 0.60 0 0.24 0.16 0.20 0.62       

#8 0.69 0 0.22 0.19 0.18 0.62       

#9 0.34 0 0.16 0.02 0.88 0.08       

#10 0.77 0 0.11 0.07 0.81 0.11       

#11 0.19 0 0.35 0.02 0.70 0.27       

#12 0.58 0 0.30 0.06 0.61 0.32       

Note: C1 and C2 represents CH4 and C2H6, respectively. 
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The cage occupancy of different scenarios is plotted to clearly demonstrate the impact of 

pressure and gas composition. The impact of pressure on the cage occupancy of CH4 molecules in 

the large and small cages in the sI and sII structures are illustrated in Fig. 6-4, where the gas 

composition and pressure conditions correspond to the scenarios listed in Table 6-2. It can be seen 

that CH4 molecules prefer occupying the small cages in both sI and sII structure hydrates at the 

designed pressure and gas composition conditions. Also, the cage occupancy of the CH4 molecules 

in all the cages increases with pressure, and the increasing trend is more obvious when the 

composition of CH4 is lower. For the binary CH4-C2H6 hydrates, the occupancy of CH4 in the large 

cages of the sI hydrates increases significantly with the composition of CH4, as demonstrated in 

Fig. 6-4 (a) and Fig. 6-4 (b). When CO2 is added in Fig. 6-4 (a) through (f), the occupancy of CH4 

in the sI hydrates declines, due to the decrease in the partial pressure of CH4 components. 

 

Fig. 6-4 Cage occupancy of CH4 molecules in the small and large cages 
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Note: the gas composition in the above scenarios: (a) 90 mol% CH4-10 mol% C2H6; (b) 20 mol% CH4-80 

mol% C2H6; (c) 72 mol% CH4-8 mol% C2H6-20 mol% CO2; (d) 45 mol% CH4-5 mol% C2H6-50 mol% CO2; 

(e) 16 mol% CH4-64 mol% C2H6-20 mol% CO2; (f) 10 mol% CH4-40 mol% C2H6-50 mol% CO2. 

 

The occupancy ratio of C2H6 molecules in hydrate cages are presented in Fig. 6-5, where we 

can see the C2H6 molecules only enter the large cages of sI and sII hydrates. Contrary to the CH4 

molecules, the occupancy ratio of the C2H6 molecules declines with the increase in pressure. This 

is because the large cages will be partially occupied by the CH4 molecules at high-pressure 

conditions. For the binary CH4-C2H6 hydrates, the cage occupancy of C2H6 molecules in sII 

hydrates is larger than that in the sI hydrates, due to the higher ratio of small cages in sII hydrates 

so that the competition between CH4 and C2H6 molecules for the large cages in sII is less strong. 

Overall, the cage occupancy of C2H6 molecules increases with its concentration in the gas mixture.  

 

Fig. 6-5 Cage occupancy of C2H6 molecules in the small and large cages 
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Note: the gas composition in the above scenarios: (a) 90 mol% CH4-10 mol% C2H6; (b) 20 mol% CH4-80 

mol% C2H6; (c) 72 mol% CH4-8 mol% C2H6-20 mol% CO2; (d) 45 mol% CH4-5 mol% C2H6-50 mol% CO2; 

(e) 16 mol% CH4-64 mol% C2H6-20 mol% CO2; (f) 10 mol% CH4-40 mol% C2H6-50 mol% CO2. 

 

The cage occupancy of CO2 molecules in the sI hydrates at various pressure and gas 

composition conditions are demonstrated in Fig. 6-6. It is seen that in the scenarios with higher 

CH4 concentration, the occupancy of CO2 molecules in the large cages is higher than that in the 

small cages, due to the higher stability of CH4 molecules in the small cages than CO2, and the cage 

occupancy ratio of CO2 is slightly dependent on the pressure. However, the cage occupancy of 

CO2 molecules is greatly dependent on the pressure when the concentration of C2H6 is higher than 

CH4. In the large cages, the occupancy ratio of CO2 increases with pressure, whereas that in the 

small cages declines with pressure. Overall, the cage occupancy of CO2 molecules rises with the 

CO2 concentration in the gas mixture. 

 

 

Fig. 6-6 Cage occupancy of CO2 molecules in the small and large cages of sI hydrates 

Note: the gas composition in the above scenarios: (a) 72 mol% CH4-8 mol% C2H6-20 mol% CO2; (b) 45 

mol% CH4-5 mol% C2H6-50 mol% CO2; (c) 16 mol% CH4-64 mol% C2H6-20 mol% CO2; (d) 10 mol% 

CH4-40 mol% C2H6-50 mol% CO2. 
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6.3 MD Simulation Results 

6.3.1 Stability of CH4-C2H6 hydrates in sI and sII structures 

The configurations of the sI and sII CH4-C2H6 hydrates at the end of the simulation in Scenario #1 

are demonstrated in Fig. 6-7. It is noted that the water and gas molecules deviate from the initial 

positions as shown in Fig. 6-1 and Fig. 6-2, but the water molecules still keep the cage structure. 

This is because the simulation conditions are inside the hydrate phase boundary, i.e., the pressure 

is above the phase boundary pressure and the temperature is lower than the phase boundary 

temperature. Therefore, either the sI or the sII hydrates are dissociated. The stability of a hydrate 

structure can be evaluated by analyzing the translational, rotational, and vibrational motions of the 

cage water molecules. In this work, the vibrational motion of gas and water molecules can be 

ignored because all the molecules are set as fixed rigid models. Therefore, only the translational 

and rotational motions are employed in the evaluation of stability of various gas hydrates.  

 

 

Fig. 6-7 Configuration of sI and sII hydrates at the end of simulation of the Scenario #1 (a-sI, b-

sII) 
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The mean square displacement (MSD) is used to quantify the translational motion of H2O 

molecules forming the hydrate cages. The MSD of H2O molecules in the sI and sII hydrates of the 

Scenarios #1 and #3 is presented in Fig. 6-8. It is demonstrated that the MSD curves of Scenarios 

#1 and #3 have a similar frequency in both sI and sII hydrates. As shown in Fig. 6-8(a), the MSD 

of the H2O molecules in the sI structure of Scenario #3 (i.e., 0.195 Å2 on average) is smaller than 

that of Scenario #1 (i.e., 0.210 Å2 on average), which indicates that the sI hydrates in Scenario #3 

are more stable than these in Scenario #1. On the contrary, the MSD of H2O molecules in the sII 

structure has a larger amplitude in Scenario #3 (i.e., 0.260 Å2 on average) than that in Scenario #1 

(i.e., 0.255 Å2 on average). This suggests that the hydrates of Scenario #1 are more stable than 

those of Scenario #3 in sII structure. It is noted that the MSD of the H2O molecules in sII structure 

is larger than that in sI structure on average, due to the larger number of large hydrate cages in sII 

structure than that in the sI structure. 

 

 

Fig. 6-8 MSD of H2O molecules in the sI and sII hydrates of the Scenarios #1 and #3 
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When the pressure is elevated to 5.0 MPa, i.e., in Scenarios #2 and #4, the MSD of H2O 

molecules in sI and sII is illustrated in Fig. 6-9. Similarly, the amplitude of the MSD curve for 

Scenarios #2 (i.e., 0.205 Å2 on average) is higher than that for Scenarios #4 (i.e., 0.200 Å2 on 

average) in the sI structure. While in the sII structure, the MSD amplitude of hydrates in Scenarios 

#2 (i.e., 0.245 Å2 on average) is lower than that in Scenarios #4 (i.e., 0.264 Å2 on average). 

Therefore, the MSD results indicate that the hydrates in Scenarios #2 are more stable in sII 

structure than those in Scenarios #4, and in sI structure, the stability of hydrates in Scenarios #4 is 

higher than that in Scenarios #2. 

 

 

Fig. 6-9 MSD of H2O molecules in the sI and sII hydrates of the Scenarios #2 and #4 

 

The rotation angle serves as an indicator of the rotational motion of gas and water molecules 

in the hydrate cage. The variation of rotation angle of two random H2O molecules and two CH4 

molecules in the sI hydrates of Scenario #1 are demonstrated in Fig. 6-10. It is shown that the 

rotational motion of individual molecules is different. Generally, the H2O molecules rotate more 
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frequently than the CH4 molecules and the amplitude of CH4 rotation is significantly higher than 

the H2O molecules. For instance, the amplitude of the two CH4 molecules ranges from 0.2 to 2.9 

radians and the largest amplitude of the two H2O molecules is less than 1.0 radian. Also, the various 

H2O molecules have various amplitudes. For instance, the amplitude of the second H2O molecule 

in Fig. 6-10 is larger than the first one. In this work, the rotation of molecules of the same species 

is quantified using the average value, e.g., the average radians of all the H2O molecules at various 

times in the sI hydrates serve as the rotational motion of H2O in the sI hydrates. 

 

 

Fig. 6-10 Rotation of two random H2O and two CH4 molecules in the sI hydrates in Scenario #1 

 

The variation of the average rotation angle of the H2O molecules in sI and sII hydrates of 

Scenarios #1 and #3 is illustrated in Fig. 6-11 It is illustrated that in the sI structure, the H2O 

molecules have a higher rotational motion in Scenario #1 (with an average rotation angle of 0.936 

radians) than these in the Scenario #3 (with an average rotation angle of 0.928 radians), which 

indicates that the hydrate cages are more stable in Scenario #3 in the sI structure than those in 

Scenario #1. While in sII structure, the rotational motion of the H2O molecules in Scenario #3 
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(with an average rotation angle of 0.826 radians) is higher than that in Scenario #1 (with an average 

rotation angle of 0.824 radians). Therefore, the hydrate cages in Scenario #1 are more stable in sII 

structure than that those in Scenario #1. 

 

 

Fig. 6-11 Rotational motion of H2O molecules in the sI and sII hydrates of the Scenarios #1 and 

#3 

 

The rotational motion of the H2O molecules in Scenarios #2 and #4 is compared in Fig. 6-12. 

It is observed that in sI structure, the rotation angle of H2O molecules in Scenario #2 (i.e., 0.930 

radians) is larger than that in Scenario #4 (i.e., 0.925 radians). The rotation angle of H2O molecules 

in Scenario #2 (i.e., 0.820 radians) is similar to that in Scenario #4 (i.e., 0.819 radians) if the sII 

structure hydrates are formed. Therefore, it can be concluded that the hydrate cages in Scenario #4 

are more stable in sI structure than that those in Scenario #2 and they have a similar rotational 

motion in sII structure. 
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Fig. 6-12 Rotational motion of H2O molecules in the sI and sII hydrates of the Scenarios #2 and 

#4 

 

The radial distribution function (i.e., RDF) is also used to evaluate the structure of hydrate 

cages of various scenarios in the two hydrate structures. The RDF curves are truncated at a distance 

of 10 Å. The RDF of the O-O pairs in the H2O molecules in Scenarios #1 and #3 are illustrated in 

Fig. 6-13. The first which is also the highest peak in the RDF curves in Fig. 6-13 shows up at the 

O-O distance of 2.725 Å. This means that the closest H2O molecules in the sI and sII hydrates are 

separated 2.725 Å away from each other. The second peak appears at the O-O distance of 4.495 

Å, which indicates the tetrahedral hydrogen bonding structures of H2O molecules in gas hydrates 

(Geng et al., 2009). The rest peaks, i.e., at the O-O distance of 6.395 and 8.675 Å correspond to 

the O-O pairs in a higher distance. It can be observed that the difference between the two RDF 

curves in Fig. 6-13(a) is not significant. This is because the simulation conditions are inside the 

hydrate phase boundary. The hydrates are not dissociated and therefore, the hydrate cages are not 

greatly distorted. However, with a closer observation, it can be seen that the RDF peaks of Scenario 



137 

 

#1 are lower in sI than the those of Scenario #3, which indicates that the sI hydrate structure is 

more stable in Scenario #3 than in Scenario #1. On the contrary, the comparison of the RDF peaks 

in sII structure suggests that the hydrate cages in Scenario #1 is more stable. 

 

 

Fig. 6-13 RDF of O-O in H2O molecules in the sI and sII hydrates of the Scenarios #1 and #3 

 

The RDF curves of O-O pairs in the H2O molecules in Scenarios #2 and #4 are compared in 

Fig. 6-14. Similarly, it is shown that the peaks of the RDF curves of Scenario #4 is sharper in the 

sI structure, which means that the hydrate cages in Scenario #4 is more stable in sI structure than 

those in Scenario #2. On the contrary, the RDF curves of sII hydrates are more stable in Scenario 

#2 than Scenario #4. 

In summary, it can be concluded from the analysis of the MSD, rotation angle, and the RDF 

of H2O molecules that the gas hydrates in Scenarios #1 and 2 are more stable in sII structure and 

for the hydrates in Scenarios #3 and 4 are more stabilized in sI structure. This conclusion is in 
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consistent with the theoretical calculation and experimental observation as discussed in Section 

2.3. 

 

 

Fig. 6-14 RDF of O-O in H2O molecules in the sI and sII hydrates of the Scenarios #2 and #4 

 

6.3.2 Stability of CH4-C2H6-CO2 hydrates with various gas compositions 

The rotational and translational motion of water and gas molecules in the sI hydrates in Scenarios 

#5 & #7 (with the CH4:C2H6 mole ratio of 9:1) and Scenarios #9 & #11 (with the CH4:C2H6 mole 

ratio of 1:4) are examined to analyze the impact of CO2 on hydrate stability and also the interaction 

between various gas species.  

The rotation angle, MSD, and RDF of the H2O molecules of the CH4-C2H6-CO2 hydrates in 

Scenarios #5 and #7 are compared in Fig. 6-15. The pressure of these two scenarios is the same 

and the gas composition can be found in Table 6-2. It is observed that both the rotational and 

translational motions of the H2O molecules become more active when the composition of CO2 



139 

 

increases from 20 mol% in Scenario #5 to 50 mol% in Scenario #7, indicating that the hydrate 

cages become less stable when the CO2 composition increases from 20 to 50 mol%. It also can be 

seen from the RDF curves in Fig. 6-15(c) that the H2O molecules become slightly less ordered 

when the composition of CO2 increases, which is another evidence that the stability of hydrate 

cages decreases with the increase in CO2 composition. 

 

 

Fig. 6-15 Rotation angle (a), MSD (b), and RDF (c) of H2O molecules in Scenarios #5 and #7 

 

The evolution of rotation angle and MSD of the CH4 molecules, as well as the RDF of C-O 

pair, i.e., the carbon atoms in CH4 molecules and the oxygen in cage H2O are compared at various 

CO2 compositions in Scenarios #5 and #7, as shown in Fig. 6-16. It can be seen that the rotational 

motion of CH4 molecules in Scenario #7 is similar to that in Scenario #5 as shown in Fig. 6-16(a). 

However, the translational motion, i.e., MSD is significantly reduced when the CO2 composition 

is increased. In addition, the RDF peak of the C-O pair in Scenario #7 is narrower than that in 

Scenario #5 and the amplitude is also larger, which suggests that CH4 molecules are more ordered 

in the hydrate cages in Scenario #7. Therefore, it can be concluded that the motion of CH4 

molecules in the hydrate cages becomes less freely as the composition of CO2 rises.  
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Fig. 6-16 Rotation angle (a), MSD (b), and RDF (c) of CH4 molecules in Scenarios #5 and #7 

 

The impact of CO2 addition on the rotational and translational motions of C2H6 molecules in 

the hydrate cages is depicted in Fig. 6-17. It is obvious that the average rotation angle and the MSD 

of C2H6 molecules in Scenario #7 is larger. Also, the C2H6 molecules in Scenario #7 is less ordered 

compared with that in Scenario #5, as illustrated in the RDF curves of the C-O pairs (C in C2H6, 

O in H2O). Therefore, the C2H6 molecules move more freely as CO2 concentration increases from 

20 mol% to 50 mol%. 

 

 

Fig. 6-17 Rotation angle (a), MSD (b), and RDF (c) of C2H6 molecules in Scenarios #5 and #7 
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The motion of CO2 is also analyzed in Fig. 6-18. It is shown that the rotational and 

translational motion of CO2 molecules become less active with the increase in CO2 composition. 

The RDF curves of the C-O pairs (C in CO2 and O in H2O) in Fig. 6-18(c) show that the CO2 

molecules are more ordered in Scenario #7. Therefore, the motion of CO2 grows more restricted 

as more CO2 is added.  

 

 

Fig. 6-18 Rotation angle (a), MSD (b), and RDF (c) of CO2 molecules in Scenarios #5 and #7 

 

When more C2H6 than CH4 molecules exist in the gas mixture, i.e., with the mole ratio of CH4 

to C2H6 at 1:4 in Scenarios #9 and #11, the rotational and translational motion of water and gas 

molecules are investigated in this section. The pressure in these two scenarios are the same and 

the gas compositions are described in Table 6-2. 

The rotation angle, MSD, and RDF of H2O molecules in Scenarios #9 and #11 are illustrated 

in Fig. 6-19. It is obvious that the motion of H2O molecules becomes more active with the increase 

in CO2 concentration, as shown by the rotational and translational motion of H2O molecules, as 
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well as the more ordered configuration of H2O molecules in the RDF curves. Therefore, the hydrate 

cages are more stable when the concentration of CO2 is lower, i.e., 20 mol%. 

 

 

Fig. 6-19 Rotation angle (a), MSD (b), and RDF (c) of H2O molecules in Scenarios #9 and #11 

 

The rotational motion of CH4 in the hydrate cages are similar in Scenarios #9 and #11, as 

demonstrated in Fig. 6-20(a). The MSD curves in these two scenarios are also close in the late 

stage. In the RDF curves, it is observed that the CH4 molecules in Scenario #11 are more ordered 

than those in Scenario #9. Therefore, it can be concluded that the motion CH4 molecules is slightly 

restricted when the concentration of CO2 is increased from 20 to 50 mol%. However, compared 

with the variation of CH4 motion due to CO2 addition in Scenarios #5 and #7, the change of CH4 

motion in Scenarios #9 and #11 is less significant. This may be attributed to the lower 

concentration of CH4 in the gas mixture in Scenarios #9 and #11. 

 



143 

 

 

Fig. 6-20 Rotation angle (a), MSD (b), and RDF (c) of CH4 molecules in Scenarios #9 and #11 

 

The rotational and translational motions of C2H6 molecules in Scenarios #9 and #11 are 

described in Fig. 6-21. It is evident that the average rotation angle decreases slightly as more CO2 

is added, and the MSD does not show a significant difference. In the RDF curves of C-O pairs, it 

is observed that the C2H6 molecules are slightly more ordered in Scenario #11. By comparing the 

change of the motion of C2H6 molecules due to the addition of CO2 in Fig. 6-17 and Fig. 6-21, it 

is found that the impact of CO2 on C2H6 motion is less significant when the concentration of C2H6 

is smaller. This is a result of the competing effect of CO2 and C2H6 molecules for the large hydrate 

cages. The competition between CO2 and C2H6 molecules for the large hydrate cages is obvious 

in Fig. 6-6. When the concentration of C2H6 is low, e.g., in Fig. 6-6(a) and (b), the occupancy ratio 

of CO2 increases by around 0.32 in the large cages when the concentration of CO2 changes from 

20 to 50 mol%. However, the cage occupancy of CO2 increases only by 0.20 in the large cages 

from Scenario #9 to #11 where the C2H6 concentration is high. The preference of CO2 in the large 

hydrate cages is also observed in the literature (Geng et al., 2009; Nohra et al., 2012).  
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Fig. 6-21 Rotation angle (a), MSD (b), and RDF (c) of C2H6 molecules in Scenarios #9 and #11 

 

The motion of CO2 molecules in the hydrate cages of Scenarios #9 and #11 are examined in 

Fig. 6-22. It is shown that the average rotation angle of CO2 molecules in Scenario #11 is slightly 

larger than that in Scenario #9. The MSD of CO2 molecules is also higher in Scenario #11. The 

broader RDF peaks of CO2 in Scenario #11 suggest that the CO2 molecules are less ordered in the 

hydrate cages. Therefore, it can be concluded that the CO2 molecules can move more freely when 

the concentration of CO2 is higher. 

 

 

Fig. 6-22 Rotation angle (a), MSD (b), and RDF (c) of CO2 molecules in Scenarios #9 and #11 
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It is worth noting that the frequency of both the rotational and translational motion of various 

gas species are significantly different. Specifically, the frequency of CH4 is higher than C2H6, both 

of which are significantly larger than CO2 molecules. This is a result of the interactions between 

gas and water molecules, which can be reflected by the potential energy between gas and water 

molecules, as presented in Fig. 6-23. Note that the value illustrated in Fig. 6-23 is averaged on the 

number of molecules of each species. It is shown that potential energy between H2O molecules is 

the lowest due to the hydrogen bonds. The potential energy between gas and water pairs is larger 

than that between water molecules, and increases in the following order: CO2-H2O < C2H6-H2O < 

CH4-H2O, which is consistent with the rotational and translational motion frequency of gas 

molecules in the hydrate cages. 

 

 

Fig. 6-23 Potential energy of between water and gas molecules 

(C, E, M, W represent CO2, C2H6, CH4, and H2O molecules, respectively) 

 

6.3.3 Stability of CH4-C2H6-CO2 hydrates at various pressures 

The influence of pressure on the stability of CH4-C2H6-CO2 hydrates with various gas 

compositions scenarios, i.e., Scenarios #5&#6 (with the composition of CH4, C2H6, and CO2 at 72, 
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8, and 20 mol%, respectively), #7&#8 (with the composition of CH4, C2H6, and CO2 at 45, 5, and 

50 mol%, respectively), #9&#10 (with the composition of CH4, C2H6, and CO2 at 16, 64, and 20 

mol%, respectively), #11&#12 (with the composition of CH4, C2H6, and CO2 at 10, 40, and 50 

mol%, respectively) are explored in this section. 

The rotation angle, MSD, and RDF of the H2O molecules in the sI hydrate cages of Scenarios 

#5 through #12 are compared in Fig. 6-24. It can be seen in Fig. 6-24(a) that the rotational motion 

of the H2O molecules in these two scenarios are similar, with the average rotation angle around 

0.935 radians. However, the MSD curves indicate that the translational motion of H2O molecules 

is less active. Also, the H2O molecules are more orderly distributed as shown by the sharper peaks 

in the RDF curves. Therefore, it is suggested that when the composition of CH4, C2H6, and CO2 

are 72, 8, and 20 mol%, the stability of the sI hydrate cages demonstrates a slight increase when 

the pressure increases from 2.0 to 5.0 MPa. The effect of pressure on the gas hydrates in Scenarios 

#7 and #8 are shown in Fig. 6-24(b), where we can see the average rotation angle and MSD of 

H2O molecules are elevated as the pressure increases from 2.0 to 5.0 MPa. Hence, the stability of 

gas hydrates in Scenarios #7 and #8 is reduced with the pressure rising. Similarly, it is observed 

that the stability of gas hydrate in Scenarios #9 and #10 is enhanced and that in Scenarios #11 and 

#12 is decreased. It is noted that the amplitude and frequency of the rotation angle and MSD curves 

of H2O molecules in Fig. 6-24(a)-(d) do not show significant differences. 
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Fig. 6-24 Rotation angle, MSD, and RDF of H2O molecules in Scenarios #5&#6 (a), #7&#8 (b), 

#9&#10 (c), #11&#12 (d) 

 

The effect of pressure on the rotational and translational motions of the CH4 molecules in 

various scenarios can be observed in Fig. 6-25. It is shown that the rotation of CH4 molecules in 

Scenarios #5 and #6 are similar but the MSD curve demonstrates a declining trend as pressure 

increase. Also, the CH4 molecules in the sI hydrate cages get more ordered, which means that the 

motion of CH4 molecules in the hydrate cages is restricted with an increase in pressure. In 

Scenarios #7&#8, #9&#10, #11&#12, the concentration of CH4 is less than that in Scenarios #5 

and #6. It can be seen that the effect of pressure on the motion of CH4 molecules become more 

and more negligible as the concentration of CH4 decreases. For instance, when the concentration 

of CH4 is 10 mol% in Scenarios #11 and #12, the average rotation angle, MSD, and the RDF curves 

are alike in these two scenarios. It is interesting to find that even though the average rotation angle 

in various scenarios is similar, the amplitude of the fluctuation in these rotation angle curves is 

different. In general, the fluctuation amplitude of the rotation curves increases as the concentration 

of CH4 decreases, which may be a result of the interaction between CH4 and CO2. 
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Fig. 6-25 Rotation angle, MSD, and RDF of CH4 molecules in Scenarios #5&#6 (a), #7&#8 (b), 

#9&#10 (c), #11&#12 (d) 

 

The change of C2H6 molecule motion due to pressure increase is presented in Fig. 6-26. It is 

demonstrated that the average rotation angle and MSD of C2H6 molecules in the scenario pairs are 

similar. The less sharp peak in the RDF curve of Scenario #6 indicates that the C2H6 molecules 

become less ordered in the sI hydrate cages as pressure increases. When the composition of C2H6 

is decreased to 5 mol% in Scenarios #7 and #8, the amplitude of the rotation angle curve is smaller 

as the pressure increases. The variation of MSD and RDF curve is negligible. However, the 

fluctuation amplitude of both the rotation angle and MDS curves are higher when the composition 

of C2H6 gets lower. In Scenarios #9 and #10, the composition of C2H6 is elevated to 64 mol%, the 

rotational and translational motion of C2H6 in the hydrate cages hardly varies with the pressure, as 

shown in Fig. 6-26(c). In Scenarios #11 and #12 where the composition of C2H6 is 40 mol%, the 

amplitude of the fluctuation of both the rotation angle and the MSD curves are higher than the 

scenarios where the C2H6 composition is 64 mol%. Also, the average rotation angle gets slightly 
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larger when the pressure is higher. Furthermore, the RDF curves suggest that the C2H6 molecules 

grow less ordered with the increase in pressure. 
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Fig. 6-26 Rotation angle, MSD, and RDF of C2H6 molecules in Scenarios #5&#6 (a), #7&#8 (b), 

#9&#10 (c), #11&#12 (d) 

 

The influence of pressure on the motion of CO2 molecules in Scenarios #5 through #12 is 

shown in Fig. 6-27. It is shown in Fig. 6-27(a) that both the average rotation angle and MSD of 

CO2 molecules are similar for the two scenarios. The CO2 molecules in the hydrate cages get 

slightly more ordered as pressure increases. In Fig. 6-27(b), both the average rotation angle and 

MSD grow larger as pressure increases. The RDF curve shifts slightly to a larger C-O distance, 
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due to the lower occupancy ratio of CO2 molecules in the small cages at higher pressure, as shown 

in Fig. 6-6. In Fig. 6-27(c), it is shown that the average rotation angle and MSD get larger when 

the pressure is elevated. The RDF curve not only becomes broader but also shifts to a larger C-O 

distance, which means the CO2 molecules are less ordered in Scenario #10 due to the higher 

occupancy of CO2 molecules in the large cages with the increase of pressure. Therefore, the CO2 

molecules move more freely when the pressure is higher in the scenarios where the composition 

of CH4, C2H6, and CO2 at 16, 64, and 20 mol%, respectively. In Fig. 6-27(d), it can be observed 

that with the increase in pressure, the average rotation angle decreases, and the MSD increases. 

Similar to Scenarios #9 and #10, the RDF curve in Scenario #12 becomes broader and shifted to 

right due the higher occupancy of CO2 molecules in the large cages. 
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Fig. 6-27 Rotation angle, MSD, and RDF of CO2 molecules in Scenarios #5&#6 (a), #7&#8 (b), 

#9&#10 (c), #11&#12 (d) 
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6.4 Summary 

In this chapter, the MD simulation approach has been adopted to examine the stability of CH4-

C2H6 hydrates and the influence of gas composition and pressure on the stability of CH4-C2H6-

CO2 hydrates. The TIP4P-Ew force field is applied for the H2O molecules, the OPLS-aa model for 

the CH4 and C2H6 molecules, and a reparameterized potential model for CO2 molecules. For the 

simulation models of both the sI and sI structure hydrates, a simulation box containing 3×3×3 unit 

cells is used and the periodic boundary condition is adopted. A total of twelve scenarios are 

designed. The first four scenarios are aimed at evaluating the relative stability of CH4-C2H6 

hydrates with various gas compositions in the sI and sII hydrates. The rest eight cases are used to 

examine the effect of gas composition and pressure on the cage stability and motion of gas 

molecules in the hydrate cage. In each simulation, the cage occupancy of each gas species in the 

small and large hydrate cages are determined using the theoretical models developed in Chapter 4. 

The average rotation angle and MSD of H2O molecules, as well as the RDF of O-O pairs in 

the H2O molecules are applied to evaluate the stability of CH4-C2H6 hydrates with two different 

gas compositions. It is found that for the simulation using sI structure, the hydrates formed by 

CH4-C2H6 mixtures with a composition of 20-80 mol% are more stable, i.e., with a smaller MSD, 

average rotation angle, and more orderly distributed H2O molecules in the hydrate cages. Whereas 

in the sII structure, the hydrates formed by CH4-C2H6 with a composition of 90-10 mol% are more 

stabilized. This conclusion is in consistent with the theoretical calculation and also the 

experimental observations that at 274.2 K, the sI hydrates is more stable when the CH4 composition 

of the CH4-C2H6 mixtures is below 73 mol%, whereas if the CH4 composition is above 73 mol%, 

the sII structure hydrates tend to be formed. 
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For the scenarios of CH4-C2H6-CO2 hydrates, two CO2 compositions are designed, i.e., 20 and 

50 mol%, which result in stable sI hydrates as indicated by the theoretical models. This is 

reasonable based on a preliminary observation that the CO2 molecules prefer the large cages to the 

small cages. The effect of gas composition is analyzed by comparing Scenarios #5&#7 where the 

CH4-C2H6 composition ratio is 9:1 and Scenarios #9&#11 where the CH4-C2H6 composition ratio 

is 1:4. It is observed that the hydrate stability decreases when the CO2 composition increases. 

When the composition of CH4 is higher, i.e., in Scenarios #5&#7, the addition of CO2 will restrict 

the motion of CH4 molecules. However, in Scenarios #9&#11 with a lower CH4 concentration, the 

CO2 has little impact on the motion of CH4 molecules. On the contrary, the added CO2 enhances 

the free motion of C2H6 and this effect becomes less significant when the concentration of C2H6 is 

increased due to the stronger competition of C2H6 and CO2 for the larger hydrate cages when the 

concentration is lower. For the motion of CO2 itself, its motion is more restricted when more CO2 

is added in Scenarios #5&#7 where the concentration of CH4 is high. While in Scenarios #9&#11, 

CO2 molecules can move more freely as the concentration of CO2 is increased. The fluctuation 

frequency of the MSD and the rotation angle curves of the water and gas molecules can be 

explained by the potential energy between water-water and gas-water pairs. 

The impact of pressure on the hydrate cage stability is also evaluated at various gas 

composition conditions. It is found that the stability of hydrate cages is slightly enhanced with an 

increase in pressure for the gas compositions in Scenarios #5 and #9, i.e., with a CO2 concentration 

of 20 mol%. Whereas for the scenarios with a CO2 concentration of 50 mol%, the hydrate cages 

get less stable when the pressure is increased. The impact of pressure on the motion of CH4 

molecules depends on the CH4 concentration. At high concentrations, the motion of CH4 molecules 

is slightly restricted with the increase in pressure. The pressure effect on CH4 motion becomes 
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negligible as the concentration of CH4 decreases. However, the amplitude of the fluctuation in the 

rotation angle curves is smaller when the CH4 concentration is higher, due to the interaction 

between CH4 and CO2 molecules. When the C2H6 concentration is high, e.g., 64 mol% the impact 

of pressure is negligible. When the concentration of C2H6 is lower, e.g., 40 mol%, the motion of 

C2H6 gets more freely. As the C2H6 concentration decreases further, the impact of pressure on the 

average rotation angle and MSD is negligible, but the fluctuation amplitude of both the rotation 

angle and MDS curves are larger. 
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CHAPTER 7  CONCLUSIONS AND RECOMMENDATIONS FOR 

FUTURE WORK 

 

7.1 Conclusions 

The contributions of this work are summarized as follows: 

A database of the measured phase boundary of CH4, C2H6, CO2, and binary CH4-C2H6 and 

CH4-CO2 hydrates formed in the bulk pure H2O phase and NaCl solutions is established. This new 

database is significant in providing not only a benchmark to evaluate the reliability of the 

developed theoretical models, but also a guide for future experimental work on the hydrate phase 

boundary measurement. 

A high-pressure PVT equipment is designed with working pressure up to 70 MPa to measure 

the phase boundary of gas hydrates. The phase boundary of CH4-CO2 hydrates formed in NaCl 

solutions is measured, with phase boundary pressure up to 61.99 MPa and the temperature to 

295.09 K. These data points are significant to fill the blank of the database of CH4-CO2 hydrate 

phase boundary in NaCl solutions under high-pressure and high-temperature conditions, which is 

practical in industrial applications. The morphology and growth behavior of hydrate film formed 

at the water-gas interfaces in the PVT cell is also observed. 

A review of the reference properties in the theoretical models of hydrate phase boundary is 

performed and a set of reference properties determined through ab initio calculation is applied in 

this work. Three theoretical models are developed in this work to predict the phase boundary of 

gas hydrates. The first model is a standard one using the original PR EoS for the gas-rich phases 

and the Henry’s law combined with the Poynting correction for the gas solubility in the aqueous 
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phase. In the second model, a single modified PR EoS is applied to calculate the aqueous and gas-

rich phases. In these two models, the effect of electrolytes on the hydrate phase boundary is 

determined by employing the Pitzer model. The first two theoretical models are also termed as 

separate models because different models are used for non-hydrate phases, i.e., gas-rich phase, 

aqueous phase, and dissolved electrolytes. In the third model, a unified EoS is proposed to account 

for these non-hydrate phases, i.e., an mPR EoS is applied to describe the interactions between 

water, gas, and uncharged ions, a simplified explicit MSA term for the long-range Coulombic 

forces, and Born terms for the discharging-charging processes. The vdW-P model is applied in all 

these three models for the hydrate phase. 

The MD simulation is applied to explore the stability of CH4-C2H6 hydrates in the sI and sII 

structures with various gas compositions, i.e., four scenarios with a CH4 composition of 90 and 20 

mol%, respectively. The effect of CO2 and pressure on the cage stability and motion of gas 

molecules are also observed for the CH4-C2H6-CO2 hydrates by using eight scenarios. These 

observations provide insights into the mechanisms behind the structure change of CH4-C2H6 

hydrates and also the change of interactions between gas molecules as the gas composition and 

pressure change. 

 

The major findings and conclusions of this research can be summarized below: 

When the CH4-CO2 hydrates are formed in the NaCl solutions, the roughness of the water-gas 

interface is greatly increased at the initial stage of hydrate formation in the PVT cell due to the 

appearance of fine pillars. Two hypotheses are proposed to explain the fine pillars formed at the 

water-gas interface, i.e., the non-equilibrium state of gas and water phases and the non-uniform 
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lateral growth of hydrates at the interface. However, the water-gas interface becomes smoother 

with time because of the thickness growth of the hydrate film. 

The established database and the measure phase boundary of CH4-CO2 hydrates in Chapter 3 

are used to evaluate the reliability of the first separate model developed in Chapter 4. The overall 

AARD of the 984 data points using the first theoretical model is 5.0%. The data points of the 

binary CH4-C2H6 and CH4-CO2 hydrates formed in the pure water and NaCl solution are employed 

to quantify the reliability of the second model. The overall AARD of the 187 data points of the 

binary hydrates is 5.2%. 

It is observed that the two models can capture the general trend that the phase boundary 

pressure of CH4, C2H6, CO2, and binary CH4-C2H6 and CH4-CO2 hydrates increase with the 

temperature and the concentration of NaCl solutions. Also, the phase boundary pressure of the 

binary CH4-C2H6 and CH4-CO2 hydrates increase with the concentration of CH4 in the feed gas. It 

is worth noting that the two theoretical models are capable of detecting the sII structure formed by 

the binary CH4-C2H6 hydrates. The structure of the binary CH4-C2H6 hydrates is influenced not 

only by the gas composition, but the temperature and temperature as well.  

The reliability of the newly developed unified EoS has been evaluated by comparing with 734 

measured phase boundary data points of pure and binary CH4, C2H6, and CO2 hydrates formed in 

single- and mixed-NaCl, KCl, MgCl2, and CaCl2 solutions as well as in the pure water. It is noted 

that the deviations of predictions for 2-1 electrolyte (i.e., MgCl2 and CaCl2) solutions are relatively 

large than that for the 1-1 electrolyte (NaCl and KCl) solutions. The overall AARD of these 734 

data points predicted by this newly developed model is 3.4%, which proves the capability of the 

newly developed model in predicting the phase boundary of hydrates in multi-component systems. 
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The average rotation angle, MSD, and RDF of H2O molecules are applied to evaluate the 

stability of CH4-C2H6 hydrates in sI and sII structure hydrates. It is found that for the simulation 

using sI structure, the hydrates formed by CH4-C2H6 mixtures with a composition of 20-80 mol% 

are more stable than those with a CH4-C2H6 composition of 90-10 mol%. Whereas in the sII 

structure, the hydrates formed by CH4-C2H6 with a composition of 90-10 mol% are more 

stabilized. This conclusion is consistent with the theoretical calculation and also the experimental 

observations. 

Scenarios with two CO2 compositions are designed, i.e., 20 and 50 mol%, which result in 

stable sI structure CH4-C2H6-CO2 hydrates as indicated by the theoretical models. This is 

reasonable based on a preliminary observation that the CO2 molecules prefer the large cages to the 

small cages. It is observed that the hydrate stability decreases when the CO2 composition increases. 

When the composition of CH4 is higher than C2H6, the addition of CO2 will restrict the motion of 

CH4 molecules. However, in scenarios with a lower CH4 concentration, the CO2 has little impact 

on the motion of CH4 molecules. On the contrary, the added CO2 enhances the free motion of C2H6 

and this effect becomes less significant when the concentration of C2H6 is increased due to the 

stronger competition of C2H6 for the larger hydrate cages when the concentration is lower. The 

motion of CO2 is slightly restricted when more CO2 is added in scenarios with a higher 

concentration of CH4. In scenarios with a lower concentration of CH4, CO2 molecules can move 

more freely as the concentration of CO2 is increased. The fluctuation frequency of the MSD and 

the rotation angle curves of the water and gas molecules can be explained by the potential energy 

between water-water and gas-water pairs. 

The stability of hydrate cages is slightly enhanced as the pressure increases in scenarios with 

a CO2 concentration of 20 mol%. Whereas for the scenarios with a CO2 concentration of 50 mol%, 
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the hydrate cages get less stable when the pressure is elevated. The impact of pressure on the 

motion of CH4 molecules depends on the CH4 concentration. At high concentrations, the motion 

of CH4 molecules is slightly restricted with the increase in pressure. The pressure effect on CH4 

motion becomes negligible as the concentration of CH4 decreases. However, the amplitude of the 

fluctuation in the rotation angle curves is smaller when the CH4 concentration is higher, due to the 

interaction between CH4 and CO2 molecules. When the C2H6 concentration is high, e.g., 64 mol% 

the impact of pressure is negligible. When the concentration of C2H6 is lower, e.g., 40 mol%, the 

motion of C2H6 gets more freely. As the C2H6 concentration decreases further, the impact of 

pressure on the average rotation angle and MSD is negligible, but the fluctuation amplitude of both 

the rotation angle and MSD curves are larger. Similarly, the effect of pressure on CO2 also depends 

on the gas composition. In scenarios with a CO2 concentration of 20 mol%, the motion of CO2 

molecules is slightly restricted when the CH4-C2H6 concentration ratio is 9:1, whereas CO2 moves 

more freely when the CH4-C2H6 concentration ratio is 2:8. 

 

7.2 Recommendations for Future Work 

Based on the collected database, more experimental phase boundary data points of the binary CH4-

C2H6 hydrates and the ternary CH4-C2H6-CO2 hydrates formed in electrolyte solutions are needed. 

For example, only two groups of phase boundary data points of the binary CH4-C2H6 hydrates 

formed in NaCl solutions are available in the literature, with the CH4 concentration of 74.7 mol% 

as shown in Table 3-4. This gas composition is very close to the structure change point. Hence, 

the data points of the binary CH4-C2H6 hydrates with a composition away from the structure 

change point are necessary for us to better understand the stability mechanisms of the CH4-C2H6 

hydrates in the presence of ions. As for the ternary CH4-C2H6-CO2 hydrates, the phase boundary 
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data points are scarce not only for those formed in electrolyte solutions but also in pure water. The 

measured phase boundary data points of the ternary CH4-C2H6-CO2 hydrates will provide us a 

macroscopic perspective to investigate the interactions among the gas, water, and ions, e.g., the 

competing effect of CO2 for the small and large cages with the CH4 and C2H6 hydrate, respectively. 

The morphology of gas hydrates is essential to analyze the interfacial phenomena of hydrate 

particles.  Apart from the electrolytes, e.g., NaCl adopted in this work, many chemical additives 

will have a significant impact on the nucleation and growth of gas hydrates, which further 

determine the morphology of the surface of hydrate particles. The potential candidates of those 

chemical additives include the hydrate inhibitors, e.g., PVCap and hydrate promotors, e.g., SDS 

and THF. Also, the observations of hydrate morphology at different scales and dynamic conditions 

are also very important. 

The reference properties in the theoretical models of hydrate phase boundary need further 

investigation. It is illustrated that the new reference properties applied in this work are different 

from those in the literature but the models developed models are still capable of predicting the 

hydrate phase boundary within reasonable deviation if the Kihara parameters are optimized 

accordingly. However, the effect of reference properties on the microscopic properties, e.g., cage 

occupancy of gas molecules in the hydrate cages is not clear, which is significant to provide a 

consistent modeling framework of hydrate phase behavior at various pressure and gas composition 

conditions. 

MD simulation is an effective tool to analyze the stability of gas hydrates at various gas 

composition and pressure conditions. The temperature is crucial for the rotational, vibrational, and 

translational motion of gas and water molecules. The stability of CH4-C2H6 and CH4-C2H6-CO2 

hydrates at a higher temperature, i.e., higher than 274.2 K should be investigated. Also, the gas 
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and water molecules in this work are modeled as fixed rigid molecules. The vibrational motion of 

the gas and water molecules on the hydrate stability may be included in future work. Also, the 

kinetic effect of hydrate nucleation on the structure stability of CH4-C2H6 and CH4-C2H6-CO2 

hydrates should be investigated. 
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