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ABSTRACT 

Production of gas fields containing carbon dioxide and hydrogen sulfide is becoming more 

prevalent in the global oil and gas industry.  As conventional wells are depleted and the economics 

of unconventional gas production become favorable, the industry has responded by producing gas 

fields containing acid gas (CO2 and/or H2S).  CO2 and H2S are the cause of a wide range of flow 

assurance issues that the industry are currently experiencing, including their strong tendency to 

form gas hydrate crystals that can plug flowlines.  However, due to the challenging experimental 

conditions (long time scale, toxicity, high pressure, specialty cell materials required due to 

corrosion in these systems) for phase equilibria measurements of acid gas systems, there is a 

paucity of available data in the literature.  The purpose of this thesis is to provide advanced 

understanding and new data critical to the development and validation of model predictions of gas 

hydrate phase equilibria for systems containing CO2 and H2S.   

New hydrate phase equilibria measurements were performed for pure H2S hydrates, binary 

CH4 + H2S hydrates, ternary CH4 + C3H8 + H2S hydrates, and ternary CH4 + C3H8 + CO2 hydrates 

using the isochoric pressure search method in stainless steel and Hastelloy C autoclaves, as well 

as using a step-scan technique in a high pressure differential scanning calorimeter.  These 

measurements were compared with literature and commercial software used in academia and 

industry for predicting hydrate formation temperatures and pressures.  These new data were then 

incorporated into the non-ideal hydrate solid solution Gibbs energy minimization multi-phase 

equilibria program, CSMGem, to better predict hydrate formation for hydrates containing CO2 and 

H2S.   

The CSM Gibbs Energy Minimization model is based on a statistical thermodynamics 

model for predicting the hydrate phase fugacity.  Two fitted parameters, the soft-core radius, 

sigma, and the potential well depth, epsilon are key in this thermodynamic model.  These 

parameters, when optimized to the new experimental data, showed significant improvement in the 
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model to predict hydrate phase equilibria for systems containing mixtures of light hydrocarbons 

and H2S.  To accomplish this parameter optimization, a new interface for CSMGem was developed 

and written, and the Fortran files that provide the core of the program were updated to operate with 

modern development software.  This new interface provides an important new platform for future 

expansion and revision of CSMGem, facilitating a better understanding of hydrate 

thermodynamics and model improvements in future work.  New measurements for a CH4 + C3H8 

+ CO2 hydrate were also performed and compared with the literature.  However, inconsistencies 

were found between the data collected in this work and the sparce data reported in the literature.   

Metastability, when not considered carefully, can cause significant errors in hydrate phase 

equilibria measurements.  An analysis was performed on all measurements performed in this work 

to determine the impact of metastability.  While pure H2S, pure CH4, and binary CH4 + H2S gas 

systems did not show signs of significant metastability, systems containing C3H8 showed 

significant metastability.  A method was devised to directly quantify how a system responds to 

changes, and if the hydrate phase is metastable during dissociation.  This analysis will allow for 

higher quality data collection and confidence that results are as accurate as possible. 

During phase equilibria measurements for a ternary CH4 + C3H8 + CO2 hydrate using a 

high pressure visual autoclave, visual evidence of the growth phenomena showed a wall-growth 

dominated hydrate formation to plugging mechanism. This shows a significant departure from the 

classical discrete particle formation into a hydrate slurry that is normally found in CH4 hydrate.  

These studies can provide new insight into the hydrate formation to plugging mechanism for the 

complex hydrate systems found in pipelines. These new initial studies suggest that hydrate 

deposition and wall/film-dominated hydrate formation and growth can be key steps in hydrate 

plugging onset of such systems; a topic currently underexplored and poorly understood in 

literature, but critical to the flow assurance engineering community. 
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CHAPTER 1 

INTRODUCTION 

This chapter serves as an introduction to gas hydrates, hydrate phase equilibria, and the 

current literature on the phase behavior of hydrogen sulfide (H2S) hydrates and ternary gas hydrate 

systems containing carbon dioxide (CO2).  The chapter will conclude with the motivation, 

objectives, and outline for this thesis. 

1.1. Background 

In 1934, Hammerschmidt [1] reported that the presence of water in natural gas pipelines 

was becoming a major problem for the industry.  Hammerschmidt identified the problem was 

caused by the formation of solids (natural gas hydrates) at high preure and at temperatures above 

the ice point, thereby confirming these solids were not ice.  These findings would mark the 

beginning of gas hydrates as a major problem in flow assurance.  In flow assurance today, gas 

hydrates remain a significant problem for oil and gas transmission [2], particularly in subsea deep 

water applications [3].  In addition to traditional flow assurance issues, gas hydrates also pose 

problems for CO2 sequestration [4, 5], as well as opportunities for energy efficient gas separation 

[6-8]. 

Gas hydrates are solid inclusion compounds in which guest (gas) molecules are 

enclathrated by a geometric network formed from hydrogen bonded water molecules.  Guest 

molecules, generally consisting of light hydrocarbons such as methane (CH4), ethane (C2H6), or 

propane (C3H8), help stabilize the water lattice through hydrophobic interactions where the 

enclathrated guest supports the water structure.  Some gas species, such as CO2 and H2S form 

especially stable hydrates.  The size and shape of each guest molecule typically determines the 
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overall crystal structure [9].  A schematic of the three most common crystal structures is given in 

Figure 1.1. 

 
Figure 1.1. Cage types and ratios for hydrate structures I, II, and H. Reproduced from [10]. 

The strength of the hydrophobic stabilization interaction is dependent on the size and shape 

of the guest molecules, which determines the pressure and temperature at which gas hydrates will 

remain as a stable phase [9, 11].  With the currently published experimental data, the phase 

boundaries for the gas hydrate phase have been determined to reasonable accuracy (i.e. within 

experimental error) for most common sI and sII hydrate formers. Mathematical computer programs 

based on statistical thermodynamics, such as: CSMGem, DBRHydrate™, Multiflash™, 

PVTSim™, HydraFLASH™, and VMGSim™ [12-16] which can quickly perform phase 
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equilibrium calculations, have become a popular means of understanding and predicting the 

thermodynamics of hydrates formed from gas mixtures.   

While the models in each hydrate phase equilibria calculation program have some 

fundamental (statistical thermodynamics) basis, certain variables in each model must be regressed 

from experimental data.  The accuracy of any model’s prediction is dependent on the quality of 

data used when the fundamental constants for each equation of state are regressed.  Common gas 

hydrate formers, such as CH4, have well defined model parameters [9]; whereas, the less common 

and dangerous or toxic guest species, such as H2S, suffer from a relative lack of experimental data 

with which to optimize hydrate formation models.  Previous literature on hydrates containing  

1.2. Previous Literature on Hydrates Containing H2S 

A summary of all literature data for hydrates containing H2S is described in this section.  

All sources are tabulated in Table 1.1. 

Gas hydrate phase equilibria data are categorized by the guest components and the phases 

present at equilibrium. By Gibb’s Phase Rule (Equation 1.1), a system with two components (one 

guest component plus water) and two phases has two degrees of freedom and exists in pressure-

temperature regions or ‘pockets’.  Two component systems with three phases have a single degree 

of freedom and exist on phase boundaries, or lines.  Two component systems with four phases 

have zero degrees of freedom, can exist only at the intersection of two three-phase boundaries, 

also known as a quadruple point.   

𝐷𝑒𝑔𝑟𝑒𝑒𝑠 𝑜𝑓 𝐹𝑟𝑒𝑒𝑑𝑜𝑚 = # 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠 − # 𝑃ℎ𝑎𝑠𝑒𝑠 + 2 (1.1) 

There are five phases that generally exist in hydrate phase equilibria calculations:  

 LW for the aqueous phase  

 LHC for the liquid hydrocarbon phase  
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 V for the vapor/gas phase 

 I for the ice phase 

 H for the gas hydrate phase 

A generic phase diagram, highlighting each of these regions is given in Figure 1.2. 

Table 1.1. Summary of experimental data for all literature sources described in Sections 2.1 – 2.3.  

Sources highlighted in bold/italic font report data that are found to be outliers in the comparison 

plots. 

Gas System Reference Data Points 

H2S 

 Bond and Russell [17] 

Selleck and Carmichael [18] 

Ng and Robinson [19] 

Carroll and Mather [20] 

 Majumdar and Bishnoi [21] 

Mohammadi and Richon [22] 

58 

44 

39 

32 

15 

96 

CH4 + H2S 
Noaker and Katz [23] 

Ng and Robinson [24] 

20 

5 

C3H8 + H2S van der Waals and Platteeuw [25] 10 

Cyclopentane + H2S Mohammadi and Richon [26] 22 

Cyclohexane + H2S Mohammadi and Richon [27] 10 

Methyl Cyclohexane + H2S Mohammadi and Richon [28] 10 

CH4, CO2 + H2S 
Robinson and Hutton [29] 

Sun et al. [30] 

51 

59 

CH4, C3H8 + H2S Schroeter and Kobayashi [31] 13 

 

1.2.1. Phase Equilibria of Hydrates containing Pure H2S 

The single guest, pure H2S system, is the simplest and most studied system for gas hydrates 

containing H2S.  At the time of this work, ten publications from six authors with data on pure H2S 

gas hydrate systems were found in the literature.  Bond and Russell [17] published the first known 

set of pure H2S hydrate equilibrium data.  This work consisted of four uninhibited equilibrium data 
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points, and a series of 58 equilibrium data points with a variety of inhibitors, including alcohols, 

salts, and sugars.   

Bond and Russell’s work was followed up by Selleck et al. [18] in 1952.  The data 

published in [18] is smoothed data taken both directly from Selleck’s work reported in a prior 

correspondence [32], as well as data reported by F.E.C. Scheffer [33-36].  The data published in 

[18] consisted of 44 uninhibited hydrate equilibrium data points in the LW-H-V, I-H-V, LHC-H-V, 

and the LHC-LW-H regions. 

 
Figure 1.2. Example phase diagram for a single guest gas hydrate with three-phase phase 

boundaries, two four-phase quadruple points (Q1 and Q2), and two-phase regions that exist in the 

space between each boundary [9].  Above and to the left of the line drawn between A and B is the 

low temperature and high pressure hydrate stability region.  The left most vertical line in the plot 

that intersects at Q1 is the ice point, where the aqueous phase will freeze into ice.  Above the 

horizontal line that intersects at Q2 is the dew point line, where the vapor phase will condense into 

a liquid hydrocarbon mixture. 
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Ng and Robinson [19] published the next set of data in 1985.  In a set of two articles, they 

published 39 inhibited hydrate equilibrium data points with pure H2S in the presence of 10 – 50% 

by weight methanol in water.  In 1991, Carroll and Mather [20] published 32 uninhibited hydrate 

equilibrium data points in the LW-H-V and LS-H-V regions.  However, there is some deviation 

between the data from work by Carroll [20] and Selleck [18].  In 2000, Majumdar and Bishnoi 

[21] published 15 equilibrium points examining pure H2S systems in the presence of ethylene 

glycol. 

 
Figure 1.3. All currently found pure H2S hydrate phase equilibria data [17, 18, 20, 22]. 

In 2009, Mohammadi and Richon [22] presented the most recent set of pure H2S hydrate 

equilibrium data.  Mohammadi and Richon [22] presented 19 additional uninhibited hydrate 

equilibrium points, as well as 25 data points in the presence of 5-50% by weight of methanol and 

52 data points in the presence of various salts and ethanol.  By comparing data from [18, 20, 22], 

Carroll’s uninhibited hydrate equilibrium data publication appears in error relative to the work 
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from Richon and Selleck.  Specifically, while some of the data in Carroll’s work [20] was reported 

to exist on the LW-H-V phase boundary,  the p-T measurement appears more consistent with 

measurements on the LHC-H-V phase boundary.  However, all phases were observed visually in 

[20], so it is unknown why these discrepancies exist. 

1.2.2. Phase Equilibria of Binary Hydrates Containing H2S 

The first paper on binary hydrates was published in 1954 by Noaker and Katz [23].  Noaker 

and Katz reported 20 data points on a binary system containing CH4 and H2S, with H2S 

compositions ranging from 1 mol% to 22 mol%.  In 1985, Ng and Robinson [24] published a set 

of five data points with CH4 and H2S in the presence of 20% by weight of methanol. 

Van der Waals and Platteeuw [25] published a paper with experiments on a binary system 

containing H2S and C3H8.  This represented the first paper on sII hydrates containing H2S; 

however, in this paper the authors stated they used ethylene glycol as a catalyst to improve hydrate 

formation kinetics while the system was in the ice region.  However, ethylene glycol interacts with 

the water and the hydrate phase, and acts as a thermodynamic inhibitor.  Without reported glycol 

concentrations, the data from [25] cannot be used as hydrate data.   

The most recent set of binary data published was a series of papers from Amir Mohammadi 

and Dominique Richon [26-28] exploring H2S with secondary liquid hydrocarbons.  They reported 

43 data points with binary systems including H2S with cyclopentane, cyclohexane, and methyl 

cyclohexane. 

1.2.3. Phase Equilibria of Ternary Hydrates Containing H2S 

In 1967, Robinson and Hutton [29] reported 37 uninhibited hydrate data points and 14 

inhibited hydrate data points for two systems with 10 and 20% by weight methanol.  This work 
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was followed up with additional data in 2003 by Sun et al. [30], with an additional 59 uninhibited 

hydrate equilibrium data points. 

Schroeter and Kobayashi [31] reported some data on a CH4, C3H8, + H2S ternary system.  

This would be the first set of ternary structure II hydrate equilibrium data with H2S; however, the 

authors assumed H2S was relatively insoluble in water (as is the case for many of the usual light 

hydrocarbon guest molecules).  As a result, the authors assumed that the composition would not 

change during testing and that the final gas composition at the hydrate equilibrium point would be 

the same as the feed gas composition.  This assumption is incorrect for H2S, and thus the data 

could not be used without a gas composition analysis or a flash calculation analysis to determine 

the amount of H2S that would have dissolved in the aqueous and the adjusted gas compositions. 

1.3. Phase Equilibria of Ternary Hydrates Containing  

In contrast to data for H2S hydrate, data for hydrates formed from pure CO2 or mixtures 

containing CO2 are relatively prolific.  For this review, the contributions of pure CO2 and binary 

mixtures with CO2 will not be included, as those systems are well defined in the literature [9, 37, 

38] and in CSMGem.  However, as with H2S hydrate, this thesis study focuses on ternary sII 

hydrate forming acid gas mixtures, specifically containing CO2 and H2S.  As the data from [30] on 

CH4+CO2+H2S is already reported in section 1.2, it will not be repeated here. 

Table 1.2. Summary of experimental data from all literature sources for gas hydrates formed from 

ternary gas mixtures containing CO2 found at the time of this study. 

Gas System Reference Data Points 

CH4, CO2 + H2S 
Robinson and Hutton [19] 

Sun et al. [20] 

51 

59 

CH4, C3H8 + CO2 
Bishnoi and Dholabhai [37] 

Nixdorf and Oellrich [38] 

36 

6 

CH4, C2H6 + CO2 Nixdorf and Oellrich [38] 6 

C3H8, CO2 + H2 Babu et al. [39] 22 

CO2, N2 + THF Kang et al. [40] 21 
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Of the remaining ternary CO2 papers found at the time of this study, the most interesting 

was on a ternary CH4, C3H8 + CO2 system published by Bishnoi and Dholabhai [37].  In this paper, 

the authors reported 36 phase equilibrium data points on the 78 mol% CH4, 2 mol% C3H8 + 20 

mol% CO2 gas system in the presence of varying concentrations of pure water, sodium chloride 

(NaCl), and methanol.  Another six point data set was published for this gas system by Nixdorf 

and Oellrich [38].  For the data published in [38], it is worth noting that the authors do not report 

any evidence that the gas composition was recorded at the hydrate equilibrium point.  As a result, 

the only composition that can be associated with each p-T data point is that of the feed gas.  As 

CO2 is highly soluble in water, it is possible that this data may have higher deviations than the data 

reported by Bishnoi [37].  Other ternary gas studies [38-40] that include CO2 containing gas 

mixtures are summarized in Table 1.2 

1.4. Motivation 

Flow assurance is an important topic in the oil and gas industry.  In a 2006 report by Total 

[41], it was stated that nearly 40% of the world’s gas reserves contain levels of CO2 and H2S that 

will pose serious obstacles to future development.  While flow assurance encompasses a variety 

of topics on corrosion, scale, and wax deposition, one of the most important topics in flow 

assurance is hydrate plug formation.  As sweet oil and gas reserves mature over time, there is 

increasing interest in producing from prolific, and high capacity sour fields [42].  New areas of 

production include the Caspian Sea, Asia and the Middle East [43-45]. 

H2S is a highly stable sI hydrate former that, due to its toxicity, there is a paucity of the 

experimental phase equilibria data needed for optimizing hydrate prediction models.  CO2 is a 

polar molecule that is not well captured/represented by traditional cubic equations of state.  High 
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quantities of CO2 introduce higher than normal errors for fugacity-based prediction models, which 

leads to the need for more experimental data for more in-depth validation. 

A key reason for the limited data available is the excessively long time scale for phase 

equilibrium experiments, which can be largely due to metastability during dissociation.  The latter 

will be investigated in this thesis.  Due to the challenging experimental conditions (long time scale, 

toxicity, high pressure, special materials required due to corrosion in these systems) for phase 

equilibria measurements of acid gas systems, there is a paucity of available data in the literature, 

and there are few groups working in this field worldwide. 

1.5. Objectives and Organization of This Thesis 

In 2001, Adam Ballard published an in-house hydrate prediction model, CSMGem [11]. In 

that work, it was noted that the precision for pure H2S hydrates phase equilibria predictions was 

significantly lower than that reported for other simple formers, such as CH4, C2H6, C3H8 and CO2.  

A key factor in the higher model deviation reported in [11] is the severely limited data available, 

on both hydrates containing pure H2S and mixture gases containing H2S, that are necessary for 

model optimization.  The objectives of this thesis work were: 

1. To measure new hydrate phase equilibria data for acid gas (hydrogen sulfide and carbon 

dioxide) systems, and compare these results with current academic and commercial hydrate 

prediction models/software. Given the highly toxic nature of H2S containing systems, there is 

a scarcity of data on H2S containing hydrates. 

2. To determine how prevalent the metastability phenomenon is during hydrate dissociation of 

pure, binary, and ternary systems containing H2S and CO2. Although it is known that hydrate 

measurements can be subject to metastability,  previous to this work this was not well 

understood, particularly for pure versus mixed acid gas containing systems.   The objective 
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was also to provide recommendations for experimental methods which may be more effective 

in overcoming metastability.  

3. To use these new experimental data (from 1) to optimize CSMGem’s hydrate fugacity model 

parameters (Kihara parameters, σ and ε) for H2S hydrate systems. 

4. To develop a new interface for CSMGem to enable a faster and more efficient optimization of 

model parameters.  

1.6. Organization of Thesis 

This thesis is divided into seven chapters.  Following this introduction (Chapter 1) is a 

complete description of the experimental methods used in this work to measure hydrate phase 

equilibria and macroscopic growth phenomena for acid gas hydrates (Chapter 2).   

Chapters 3 and 4 contain the phase equilibria experimental data from measurements 

performed in collaboration with the University of Calgary on pure H2S hydrates (Chapter 3), and 

hydrates formed from binary and ternary mixtures containing H2S  (Chapter 4).   

Chapter 5 presents the phase equilibria study on hydrates formed from CO2 containing 

mixtures. An examination of metastability in hydrates formed from the mixtures used in this study 

is performed, including an overall analysis of potential error due to metastability in the data 

reported in Chapters 3 through 5. 

Chapter 6 details the modeling efforts and optimization of CSMGem’s hydrate model.  To 

perform this work, a new interface in Visual Basic .Net was written for the original CSMGem 

calculation engine (written as a Fortran dll).  This new interface upgrades the capability and 

compatibility of the original interface with today’s operating systems and development tools and 

languages.  This effort was crucial in building a new foundation for future students/industrial 

engineers to continue development and improvements of CSMGem as a well-defined hydrate 
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phase equilibria modeling package.  In addition to a new interface, a second tool was written to 

perform tens of thousands of calculations in a batch-type process as a method for unlocking hidden 

interaction parameters optimizing CSMGem against any number of data sets in the future.  An 

example is provided for H2S hydrates where new Kihara parameters for the hydrate model are 

determined and improvements to the prediction capability are reported. 

Chapter 7 details a collaborative experimental effort with the University of Western 

Australia to examine growth and plugging phenomena for hydrates formed from a CH4, C3H8 + 

CO2 gas mixture in a high pressure sapphire autoclave. 

Finally, Chapter 8 presents the conclusions of this thesis work and recommendations for 

future work in phase equilibria measurements for acid gas hydrates, as well as recommendations 

for model improvements for CSMGem to better predict systems with associating components 

(H2S, CO2, organic inhibitors, and salts). 

Additional information on the new VB.NET interface and for CSMGem is available in 

Appendix A. Tabulated data for the work reported in Chapters 3 through 5 is available in Appendix 

B.  Raw Data for the H2S Kihara parameter optimization in CSMGem is available in Appendix C. 
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CHAPTER 2 

EXPERIMENTAL METHODS 

Experimental examination of hydrate phase equilibria is performed through the observation 

of how a well-mixed multi-phase system containing hydrates responds to small incremental 

changes to the temperature or pressure of the system.  This chapter discusses the various 

apparatuses and approaches used to measure hydrate phase equilibria, and the approaches selected 

in this work.  Additionally, a visual sapphire autoclave and the measurements on hydrate growth 

are discussed, as well as the gas chromatography method used to measure gas compositions at the 

hydrate equilibrium point. 

2.1. Phase Equilibria Apparatuses in This Work 

Hydrates have different properties from solid (ice), liquid, and gas phases that are distinct 

and identifiable.  Hydrate experiments are typically designed to make incremental changes to 

temperature or volume, while leaving the other constant, and observing the system pressure 

response to those changes.  Isothermal experiments may use a floating piston to control system 

volume [1], while isochoric experiments use a chiller bath to control the vessel temperature [2].  

For this work, given the toxic nature of H2S, the constant volume experiments were preferred to 

mitigate the chance of gas leakage through a floating piston seal. 

For the sour gas hydrate phase equilibria study, a collaborative effort was initiated with the 

International Research Council (IRC) chair, Dr. Robert A. Marriott at the University of Calgary.   

The IRC laboratory was equipped with an overhead-stirred 25 mL autoclave purchased from 

Autoclave Engineers and refitted for phase equilibria measurements.  The vessel, made from 

Hastelloy-C, was used for sour gas testing of up to 100% H2S, and was rated for conditions up to 

24 MPa at 525 K. 
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The apparatus was equipped with a Paroscientific pressure transducer with a precision of 

± 4 kPa and a Pico Technologies Pt RTD with a precision of ± 0.001 K.  The vessel was housed 

inside a PolyScience liquid cooling bath, with ± 0.001 K measurement precision and ± 0.005 K 

control precision.  The magnetically coupled “MagnaDrive” stirring assembly was controlled by 

an in-house assembled voltage regulation controller; a Hall-effect speed sensor was used to 

measure the stirring RPM. 

 
Figure 2.1. Schematic of the Seteram high pressure Micro-DSC VII apparatus with gas panel and 

data acquisition system. Reproduced from [3]. 

At the Colorado School of Mines, a Seteram high pressure Micro-DSC VII (Schematic 

given in Figure 2.1) was used to measure phase equilibria for a ternary hydrate system containing 

CH4, C3H8, and CO2.  The step-scan technique proposed by P. Lafond [4] was used, with some 

modifications, to measure the hydrate melting point in the DSC.  The apparatus is equipped with 

a built-in temperature sensor and experiments are precise to ± 0.2 K.  The apparatus is equipped 

with a Honeywell pressure gauge with a precision of ± 25 kPa.  
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A 50 mL stainless steel vessel was designed and constructed for testing hydrate phase 

equilibria with organic inhibitors, salts and CO2.  The autoclave is equipped with an Inconel tray 

and baffle for corrosion resistance (Manufactured by Sejin Young Tech.).  An Omega pressure 

transducer with a precision of ± 18 kPa and an Omega Pt RTD with a measurement precision of ± 

0.005 K are connected for measurement and recording in LabVIEW.  The vessel is housed in an 

acrylic liquid bath connected to a VWR liquid cooling bath, with measurement and control 

precision to ± 0.005 K and is magnetically stirred using an AlNiCo magnetic stirring bar. 

2.2. Isochoric Phase Equilibria Methods 

Constant volume experiments are one of the simplest and safest methods of performing 

hydrate phase equilibria measurements.  This section describes the various procedures used in this 

work to measure hydrate phase equilibria in a high pressure autoclave and a high pressure 

differential scanning calorimeter. 

2.2.1. Isochoric Pressure Search Method 

For this work, constant volume experiments were performed using the isochoric pressure 

search (IPS) method in a Hastelloy-C or stainless steel autoclave; a schematic of the Hastelloy-C 

autoclave system housed at the University of Calgary autoclave is presented in Figure 2.2.  A brief 

summary of the procedure, reproduced from Ward et al. [5], is included as follows:  The autoclave 

was first placed under 1 mbar vacuum for twelve hours.   10 mL of water (degassed and polished) 

was then fed into the vessel under vacuum.  Next, gas was fed through the inlet port until the 

system was pressurized to the desired pressure at the desired temperature.  For mixture 

experiments, the gas composition changed significantly due to selective H2S/CO2 dissolution in 

the aqueous phase relative to light hydrocarbons.  To offset selective dissolution, feed gas was 

allowed to bubble through the water for six hours near the equilibrium temperature and pressure 



19 

 

to saturate it and bring the gas phase composition as close as possible to that of the feed gas.  This 

saturation was important in maintaining a consistent gas concentration from point to point, which 

allowed all experiments to report similar gas compositions.  This saturation method is similar to 

that performed by Sun et al. in 2003 [1]. 

 
Figure 2.2.  Apparatus schematic for constant volume stirred autoclave housed at the NSERC-

ASRL Industrial Research Chair laboratory. 

Once the cell was loaded, the inlet and outlet valves were closed.  This sealing of the vessel 

ensured the system remained at constant volume for the duration of the experiment.  The autoclave 

was then immersed in a liquid cooling bath and the temperature set to 1 K, or approximately 15 K 

of subcooling (as predicted by CSMGem) to allow for hydrate formation.  The system remained 

at 15 K below the model predicted hydrate phase boundary for four to eight hours.  The bath was 

then warmed to 1.5 K below the predicted phase boundary, and then warmed at 0.1 K steps per 

variable wait time (one hour for pure H2S and three hours for H2S mixtures) until 1.5 K above the 

predicted hydrate phase boundary.  As the temperature crossed over the phase boundary and the 
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last hydrate crystal has melted, the pressure response with temperature changed sharply.  A 

summary of this heating process is presented in Figure 2.3. 

 
Figure 2.3. Methane experiment with major procedural steps highlighted.  Black points are for 

initial gas cooling, blue points for hydrate formation, red points are for fast heating to 1-3 K below 

equilibrium, and green points are for the slow heating (hydrate melting) process. 

The hydrate formation temperature was then determined at the intersection of the hydrate 

melting curve and the gas expansion curve.  As each equilibrium step is in discreet 0.1 K steps, 

the experimental hydrate equilibrium point is calculated using linear regressions.  For this work, it 

is assumed that over a 0.5 K temperature range, the hydrate dissociation and gas cooling curves 

will be approximately linear.  Therefore, once the data is plotted on a p-T graph and the points are 

identified as either hydrate or not, five to six points on either end of the equilibrium point are 

selected for a linear regression.  The experimentally determined hydrate equilibrium point is the 

intersection of the hydrate regression line and the gas cooling regression line.  A summary of this 

procedure is given in Figure 2.4. 
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Figure 2.4. Regression analysis used to determine the hydrate equilibrium.  Data are recorded at 

the end of each temperature step and then plotted.  From the slope change between steps, each step 

is classified based on the existence of hydrates vs. only gas.  Regression analysis is performed for 

both classifications; the hydrate equilibrium point is taken as the intersection of both lines. 

2.2.2. Phase Boundary Dissociation Method 

From the Gibbs Phase Rule (equation 1.1), a system with one degree of freedom has a 

single value of pressure at any given temperature.  If a single guest component hydrate-gas system 

contains excess free water at all experimental temperatures, then the system should contain all 

three phases (LW-H-V) throughout the experiment.  For experiments with pure hydrate formers, 

two components exist in the system, the guest former and host water.  As a result, the system would 

have only one degree of freedom according to Gibb’s Phase Rule (C = 2 and P = 3), and a single 

value of pressure at any given temperature as it dissociates for as long as all three phases co-exist.  

If sufficient time is allowed at any single temperature and pressure point, then the system comes 

to three phase equilibrium at the same point an IPS experiment would at the end of an experiment.  

In this modification to the IPS method, termed the Phase Boundary Dissociation (PBD) method, 
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the system can come to three phase equilibrium at numerous points within a single experiment, 

representing a significant time saving advantage compared to the traditional IPS method.   

It should be noted that this method only works for pure component hydrate systems.  

Systems with multiple gas components would have multiple degrees of freedom where the system 

would have multiple dissociation pressures at any given temperature.  For multi-component 

systems, each pressure measurement has an additional degree of freedom for every additional gas 

component, requiring specification of the composition of each component in each phase.  For this 

work, the gas composition is measured and the aqueous phase composition of each component is 

calculated from solubility data.  At the hydrate equilibrium point, the mass of hydrate is 

approximated as zero and the composition is not measured or calculated.   

For the PBD experiments performed in this work at the University of Calgary, 10 mL of 

water was injected under vacuum and the cell was pressurized to 2 MPa at 302.65 K.  These values 

resulted in an approximately 80:1 molar ratio of water to H2S, which exceeded the 5.75:1 

consumption of water to H2S in the formation of sI hydrate and ensured that excess water was 

always present. Once the system had equilibrated, the temperature was set to T = 273.25 K for six 

hours to form hydrates and the system was allowed to come to equilibrium.  To prevent 

metastability, the system was warmed in steps of 0.5 K and equilibrated for four hours at each 

temperature.  This process was continued until hydrates had completely dissociated and the 

experiment was finished.  The total run time for the longest PBD method experiment was 

approximately t = 273 hours with 57 equilibrium points recorded.  This resulted in approximately 

4.8 hours per data point, compared to approximately 40-45 hours per data point using the IPS 

method. 
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For these methods, the experimental accuracy was determined to be ± 0.05 K and ± 6.9 × 

10-3 MPa.  This was determined by taking the average of three repeat experiments for methane and 

hydrogen sulfide. 

2.2.3. Step-Scan Technique for Hydrate Dissociation in the DSC 

The step-scan method was originally proposed by Dr. P. Lafond in 2012 [4] for measuring 

hydrate phase equilibrium in systems with significant quantities of NaCl and methanol.  The step-

scan method combines the philosophy of the IPS method of allowing equilibrium to be reached at 

each time step, and the small sample sizes of the DSC. The latter approach is required to retain 

accurate results in systems with significant metastability, while maintaining reasonable 

experimental time periods.   

In the step-scan method, a similar approach to the IPS method is used for determining 

hydrate equilibrium.  Once the cell is loaded with water and pressurized with feed gas to the desired 

pressure, the cell is cooled to an estimated 20-25 K of subcooling for 1-3 hours.  After hydrates 

have formed, the system is warmed to approximately 1-2 K below the expected hydrate melting 

point and allowed to come to equilibrium over some hours (typically 10-12 hours).  After 

equilibrium is reached for the fast heating step, the system is warmed in steps of 0.1 K, and allowed 

to come to equilibrium at each step.  Similar to the IPS method that waits for the pressure change 

to approach zero before continuing to the next temperature step, the step-scan method waits for 

heat flow during hydrate melting to approach zero at each temperature step.  In this way, each 

experiment can be confirmed on a step by step basis, thereby overcoming potential metastability 

issues, which can cause significant errors in phase equilibria measurements if not addressed 

directly.  An example of the step-scan method is provided in Figure 2.5. 
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Figure 2.5. Example diagram for the step-scan DSC method in determining hydrate formation 

temperatures.  Top line (red) is the heat flow in mW between the reference cell and the sample 

cell.  Bottom line (black) is the system temperature, and the blue dotted line indicates the final heat 

step where hydrates exist, and is the hydrate melting temperature. 

The most important feature of this method is the use of extremely small sample sizes, on 

the order of 10-30 mg of water, compared to approximately 15 g of water for the autoclave 

measurements.  This allows the system to reach thermal stability relatively quickly (compared to 

the isochoric pressure search method), with the potential of decreasing the time for each 

experiment by up to ~50% in some cases. 

2.3. Advantages and Disadvantages of the Experimental Methods Used in This Work 

In this work, the IPS (autoclave) and step-scan (DSC) methods were used for measuring 

hydrate phase equilibria.  Each method has strengths and weaknesses that may make one 

apparatus/method less suitable than the other for certain experimental conditions.  For H2S and 

CO2 specifically, a high temperature dew point relative to most light hydrocarbon formers was a 

major concern for tests with mixtures.  As the DSC is an unmixed system, the lack of shear and 

mixing presents a challenge in stimulating hydrate nucleation/formation.  As a result, DSC tests 

generally run the hydrate formation step at 20-25 K of subcooling; whereas the IPS method, with 
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sufficient mixing, will form hydrates at approximately 10 K of subcooling.  For systems with high 

salt concentration or high concentrations (40 vol.% or greater) of H2S or CO2, 20 K of subcooling 

can put system temperatures below the dew point for gas mixtures or the salt precipitation point.  

If either the gas mixture condenses or the salt precipitates, the experiment must be stopped and a 

new sample prepared, as it is impossible to ensure that precipitated salt or condensed acid gas will 

not persist. In either case, significant errors would be caused in the phase equilibria measurements 

as these additional phases would not be accounted for in the measurement.  For tests where 

condensation or precipitation is a concern, it is recommended that tests are run in a stirred 

autoclave to limit the amount of subcooling that is required for hydrate formation. 

For systems containing many components, specifically high concentrations of propane, 

metastability during dissociation can be a major concern and cause of experimental error (as 

demonstrated in Chapters 4 and 5).  For these systems, the relatively small volume of water in the 

DSC (10-30 mg compared to 15g of water in the autoclave) can help mitigate issues with 

metastability and bring experimental times to reasonable levels.  In the case of the systems used in 

this work, typical autoclave experiments would take 2-3 weeks, while the DSC would perform the 

same experiment in 5-6 days.  Therefore, for systems where metastability is a concern, it may be 

preferable to use the DSC. 

2.4. Visual and Quantitative Measurements of Hydrate Formation Properties in a Sapphire 

Autoclave 

In a collaborative effort with the University of Western Australia (Z. Aman, E. May, and 

co-workers), a set of hydrate equilibria measurements were performed in a high-pressure sapphire 

visual autoclave.  This study would provide a proof of concept for performing future visual phase 

equilibria experiments. During the phase equilibria measurements, the growth phenomena of a 
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large hydrate sample could be measured and compared to pure CH4 hydrate using the visual 

capabilities of the apparatus. 

 
Figure 2.6. Schematic for the UWA Sapphire Autoclave, reproduced from [6]. 

The apparatus (schematic given in Figure 2.6) consisted of a DB Robinson-type sapphire 

cylinder fitted with a magnetically-coupled four blade vane-and-baffle geometry impeller.  The 

impeller was driven by a Groschopp direct-drive DC motor capable of providing up to 1750 RPM, 

monitored by a Dynapar digital tachometer (± 17.5 RPM). The motor torque required to maintain 

constant speed was measured by a ViscoPakt Rheo-57 with 0.04 Ncm resolution. Cell pressure 

and temperature were measured using an Omegadyne pressure transducer (± 0.1 bar) and platinum 

resistance thermometer (± 0.2 K), respectively. The apparatus was submerged into a glycol bath 

for temperature control, with continuous heat removal from a ThermoFisher immersion cooler. 

The bath temperature was maintained by a 1100 W cartridge heater that was powered intermittently 

from a PID algorithm implemented in LabView. Visual images of the hydrate cell were captured 

with a time-lapse camera placed outside the cooling bath, with images collected in 80-second 

intervals. Further information on the experimental setup was provided by Aman et al. [7].  
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The rate of pressure consumption due to gas hydrate growth was captured for systems 

containing pure methane (CH4) and mixed gas (55 mol% CH4, 5 mol% C3H8, 40 mol% CO2, 

provided by CoreGas Australia).  Approximately 17.5 ml of deionized water was placed in the 

visual autoclave. The gas space was flushed with 20 bar of the feed gas five times, and then 

pressurized to the desired experimental pressure.  The bath temperature was decreased at a rate of 

1 K per hour to a target temperature inside the hydrate region.  Hydrate nucleation was detected 

by a sharp decrease in cell pressure, and was confirmed visually in each experiment.  For 

dissociation, hydrate equilibrium temperatures were determined using the IPS method.  Tests were 

run to compare the growth behavior and phase equilibria of pure methane (CH4) and a gas mixture 

of 55 mol% CH4, 5 mol% C3H8 and 40 mol% CO2, provided by CoreGas Australia.   

2.5. Gas Chromatography Sampling and Analysis 

Additional guest components increase the degree of complexity for model predictions and 

reduce prediction accuracy.  Hydrate experiments with multiple gas components are also more 

complex, requiring the specification of the composition of each component in the gas phase, in 

addition to pressure and temperature equilibrium data.  Gas compositions were determined by 

removing small (2 mL) samples of the gas phase and measuring the composition with a gas 

chromatograph. 

For components that associate strongly with water, such as CO2 and H2S, the gas phase and 

aqueous phase compositions of these species can vary significantly with pressure and temperature, 

necessitating gas chromatography (GC) measurements.  For multiple gas component hydrate 

experiments, the system was then returned to the equilibrium temperature (determined from the 

initial experiment) and allowed to equilibrate for at least eight hours, after which a two mL gas 

sample was withdrawn.  This sample was then analyzed by a Bruker 450-GC gas chromatograph 
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(U. Calgary) or an Agilent 6890 gas chromatograph (CSM).  The two mL sample was analyzed a 

minimum of six times.  Further information on the Bruker 450-GC is provided in Chapter 4. 

Table 2.1. Example of gas chromatograph data taken as part of a preliminary saturation test for a 

binary system of H2S and CH4. 

Sample 
Absolute Area Converted Area 

Concentration 

(mol%) 

CH4 H2S CH4 H2S Total CH4 H2S 

1 176324 25353 90.53 9.81 100.34 90.22% 9.78% 

2 176034 25149 90.38 9.73 100.12 90.28% 9.72% 

3 176291 25158 90.52 9.74 100.25 90.29% 9.71% 

4 176363 25099 90.55 9.71 100.27 90.31% 9.69% 

5 175941 24896 90.34 9.63 99.97 90.36% 9.64% 

6 175519 24904 90.12 9.64 99.76 90.34% 9.66% 

To calibrate the Bruker GC, the gravimetrically mixed feed gases for the binary and ternary 

gas hydrate experiments were used as the standard for calibration.  After sampling both gases, a 

calibration curve is created by plotting the area of the GC peak measured against the 

gravimetrically mixed gas concentration in mol%.  The calibration is assumed to be linear and to 

cross through the origin, referring to zero area at zero concentration.  The slope of the calibration 

curve is the calibration factor for each species. 

2.6. Summary 

In this chapter, the various experimental methods for hydrate phase equilibria 

measurements were discussed.  For systems containing multiple components, metastability during 

dissociation may negatively affect the accuracy of melting point measurements.  To overcome this 

challenge, measurements could be performed on systems with a relatively low mass of water to 

help mitigate the effects of metastability.  For this work, a Seteram Micro-DSC VII was used to 

measure hydrate melting points with samples as small at 10 mg of water.  However, the DSC used 

in this work was unmixed and required high subcooling temperatures to form hydrates.  In 
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situations where a high degree of subcooling would bring the system near the dew point, a 

continuously stirred autoclave was used.  The high shear environment of a mixing autoclave 

stimulates hydrate formation, requiring lower subcooling temperatures than the DSC.  A 

combination of both methods, an isochoric pressure search method in a stirred autoclave and step-

scan method in a differential scanning calorimeter, can be valuable in measuring multiple 

dissociation temperatures in the shortest time.  Experiments can be performed using the DSC to 

take several repeat measurements, while confirming the results with a single autoclave 

measurement.  Using this dual methodology, hydrate phase equilibria measurements can be 

performed with significantly improved efficiency.  Measurements can be evaluated to determine 

the effect of metastability, thereby improving confidence in the accuracy of the results. 

2.7. References 

1. Sun, C.Y., Chen, G.J., Lin, W., and Guo, T.M., Hydrate Formation Conditions of Sour 

Natural Gases. Journal of Chemical & Engineering Data, 2003. 48: p. 600-602. 

2. Schroeter, J.P. and Kobayashi, R., Hydrate Decomposition Conditions in the System H2S-

Methane-Propane. Industrial and Engineering Chemistry Fundamentals, 1983. 22: p. 361-

364. 

3. Lachance, J.W., Investigation of gas hydrates using differential scanning calorimetry with 

water-in-oil emulsions, M.S. Thesis, 2008. Colorado School of Mines, Golden, CO 

4. Lafond, P.G., Olcott, K.A., Sloan, E.D., Koh, C.A., and Sum, A.K., Measurements of 

methane hydrate equilibrium in systems inhibited with NaCl and methanol. Journal of 

Chemical Themodynamics, 2012. 48: p. 1-6. 

5. Ward, Z.T., Deering, C.E., Marriott, R.A., Sum, A.K., Sloan, E.D., and Koh, C.A., Phase 

Equilibrium Data and Model Comparisons for H2S Hydrates. Journal of Chemical & 

Engineering Data, 2015. 60: p. 403-408. 

6. Akhfash, M., Boxall, J.A., Aman, Z.M., Johns, M.L., and May, E.F., Hydrate formation 

and particle distributions in gas–water systems. Chemical Engineering Science, 2013. 104: 

p. 177-188. 

7. Aman, Z.M., Akhfash, M., Johns, M.L., and May, E.F., Methane hydrate bed formation in 

a visual autoclave: cold restart and Reynolds number dependence. Journal of Chemical & 

Engineering Data, 2014. 60(2): p. 409-417. 



 

 

30 

 

CHAPTER 3 

PHASE EQUILIBRIA DATA AND MODEL COMPARISONS FOR H2S HYDRATES 

This chapter describes the work performed at the University of Calgary on experimental 

hydrate phase equilibria measurements of pure H2S hydrates.  As Adam Ballard has reported in 

his thesis work [1], the prediction accuracy for pure H2S hydrates is significantly lower than that 

of other pure hydrate formers.  New measurements are necessary to verify existing H2S hydrate 

phase equilibria literature data (these data are severely scarce with uncertain accuracy), as well as 

provide additional data for optimization of CSMGem’s hydrate fugacity model for H2S.  This 

chapter is reproduced in full (with some modifications), with permission (see Appendix D), from 

Ward et al. [2].  Note:  As the format of this document is different from the original, some changes 

have been made to accommodate. 

3.1. Abstract 

Hydrogen sulfide is an exceptionally stable structure I (sI) gas hydrate forming guest 

molecule that is becoming increasingly prevalent in oil and gas production. However, phase 

equilibria data on pure hydrogen sulfide hydrate reported in the literature are relatively limited and 

inconsistent compared to other common hydrate formers such as methane or carbon dioxide. In 

this study, 61 hydrate phase equilibria measurements for sI hydrates containing hydrogen sulfide 

are reported in the temperature range from T = 273.68 K to 301.53 K and pressure range from p = 

0.108 MPa to 1.960 MPa. Experimental data were measured using the isochoric pressure search 

(IPS) method which has been well established, as well as a modified IPS method, termed the phase 

boundary dissociation (PBD) method, which gives more efficient measurements of pure hydrate 

phase equilibria data. For example, it was shown in this work that using the new PBD method 

reduced the experimental run time to approximately 4.8 h per data point, compared to 40 h to 45 
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h per data point using the IPS method. The measured data for hydrogen sulfide hydrates were 

compared with predictions and experimental data reported in the literature, showing agreement 

between measurements and predictions within an average of 0.08 K for HydraFLASH 2.2 to 1.131 

K for PVTSim 21 on average and literature within 0.21 K for Selleck et al. [3] to 1.42 K for Carroll 

and Mather [4] on average. 

3.2. Introduction 

Clathrate hydrates are solid inclusion compounds that form in the presence of water and 

certain guest molecules, such as methane, propane, hydrogen sulfide (H2S), typically at high 

pressure and low-temperature conditions. The gas hydrate crystal structure is formed when 

hydrogen-bonded water molecules (host) arrange into a three-dimensional network of cages, which 

can trap gas molecules (guest) commonly found in natural gas. The two most common hydrate 

structures are structure I (sI), which consists of two 512 cages and six 51262 cages per unit cell; 

structure II (sII), which consists of 16 512 cages and eight 51264 cages per unit cell [5]. The 

molecular interaction between the guest and host molecules is dependent on the properties (for 

example, size, shape, and polarizability) of the guest molecules [5], which largely determine the 

pressure and temperature conditions for hydrate stability.  

The hydrate phase equilibrium for the gas hydrate phase have been determined with 

reasonable accuracy for most common sI and sII hydrate formers and extensively reported in the 

literature [5]. There are hydrate phase equilibria prediction programs based largely on the 

statistical thermodynamic model first developed by van der Waals and Platteeuw [6] with various 

modifications (e.g., CSMGem, DBR Hydrate v2011.1, MultiFlash 4.4, PVTSim 21, 

HydraFLASH, and VMGSim) [7-12]. These computer programs are often used by hydrate 

scientists and engineers to estimate the formation conditions and thermodynamic properties of 
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hydrates formed from gas mixtures. The accuracy of the calculated formation conditions are 

important for the safe and sustainable operation of industrial production, gathering, transportation, 

and compression facilities.  

The accuracy of any empirical model is dependent on the quality of data used when the 

fitted coefficients for each equation of state are fitted to the experimental data. For common gas 

hydrate formers, such as CH4, there is a substantial number of experimental data sets available in 

the literature and, consequently, well-defined model parameters. However, because of the 

hazardous nature [13] of H2S, there is a paucity of data published for the H2S hydrate formation 

conditions. There have been only four papers published [3, 4, 14, 15] on hydrates containing pure 

H2S without the presence of inhibitors. However, there are significant discrepancies between some 

of these limited data sets. Additionally, there are limited data [4, 14, 16-19] on H2S hydrates in the 

presence of inhibitors, where the baseline data sets for pure H2S hydrates are clearly important to 

establish before being able to accurately determine the effect of inhibitors for H2S hydrate 

formation.  

There are several common methods in the literature for determining hydrate phase 

equilibria in the presence of a liquid water phase. One method is the isochoric pressure search 

(IPS) method [4, 20, 21] as illustrated in Figure 3.1 in terms of the temperature and pressure 

conditions. For this method, an isochoric and hermetically sealed vessel is loaded with some 

amount of excess liquid water and hydrate forming gas. The vessel is then cooled to allow hydrates 

to form at a temperature below the hydrate phase boundary. After sufficient time (typically 8−12 

h with mixing) has passed, the vessel is heated so that hydrates dissociate due to the increase in 

temperature. This heating step is often split into a fast heating step and a slow heating step. In the 

fast heating step, the system is warmed at 1 K per minute to approximately 2 K below the expected 
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hydrate equilibrium temperature, determined previously (e.g., estimated from hydrate prediction 

programs). The slow heating step is generally performed at approximately 0.1 K per hour, allowing 

the system to come to equilibrium at each temperature step. As hydrates dissociate, the pressure 

gradually increases due to the evolution of gas from the hydrate. Once all hydrate has dissociated, 

the increase in pressure is due solely to gas expansion. The value of dp/dT changes sharply at the 

point where hydrates have completely dissociated. This point is considered the condition in which 

the last hydrate crystal remains stable, or the hydrate equilibrium point.  

 
Figure 3.1. Example of IPS method used for hydrate phase equilibria measurements.  The hydrate 

equilibrium point is the intersection of the slow heating portion to the gas cooling/heating portion. 

Another method for hydrate phase equilibrium measurements is the isothermal pressure 

search method [22, 23]. For this method, once the vessel is loaded with gas and liquid water, the 

pressure in the system is increased to a point above the hydrate phase boundary at a constant 

temperature and hydrates are allowed to form. This pressure increase can be accomplished in two 

ways. In a pure guest hydrate system, where there is a single guest component, additional feed gas 

can be loaded into the vessel directly. In a multicomponent guest hydrate system, further injection 

of gas would lead to varying compositions as hydrates form; therefore, it is generally favorable to 
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perform multicomponent isothermal experiments with a floating piston. Once hydrates have 

formed, the system pressure is lowered incrementally until the hydrate phase has completely 

dissociated and then increased incrementally until hydrates have reformed. The pressure in which 

the smallest crystal of hydrate persists is taken as the hydrate equilibrium point. This method 

requires some form of visual confirmation. A modification to the isothermal pressure search 

method was proposed [23] to take equilibrium data along the methane hydrate phase boundary for 

hydrate bearing sediment systems.  

This paper presents new H2S data to augment the current literature, provide further insight 

into resolving the discrepancies in the previously published data sets, and provide a more complete 

data set across the entire LW−H−V phase boundary from a single apparatus. These new data can 

be used to provide a reference baseline to compare existing and new data sets of H2S containing 

gas mixtures and inhibited systems. As modeling programs rely on experimental data for empirical 

regressions of model parameters, the new data from this study also provide an additional source 

for the optimization of models to better calculate the phase equilibria involving H2S containing 

hydrates. 

3.3. Experimental Methods 

Apparatus. Experiments were performed in an overhead stirred 25 mL autoclave (from 

Autoclave Engineers). The autoclave was constructed of Hastelloy-C276 and used for sour gas 

testing up to 100% H2S at conditions up to p = 24.14 MPa at T = 523 K. The apparatus was 

equipped with a Paroscientific pressure transducer with a measurement precision of δp = ± 3.45 × 

10−4 MPa and a Pico Technologies Pt RTD with a precision of δT = ± 0.001 K. The RTD and 

pressure transducer were calibrated by the supplier and checked at the ice melting point and under 

1.8 mbar vacuum, respectively. The vessel was housed inside a PolyScience refrigerated 
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circulating bath with ± 0.005 K stability and control. The magnetically coupled “MagnaDrive” 

stirring assembly was controlled by an in-house assembled voltage regulation controller, and a 

Hall-effect speed sensor was used to measure the stirring RPM.  

 
Figure 3.2.  Left: Apparatus schematic for constant volume stirred autoclave housed at the 

NSERC-ASRL Industrial Research Chair laboratory.  Right: Expanded view of autoclave (A) 

assembly. Descriptions: P – pressure transducer; T – resistance temperature device; A – autoclave 

vessel;CB – PolyScience chiller bath; CT – caustric Trap (0.25 mass fraction KOH solution); SV 

– 3.5mL sample vessel used to collect gas for  gas chromatography analysis.  F – 500mL stainless 

steel feed gas cylinder; VP – 1.8 mbar vacuum pump; V – building ventilation system.  

The autoclave apparatus was constructed so the internal volume of the cell, including 

Swagelok tubing and valves, was entirely under the circulating fluid. The submersion of all 

components ensured the system remained isothermal and hydrates would not persist in areas of the 

system due to a temperature profile in the internal volume of the apparatus. This was especially 

important with systems that contained high amounts of H2S (as in these measurements), as hydrate 

equilibrium temperatures could increase above ambient temperature with sufficient pressure. The 

pressure transducer was sensitive to room temperature variations; therefore, as a preventive 

measure, the pressure transducer was wrapped with insulation and partially submerged in the bath 

to maintain the same temperature as the rest of the system. A schematic of the apparatus is 
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presented in Figure 3.2. At the conclusion of each experiment, the H2S gas was scrubbed through 

a KOH(aq) solution prior to venting to the atmosphere. 

Sample Properties. The water used in this work was polished (ultrapurified) to a resistivity 

of 18 MΩ·cm and degassed under vacuum for a minimum of 12 h. The CH4 and H2S used in this 

work was supplied by Praxair with a minimum listed purity of 99.999% and 99.6%, respectively. 

The impurities in this gas included methane, nitrogen, COS, CO2, and water. Synthetic H2S was 

prepared by reacting Na2S·9H2O with HCl to produce H2S from a carbonless reaction and was 

used for one experiment in this work. Both gases were analyzed in a gas chromatograph 

(FID/TCD), and reported compositions on a dry basis are presented in Table 3.1. 

Table 3.1. Measured gas impurities for the H2S feed gas used in this work. 

Gas 
N2 

(mol frac.) 

CH4 

(mol frac.) 

CO2 

(mol frac.) 

COS 

(mol frac.) 

H2S  (Calc.) 

(mol frac.) 

Praxair Supplied 0.000083 0.000061 0.000032 0.001897 0.9979270 

In-House 

Synthesized 
0.000142 - 0.0009986 - 0.9988594 

Isochoric Pressure Search Method. Experiments were performed to examine the liquid 

water (LW)–hydrate (H)–vapor (V) phase equilibrium using the IPS method [4, 20, 21]. Prior to 

the introduction of gas and liquid, the autoclave was placed under p = 1.8 mbar vacuum for t = 12 

h. A volume of 10 cm3 of degassed and polished water was injected through the inlet valve, and 

then the system was pressurized with feed gas to the desired experimental pressure. Once 

pressurized with feed gas (hydrate former), the system temperature was stabilized; the temperature 

was lowered to a point within the hydrate region for 4 h. After the pressure stabilized and hydrates 

had formed, the system was heated in steps of ΔT = 0.1 K with a 1 h equilibration time between 

step changes. While in the hydrate stability region, temperature steps result in a relatively large 

increase in pressure as hydrate crystals melt and release enclathrated gas [5]. Once the hydrate in 

the system has fully melted, the temperature steps result in a relatively small pressure increase due 
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to gas expansion. The sharp change in slope is the point in which all hydrate crystals have melted 

and is reported as the hydrate equilibrium dissociation point. Caustic traps were filled with 0.25 

weight fraction KOH solution to scrub H2S prior to venting. 

Phase Boundary Dissociation Method. A modification to the IPS method, termed the 

phase boundary dissociation (PBD) method, was devised to enable hydrate equilibrium data to be 

measured in significantly less time compared to the IPS method. By the Gibbs phase rule (F = C 

− P + 2, where C and P are the number of components and phases, respectively), a system with 

one degree of freedom (C = 2 and P = 3) has a single value of pressure at any given temperature. 

If a hydrate gas system contains excess free water at all experimental temperatures, then the system 

should contain all three phases (LW−H−V) throughout the experiment. For experiments on pure 

hydrate formers, two components exist in the system, the guest former and host water. As a result, 

the system would dissociate along the LW−H−V phase boundary for as long as all three phases 

coexist.  

For these PBD experiments, 10 mL of water was injected under vacuum and the cell was 

pressurized to 2 MPa at 302.65 K. These values result in an approximately 80:1 molar ratio of 

water to H2S, far exceeding the 5.75:1 consumption of water to H2S in the formation of sI hydrate. 

This ensured that excess water was always present throughout the duration of the experiment. Once 

the system had equilibrated at the initial conditions, the temperature was set to T = 273.25 K for 6 

h to form hydrates and allow the system to come to equilibrium. To prevent metastability, the 

system was warmed in steps of 0.5 K and allowed to equilibrate for 4 h before a data point was 

recorded. This process was continued until hydrates had completely dissociated, as confirmed by 

a sharp change in dp/dT, similar to the IPS method. Each data point was recorded and treated the 

same as the data recorded from a single IPS method experiment. The total run time for the longest 
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PBD method experiment was approximately t = 273 h with 57 equilibrium points recorded. This 

resulted in approximately 4.8 h per data point, compared to approximately 40 h to 45 h per data 

point using the IPS method. For these methods, experimentally determined accuracy was 

determined to be ± 0.05 K and ± 6.9 × 10−3 MPa. This was determined by the average of three 

repeat experiments for methane and hydrogen sulfide. 

3.4. Results and Discussion 

To validate the experimental setup and method, phase equilibrium measurements were 

collected for pure methane hydrates and compared to reported methane hydrate data [24-33] (given 

in Figure 3.3). Experimental data show good agreement with reported literature over the range of 

T = 276.21 K to 285.50 K. Additionally, CSMGem has been optimized to predict methane hydrate 

phase equilibria with an average absolute temperature deviation of 0.06 K [1]. The methane 

hydrate data measured in this study agree with CSMGem to within 0.04 K on average, within the 

experimental accuracy of the apparatus of ± 0.1 K (see Table 3.2).  

Table 3.2.  CH4 hydrate phase equilibrium data taken using the IPS method and compared to the 

CSMGem hydrate modeling program.   

Experimental 

p / MPaa 

Experimental 

T / Kb 

CSMGem 

T / K 

Temperature 

Deviation 

T / K 

3.53 276.29 276.21 0.08 

5.48 280.64 280.54 0.11 

6.74 282.52 282.49 0.03 

6.86 282.64 282.65 -0.01 

8.33 284.43 282.43 0.00 

8.47 284.59 284.59 0.00 

9.38 285.53 285.50 0.03 

9.38 285.57 285.50 0.07 
a Uncertainty on pressure transducer measurements determined from repeat experiments is 

estimated to be ± 6.9×10-3 MPa. b Uncertainty on calibrated RTD measurements determined from 

repeat experiments is estimated to be ± 0.1 K. 
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Four H2S hydrate equilibrium points were determined using the IPS method, and the data are listed 

in Table 3.3. The measured data are plotted in Figure 3.4 along with the other data sets from the 

literature [3, 4, 14, 15] for pure H2S hydrate along the LW−H−V boundary.  

Table 3.3.  H2S hydrate equilibrium data taken using the IPS method. 

T / Ka p / MPab 

296.85 1.1340 

296.85 1.1359 

292.93 0.7462 

286.29 0.3848 
a Uncertainty on calibrated RTD measurements determined from repeat experiments is estimated 

to be ± 0.1 K. b Uncertainty on pressure transducer measurements determined from repeat 

experiments is estimated to be ± 6.9×10-3 MPa. 

Because of the long experimental times for measuring each equilibrium point with the IPS 

method, a second set of experiments was performed using the PBD method to more efficiently 

measure more data. Several PBD method experiments were performed in the range from 273.68 

K to 301.53 K in 0.5 K intervals. The equilibrium data from all experiments were averaged at each 

0.5 K interval, as reported in Table 3.4.  

As data from both the IPS and PBD methods were measured at different conditions, a linear 

regression of the data collected using the PBD method was performed to better compare to the 

results from the IPS method, as shown in Figure 3.5. Each data point from the IPS method was 

compared to the linear regression of the PBD method data points. With the exception of the data 

point at 0.7462 MPa, all data points fall within the experimental accuracy of ± 0.1 K. The 

comparisons are presented in Table 3.5. The linear regression of the PBD method data was also 

compared with the literature data reported for H2S hydrate on the LW−H−V phase boundary [3, 4, 

14, 15].  

The linear regression was calculated as log (p/MPa) = 0.0448(T/K) − 13.2327. The data 

agreement with some literature sources shows a larger variance than the expected accuracy of these 
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results. The data in this study compare favorably with the data presented by Selleck et al. [3] to 

within an average of 0.21 K in the range of T = 277.6 K to 302.7 K and Mohammadi and Richon 

[15] to within an average of 0.27 K in the range of T = 277.7 K to 301.3 K. However, the data 

from Carroll and Mather [4] and Bond and Russell [14] show a greater deviation between data sets 

to an average within 1.42 K in the range of T = 298.6 K to 300.8 K and 0.73 K in the range of T = 

283.2 K to 302.7 K, respectively.  

In the data reported by Mohammadi [15], the authors reported H2S with 99.9% purity 

supplied by Air Liquide used in their work. The data in this work were taken using H2S with 

approximately 99.8% purity by Praxair. As reported in Table 3.1, the primary impurity in the gas 

supplied by Praxair was 0.185 mol % COS. Note that commercial H2S is formed by the reaction 

of elemental sulfur with CH4. The COS impurity in purchased H2S is likely formed from the 

inclusion of CO2 in the methane feed stock. Simultaneously, removing COS, H2O, and CO2 from 

high-purity H2S is very challenging. The experiments in this work were performed in the presence 

of a relatively large volume of free water and testing was done over 8−10 days. Therefore, it was 

likely that a significant portion of this COS was converted to CO2 through reverse hydrolysis, that 

is, COS + H2O ↔ CO2 + H2S.  

Using CSMGem, the addition of 0.2 mol % CO2 to a pure H2S system was modeled to 

examine the possible effects of CO2 impurities. The resulting models showed a systematic 0.02 K 

decrease in the hydrate formation temperature over the LW− H−V phase boundary. With a 99.9% 

pure in-house synthesized H2S sample, a final experiment was performed to verify the model 

predictions and check for the impact of COS impurities on the experimental hydrate equilibrium 

temperature. The resulting test showed no significant deviation (i.e., greater than ± 0.1 K) from 

the original data reported using the Praxair supplied gas.  
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Figure 3.3. Summary of experimental data for CH4 hydrates in the range of T = 275 to 285 K. 

Symbols correspond to data from this work using IPS method (○), data from various literature 

sources [24-33] (+).  The methane hydrate phase boundary predicted by CSMGem is given as the 

solid line.  

 
Figure 3.4. Summary of experimental data for H2S hydrates along the LW-H-V boundary. Symbols 

correspond to data from this work using IPS and PBD methods (○), data from Selleck [3] (*), data 

from Mohammadi [15] (+), data from Carroll [4] (□), and data from Bond [14] (Δ). 
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Table 3.4. H2S hydrate equilibrium data taken using the PBD method.   

T / Ka p / MPab T / Ka p / MPab 

273.68 0.1078 288.11 0.4536 

274.18 0.1120 288.60 0.4777 

274.68 0.1176 289.10 0.5028 

275.17 0.1237 289.61 0.5289 

275.67 0.1323 290.09 0.5600 

276.16 0.1372 290.58 0.5854 

276.66 0.1463 291.08 0.6198 

277.17 0.1516 291.59 0.6502 

277.65 0.1614 292.07 0.6814 

278.15 0.1673 292.58 0.7227 

278.65 0.1774 293.07 0.7618 

279.15 0.1849 293.57 0.8023 

279.66 0.1958 294.09 0.8460 

280.16 0.2042 294.58 0.8918 

280.67 0.2159 295.06 0.9400 

281.15 0.2259 295.58 0.9909 

281.65 0.2384 296.07 1.0454 

282.15 0.2498 296.58 1.1033 

282.65 0.2645 297.07 1.1668 

283.13 0.2766 297.54 1.2359 

283.63 0.2914 298.04 1.3058 

284.13 0.3049 298.55 1.3809 

284.63 0.3218 299.03 1.4594 

285.12 0.3379 299.52 1.5475 

285.61 0.3560 300.03 1.6382 

286.11 0.3725 300.52 1.7374 

286.61 0.3929 301.01 1.8446 

287.10 0.4123 301.53 1.9598 

287.61 0.4319   
a Uncertainty on calibrated RTD measurements determined from repeat experiments is estimated 

to be ± 0.1 K. b Uncertainty on pressure transducer measurements determined from repeat 

experiments is estimated to be ± 6.9×10-3 MPa. 
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Table 3.5. Comparison of the phase equilibria data measured using the IPS and PBD methods.  

Data for the PBD method is taken from a linear interpolation between the nearest two data points 

reported in Table 3.4.   

Experimental (IPS) 

p / MPaa 

Experimental (IPS) 

T / Kb 

Regression (PBD) 

T / K 

Temperature 

Deviation 

δT / K 

0.3848 286.29 286.29 0.00 

0.7462 292.93 292.71 0.22 

1.1359 296.85 296.79 0.06 

1.1340 296.85 296.77 0.08 
a Uncertainty on pressure transducer measurements determined from repeat experiments is 

estimated to be ± 6.9×10-3 MPa. b Uncertainty on calibrated RTD measurements determined from 

repeat experiments is estimated to be ± 0.1 K. 

 
Figure 3.5. Comparison between pure H2S experimental data reported in this work using the IPS 

(●) and the PBD (○) method in the range of T = 280 to 300 K.  Linear regression of PBD method 

data (solid line). 

The data measured in this study were compared to the following hydrate phase equilibria 

prediction programs: CSMGem, MultiFlash 4.4, DBR Hydrate v2011.1, Hydra- FLASH, and 

PVTSim 21. The average absolute temperature deviation (AAD) for each model compared to the 

experimental data in this study is given in Figure 3.6. DBR Hydrate v2011.1, HydraFLASH, and 

MultiFlash 4.4 predict the H2S data well with an AAD = 0.122, 0.080, and 0.222 K. While 

CSMGem and PVTSim 21 predictions show AAD values of 0.424 and 1.131 K respectively. 
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Figure 3.6. Average absolute deviation, ΔTAA, for select hydrate prediction programs from the 

experimental data reported in this work.  Description: 1 – HydraFLASH 2.2®; 2 – DBR Hydrate 

v2011.1®; 3 – MultiFlash 4.4®; 4 – CSMGem; 5 – PVTSim 21® 

3.5. Conclusions 

Given the toxic nature of hydrogen sulfide, hydrogen sulfide hydrate phase equilibria data 

are severely scarce in the current literature; yet critical to the safe and economic oil/gas production 

from acid gas rich fields. We report six experimental hydrate dissociation data points for methane 

hydrate in the temperature range T = 276.21 K to 285.50 K, and 61 experimental hydrate 

dissociation data points for hydrogen sulfide hydrate in the temperature range T = 273.68 K to 

301.53 K in the LW−H−V region. The experimental data were measured using the IPS method [4, 

20, 21] and a modification to the IPS method, termed the phase boundary dissociation method. 

The PBD method was found to successfully provide accurate data sets for single guest hydrate 

phase equilibria when compared to the IPS method, with the main advantage being the ability to 

record a data point in approximately t = 4.8 h compared to t = 40 h to 45 h using the IPS method. 

The data in this study showed reasonable agreement with established literature data for methane 

[24-33] and hydrogen sulfide [3, 15] hydrate, but notable deviations from data reported in [4, 14]. 

The new hydrate phase equilibria data obtained in this thesis work are important in establishing 
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the reliability of other data sets; as well as highly valuable for improving the interaction parameters 

in the statistical thermodynamics based hydrate phase equilibria model, CSMGem, which includes 

Gibbs Energy Minimization. 
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CHAPTER 4 

EQUILIBRIUM DATA OF GAS HYDRATES CONTAINING METHANE, PROPANE, AND 

HYDROGEN SULFIDE 

This chapter describes the work performed at the University of Calgary on new 

experimental hydrate phase equilibria measurements of hydrates formed from mixtures containing 

CH4, C3H8 and H2S.  Prior to this work, there was no data available in the literature for a sII hydrate 

system.  Additionally, due to the toxicity of H2S, there was very little data reported for any hydrate 

mixtures containing H2S.  This data is critical for optimizing the interaction parameters used in the 

statistical thermodynamics based hydrate phase equilibrium model, CSMGem, and to providing a 

measure of accuracy for CSMGem and other commercial hydrate phase equilibria prediction 

software for hydrate mixtures containing H2S. This chapter is reproduced in full (with some 

modifications), with permission (see Appendix D), from Ward et al. [1].  Note:  As the format of 

this document is different from the original, some changes have been made to accommodate. 

4.1. Abstract 

Phase equilibria data on mixed hydrogen sulfide hydrates reported in the literature are very 

limited, especially for sII hydrate forming mixtures with H2S. In this study, six binary CH4 + H2S 

hydrate phase equilibria measurement results are reported in the temperature range from T = 

(283.31 to 293.22) K and pressure range from p = (2.00 to 6.8) MPa. Ten ternary CH4 + C3H8 + 

H2S sII hydrate phase equilibria measurement results are reported in the temperature range from 

T = (286.22 to 304.80) K and pressure range from p = (1.36 to 5.48) MPa. Experimental data were 

measured using the isochoric pressure search (IPS) method, which has been well established as a 

method for obtaining accurate hydrate phase equilibria data. Experimental data were compared to 

several hydrate phase equilibria prediction programs to assess their accuracy. For most models, 
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predictions of the ternary sII hydrate system resulted in average absolute deviations in temperature 

of greater than 1 K. 

4.2. Introduction 

Gas hydrates are crystalline compounds that form in the presence of water and gas, 

typically at high-pressure and low temperature conditions. The water molecules form a hydrogen 

bonded lattice comprised of polyhedral water cages, where cages can be occupied by a maximum 

of one gas (guest) molecule per cage at low- and moderate-pressure conditions. Guest molecules 

of interest to industry are often natural gas components, such as methane (CH4), ethane (C2H6), 

propane (C3H8), and hydrogen sulfide (H2S). For natural gas guests, the two most common hydrate 

structures are structure I (sI) and structure II (sII) hydrates. sI hydrates are found in naturally 

occurring hydrate deposits in sediments under the ocean floor or under the permafrost, where the 

guest is primarily methane. Conversely, sII hydrates are typically formed in gas and oil pipelines, 

where the natural gas composition contains methane and other larger guests such as propane [2].  

Hydrogen sulfide (H2S) is an exceptionally stable guest molecule that may be native or 

formed within in certain oil wells and gas fields. Sour gas is less economically viable in North 

America due to low natural gas prices. However, new areas of sour gas production include the 

Caspian Sea, Asia, and the Middle East. As sweet oil and gas reserves mature over time, there is 

increasing interest in producing sour fluids. Many sour reservoirs are deemed to be prolific 

producers, which can lead to large volumes of hydrocarbon resources for markets which can absorb 

the additional costs incurred by the production of sour gas. One of these additional costs can arise 

from the significant flow assurance challenges incurred by the formation of H2S hydrates in the 

presence of light hydrocarbons, such as CH4 and C3H8.  
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There is a paucity of gas hydrate phase equilibria data for mixtures containing H2S. Only 

two published works were found at the time of this study that report data on sII hydrates, containing 

H2S and C3H8 (as a sII hydrate former). The first work is from van der Waals and Platteuuw [3], 

with data on sII hydrates containing H2S and C3H8 below the ice point. The study used undisclosed 

amounts of ethylene glycol as a solvent for the ice phase. However, ethylene glycol acts as a 

thermodynamic hydrate inhibitor and affects the reported phase equilibria results. The second work 

is from Schroeter and Kobayashi [4], with data on hydrates containing CH4, C3H8, and H2S; 

however, the authors assumed that H2S is relatively insoluble in water like CH4 and C3H8 and did 

not report gas compositions. It may be possible to use flash calculations to determine the gas 

composition at the equilibrium point from the data provided in the paper; however, additional data 

with simultaneous gas composition analysis are critical to verifying the results obtained by 

Schroeter and Kobayashi [4].  

This work presents new gas hydrate phase equilibria data for mixtures containing various 

amounts of CH4, C3H8, and H2S to aid in validating current phase equilibria models and verifying 

the limited literature data. A binary (sI) gas mixture containing CH4 and H2S was measured and 

compared with literature data reported by Noaker and Katz [5]. Two ternary mixtures containing 

CH4, C3H8, and H2S were measured to generate new (sII) hydrate phase equilibria data along the 

liquid water (LW)−hydrate (H)−vapor (V) phase boundary. 

4.3. Experimental Methods 

Apparatus. Experiments were performed in a 25 mL autoclave (from Autoclave 

Engineers) constructed of Hastelloy-C276 and used for sour gas testing up to 100 % H2S at 

conditions up to p = 24.14 MPa at T = 523 K. A Paroscientific pressure transducer with a 

measurement precision of δp = ± 3.45·10−4 MPa and a Pico Technologies Pt RTD with a precision 
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of δT = ± 0.001 K were installed to collect data. The autoclave was placed directly into a 

PolyScience liquid cooling bath, ± 0.005 K stability and control precision. The magnetically 

coupled “MagnaDrive” stirring assembly controlled mixing at a constant stirring rate of 400 rpm. 

Gas compositions were made using a Bruker 450-GC gas chromatograph.  

 
Figure 4.1.  Apparatus schematic for constant volume stirred autoclave housed at the NSERC-

ASRL Industrial Research Chair laboratory.  (Reproduced from Ward et al.5). 

The autoclave, inlet and outlet valves, the pressure transducer, and all connecting tubing 

were placed under the cooling fluid to ensure the temperature profile within the internal volume 

of the apparatus was entirely isothermal. This process minimizes the formation of extraneous 

concentration and temperature gradients during hydrate dissociation, as hydrates may persist even 

past the normal dissociation point due to temperature profiles within the internal volume. This is 

especially important for sII hydrates containing H2S, as dissociation temperatures were above the 

ambient temperature in the laboratory (approximately 295 K). Additionally, all pressure 

transducers are sensitive to room temperature variations, and the thermostatting of the pressure 

transducer reduced noise in the measurements. A schematic of the apparatus is presented in Figure 
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4.1. At the conclusion of each experiment, the H2S gas was scrubbed through a KOH(aq) solution 

prior to venting to the atmosphere. 

Sample Properties. Double distilled water was further polished (ultrapurified) to a 

resistivity of 18 MΩ·cm. Before each experiment, the water was degassed under moderate vacuum 

for at least 12 h. All gases used for testing were gravimetrically mixed and allowed to sit for 2 

weeks prior to testing to ensure proper mixing after the injection of liquid H2S during the 

preparation of each feed gas. All gases were mixed using 99.999 % CH4, 99.6 % H2S, and 99.6 % 

C3H8 (Praxair). The resulting feed gas compositions are reported in Table 4.1. 

Table 4.1. Feed gas compositions used for the experiments. 

Gas CH4 / mol fraction 
C3H8 / mol 

fraction 
H2S / mol fraction 

Binary 0.8849 0.00 0.1151 

Ternary 1 0.8482 0.0497 0.1021 

Ternary 2 0.5463 0.0499 0.4038 

Procedure. A 10 mL aliquot of degassed and polished (ultrapurified) water was measured 

and injected under vacuum into the autoclave cell. The system temperature was fixed near the 

expected hydrate dissociation temperature, estimated as the average of the available model 

predictions. Once the temperature in the system had stabilized, the feed gas cylinder was opened 

and the system was pressurized to the expected hydrate dissociation pressure (based on the average 

of the available model predictions). The fluids in the autoclave cell were mixed at 250 rpm, and 

then the outlet valve was opened very slightly to allow gas to slowly flow through the apparatus. 

The slow introduction of gas into the system was confirmed visually using a rotameter and by 

observing bubbles formed in the caustic solution on the vent line. The gas was allowed to flow 

through the system for approximately 6 h to allow the water to saturate as much as possible with 

H2S. This process ensured the gas concentration would be approximately constant for each 

equilibrium point taken, regardless of the temperature and pressure conditions along the phase 
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boundary. Once the water was saturated with gas, the RPM was returned to 400 rpm and 

experiments were performed to examine the LW−H−V equilibrium using the IPS method described 

in Ward et al. [6] Experimentally determined accuracy was determined to be ± 0.05 K and ± 

6.9·10−3 MPa. This was determined by the average of three repeat experiments for methane and 

hydrogen sulfide tests [6].  

Once the experimental hydrate dissociation point was determined, the system was cooled 

to re-form hydrates. The system was then heated to 0.5 K below the experimental dissociation 

point and then warmed at 0.1 K every 3 h until the system was at the established experimental 

dissociation temperature. At this point, a minimum of 12 h was allowed for the system to 

completely reach equilibrium, which was verified by checking the system temperature and 

pressure relative to the hydrate equilibrium point determined previously. If the system was within 

0.05 K and 1.3·10−2 MPa, and the minimum 8 h wait had elapsed, a sample was withdrawn by 

rapidly depressurizing the autoclave into a 5 mL collection vessel. This process ensured three-

phase (LW−H−V) equilibrium with a minimized mass of hydrates during sample collection. The 

collection vessel was then connected to a Bruker 450-GC gas chromatograph equipped with a 

Restek Rt-U-Bond separation column, a thermal conductivity detector (TCD), and a flame 

ionization detector (FID) for composition analysis. It should be noted that the FID was not used in 

this work. 

4.4. Results and Discussion 

The apparatus was validated for hydrate phase equilibria by comparing methane hydrate 

formation data with established literature. The full analysis is reported elsewhere[6]. Briefly, 

methane hydrate formation data generated with this apparatus was found to agree with literature 

data [7-17] to within ± 0.1 K. Six binary CH4 + H2S gas hydrate experiments were performed and 
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the results are given in Table 4.2 and Figure 4.2. The first experiment was performed three times 

to determine the necessary heating rate to produce accurate results; this was determined to be 0.1 

K/(3 h) steps. Each additional binary experiment was repeated once; at the end of the second repeat 

the pressure and temperature at the end of the experiment were compared with the first, and if the 

pressure was within 7 kPa and the temperature was within 0.05 K, a gas sample was collected for 

analysis.  

 
Figure 4.2. Experimental gas hydrate phase equilibria data (●) and CSMGem prediction (solid 

line) of the mixture with 0.895 mol fraction CH4 + 0.115 mol fraction H2S in the feed. 

The only available literature data for binary CH4 + H2S (sI) hydrate without inhibitors was 

published by Noaker and Katz [5]. These previous data4 were measured over a range of 

temperature from (276.5 to 295.4) K and H2S concentrations of (0.01 to 0.22) mol fraction. A feed 

gas composition of 0.1151 mol fraction H2S in CH4 was used in this present study (Table 4.1), as 

it was the only composition published by Noaker and Katz [5] in which they reported matching 

experimental and calculated compositions. The gas hydrate phase equilibria experimental data 

measured in this work for the binary H2S + CH4 system are given in Table 4.2. The pressure and 

temperature between both experiments agree well with those by Noaker and Katz [5], with a 0.03 
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K deviation in temperature and a 0.01 MPa deviation in pressure. However, there is a 0.0135 mol 

fraction deviation in H2S concentration. The deviation in compositions reported by Noaker and 

Katz [5] may be explained by their use of the Tutwiler method [18] which may report different 

compositions than a gas chromatograph. Given these factors, there seems reasonable agreement 

between the present data and the data published by Noaker and Katz [5]. A comparison of the data 

by Noaker and Katz[5] and this work is given in Table 4.3.  

Table 4.2. Experimental hydrate dissociation data for binary CH4 + H2S gas system. Experimental 

error: ± 0.1 K and ± 6.9 x 10-3 MPa and ± 2% of measured value for GC measurements. 

CH4 / mol 

fraction 

H2S / mol 

fraction 
T / K p / MPa 

0.8866 0.1134 283.31 2.00 

0.8833 0.1167 288.62 3.59 

0.8863 0.1137 289.73 4.11 

0.8914 0.1086 290.93 4.76 

0.8985 0.1015 292.07 5.99 

0.8916 0.1084 293.22 6.87 

Ten ternary gas hydrate phase equilibria experiments were performed in the temperature 

range from (287.58 to 307.15) K, for two different H2S + CH4 + C3H8 systems (with feed gas 

compositions of (0.102 and 0.404) mol fraction H2S; see Table 4.1). The phase equilibria data for 

these systems are given in Table 4.4 and Figure 4.3. As with the binary measurements, the first 

test for each ternary gas was conducted three times to determine the necessary heating rate for 

accurate results. Each subsequent test was repeated once and compared with the first experiment. 

If the pressure and temperature matched within p = 7 kPa and T = 0.05 K, a gas sample was 

collected for analysis. The experimental results were compared to the following hydrate phase 

equilibria prediction programs: CSMGem [19] using Soave−Redlich−Kwong equation of state 

(SRK EoS), Multiflash 4.4 [20] using CPA-Infochem EoS, DBR Hydrate 2011.1 [21] using 

Peng−Robinson (PR) EoS, Hydra- FLASH 2.2 [22] using sCPA EoS, and PVTSim 21 [23] using 

PR EoS. The average absolute deviation (AAD) in temperature to experimental data for pure CH4, 
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pure H2S, binary CH4 + H2S, and ternary CH4 + C3H8 + H2S gas systems are presented in Figure 

4.4.  

Table 4.3. Experimental hydrate dissociation data for the ternary CH4 + C3H8 + H2S gas system. 

Experimental error: ± 0.1 K and ± 6.9 x 10-3 MPa and ± 2% of measured value for GC 

measurements. 

CH4 / mol fraction C3H8 / mol fraction H2S / mol fraction T / K p / MPa 

0.8576 0.0454 0.0970 286.22 1.36 

0.8525 0.0471 0.1003 293.23 3.04 

0.8513 0.0486 0.1001 295.58 4.09 

0.8496 0.0495 0.1009 298.01 5.49 

0.8498 0.0495 0.1007 299.13 6.89 

0.5402 0.0489 0.4109 294.04 1.36 

0.5420 0.0512 0.4068 300.64 1.39 

0.5485 0.0506 0.4009 302.38 3.11 

0.5532 0.0504 0.3964 304.01 4.12 

0.5578 0.0513 0.3910 304.80 5.48 

 
Figure 4.3. Experimental gas hydrate phase equilibria data for the ternary system containing CH4, 

C3H8 and H2S.  Equilibrium data (■) and CSMGem prediction (solid line) of the mixture with 

0.102 mol fraction H2S in the feed; equilibrium data (▼) and CSMGem prediction (dashed line) 

of the mixture with 0.404 mol fraction H2S in the feed. 
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For the pure gas systems reported in Ward et al. [6], the hydrate phase equilibria programs 

predict CH4 hydrate accurately, with AAD from (0.04 to 0.19) K. For H2S containing hydrates, 

most programs predict H2S hydrate less accurately, with the exception of HydraFLASH. This may 

indicate that programs, especially CSMGem, require further optimization for H2S hydrate. For the 

CH4 + H2S (sI) binary mixture, the AAD remains approximately equal to that of pure H2S hydrate, 

likely due to the high concentration of CH4 in the mixture, thereby offsetting the increased 

deviation when predicting this binary mixture. 

For the ternary sII hydrate system, the AAD for all models increases substantially, to over 

1 K, except for the predictions from DBR Hydrate, which maintains a (0.16 and 0.59) K 

temperature deviation for the (0.102 and 0.404) mol fraction H2S ternary systems, respectively. 

This indicates a general need for optimization for sII hydrates containing H2S and C3H8 for 

CSMGem and other prediction models. 

 
Figure 4.4. Comparison of the average absolute deviation in temperature to experimental data, 

ΔTAA,  reported in Ward et al5 for pure CH4 and pure H2S and in this work for binary and ternary 

mixtures. Description:  CSMGem (black), MultiFlash 4.4 (blue), DBR Hydrate v2011.1 (red), 

HydraFLASH 2.2 (green), PVTSim 21 (purple). 1 – pure CH4
5; 2 – pure H2S

5; 3 – binary CH4 + 

H2S; 4 – ternary with 0.102 mol fraction H2S; 5 – ternary with 0.404 mol fraction H2S. 
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4.5. Conclusions 

Hydrate phase equilibria data for gas mixtures containing hydrogen sulfide are severely 

limited; largely because of the toxic nature of hydrogen sulfide, and hence difficulties in 

performing experiments with this system. We have reported six experimental hydrate dissociation 

data measurements for binary CH4 + H2S sI hydrate in the temperature range from (283.31 to 

293.22) K. Ten experimental hydrate dissociation data points were also measured for two ternary 

CH4 + C3H8 + H2S sII hydrate systems in the temperature range from (286.22 to 304.80) K along 

the LW−H−V boundary. The experimental data were measured using the IPS method [6], with gas 

chromatography analysis at the end of each experiment near the hydrate decomposition conditions. 

Experimental data were compared to our in-house hydrate prediction program, CSMGem, as well 

as other commercial hydrate prediction programs [2]. Model comparisons of the H2S mixed gas 

hydrates indicate good performance for the DBR Hydrate model, and a general need for continued 

optimization for the other hydrate prediction programs, with average absolute temperature 

deviations greater than 1 K. The new data measured in this thesis work are critical to improving 

the interaction parameters in the statistical thermodynamics based model, CSMGem. 
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CHAPTER 5 

PHASE EQUILIBRIA AND METASTABILITY OF TERNARY ACID GAS HYDRATE 

SYSTEMS CONTAINING C3H8 

In Chapters 1 and 2, discussion was given on the importance of phase equilibria data for 

sII hydrate systems containing acid gases with C3H8.  In this chapter, hydrate phase equilibria 

measurements for a CH4 + C3H8 + CO2 ternary gas system are reported, together with a discussion 

on the experimental results on metastability observed during dissociation measurements for H2S 

containing hydrates (Chapter 4) and CO2 containing hydrates (reported in this chapter). 

5.1. Abstract 

Metastability (or hydrate persistence) during dissociation is an important factor to consider 

when measuring hydrate phase equilibria, yet to-date metastability is poorly understood.  Direct 

evidence in this work and in the literature show that the measured hydrate equilibrium temperature 

can be in error by 1 K or more when metastability is not considered carefully [1-3].  An analysis 

of the impact of metastability on the ternary data reported in Chapter 4 is reported, with an 

estimated 0.2 – 0.3 K shift in the hydrate formation temperature due to metastability.  Hydrate 

formation data are reported for a CH4 + C3H8 + CO2 ternary gas hydrate system and compared 

with CSMGem and other commercial models [4-7].  Results show very high deviations (greater 

than 2 K for some models) for this system, a conclusion that is not consistent with other literature 

data on this same gas system [8, 9]. In summary, the work presented in this chapter demonstrates 

significant metastability for these acid gas hydrates containing propane; which prior to this study 

was not anticipated, and suggests special care needs to be taken when measuring/assessing hydrate 

phase equilibria data for such mixed gas systems.  
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5.2. Introduction 

A metastable phase can be described as a phase in which an energy barrier must be 

surmounted before transition into a phase of a lower energy state [10]. In the context of hydrates, 

metastability during formation refers to the persistence of liquid water at a temperature below the 

hydrate stability temperature [11].  During hydrate dissociation, metastability may be due to the 

transition between multiple hydrate crystal structures that may appear during hydrate formation 

[12].  However, in the context of the observations described in this chapter, metastability refers to 

the persistence of the hydrate phase outside of thermodynamically stable conditions.  It should be 

noted that it is unclear at this time if this metastability is due to multiple structure transitions 

requiring the system to surmount a free energy barrier to transition into a lower energy hydrate 

structure, or just anomalously slow dissociation kinetics.  

During hydrate dissociation, the hydrate phase itself can remain metastable for extended 

periods of time, up to several weeks in some cases [1].  As discussed in Chapter 2, phase equilibria 

measurements are typically performed by scanning in temperature or pressure, and observing 

distinct system changes due to hydrate melting.  During dissociation, metastability can cause 

significant errors if the T/p scanning rate is faster than the hydrate melting rate.  If the system 

remains hydrate stable, despite being outside of the hydrate thermodynamic region, the measured 

equilibrium temperature can be higher than the true thermodynamic equilibrium temperature [1-3, 

13]. 

One hypothesis for the metastability of gas hydrates formed from both sI and sII formers 

is that an amorphous hydrate or sI and sII hydrate phase coexistence can occur during dissociation 

[12].  Raman spectroscopy as well as x-ray and neutron diffraction studies have shown crystalline 

sI-sII mixtures can form, before eventually converting to the thermodynamically preferred phase 
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[14].  Specifically, hydrates formed from CH4 + C3H8 and CH4 + C2H6 + C3H8 were shown to form 

sI-sII metastable hydrates, as confirmed with Raman and x-ray diffraction measurements [15].  In 

this chapter, metastability during hydrate dissociation is explored in detail, and an analysis is 

reported for the CH4 + C3H8 + H2S measurements reported in Chapter 4, and the CH4 + C3H8 + 

CO2 measurements reported in this Chapter. 

5.3. Analytical Methods 

To quantity the extent of metastability during dissociation, an analysis was devised in the 

Center for Hydrate Research laboratory to examine how the system relaxes to an equilibrium state 

after a temperature perturbation, through a step-wise increase in pressure.  In this method, termed 

the Equilibrium-per-step (EPS) analysis, each apparatus responds in a measureable way to changes 

in system temperature.  For the phase equilibria results reported for the CH4 + C3H8 + CO2 ternary 

gas system, the data were measured using the DSC step-scan method reported in Chapter 2, with 

a confirmation experiment performed using the isochoric pressure search (IPS) method in the new 

CSM small autoclave (improved mixing and smaller sample size compared to the previous cell) to 

confirm the DSC results. 

5.3.1 EPS Criterion for the Isochoric Pressure Search (IPS) Method in an Autoclave 

In the IPS method, the hydrate equilibrium point is determined using a step-wise scanning 

method in temperature.  A step value is chosen, usually 0.1 K.. For each temperature step the 

system is allowed to return to equilibrium over a specified period of time, termed step duration for 

this analysis.  The value for the step duration is not often considered in depth.  Some evidence 

shows that step lengths of greater than 5-6 hours may be required for repeatable results [2, 3].  

However, these analyses do not account for the many contributing factors that affect metastability 

(e.g. system temperature, subcooling temperature, gas components, mixing rate, water to gas ratio, 



64 
 

etc.).  Specifically, the value for the step duration may be a function of subcooling for hydrate 

systems; as hydrate dissociation is slower, the closer the system is to the hydrate melting 

temperature. To better account for metastability over the entire range of an experiment, 

examination of metastability on a per-step basis is required. 

 
Figure 5.1. IPS method: example temperature step where the EPS criterion is satisfied.  As the 

temperature increased 0.1 K, the system pressure responded until hydrate melting ceased, and the 

system returned to an equilibrium state before continuing to the next temperature step. 

In the IPS method, the equilibrium point is determined by examining the pressure response 

at each temperature step.  While hydrate is still present in the system, the pressure response is 

greater than the response would be during fluid heating (VLE), when hydrate is not present (as 

shown in Chapter 2, Figure 2.3).  At any temperature step, equilibrium should be achieved when 

the rate of hydrate formation is equal to the rate of hydrate melting, observed when the pressure 

response as a function of time is zero.  By examining each temperature step as a function of time, 

the pressure curve can be checked at every step to ensure that equilibrium is achieved before the 

system steps to the next temperature.  When the system reaches equilibrium within experimental 
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error (± 6 kPa) over 30 minutes, it is said to satisfy the EPS criterion for that step.  An example is 

given in Figure 5.1. 

5.3.2 EPS Criterion for the Differential Scanning Calorimeter (DSC) Step-Scan Method  

 

For the step-scan method, the EPS criterion is very similar to the IPS method analysis.  To 

measure the hydrate equilibrium point in the DSC, at every temperature step the heat flow is 

measured to determine the existence of hydrates.  As hydrate melting is an endothermic process, a 

strong negative heat flow signal is generated as hydrates melt (further information is available in 

Chapter 2).   In a similar manner to the IPS method, the DSC system comes to equilibrium at each 

temperature step when hydrate melting and hydrate formation occur at the same rate, resulting in 

a zero heat flow signal.  By observing a zero heat flow signal at the end of each temperature step, 

the EPS criterion is satisfied at every step and the effect of metastability is minimized.  An example 

of this analysis is given in Figure 5.2. 

 
Figure 5.2. DSC example temperature step where the EPS criterion is satisfied.  At the temperature 

step, a strong negative heat flow signal is observed, near the end of the step, the heat flow signal 

later settles at zero as the system comes to equilibrium. 
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5.4. Results and Discussion 

Following the experimental results reported in Chapters 3 and 4, phase equilibria data for 

a CH4 + C3H8 + CO2 ternary gas system was measured to complement the CH4 + C3H8 + H2S data 

reported in Chapter 4.  There is a paucity of experimental data for pure H2S, as well as binary and 

especially ternary systems with H2S.  However, while pure and binary data for CO2 are more 

readily available, ternary CO2 data are less common.  CO2 is also a very important hydrate former 

that has become important in flow assurance, since it is also a relatively stable and highly water 

soluble former [16]. Therefore, confirmation of CSMGem’s prediction ability for sII acid gas 

hydrates (both CO2 and H2S) is an important objective of this thesis.  

5.4.1. Ternary CH4 + C3H8 + CO2 Results and Analysis 

As reported in Chapter 1, Bishnoi and Dholabhai [8] reported 4 data points for an 

uninhibited CH4 + C3H8 + CO2 ternary hydrate system, in addition to the Nixdorf and Oellrich [9] 

report of an additional 6 data points.  CSMGem was compared to these data and deviations in 

temperature were calculated for each point and reported in Table 5.1. 

Table 5.1. Summary of experimental phase equilibria data on CH4 + C3H8 + CO2 ternary hydrates 

with deviation analysis to CSMGem predictions. 

Source 
Temperature 

(K) 

Pressure 

(MPa) 

𝑥𝐶𝐻4 

(mol%) 

𝑥𝐶3𝐻8 

(mol%) 

𝑥𝐶𝑂2 

(mol%) 

CSMGem 

(K) 

Deviation 

(K) 

Bishnoi 

and 

Dholabhai 

[8] 

277.18 1.66 82.3 1.9 15.8 277.12 -0.06 

280.56 2.461 80.8 2 17.2 280.50 -0.06 

283.21 3.397 80.2 2 17.8 283.07 -0.14 

288.62 7.241 79.8 1.9 18.3 288.27 -0.35 

Nixdorf 

and 

Oellrich 

[9] 

279.19 1.693 89.4 2.49 8.09 278.41 -0.78 

285.09 3.469 89.4 2.49 8.09 284.32 -0.77 

290.16 6.912 89.4 2.49 8.09 289.40 -0.76 

292.56 10.47 89.4 2.49 8.09 291.90 -0.66 

294.62 16.947 89.4 2.49 8.09 294.32 -0.30 

296.07 23.565 89.4 2.49 8.09 295.97 -0.10 
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The Bishnoi and Dholabhai results show low deviations when compared to CSMGem 

predictions (Table 5.1).  However, the data reported from Nixdorf and Oellirch show higher 

deviations to CSMGem; this is possibly due to experimental error, as the authors do not report that 

the gas composition is measured at the hydrate equilibrium point.  As the results from Chapter 4 

show there are very high deviations between the model predictions and experiment for the ternary 

CH4 + C3H8 + H2S hydrate phase equilibria, additional data for a ternary CH4 + C3H8 + CO2 system 

was desired to further investigate the model accuracy.  As the deviations for the 40 mol% H2S 

ternary system were significantly higher than the 10 mol% H2S ternary system, additional data was 

desired to ensure the prediction capability at higher CO2 concentrations (40 mol%) than was 

reported in [8, 9] of 8.09 to 18.3 mol% CO2.   

 
Figure 5.3. Long step length experiment, where the system was set to a temperature below the 

phase boundary after hydrate formation and allowed to sit until it had reached equilibrium.  EPS 

critierion was not satisfied until 100 hours into the experiment, approximately 76 hours after the 

cell temperature reached the set-point.  This experiment was performed in the high pressure 

sapphire autoclave at the University of Western Australia.  The gas used in this experiment was 

55 mol% CH4 + 5 mol% C3H8 + 40 mol% CO2. 

Preliminary measurements were performed to determine if hydrate phase equilibria data 

measured at CSM would be consistent with the data measured by Bishnoi and Dholabhai [8].  

During these preliminary measurements, however, metastability would become a major issue, far 
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exceeding expectations based on previous experiments and reports.  Measurements were first 

performed in a sapphire autoclave at the University of Western Australia (details on the apparatus 

are reported in Chapters 2 and 7).  In these experiments, it was determined that experiments on a 

55 mol% CH4 + 5 mol% C3H8 + 40 mol% CO2 system would be unfeasible, as each temperature 

step would fail the EPS criterion at step durations greater than 75 hours (Figure 5.3). 

Experiments would continue at CSM using a 85 mol% CH4 + 5 mol% C3H8 + 10 mol% 

CO2 gas mixture, to help minimize metastability possibly caused by a CO2 + C3H8 interaction. It 

is assumed that C3H8 plays a significant role in the metastability phenomenon for these systems, 

since this is the common larger molecular component of the ternary mixtures stimulating formation 

of sII hydrate.  These experiments would be also determined unfeasible in the 500 mL autoclave 

at CSM.  However, there was success in measuring phase equilibria data for the ternary CO2-rich 

gas hydrate system in the DSC using the step-scan method, with step durations at approximately 

10-12 hours.  Using the DSC, five hydrate phase equilibrium data points were measured, with 1-2 

repeats for each point, when possible, to ensure accuracy of the data.  These results are reported in 

Table 5.2. 

Table 5.2. Summary of 85 mol% CH4 + 5 mol% C3H8 + 10 mol% CO2 phase equilibria 

measurements taken using the DSC step-scan method.  Confirmation data point in the new phase 

equilibria small autoclave is also reported using the same gas mixture. 

Method 𝑝 / MPa 
Test 1 

(ׄK) 

Test 2 

(ׄK) 

Test 3 

(ׄK) 

Average 

(ׄK) 

DSC (Step-

Scan 

Method) 

8.00 293.84 293.94 293.94 293.91 

6.95 293.35 293.35 293.35 293.35 

5.50 292.04 292.04 292.14 292.08 

4.15 290.34 290.34  290.34 

3.10 287.93   287.93 

Autoclave 

(IPS 

Method) 

6.83 293.45   293.45 
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For these data, it was assumed that the gas composition did not change as a function of 

temperature or pressure due to the mass of water in the system (10-20 mg).  To confirm these 

results, a new autoclave was constructed to specifically address metastability issues in this system 

using the IPS method (details available in Chapter 2).  A full experimental cycle was performed at 

6.83 MPa in the new autoclave to compare with the DSC measurement at 6.95 MPa (the p-T trace 

is shown in Figure 5.4).  The hydrate melting temperature was measured in the autoclave to be 

293.5 K, very close to the 293.4 K reported by the DSC, and within experimental error.  While 

some metastability was noted in the autoclave experiment, shown in Figure 5.4, this is proof of 

concept experiment is showing promise, with some minor modification, to overcome the 

metastability affecting previous measurements in the UWA sapphire autoclave and the 500 mL 

autoclave at CSM.  The gas composition for the autoclave measurement was to be determined to 

provide a reference point for the composition of the gas in the DSC measurements and validate the 

data to a standard composition.  However, the Agilent 6890 GC broke down during calibration and 

was unable to measure the gas composition for this sample. 

The experimental data for the DSC measurements were compared to CSMGem and 

available commercial models [4-7] using a similar analysis to that shown in Chapter 4.  The models 

show very high deviations (Table 5.3 and Figure 5.5), greater than 2 K in most cases, and greater 

than the deviations reported in Chapter 4 for the H2S system.  These deviations are not consistent 

with model predictions of the data reported by Bishnoi.  It is uncertain why the prediction 

deviations are inconsistent with each other, since detailed measurement conditions are not 

available in the latter reported data.  Therefore, further investigation in future work is 

recommended.   
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Figure 5.4.  (Left) p-T trace for the 85 mol% CH4 + 5 mol% C3H8 + 10 mol% CO2 experiment 

performed in the small (50 mL) autoclave.  (Right) EPS analysis of the same experiment. Step 

duration was 4 hours and each step fails the EPS criterion.  

 
Figure 5.5. Summary of deviation analysis for model predictions compared to DSC data reported 

in Table 5.5.  Systems 1-5 correspond to 3.1, 4.15, 5.5, 6.95, and 8.0 MPa data points, respectively.  

Models are left to right: Grey – CSMGem; Blue – Multiflash™; Red – DBR Hydrate™; Green – 

HydraFLASH™; Purple - PVTSim™. 
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Table 5.3. Deviation analysis for model predictions of the 85 mol% CH4 + 5 mol% C3H8 + 10 

mol% CO2 system from DSC phase equilibria measurements.  Predictions are unavailable for some 

commercial models for the 8 and 10 MPa measurements, as the models were unavailable. 

Experimental 

Data 
 Absolute Deviation in Model Prediction / K 

𝑝 / 

MPa 
𝑇 / K CSMGem Multiflash™ 

DBR 

Hydrate™ 
HydraFLASH™ PVTSim™ 

3.10 287.93 2.37 2.64 2.98 2.98 2.07 

4.15 290.34 2.52 2.82 3.29 3.29 2.26 

5.50 292.08 2.19 2.54 3.03 3.03 1.99 

6.95 293.35 1.98 2.29 2.90 2.9 1.75 

8.00 293.91 1.64    1.47 

5.4.2. Ternary CH4 + C3H8 + H2S Results and Analysis 

As the CO2 ternary gas system showed significant metastability during dissociation, the 

EPS analysis was subsequently performed on all data reported in Chapters 3 and 4.  For the pure 

H2S data reported in Chapter 3, the EPS criterion was satisfied for all data (example is given in 

Figure 5.6).  For the pure CH4 measurements, the EPS criterion appears to be partially satisfied.  

While the end of each step did not appear to come to a flat zero melting condition, the  
𝑑𝑝

𝑑𝑡
  of the 

system was close to zero.  Indicating that equilibrium was almost achieved.  To verify the results, 

the intermediate steps can be checked for thermodynamic consistency in a method similar to the 

phase boundary dissociation (PBD) method reported in Chapters 2 and 3.  By checking each step 

using a deviation plot, the data can be compared directly to the literature.  The deviation is 

calculated relative to CSMGem (𝑇𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 − 𝑇𝐶𝑆𝑀𝐺𝑒𝑚).  The intermediate steps are compared 

with reported literature data for CH4 hydrate [17-26], as well as the reported methane hydrate data 

reported in Chapter 3 [27].  The deviation analysis is presented in Figure 5.7.  
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Figure 5.6. EPS analysis for a pure H2S experiment reported in Chapter 3 [27].  EPS criterion is 

satisfied before the end of every step, indicating equilibrium has been reached and no metastability 

for every point reported in Chapter 3. 

 
Figure 5.7. Deviation analysis for pure CH4 hydrate data reported in Chapter 3 compared against 

CSMGem predictions.  By the Gibbs Phase Rule, if all three phases exist for a pure guest hydrate 

system, the system will dissociate along the hydrate phase boundary (for full discussion see 

Chapter 2 – Phase Boundary Dissociation method).  For each intermediate step before the final 

dissociation point, the data should and do agree well with the literature. 
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From Figure 5.7, the intermediate steps for the pure CH4 measurements appear 

thermodynamically consistent to the reported measurements, and compare well with established 

literature data to within ± 0.1 K, the experimental error reported in Chapter 3 [27].  The results for 

the binary CH4 + H2S system look similar to the measurements collected for pure CH4.  As the 

binary CH4 + H2S is a mixture, the Gibbs Phase Rule does not apply when considering the 

intermediate steps at the phase boundary. Thus, the PBD analysis applied to the CH4 data is not 

applicable to this binary data. However, the binary CH4 + H2S EPS analysis showed similar shapes 

in the data plots as the pure CH4 EPS analysis.  As an estimate, it is believed that the binary data 

satisfy the EPS criterion as well as the pure CH4 data does, within experimental error. 

The ternary CH4 + C3H8 + H2S data do not satisfy the EPS criterion at any step for any of 

the data reported in Chapter 4 [28].  As shown in Figure 5.8, the shape of the p-T curves during 

dissociation suggest that the hydrate is melting at a fixed rate, with the exception of small bumps 

in the pressure at every temperature step; this trend is very similar to the CO2 ternary dissociation 

experiment shown in Figure 5.4.  An estimate of the error in these experiments is difficult without 

a repeat experiment at step durations much greater than the three hour duration reported (in this 

thesis work [28]).  However, in one of the repeat experiments, some of the earlier steps in the slow 

heating stage of the experiment do satisfy the EPS criterion, as shown in Figure 5.8. 

By performing a regression analysis on the EPS satisfied data in Figure 5.8, the error caused 

by dissociation metastability could be estimated.  As shown in Figure 5.9, the repeated experiment 

measures a hydrate dissociation temperature of 293.01 K, compared to the originally reported 

293.23 K, at the same pressure of 3.04 MPa (a difference of 0.22 K).  This error is slightly above 

the reported experimental accuracy of ± 0.1 K.  As a conservative estimate, it is recommended that 
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the data be shifted -0.3 K with a new measurement precision of ± 0.2 K, compared to ± 0.1 K 

precision reported in Chapter 4. 

 
Figure 5.8. Ternary CH4 + C3H8 + H2S experiment performed where early points satisfy the EPS 

criterion and later points do not satisfy the EPS criterion. 

 
Figure 5.9. Regression analysis for reported ternary CH4 + C3H8 + H2S experiment (left) and repeat 

experiment (right) where some points satisfy the EPS criterion.  Reported hydrate formation 

temperature at 3.04 MPa is 293.23 K for original data (left) and 293.01 K for repeat data (right), 

with an approximate error of 0.22 K due to metastability. 

5.5. Conclusions 

A detailed analysis of the phase equilibria data for acid gas mixtures reported in this work 

revealed significant metastability (or hydrate persistence during dissocation) for acid gas systems 
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containing propane (CH4 + C3H8 + CO2/H2S).  Pure CH4, pure H2S and binary CH4 + H2S showed 

less metastability than reported for the ternary systems, indicating the effect may be specific to the 

addition of propane to these acid gas mixtures.  These findings were unexpected and clearly 

demonstrate the need to consider metastability during phase equilibria measurements of complex 

mixtures, especially those containing sI and sII formers. 

An analysis of the impact of metastability on the data reported in Chapter 4 is reported, 

with an estimated 0.2 – 0.3 K error in the hydrate formation temperature due to metastability.  

Measurements of a CH4 + C3H8 + CO2 ternary gas hydrate system were performed in a high 

pressure high pressure differential scanning calorimeter (DSC) with careful consideration of 

metastability at each temperature step.  The new CO2 ternary data were compared with CSMGem 

and commercial models [4-7].  Results show very high deviations (greater than 2 K in some cases) 

for this system, a conclusion that is not consistent with other literature data for this similar gas 

system [8, 9], with deviations between CSMGem and data in [8] of 0.06 to 0.35 K. 

It is uncertain at this time why the data reported in this work is inconsistent with the 

literature, as the full experimental conditions for the previous literature data are not available.  Also 

note, there is a limited availability of ternary acid gas system data in the literature.  However, 

caution is recommended when using commercial models to predict gas hydrate phase equilibria 

for systems with high concentrations of C3H8 (greater than 2 mol%) and CO2 (greater than 10 

mol%).  More phase equilibria measurements are necessary to validate this system and optimize 

models such as CSMGem.  Additionally, more work is necessary to understand why the addition 

of propane causes significant metastability during hydrate dissociation (see Chapter 7).  Further 

spectroscopic studies on sI and sII hydrate coexistence are needed over long time scales and 
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possibly using in-situ measurements during hydrate dissociation, when metastability is most 

prevalent. 
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CHAPTER 6 

KIHARA PARAMETER ANALYSIS AND OPTIMIZATION FOR H2S HYDRATES MODEL 

PREDICTIONS 

In Chapters 3 and 4, discussion was given to the experimental effort to measure new phase 

equilibria data for H2S hydrates. In this study, very high deviations were found between the 

experimental data and the predictions made by CSMGem.  This chapter presents the modification 

of the Gibbs energy minimization multi-phase equilibrium model, CSMGem, to better predict the 

new H2S containing hydrate experimental data.  Specifically, the Kihara potential interaction 

parameters, 𝜎 and 휀, for H2S in the CSMGem model could be optimized against the new hydrate 

data, without affecting the model’s ability to predict multi-phase equilibria for systems that do not 

contain H2S.  

6.1. Abstract 

  It has been noted that there are significantly greater deviations between pure hydrogen 

sulfide (H2S) hydrate phase equilibria predictions and experiment, compared to other common 

hydrate formers, such as methane, ethane, propane and carbon dioxide [1].  Hydrate phase 

equilibria modeling programs, such as CSMGem, are valuable tools for understanding and 

predicting the existence of hydrates (especially those containing H2S) in a variety of scenarios, 

including flow assurance, acid gas injection, and gas separation.  However, there is a severe lack 

of data for H2S hydrates, and modeling programs require new experimental measurements for 

validating the predictions and improving the accuracy of the models.  Using a new interface that 

has been developed in this thesis for CSMGem, previously hidden parameters (e.g. binary 

interaction potential, 𝑘𝑖𝑗, Kihara potential interaction parameters, 𝜎𝑖 and 휀𝑖, etc.) were unlocked 

and modified in the model for H2S hydrates.  The hydrate fugacity model for CSMGem was 
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optimized using the experimental measurements reported in this thesis and also in the literature [2-

6].  The optimized Kihara parameters, determined in this chapter, result in a significant increase 

in CSMGem’s prediction ability for the ternary hydrate data reported in this work [6], with average 

deviations in temperature of 0.454 K for the 10 mol% H2S data set and 0.297 K for the 40 mol% 

H2S data compared to 1.045 K and 2.440 K, respectively, for the same data sets using the original 

Kihara parameters regressed by Ballard in 2001 [1].  The data obtained in this thesis work 

(Chapters 3 and 4), and the resulting optimized Kihara parameters significantly improved the 

accuracy of CSMGem to predict hydrates containing H2S. 

6.2. Introduction 

The phase equilibrium Gibbs energy minimization model, CSMGem [1] is based on 

statistical thermodynamics and a non-ideal hydrate solid solution model for multi-phase equilibria.  

Flash calculations for vapor-liquid equilibria are a commonly used tool for understanding basic 

phase properties in classical engineering systems.  When basic flash calculations fail to predict the 

correct phase equilibria for a system, the minimization of the Gibbs energy of a system must also 

be considered [7].  For hydrate calculations, the same multi-phase flash approach can be used to 

great effect if hydrates can be treated as another phase in a Gibbs Energy Minimization (GEM) 

calculation.  Gupta [8], was the first to accomplish the translation of the hydrate phase to a multi-

phase flash model.  The hydrate phase itself is specified using the statistical thermodynamics 

approach originally presented by van der Waals and Platteeuw [9]. Parrish [10] would later use 

this model to relate the chemical potential of water in the hydrate to that in an aqueous or ice phase.  

Ballard continued the original work from Gupta, adding improvements and creating a complete 

tool to predict multi-phase equilibria including the hydrate phase.  This approach is used to 
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determine the conditions in which the pressure, temperature, and chemical potential of water are 

equal in all phases, and then the flash calculation is performed using GEM. 

While the focus of Ballard’s work was to validate the model for methane, ethane, and 

propane hydrates; interaction parameters where determined for 55 guest components, three organic 

inhibitors, and three salts.  These interaction parameters are optimized by comparing model 

predictions against all available pure and binary experimental data available.  By minimizing the 

average deviation in pressure over all data points, and then comparing against spectroscopic 

measurements for cage occupancy of pure hydrates, the best hydrate phase interaction parameters 

can be determined.   

 
Figure 6.1. Spherically symmetrical cavity potential function (Kihara potential).  Reproduced 

from [11]. 

However, due to the severe paucity in available phase equilibria and spectroscopic 

measurements for hydrates formed from H2S, there is a major question as to whether the 

parameters for H2S in CSMGem are accurate, specifically, the guest specific Kihara spherical core 

potential parameters, 휀 and 𝜎.  In CSMGem, the Kihara spherical core potential is used to calculate 

the Langmuir constants that determine the fractional cage occupancy in the hydrate model. The 

overall cell potential, 𝜔𝑖𝑚(𝑟) (Figure 6.1) for component 𝑖 in cage 𝑚, is given by: 
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For equations 6.1 and 6.2: 

 𝑧𝑚 is the number of water molecules comprising cavity 𝑚 

 𝑎𝑖 is the hard-core radius of component 𝑖 

 𝜎𝑖 and 휀𝑖 are the soft-core radius and potential well depth for component 𝑖, respectively. 

In CSMGem, 𝜎𝑖 and 휀𝑖 are fitted parameters, regressed to available experimental data.  

With the lack of data for H2S hydrates available at the time of CSMGem’s creation and limited 

cage occupancy data [12] to verify the results, it is likely that the current soft-core radius and 

potential well depth (Kihara parameters) for H2S are incorrect; possibly explaining the large 

discrepancies between experiment and model prediction.  In this thesis work, using the new data 

measured in this study as well as the data used originally by Ballard, new interaction parameters 

were determined and the prediction accuracy compared for each set of molecular interaction 

parameters.  

6.3. Optimization Method 

The most common form of optimization of the Kihara potential parameters is to evaluate 

the difference between predicted and experimental hydrate formation pressures.  As this is the 

method that was used in the regression of all other hydrate parameters in CSMGem by Ballard [1], 

this method was used to maintain consistency throughout the model.  To ensure the model’s 

capability of predicting hydrate phase equilibria for systems without H2S, this thesis work focused 

on the Kihara potential parameters only, as they have the highest potential for error and are the 

most guest specific.  Further information on the nine hydrate parameters regressed in the original 
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CSMGem model can be found in Ballard’s thesis [1].  The nine hydrate parameters in CSMGem 

are: 

1. 𝑔𝑤0𝛽𝑘
 – Gibbs energy of formation of standard hydrate lattice at 𝑇0 and 𝑝0 

2. ℎ𝑤0𝛽𝑘
 – heat of formation of standard hydrate lattice at 𝑇0 and 𝑝0 

3. 𝑎𝑘 - perturbation constant of Gibbs energy of formation 

4. 𝑏𝑘 - perturbation constant of enthalpy of formation 

5. 𝛼𝑘 – thermal expansivity for each hydrate structure (k) 

6. 𝜅𝑖𝑘 – compressibility for each hydrate guest (k) 

7. ∆𝑟𝑖𝑚 – repulsive constant for each hydrate guest in each hydrate cage (m) 

8. 𝜎𝑖 – soft core radius of each hydrate guest 

9. 휀𝑖 – spherical cell potential well-depth of each hydrate guest 

As the original code for CSMGem was difficult to manage, develop, and modify with 

today’s code development software, a new interface for the CSMGem model was written in this 

study.  This new interface allows for continued development, as well as rapid and efficient changes 

to the model and molecular interaction parameters.  Further information on this new interface is 

available in Appendix A. 

The experimental data used in this optimization of Kihara potential parameters are 

summarized in Table 6.1.  Some experimental data were not used in this study due to issues of 

uncertain compositional properties, higher errors, failure to converge on specific phases, etc.  For 

reference, the following phases are abbreviated as: 

 LW for liquid water, or aqueous, phase 

 LHC for the liquid hydrocarbon, or liquid H2S, phase 

 H for the hydrate phase 
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 V for the vapor phase 

 I for the ice phase 

Table 6.1. Summary of experimental data used in the Kihara interaction parameter optimization 

in this work. 

Composition Phases Present Reference(s) Number of Points 

H2S LW-H-V Ward [5] 57 

H2S I-H-V Selleck [3] 10 

H2S LW-LHC-H Selleck [3] 16 

CH4+H2S LW-H-V Ward [6] 6 

CH4+CO2+H2S LW-H-V 
Robinson [2] 

Sun [4] 
96 

CH4+C3H8+H2S  

(10% H2S) 
LW-H-V Ward [6] 5 

CH4+C3H8+H2S 

(40% H2S) 
LW-H-V Ward [6] 5 

For the LW-H-V phase boundary for pure H2S, only the data taken in this thesis study were 

used, as it represents a complete and consistent data set for all data between the upper (LW-LHC-H-

V) and lower (LW-I-H-V) quadruple points.  Data in the I-H-V and LW-H-LHC phase boundaries 

were taken from Selleck’s work [3].  Data in the LHC-H-V phase boundary from Carroll [13] was 

not used, as the interface did not have a capability to specify the phases present and the model 

would default to the more stable LW-H-V condition. 

For mixture data, the new binary CH4 + H2S data reported in Chapter 4 were used in this 

work. Data from Noaker [14] was not used, as its comparison with data from this thesis work 

showed some discrepancy in the composition measurement method [15] used in [14], with the gas 

chromatography method used in this thesis work. The former method has been demonstrated to be 

more reliable.  Experimental data from two reports [2, 4] for a CH4 + CO2 + H2S system were also 
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used in this work.  Lastly, the new CH4 + C3H8 + H2S data reported in Chapter 4 were used.  As 

outlined in Chapter 1, data from [16, 17] were not used in this work, as errors in the experimental 

procedures used in these reports may have introduced errors in these previous measurements. 

The Kihara parameters regressed by Ballard for H2S were 𝜎𝑖 = 3.1 and 휀𝑖 = 212.047.  In 

this current thesis work, these parameters were used as the starting point for the optimization.  For 

this current work, a wide area calculation study was performed to determine suitable parameter 

pairs that would minimize the Average Absolute Relative Deviation in Pressure (AARDP).  To 

perform this regression, a second interface was written, and the Kihara parameters within 

CSMGem were rewritten to accept numbers passed from the interface.  The interface would then 

calculate for any number of parameter pairs, the average deviation in pressure for any collection 

of experimental data.  The final calculation for the AARDP is given as: 

𝐴𝐴𝑅𝐷𝑃𝑗(𝜎𝑗, 휀𝑗) =  ∑
|𝑝𝑒𝑥𝑝𝑡,𝑖  − 𝑝𝑐𝑎𝑙𝑐(𝑇𝑖, 𝜎𝑗 , 휀𝑗)|

𝑝𝑒𝑥𝑝𝑡,𝑖 

𝑛

𝑖

 (6.3) 

where: 

 𝑝𝑒𝑥𝑝𝑡 is the experimental pressure at point 𝑖 

 𝑝𝑐𝑎𝑙𝑐 is the calculated pressure at experimental 𝑇 at point 𝑖 for any specified 𝜎𝑗 and 휀𝑗 (𝑗 

as the index for any pair) 

For this process, an AARDP is calculated for any specified pair of 𝜎 and 휀, and a surface 

plot (example shown in Figure 6.2) is created to determine which parameter pairs have the lowest 

deviations for that data set.  Once an AARDP is calculated for each parameter pair and each data 

set, the data were averaged evenly across all sets specified in Table 6.1 to determine which Kihara 

parameter pair predicts all sets of data on average with the lowest deviation.  While this averaging 

meant that certain data points are weighted more heavily than other data points, if the AARDP 

values were calculated on a point basis, the 57 points in the LW-H-V data set and the 96 points in 
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the CH4 + CO2 + H2S data set would have been weighted so heavy, the other data sets would 

essentially have not been considered in this optimization.  As the goal for this analysis is to predict 

all sets of data with equal bias, the averaging of each data set with even weight reflects that 

decision. 

 
Figure 6.2. Example surface plot.  Blue points are in the top 1% of accuracy (lowest deviation in 

pressure), green points are in the top 10%, yellow in the top 20%, and red in the bottom 80% of 

accuracy.  This plot is advantageous for seeing localized minima at the blue points in AARDP as 

a function of both x and y (or 휀 and 𝜎 in this analysis). 

To confirm the validity of any Kihara parameter pair, cage occupancy data was also 

considered as an additional set of fitting data.  However, due to the high toxicity of H2S, there was 

little cage occupancy data for H2S hydrate found in the literature at the time of this study.  

Therefore, the hydration number (number of water molecules per guest, equation 6.4), 𝑛, for pure 

H2S hydrate is checked instead to be within reason, based on other hydrate experimental data.  

Cady [12] estimated the hydration number for H2S hydrates to be 6.119 at 273.15 K.  For this 
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work, the optimization will attempt to constrain the predicted hydration number to be as close to 

6.12 at 273.15 K as possible. 

𝑛 =
23

3𝜃𝐿 + 𝜃𝑆
 (6.4) 

where: 

 𝜃𝐿 is the large cage fractional occupancy 

 𝜃𝑆  is the small cage fraction occupancy 

6.4. Results and Discussion 

The optimization began with the LW-H-V boundary data for pure H2S from Ward et al. [5], 

as this was the simplest system to predict, and should have the lowest errors.  Starting from 휀 = 

212 and 𝜎 = 3.1, predictions were made both above and below these values to begin the 

comparisons, and the parameter optimization results are plotted for visual comparison (Figure 

6.3a).  As more predictions were made, a trend in high accuracy Kihara pairs began to form, in a 

diagonal line along the plot.  If the errors were too high for a Kihara pair, further exploration away 

from the high accuracy line would stop.  From there, the best nine Kihara pairs were chosen and 

cage occupancies were determined for suitability using these Kihara pairs coupled with the Gibbs 

energy minimization model. 

The cage occupancies and hydration number for the nine best pure H2S Kihara pairs were 

calculated to determine their validity, and the results are given in Table 6.2.  From these results, 

the hydration number increases dramatically from lower to higher 휀, and higher to lower 𝜎.  

Specifically, it appears the error originates from decreasing large cage occupancy predictions 

(Table 6.2), thereby increasing the hydration number significantly.  The top 20% of points (blue, 

green and yellow data points in Figure 6.3a) were run again to determine the hydration number.   
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Although the blue points in Figure 6.3a appear mathematically correct (best fit regression), 

they may not be thermodynamically consistent and predicting the correct cage occupancy.  If the 

hydration number is predicted within reasonable values (deviating from the values indicated by 

Cady), then the mixture predictions may show very high errors.  In this case, the cage occupancies 

will be incorrect, resulting in an incorrect contribution of H2S to the stability of the hydrate (and 

the p-T formation prediction).  Deviations in the hydration numbers are reported in Figure 6.3b for 

specific epsilon and sigma values.  From this analysis, the region with the most thermodynamically 

consistent predictions for H2S hydrates would be in the region between 휀 from 208 to 218, and 𝜎 

from 3.04 to 3.12; despite that the lowest error (blue) points are not in this region.   

Table 6.2. Highest accuracy Kihara parameter pairs calculated from the pure H2S, LW-H-V data 

set [5] shown in Figure 6.3.  Fractional cage occupancies and hydration number are calculated at 

273.15K. 

AARDP 

(%) 
Sigma Epsilon 

sI 512 

occupancy at 

273.15K 

sI 51262  

occupancy at 

273.15K 

Hydration 

Number 

1.77 3.06 216 0.9290 0.8296 6.73 

1.65 3.01 223 0.9373 0.7901 6.95 

1.47 2.99 226 0.9397 0.7765 7.04 

1.65 2.96 231 0.9427 0.7580 7.15 

1.32 2.95 233 0.9436 0.7519 7.19 

1.20 2.94 235 0.9444 0.7462 7.23 

1.13 2.93 237 0.9452 0.7409 7.26 

1.08 2.92 239 0.9458 0.7360 7.29 

1.11 2.91 241 0.9464 0.7316 7.32 

This region represented the Kihara parameters with the lowest hydration number most 

consistent with the hydration number reported by Cady [13] of 𝑛 = 6.12 and therefore, would likely 

be the most thermodynamically consistent.  For the sake of completeness, however, predictions 

were made over a wide range of Kihara parameters for all systems, to act as a reference for future 
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work and to give the best averaged results over the full range.  The analysis was repeated for all 

data sets in Table 6.1 and tabulated results are summarized in Appendix C. 

 
Figure 6.3. (Top) AARDP analysis for pure H2S on the LW-H-V boundary from Ward et al. [5].  

Blue points are predictions in the top 1% of accuracy (below AARDP < 1.77%).  Green points are 

in the top 10% (AARDP < 9.44%).  Yellow points are the top 20% (AARDP < 22.14%).  Red 

points are the remaining data in the bottom 80% (AARDP > 22.14%)  (Bottom) Hydration number 

analysis for deviations in hydration number from Cady (𝑛 = 6.12) for specific sigma and epsilon 

values.  Results are reported in Δ𝑛 Top 1% of points are in blue (Δ𝑛 < 0.118).  Green are top 10% 

(Δ𝑛 < 0.122).  Yellow are top 20% (Δ𝑛 < 0.129).  Red for bottom 80% (Δ𝑛 > 0.129). 
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Table 6.3. Highest accuracy Kihara parameter pairs calculated from the average of all data sets 

[2-6] shown in Figure 6.4.  Fractional cage occupancies are calculation for pure H2S at 273.15 K. 

AARDP 

(%) 
Sigma Epsilon 

sI 512 

occupancy at 

273.15K 

sI 51262  

occupancy at 

273.15K 

Hydration 

Number 

9.55 3.17 207 0.8222 0.9402 6.31 

7.24 3.15 208 0.8577 0.9356 6.28 

9.86 3.14 209 0.8720 0.9332 6.26 

11.22 3.13 209 0.8841 0.9311 6.25 

10.27 3.12 210 0.8948 0.9288 6.25 

10.70 3.11 211 0.9042 0.9265 6.24 

11.69 3.1 212 0.9124 0.9243 6.24 

As discussed in section 6.3, the results for each data set were averaged evenly to try and 

find a Kihara parameter pair that would predict all of the data sets with reasonable accuracy.  This 

averaging was done for all data within the range of 휀 from 201 to 219 and 𝜎 from 2.9 to 3.29; 

outside of this range of interaction parameters, the errors were upwards of several thousand 

percent.  The results of the averaged data are given in Figure 6.4.  The seven best Kihara pairs for 

the averaged set were selected from the top 1% of predictions and the cage occupancy analysis 

was run again to determine thermodynamic consistency with the cage occupancy reported by 

Cady, the results are show in Table 6.3. 

From the results in Table 6.3, the best averaged pair to satisfy the hydration number 

comparison with Cady would be 𝜎 = 3.1 and 휀 = 212.  These are the original numbers selected by 

Adam Ballard.  It would make sense, lacking experimental data, that the interaction parameter 

pairs with the best hydration number prediction would be the best match selected for the model.  

However, in Chapter 4 it has been already shown that there are very high errors in ternary data 

predictions using the original interaction parameters.  Considering all of the hydration number 

predictions for the best pairs selected in Table 6.3 are within 1.5%, it is likely that either the cage 
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occupancy measurement reported by Cady [12] is in error, or that the fluid phase fugacity model, 

the Soave-Redlich-Kwong (SRK) equation of state is in error.  It should be noted that the 

measurement from Cady is not a spectroscopic/direct measurement for H2S hydrates.  In an effort 

to overcome the deficiency in the overall model’s prediction accuracy, the model was found to  

predict inaccurate cage occupancies (and by extension an inaccurate hydration number).  It is 

possible that the SRK EoS is insufficient for pure H2S model predictions, as shown by Khan [18].  

A better fluid phase model might yield a more accurate cage occupancy analysis for this 

optimization.   

 
Figure 6.4. AARDP analysis for the averaged results of all predictions reported in Table 6.1 [2-

6]. Blue points are predictions in the top 1% of accuracy (below AARDP < 11.69%).  Green points 

are in the top 10% (AARDP < 29.49%).  Yellow points are the top 20% (AARDP < 41.97%).  Red 

points are the remaining data in the bottom 80% (AARDP > 41.97%). 

In either scenario, the interaction parameters that yielded the best AARDP were chosen 

instead of those consistent with the hydration number reported by Cady (which is likely providing 

inaccurate cage occupancies).  While this choice sacrificed some capability in predicting pure H2S 

phase equilibria, natural gas applications containing H2S comprise mixed gas systems rather than 

pure H2S. Therefore, for this analysis, 𝜎 = 3.15 and 휀 = 208 were chosen as the best candidates.  

With these parameters, a second analysis was performed with higher granularity, as the model is 
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highly sensitive to both of the Kihara interaction parameters.  A narrower analysis was performed 

from 𝜎 = 3.14 to 3.16 and 휀 = 207 to 209 with a resolution of 0.001 in 𝜎 and 0.1 in 휀 for the same 

data sets.  The individual analysis for each data set is given in Appendix C, the average of all data 

sets is given in Figure 6.5. 

 From the narrow range analysis, the optimized Kihara potential interaction parameter pair 

for H2S is 𝜎 = 3.156 and 휀 = 207.7 with the lowest AARDP of 7.02%. As reported in Chapter 5, 

there is some question as to whether metastability may have affected the experimental 

measurements reported in Chapter 4 for the CH4 + C3H8 + H2S ternary mixture experiments.  The 

narrow range analysis was performed a second time using the shifted temperatures (accounting for 

metastability) reported in Chapter 5. The AADRP analysis for the offset ternary data is reported 

in Appendix C and the average AARDP with offset ternary data is given in Figure 6.6 and tabulated 

results for the top 1% of pairs in Table 6.4.  Accounting for the metastability offset of the data in 

[6], the second set of optimized Kihara potential interaction parameters for H2S is 𝜎 = 3.159 and 

휀 = 207.5 with the lowest AARDP of 7.08%. 

With these Kihara parameters, the Average Absolute Deviation in Temperature (AADT) 

was calculated for new each data set reported in Chapters 3 and 4, to compare with the original 

CSMGem interaction parameters set by Ballard [1], these results are summarized in Table 6.5 

Table 6.4. Summary of best (blue points in Figure 6.6) sigma and epsilon pairs for the metastability 

shifted averaged results reported in Figure 6.6.  The pair chosen for the Optimized 2 set of 

parameters is sigma = 3.159 and epsilon = 207.5, as this pair showed the lowest AARDP. 

AARDP (%) Sigma Epsilon 

7.08 3.159 207.5 

7.09 3.16 207.5 

7.10 3.142 208.6 

7.12 3.14 208.7 
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Figure 6.5.  AARDP analysis for the averaged results of all predictions reported in Table 6.1 [2-

6] in a narrow range of 𝜎 from 3.14 to 3.16 and 휀 from 207 to 209. Blue points are predictions in 

the top 1% of accuracy (below AARDP < 7.11%).  Green points are in the top 10% (AARDP < 

7.55%).  Yellow points are the top 20% (AARDP < 8.55%).  Red points are the remaining data in 

the bottom 80% (AARDP > 8.55%). 

 
Figure 6.6.  AARDP analysis for the averaged results from Table 6.1 [2-5] in a narrow range of 𝜎 

from 3.14 to 3.16 and 휀 from 207 to 209. Data from [6] is shifted due to possible metastability 

affecting the results (see Chapter 5).  Blue points are predictions in the top 1% of accuracy (below 

AARDP < 7.12%).  Green points are in the top 10% (AARDP < 7.95%).  Yellow points are the 

top 20% (AARDP < 8.88%).  Red points are the remaining data in the bottom 80% (AARDP > 

8.88%).  The best (blue) points for the lowest AARDP are summarized in Table 6.5. 
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For both sets of optimized interaction parameters (Optimized 1: 𝜎 = 3.156 and 휀 = 207.7 

and Optimized 2: 𝜎 = 3.159 and 휀 = 207.5), the prediction accuracy for the ternary CH4 + C3H8 + 

H2S data sets was greatly improved.  However, the overall prediction accuracy of the Optimized 2 

set of interaction parameters was marginally better for most systems, only showing higher 

deviation for the 40 mol% H2S ternary system.  Without experimental confirmation of how 

metastability may affect the experimental data reported in [6], it is difficult to confirm how 

appropriate is the estimate of a 0.3 K reduction in formation temperature and if the optimized 

Kihara parameters based on this data are more accurate.  However, the overall better set of 

predictions tends to bias towards the Optimized 2 set of interaction parameters, and the 

metastability shifted data appear more consistent with the AADT predictions reported in Table 

6.4.  With these factors in mind and without further experiments on the metastability (hydrate 

persistence) of the H2S mixture data, the Optimized 2 set (𝜎 = 3.159 and 휀 = 207.5) are the 

parameters chosen as the best set.  A p-T prediction plot for the ternary data sets is given below to 

show the overall increase in prediction accuracy when changing to the Optimized 2 set of Kihara 

parameters, over the original parameters used before this thesis work. 

These Kihara parameters describe the affinity that each guest molecule has for the hydrate 

phase, and the potential energy contribution of a guest that is enclathrated.  These parameters are 

used to directly calculate the overall cell potential (eq. 6.1) that was used in the van der Waals and 

Platteeuw hydrate model to describe the cage occupancy of a guest at any point.  The cage 

occupancy directly affects the fugacity of water in the hydrate phase, which must be equal to the 

fugacity of water in all other phases at equilibrium (full derivation can be found in [1, 19]).  By 

modifying the cage occupancy to a more accurate value, the p-T predictions are closer in line with 

the experimental data, and as a result the predictions are more accurate.  However, in Figure 6.7, 
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the two highest pressure points are showing some deviation.  This is most likely caused by the 

fluid phase prediction by the SRK equation of state, which was expected to be more inaccurate at 

higher temperatures and pressures as the fluid phase becomes more non-ideal.  

Table 6.5. Summary of data set of AADT for Kihara parameter optimization analysis. Includes 

Original Parameters (as reported by Ballard [1]), Optimized 1 (without metastability analysis) and 

Optimized 2 (with metastability analysis; see Chapter 5). 

Composition Phases Present Reference(s) 
AADT (K) 

Original Optimized 1 Optimized 2 

H2S LW-H-V Ward [5] 0.414 0.512 0.500 

H2S I-H-V Selleck [3] 0.061 0.078 0.077 

H2S LW-LHC-H Selleck [3] 0.135 0.087 0.072 

CH4 + H2S LW-H-V Ward [6] 0.251 0.209 0.205 

CH4 + CO2 + H2S LW-H-V 
Robinson [2] 

Sun [4] 
0.110 0.115 0.116 

CH4 + C3H8 + H2S 

(10% H2S) 
LW-H-V Ward [6] 1.345 0.646 0.454 

CH4 + C3H8 + H2S 

(40% H2S) 
LW-H-V Ward [6] 2.740 0.159 0.297 

 

6.5. Conclusions 

Statistical thermodynamics based models, such as CSMGem, are valuable tools for 

understanding and predicting hydrate phase equilibria.  There remains a severe lack of data for 

hydrates formed from H2S mixtures, while the CSMGem model uses several fitted parameters that 

require experimental measurements for model validation and prediction accuracy.  In this chapter,  

optimization and development of the Kihara potential interaction parameters, 𝜎 and 휀, have been 

accomplished for H2S containing hydrates in the CSMGem model using the new experimental 

measurements reported in this thesis work in Chapters 3 and 4 [5, 6].  The optimized Kihara 

parameters, 𝜎 = 3.159 and 휀 = 207.5, significantly increase CSMGem’s prediction ability for the 

ternary hydrate data reported in [6], with average deviations in temperature of 0.454 K for the 10 
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mol% H2S data set and 0.297 K for the 40 mol% H2S data, compared to 1.045 K and 2.440 K for 

the same data sets using the original Kihara parameters regressed by Ballard in 2001 [1].  All other 

data [2-5] used in the optimization work in this thesis showed very similar prediction accuracies, 

with the only relevant decrease in prediction accuracy being 0.1 K for the pure H2S phase boundary 

reported in [5]. 

 
Figure 6.7. p-T plots to show improved CSMGem hydrate predictions for metastability shifted 

ternary CH4 + C3H8 + H2S data reported in Chapter 5.  Grey circles are the experimental data.  The 

dashed line is the original CSMGem prediction and the solid line is the CSMGem prediction using 

the ‘Optimized 2’ set of Kihara parameters (𝝈 = 3.159 and 𝜺 = 207.5).  Left: the 85 mol% CH4 + 

5 mol% C3H8 + 10 mol% H2S ternary system. Right: the 55 mol% CH4 + 5 mol% C3H8 + 40 mol% 

H2S ternary system. Experimental data accurate to within ± 0.1 K and ± .002 MPa [5, 6]. 

The Kihara parameters directly affect the fractional cage occupancy of the guest in the 

hydrate, which then affects the calculation of the fugacity of water in the hydrate phase.  As the 

Kihara parameters change, the phase equilibrium criteria, as well as the equilibrium conditions, 

will shift to compensate.  By optimizing the Kihara parameters, the phase equilibrium shifts to 

more accurately predict hydrate formation conditions.  In summary, the work presented in this 

thesis chapter demonstrates the effectiveness of modifying the Kihara interaction parameters in 
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the Gibbs energy minimization model to improve the phase equilibria prediction accuracies for 

H2S containing hydrates. 
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CHAPTER 7 

CRYSTAL GROWTH PHENOMENA OF A CH4 + C3H8 + CO2 TERNARY GAS HYDRATE 

SYSTEM 

This chapter details experiments performed at the University of Western Australia (during 

an exchange visit by Z. Ward) where macroscopic hydrate growth phenomena were observed 

during phase equilibria measurements in a high pressure sapphire autoclave.  The experiments 

were performed on a 55 mol% CH4 + 5 mol% C3H8 + 40 mol% CO2 gas mixture and compared 

with pure CH4 gas.  Video imaging, hydrate conversion, and torque measurements were made for 

both gas systems during hydrate formation, and compared in this chapter. 

7.1. Abstract 

Visual observations of a ternary 55 mol% CH4 + 5 mol% C3H8 + 40 mol% CO2 hydrate 

experiment showed film growth occurs at the sapphire-water interface immediately after  hydrate 

nucleation; with hydrate film growth propagating downward through the liquid phase with time.  

This phenomenon is in direct contrast to CH4 hydrate experiments, where discrete hydrate particles 

were detected throughout the majority of the hydrate growth period, eventually forming into a 

heterogeneous slurry, analogous to the formation of a moving bed.  Gas hydrate growth rate 

occurred over a period of approximately 10 minutes for the CO2-rich mixture, compared to 8.5 

hours for CH4 hydrate; indicating significantly faster hydrate growth kinetics for the CO2-rich 

ternary system.  Torque measurements showed that the same approximate torque response for 

CO2-rich hydrate would occur at 10-20 vol% of hydrate greater than for pure CH4 hydrate, 

indicating that less hydrate was impeding the impeller in the former case. This is also likely due 

to the visually observed hydrate growth up the wall and away from the impeller for the CO2-rich 

hydrate system.  These results would suggest that for a sII gas hydrate, formed from CO2 + C3H8 
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+ CH4, wall growth may play a key role in the hydrate formation to plugging process for water 

dominated systems. 

7.2. Introduction 

Gas hydrates are solid inclusion compounds in which a crystalline lattice of water 

molecules surrounds light hydrocarbon species at high pressure and low temperature.  Formation 

of gas hydrates can lead to blockages in subsea oil and gas flowlines [1].  Flowlines containing 

high fractions of acid gas, CO2 and H2S, may result in unique hydrate plug formation behavior, 

because of the high gas solubility in water which may result in rapid hydrate formation with 

minimal mass transfer resistance. 

In 2012, Joshi et al. [1] performed flowloop experiments in a water continuous system over 

a range of liquid volume fractions and superficial fluid velocities.  In these experiments, the sudden 

increase in pressure drop (resistance-to-flow) was hypothesized to align with the transition in 

hydrate particle distribution from homogenous (i.e. uniformly distributed) to heterogeneous (i.e. 

particles began collecting at the gas-water interface).  Joshi et al. [1] proposed this mechanism was 

a function of turbulence in the aqueous phase, and labeled the hydrate volume fraction at which 

this transition occurs as Φtransition.  

 
Figure 7.1. Conceptual mechanism for hydrate plug formation in water-continuous systems, 

adapted from Joshi, Aman et al. [2] 

 



101 

 

Visual evidence of the mechanism proposed by Joshi et al. [1] was provided by Akhfash et 

al. [3] through a series of high-pressure sapphire autoclave experiments.  In the latter study, 

Φtransition could be determined analytically by measuring the increase in resistance-to-flow (e.g. 

motor current or torque required to maintain a constant mixing speed); evidence for Φtransition was 

further gathered from both the rate of pressure decrease (due to hydrate growth) and visual 

observation.  

In 2012, Linga et al. [4] reported their observations of  an increased rate of hydrate 

formation for a CO2 + C3H8 + H2 gas system compared to a CO2 + H2 gas system.  The addition 

of propane seemed to stimulate hydrate formation significantly.  However, this trend was found to 

be much stronger in a fixed bed column that in a stirred tank reactor.  The authors noted that the 

mechanism for this behavior was not well understood at the time of publication. 

In a follow up article in 2014, Babu et al. [5] conducted high pressure experiments in an 

acrylic crystallizer, which was discussed in detail in a previous article [6].  In these experiments, 

it was shown that the same CO2 + C3H8 + H2 gas mixture used in 2012 [4] would grow out of a 

packed sand column into the gas phase and up the slide of the acrylic crystallizer.  The hydrate 

would then pull the water out of the sand to continue forming hydrate; this is illustrated in Figure 

7.2. 

The aim of this CSM-UWA study was to investigate the hydrate growth behavior of a 

ternary CH4 + C3H8 + CO2 gas mixture and compare the results to that for pure CH4 gas. 

Understanding the hydrate growth behavior of these systems could provide further insight into the 

significant metastability observed with the former ternary gas hydrate system (Chapter 5). 

Furthermore, as hydrate phase equilibria measurements are typically in ‘blind’ cells (without 

visualization), the sapphire visual autoclave used in these studies facilitated continuous video 



102 

 

imaging of the hydrate growth behavior and morphology, with simultaneous hydrate conversion 

and torque measurements. These studies would also provide new information on the hydrate 

formation and plugging tendencies of acid gas mixtures, which is currently uncertain and 

underexplored. 

 
Figure 7.2.  A ternary CO2 + C3H8 + H2 gas hydrate growing outwards (top solid) from a silica 

sand sample (bottom solid).  The sand color change is due to water being pulled away from the 

sand and into the hydrate.  Modified from Babu et al. [5]. 

7.3. Experimental Methods 

A high-pressure sapphire visual autoclave apparatus was used in this study and discussed 

in detail by Akhfash et al. [3]  The apparatus consisted of a DB Robinson-type sapphire cylinder 

fitted to a magnetically-coupled four blade vane-and-baffle geometry impeller, driven by a 

Groschopp direct-drive DC motor capable of providing up to 1750 RPM.  Motor speed was 

monitored by a Dynapar digital tachometer (± 17.5 RPM).  The motor torque required to maintain 

constant speed was measured by a ViscoPakt Rheo-57 with 0.04 Ncm resolution.  Cell pressure 

and temperature were measured using an Omegadyne pressure transducer (± 0.1 bar) and platinum 

resistance thermometer (± 0.2 K), respectively.  The apparatus was submerged into a glycol bath 

for temperature control, with continuous heat removal from a ThermoFisher immersion cooler.  
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The bath temperature was maintained by a 1100 W cartridge heater that was powered intermittently 

from a PID algorithm implemented in LabView.  Visual images of the hydrate cell were captured 

with a time-lapse camera placed outside the cooling bath, with images collected in 80-second 

intervals for the methane experiments, and 20-second intervals for the ternary gas experiments.  

Further information on the experimental setup is provided in Aman et al. [2].  

The rate of pressure consumption due to gas hydrate growth was captured for systems 

containing grade 5.0 UHP (99.999%) CH4 (CoreGas Australia) and mixed gas (55 mol% CH4, 5 

mol% C3H8, 40 mol% CO2, provided by CoreGas Australia).  Approximately 17.5 ml of deionized 

water was placed in the visual autoclave. The gas space was flushed with 20 bar of the feed gas 

five times, and then pressurized to the desired experimental pressure.  The bath temperature was 

decreased at a rate of 1 K/hr to a target temperature inside the hydrate region.  Hydrate formation 

onset was detected in each experiment by a sharp decrease in cell pressure (due to gas molecules 

being incorporated into the hydrate cages), and was confirmed visually as hydrate crystals formed.  

7.4. Results and Discussion 

The CH4 system used in this study followed a similar pathway to the mechanism described 

in 7.1, with hydrate formation onset occurring at the gas-water interface, followed by the formation 

of hydrate particles in the bulk water phase.  The hydrate particles would be dispersed in water (at 

the early stage) in a relatively homogenous mixture (Figure 7.3a); after this, the particles would 

eventually segregate towards the surface, in a manner similar to bedding to an oil-water system. 

The latter hydrate bedding mechanism has been observed in pilot scale flowloops [2].  The 

heterogeneous hydrate slurry (Figure 7.3b) would persist until the hydrate volume fraction would 

reach a point where the system was converted into a high viscosity slurry;  then eventually the 

impeller would stop rotating after reaching a torque-safety threshold (Figure 7.3c).   
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Figure 7.3. Gas hydrate growth for a system comprised of deionized water and UHP CH4.  (a) 

Formation of a relatively uniform hydrate slurry. (b) Heterogenous hydrate slurry formation, with 

hydrate particles settling towards the gas-liquid interface in a bedding-analogous mechanism.  (c) 

High viscosity hydrate slurry formation leading to cell plugging and the stirrer shutting off at a 

torque safety shutdown limit. 

The CO2-rich gas a pronounced growth of a hydrate film at the sapphire-water interface; 

which was detected by a uniform slight decrease in cell opacity, within the first 20 minutes (Figure 

7.4a). Unlike the pure methane system, the formation of discrete particles in the aqueous phase 

was not observed during the initial stages of hydrate growth.  Rather, the initial formation window 

was dominated by the growth of a solid hydrate film at the sapphire-water interface, slightly above 

the gas-liquid interface (Figure 7.4b), which extended upward with time (Figure 7.4c).  The 

hydrates then continued growth above the gas liquid interface on the sapphire wall and would grow 

upwards and eventually downward to continue to consume the aqueous phase (Figure 7.4d), 

eventually the hydrate would cover about 80-90% of the surface area of the vessel (Figure 7.5).  

The final hydrate volume fraction was calculated to be 96% at the conclusion of the experiment.  

The CO2 containing ternary hydrate formation phenomena appear similar to the CO2 + C3H8 + H2 

hydrate formation behavior reported by Babu [5].   
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Figure 7.4. Gas hydrate growth for a system comprised of deionized water and CH4 + C3H8 + 

CO2.  (a) Just after hydrate nucleation, pronounced wall growth is seen by a uniform slight decrease 

in cell opacity at the water-sapphire interface.  (b) Hydrate formation on the sapphire wall above 

the gas-liquid interface.  (c) Significant growth of hydrate upwards away from the aqueous phase, 

some downward growth to maintain contact with the aqueous phase. (d) Continued hydrate 

formation, most liquid water was consumed by this point.  The water phase is marked with a black 

double arrow, marking the gas-liquid interface to the bottom of the vessel. 

The hydrate formation rate results, shown in Figure 7.6, qualitatively demonstrate that 

methane hydrate growth proceeds over approximately 12 hours; with an intermediate slope change 

at approximately 8.5 hours, that corresponds to the formation of a moving hydrate bed [2].  

Conversely, the CO2-rich gas system shows immediate growth approximately 10 minutes after 

nucleation, and approximately 50% of the pressure decrease (due to hydrate formation) after two 

hours. The subsequent-state condition is reached approximately 6 hours after nucleation. This was 

consistent with the significantly faster growth rate reported by Linga and Babu [4, 5].  In [4, 5], it 

was reported that this type of hydrate formation was not seen in stirred tank reactors.  However, in 

this work the formation mechanism was dominated by wall growth away from the liquid water, 

showing that this mechanism was possible to observe in a stirred tank reactor. 

Measurements of the overhead stirring torque requirement to maintain slurry/fluid flow 

further reinforce the wall growth dominant mechanism for the CO2-rich ternary gas hydrate system 



106 

 

(Figure 7.7).  Torque requirements for the CH4 hydrate system appear at 0.1 - 0.2 hydrate volume 

fractions lower than the same torque response in the CO2-rich ternary gas system.   

 
Figure 7.5. The sapphire autoclave at the conclusion of the CO2 ternary gas hydrate experiment.  

Hydrates grew upwards and covered approximately 80% of the wall surface area.  Calculated 

hydrate volume fraction was 96%.  Red double arrow shows original water level prior to hydrate 

formation. 

This is consistent with the visual observation of wall dominated growth.  As the hydrate 

grows upwards, away from the impeller, the contribution to the torque is less.  For the CH4 hydrate 

system, slurry formation shows a predictable increase in the torque response with hydrate volume 

fraction, as additional particles continue to contribute to the slurry resistance to flow.  At hydrate 

volume fractions greater than 0.6, annealing of the hydrate phase may become an important factor, 

eventually interfering with impeller motion.  With continued time, the impeller overcomes the 

hydrates on the wall, breaks up the hydrate phase and settles at a torque near the original, pre-

hydrate formation, with the torque at less than 1 N·cm. 
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Figure 7.6. Sapphire cell pressure after hydrate nucleation as observed visually for CO2-rich and 

CH4 gases, mixed in the sapphire autoclave at 400 RPM.  For the CO2-rich system, the sharpest 

decease in system pressure, corresponding to the highest hydrate formation rate, occurs around 0.2 

hours after nucleation; compared to the same growth rate pattern occurring at ~8.5 hours after 

nucleation for methane.  The CO2-rich gas system shows significantly faster formation rates, which 

is consistent with the results reported by Linga and Babu [4, 5].  Grey – CH4 hydrate; Black – 

CO2-rich ternary hydrate. 

 
Figure 7.7. Torque measurements for CH4 hydrate (grey) and three repeats for the CO2-rich ternary 

gas hydrate system (black) at 400 RPM.  Methane torque response occurs approximately 0.1-0.2 

volume fraction of hydrate earlier than the CO2-rich hydrate system. 
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7.5. Conclusions 

Gas hydrate growth was observed in a high-pressure sapphire autoclave cell for a CO2-rich 

gas mixture.  Visual observations suggest that the presence of a highly soluble hydrate forming 

gas may significantly affect the mechanism of hydrate growth in a water-continuous system, 

compared to pure CH4.  In the CO2-rich ternary gas experiments, the onset of hydrate film growth 

was observed at the sapphire-water interface, with the film propagating downward through the 

liquid phase with time.  Discrete hydrate particles, typically observed during CH4 hydrate 

formation, were not detected throughout the majority of the hydrate growth period for the CO2-

rich ternary gas system.  Hydrate formation, detected by the pressure decrease in the system, 

showed two different trends for the CO2-rich ternary gas system and the CH4 hydrate system. The 

CO2-rich ternary system showed an immediate sharp decline in pressure, with the rapid hydrate 

growth rate occurring 10 minutes after nucleation.  The same rapid growth rate for CH4 hydrate 

was observed ~8.5 hours after nucleation, which may be consistent with the formation of a moving 

hydrate bed. This would indicate significantly faster hydrate growth kinetics for the CO2-rich 

ternary system, which is also consistent with the results reported by Linga and Babu [4, 5].  Torque 

measurements showed that the same approximate torque response for a CO2-rich hydrate would 

occur at 10-20 vol% of hydrate higher than that for pure CH4 hydrate; indicating that less hydrate 

was impeding the impeller, likely due to hydrate growing up the wall and away from the impeller.   

These results suggest that for a sII gas hydrate, formed from CO2 + C3H8 + CH4, wall 

growth may play a key role in the hydrate formation to plugging process for water dominated 

systems; yet this phenomena is severely underexplored with little to no direct evidence currently 

reported in literature.  Hydrate wall/film growth can be a key mechanism in the hydrate kinetic 

conceptual model implemented in the state-of-the-art hydrate kinetic model, CSMHyK-OLGA; 
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the latter is currently based on slurry formation and agglomeration to predict plugging, with 

hydrate wall/film growth being notably absent from the model, largely because the lack of 

studies/understanding on this phenomenon. 

7.6. References 

1. Joshi, S.V., Grasso, G.A., Lafond, P.G., Rao, I., Webb, E., Zerpa, L.E., Sloan, E.D., Koh, 

C.A., and Sum, A.K., Experimental flowloop investigations of gas hydrate formation in 

high water cut systems. Chemical Engineering Science, 2013. 97: p. 198-209. 

2. Aman, Z.M., Akhfash, M., Johns, M.L., and May, E.F., Methane hydrate bed formation in 

a visual autoclave: cold restart and Reynolds number dependence. Journal of Chemical & 

Engineering Data, 2014. 60(2): p. 409-417. 

3. Akhfash, M., Boxall, J.A., Aman, Z.M., Johns, M.L., and May, E.F., Hydrate formation 

and particle distributions in gas–water systems. Chemical Engineering Science, 2013. 104: 

p. 177-188. 

4. Linga, P., Daraboina, N., Ripmeester, J.A., and Englezos, P., Enhanced rate of gas hydrate 

formation in a fixed bed column filled with sand compared to a stirred vessel. Chemical 

Engineering Science, 2012. 68(1): p. 617-623. 

5. Babu, P., Kumar, R., and Linga, P., Unusual behavior of propane as a co-guest during 

hydrate formation in silica sand: Potential application to seawater desalination and 

carbon dioxide capture. Chemical Engineering Science, 2014. 117: p. 342-351. 

6. Lim, Y.-A., Babu, P., Kumar, R., and Linga, P., Morphology of carbon dioxide–hydrogen–

cyclopentane hydrates with or without sodium dodecyl sulfate. Crystal Growth & Design, 

2013. 13(5): p. 2047-2059. 

 



110 

 

CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

This chapter provides the conclusions of this thesis, as well as recommendations for future 

work, to be performed by continuing graduate students. 

8.1. Thesis Conclusions 

This thesis work investigated a range of hydrate phase equilibria properties and 

phenomena, including:  

 New hydrate phase equilibria measurements for sI and sII acid gas hydrates; 

 An analysis of the effect of metastability (persistent hydrate dissociation) on hydrate phase 

equilibria measurements; 

 An estimate of how metastability might affect reported phase equilibria data; 

 Further development of the Gibbs Energy Minimization model, CSMGem, to provide new 

functionality and to optimize the statistical thermodynamics based hydrate fugacity model 

for H2S hydrate systems. 

The conclusions and key accomplishments of this research are summarized below: 

1. Acid Gas Hydrate Phase Equilibria Measurements: H2S hydrate phase equilibria data 

is severely limited in the literature.  In this work, new measurements were performed for hydrates 

formed from pure H2S, a binary mixture of CH4 + H2S, and two ternary mixtures of CH4 + C3H8 

+ H2S.  The 61 measured data points for pure H2S represent additional data over the entire LW-H-

V phase boundary that are consistent and measured from a single apparatus using two 

complementary methods: the isochoric pressure search method (ISP, well establish in literature [1-

3]) and the Phase Boundary Dissociation method, which takes advantage of the Gibbs Phase Rule 

to measure data in an order of magnitude less time.  
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Six binary CH4 + H2S gas hydrate experiments were performed and compared to literature 

[4] and commercial models.  The comparison with [4], however, was difficult due to differences 

in composition measurement methods.  Five data points were measured for two ternary CH4 + 

C3H8 + H2S gas mixtures, with 10 mol% and 40 mol% H2S respectively.  These data represent the 

first accurate literature data on the LW-H-V phase boundary for a sII H2S hydrate.  This is 

particularly significant, since typical flowline systems involve sII hydrate; yet prior to this work, 

there was no data available for H2S containing systems without procedural errors to test/validate 

the phase equilibria prediction models.  

 
Figure 8.1. Summary of experimental data measured in this work.  (Left) H2S hydrate data 

measured by Z. Ward at the University of Calgary.  Red circles are for pure H2S hydrate; Green 

diamonds for binary 88.5 mol% CH4 + 11.5 mol% H2S hydrate; blue squares for 85 mol% CH4 + 

5 mol% C3H8 + 10 mol% H2S ternary hydrate; purple chevrons for 55 mol% CH4 + 5 mol% C3H8 

+ 40 mol% H2S ternary hydrate. (Right)  85 mol% CH4 + 5 mol% C3H8 + 10 mol% CO2 ternary 

hydrate measured at CSM, blue circles were measured in the DSC and the red circle was measured 

in the small volume autoclave. 

Five data points were measured for a ternary CH4 + C3H8 + CO2 hydrate system and 

compared with the literature [5, 6].  The deviation between model predictions [7-10] and 
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experimental data was determined for all measured data, showing high deviations for most model 

predictions for the ternary sII hydrates containing C3H8 (1-3 K deviation on average).  For the 

ternary CH4 + C3H8 + CO2 hydrate system, reported model deviations from the data measured in 

this this work and the data reported in [5] are inconsistent.  It is uncertain why these measurements 

are inconsistent with each other, as detailed measurement information is not available for the other 

reported [5] data.  A summary of all phase equilibria measurements performed in this thesis work 

is given in Figure 8.1.  A summary of model prediction accuracy and absolute average deviation 

in temperature for model predictions and each hydrate system is given in Figure 8.2. 

 
Figure 8.2. Summary of model deviations for experimental data reported in Figure 8.1.  Gas 

systems: 1 – pure H2S; 2 – CH4 + H2S binary hydrate; 3 – CH4 + C3H8 + 10 mol% H2S ternary 

hydrate; 4 - CH4 + C3H8 + 40 mol% H2S ternary hydrate; 5 - CH4 + C3H8 + 10 mol% CO2 ternary 

hydrate.  Models are left to right: black – CSMGem; blue – Multiflash™; Red – DBR Hydrate™; 

green – HydraFLASH™; purple - PVTSim™. 

Small-scale measurements (using ~20 mg sample sizes) on a high pressure differential 

scanning calorimeter, DSC, were found to be very valuable in the phase equilibria studies of CO2-

rich gas systems, since the timescales for each experiment were reduced by up to 50% when 

compared to the small volume (50mL) metastability optimized autoclave system and up to 90% 

when compared to the large volume (500mL) autoclave. 
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2. Metastability in Phase Equilibria Measurements: Metastability or hydrate persistence 

during hydrate dissociation refers to the phenomenon when the hydrate phase remains stable for a 

period of time at conditions that would not thermodynamically favor stability.  During phase 

equilibria experiments, if metastability is not considered carefully, measured data can be reported 

with errors ranging from minor (0.1 – 0.3 K) to major (greater than 1 K) [3, 11, 12].  Measurements 

for acid gas hydrate data, especially H2S, are limited (largely due to the toxicity/corrosion issues 

for experiments using these compounds). Furthermore, the impact of H2S and CO2 to hydrate 

dissociation metastability has not been previously understood, specifically during phase equilibria 

/ dissociation experiments. 

Using an analysis developed at the Center for Hydrate Research, the equilibrium-per-step 

(EPS) method, the effect of metastability was examined and quantified for the data measured and 

reported in this work.  For the highly soluble H2S molecules, the system would come to equilibrium 

very fast, on the order of approximately 30-40 minutes for both 0.1 and 0.5 K temperature step 

sizes.  This would indicate H2S is an active former, not particularly affecting metastability in the 

hydrate phase during dissociation.  Measurements of CH4 and binary CH4 + H2S hydrate would 

show some signs of metastability.   However, performing an analysis similar to the phase boundary 

dissociation method would show that metastability would not affect the reported results with step 

durations of three hours. 

The sII hydrate system formed from ternary hydrates containing CH4, C3H8 and either H2S 

or CO2 would show strong metastability during dissociation (Figure 8.3).  This metastability 

appeared to be agnostic to the presence of H2S or CO2, indicating that C3H8 may be the reason for 

the strong metastability during hydrate dissociation.  The ternary 55 mol% CH4 + 5 mol% C3H8 + 



114 

 

40 mol% CO2 system (measured in a high pressure sapphire autoclave [13]) showed significantly 

faster hydrate formation rates after nucleation compared to CH4 hydrate. The CO2-rich system also 

exhibited a growth morphology different from the traditional slurry and moving hydrate bed 

formation often seen in CH4 hydrate experiments.  These results are consistent with reports from 

Linga and Babu [14, 15] and, with further exploration, may offer some insight into the reason for 

the significant metastability observed during dissociation of ternary hydrates containing C3H8. 

 
Figure 8.3. Dissociation experiments showing strong metastability, EPS criterion not satisfied at 

any step until after hydrates have completely dissociated. Left: Ternary CH4 + C3H8 + H2S. Right: 

Ternary CH4 + C3H8 + CO2. 

An analysis of the effect of dissociation metastability was performed on the ternary CH4 + 

C3H8 + H2S hydrate data reported in Chapter 4.  With careful examination of the data, an 

experiment was found that would partially satisfy the EPS criterion for one of the H2S experiments 

and an analysis was performed to determine a metastability shifted hydrate formation temperature.  

This was compared to the originally reported work.  The analysis determined a new dissociation 

temperature of 293.01 K, compared to the originally reported 293.23 K at a pressure of 3.04 MPa.  

The effect of metastability on the hydrate formation temperatures was estimated to be -0.3 K, with 

an updated experimental precision of   ± 0.2 K. 
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3. CSMGem Update and Kihara Parameter Optimization:  In the first phase of this 

thesis research, experimental data were measured for pure and mixture hydrates containing H2S.  

Comparison with the Gibbs Energy Minimization model predictions, CSMGem, showed very high 

deviations in predictions from CSMGem and the literature data.  In the second phase of this thesis 

research, a small shift of 0.3 K was estimated in the hydrate formation temperatures.  For the 10 

mol% H2S and 40 mol% H2S ternary hydrate systems, CSMGem would predict on average 1.35 

K and 2.74 K higher dissociation temperatures than experimental data.  These errors are likely due 

to incorrectly regressed sigma and epsilon Kihara potential parameters from Ballard [16] in the 

original release of CSMGem, largely due to the lack of H2S hydrate mixture data at that time. 

For this work, a new interface for CSMGem was developed and written (detailed in 

Appendix A) in order to update/optimize and access the physical constants in CSMGem, such as 

the Kihara parameters.  With the new interface, a second program was written to perform batch 

calculations as a function of Kihara parameters. The best Kihara parameter pair was determined 

that would minimize the average deviation in pressure for the hydrate data measured in this work 

and in literature. 

The original Kihara parameters regressed by Ballard were 𝜎 = 3.1 and 𝜀 = 212.047, and 

the new Kihara parameters optimized in this work were 𝜎 = 3.159 and 𝜀 = 207.5.  These new 

parameters would retain the prediction accuracy for pure H2S, binary CH4 + H2S and ternary CH4 

+ CO2 + H2S within 0.1 K, while significantly increasing the accuracy of CSMGem for the ternary 

CH4 + C3H8 + H2S data reported in Chapter 4.  The prediction accuracy was improved for the 

ternary 85 mol% CH4 + 5 mol% C3H8 + 10 mol% H2S system  from the original 1.35 K to 0.454 

K, and for the ternary 55 mol% CH4 + 5 mol% C3H8 + 40 mol% H2S from the original 2.74 K to 
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0.297 K, as shown in Figure 8.4.  This optimization shows the need for experimental data in 

optimizing these models, and the power of these models to better predict hydrate systems by 

incorporation of new hydrate data.   

 
Figure 8.4. p-T plots to show improved CSMGem hydrate predictions for metastability shifted 

ternary CH4 + C3H8 + H2S data reported in Chapter 5.  Grey circles are the experimental data.  The 

dashed line is the original CSMGem prediction and the solid line is the CSMGem prediction using 

the optimized Kihara parameters 𝝈 = 3.159 and 𝜺 = 207.5.  Left: the 85 mol% CH4 + 5 mol% C3H8 

+ 10 mol% H2S ternary system. Right: the 55 mol% CH4 + 5 mol% C3H8 + 40 mol% H2S ternary 

system. Experimental data are accurate to within ± 0.1 K and ± .002 MPa [17, 18]. 

8.2. Recommendations for Future Work 

Based on the conclusions and achievements from this thesis work, the recommendations 

for further exploration of unanswered questions include: 

1. Additional Phase Equilibria Measurements for H2S and CO2 Hydrates:  In this 

work, phase equilibria measurements were made for a ternary CH4 + C3H8 + H2S hydrate system.  

For a more complete optimization of CSMGem and other models, currently unexplored binary 

systems that would be of high-impact and low-effort include: C2H6 + H2S, C3H8 + H2S and CO2 + 

H2S.  These binary systems would give a more complete picture of where the problems in 

prediction accuracy lie, and verify if the Kihara parameters chosen in this work, and in future work 
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as CSMGem is continuously developed.  While the ternary data are valuable as an end point, model 

predictions are inherently less accurate as the number of components increases.  New binary data 

would provide targeted measurements so that errors could be attributed directly to interactions 

between certain molecules.  Specifically for CO2 + H2S, this binary data would prove very valuable 

for understanding highly polar systems (CO2 + H2S + H2O) traditionally difficult to model with 

equations of state such as the Soave-Redlich-Kwong, SRK [19].  

Additionally, careful consideration of metastability for the ternary CH4 + C3H8 + CO2 

hydrate system requires the experiments to be performed over very long time-scales (1-2 weeks 

per point).    With the extremely high deviations between predictions and experiments reported in 

Chapter 5, there is a need to measure more data on hydrate systems with very high concentrations 

of CO2.  Further measurements are also needed to explore the inconsistency of the hydrate data 

measured in this work with the data reported by Bishnoi [5]. 

Given the long time scales required to perform phase equilibria measurements of these 

complex acid gas systems, other small-scale (small samples) measurements could be valuable to 

consider, in addition to the high pressure differential scanning calorimetry, DSC, method used in 

this thesis work. For example, a quartz crystal microbalance system could be used for faster phase 

equilibrium measurements [20]. 

2. Further Investigation of the Metastability during Ternary Hydrate Dissociation:  

Metastability during dissociation is still a relatively underexplored and poorly understood topic.  

sI and sII hydrate coexistence has been reported in the literature [11, 21]; however, additional 

measurements including molecular tools (in-situ solid-state NMR and Raman spectroscopy, and 

neutron diffraction), especially during hydrate dissociation could help elucidate why metastability 

was so prevalent in the ternary hydrate measurements in this work. 
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Repeat measurements, with careful consideration of metastability, of the ternary CH4 + 

C3H8 + H2S hydrate system should be performed to experimentally confirm how significant the 

error caused by metastability really is for the data reported in Chapter 4.  As the data did not 

satisfy/partially satisfied the EPS criteria, it is difficult to estimate just how impactful the 

metastability during dissociation really was, and if it actually affected the data at all. 

3. Incorporation of the CPA equation of state for CSMGem:  In his thesis work, Khan 

[22] reported the incorporation of the CPA equation of state for better prediction of VLE for 

systems containing H2S, CO2, organic inhibitors, and salts.  As CSMGem determines the 

equilibrium state by considering the fugacity of water in all present phases, optimization of the 

fluid phase for systems that are not predicted well by the SRK equation of state will yield better 

hydrate phase predictions as well.  With the newly developed interface and Fortran code updated 

in this thesis work, refinement of the equations of state in CSMGem is now possible and would be 

very valuable work for improving CSMGem predictions for unconventional and complex systems. 

4. Guest-Guest Hydrate Phase Potential Interaction Parameters:  Currently in 

CSMGem, the hydrate fugacity model assumes that guests cannot distinguish the presence or 

species of guest molecules in adjacent cages.  As further refinements of CSMGem’s fluid phase 

and hydrate models continue, there may come a point where significant errors are still present for 

some systems, and the models cannot be further optimized.  In this case, inclusion of a guest-guest 

interaction potential [23] may be necessary to more fundamentally calculate the fugacity of water 

in the hydrate phase.   

5. Further Exploration of the Growth Phenomena of Hydrates Containing C3H8 and 

CO2:  Chapter 7 reports a preliminary study showing visual evidence of hydrate formation and 

growth of a ternary CH4 + C3H8 + CO2 gas hydrate.  This visual evidence shows a significant 
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departure from the classical discrete particle formation and evolution into a hydrate slurry typically 

observed for CH4 hydrate.  Further exploration on this topic may yield new findings on the hydrate 

formation to plugging mechanism for the complex hydrate systems found in flowlines.  Using  the 

ternary CO2–rich gas systems may be also useful in providing a model gas system to further 

explore hydrate deposition and wall/film-dominated formation and growth, a topic currently 

underexplored in the literature, but critical in the flow assurance engineering community. 
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APPENDIX A 

SUMMARY OF CSMGEM INTERFACE UPDATE 

This appendix reports the visual and functionality enhancements that were performed to 

CSMGem (version 1.11) as part of this work.  Note:  This work was performed on Visual Studio 

2013 Professional (for the VB.NET interface) with the Intel Parallel Studio XE 2015 (for Fortran 

compilation). 

Main Window. When opening the program for the first time, users are greeted with the 

main window.  The general layout for the new interface is similar to the old CSMGem, with some 

design changes and upgrades.  First and foremost, as much informatio as possible is displayed 

without the use of hidden menus, unlike the old interface, which hid a lot of functionality behind 

menus that many users never find. 

 
Figure A.1. Screenshot of the main window screen.  Feed input is on the left, menu selection on 

the bottom, and output on the right.  The center panel contains the information for the selected 

module, in this case, Incipient Hydrate by default. 

On the left of side of the main window is the feed input.  This table now supports copy and 

paste functionality, so users can copy the feeds they have entered in excel and paste directly into 

the interface for calculation.  This allows for faster calculations on multiple systems and allows 

users to save their input or procedurally generate input compositions in excel. 
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On the bottom is two module selection windows, the first windows, on the left, is the 

equation of state selector.  This functionality is currently under development.  On the right side is 

the primary calculation module selection window, containing the same modules the original 

CSMGem interface employed along with a few other selections (Described in detail in the coming 

sections).  In the center is the module options themselves, discussed in each section. 

On the right is the output.  This is split into three tables, the top for p-T data, the middle 

for phase data (compositions and phase fractions for all present phases) and on the bottom is the 

cage occupancy data, if hydrates are present.  The cage occupancy data was originally unselected 

by default, however it is displayed directly in this interface.  All three output tables have copy 

functionality enabled, so users can copy the data they are interested in and paste directly into excel. 

On the bottom left side of the main window is the system messages.  This is a space for the 

program to tell users vital information as necessary.  Information such as calculation failures, 

wrong input, or convergence problems should they arise. 

Incipient Hydrate Module.  The incipient hydrate module contains the information for 

predicting the necssary p-T conditions necessary for the first hydrate crystal to form.  Basic input 

allows for the sure to specify either temperature or pressure and module calculates the required 

pressure or temperature necessary to form hydrates.  In this interface, sI, sII, and sH (if possible) 

hydrate structures are calculated and the results are displayed in the Structure Output window.  

Clicking on the ‘sI’, ‘sII’, or ‘sH’ names changes the output display to the information for each 

structure prediction.  Legacy Initial guess method use the same subroutines the original program 

uses to define the initial guess.  User defined intitial guesses work on a per structure basis, 

allowing the user to define so one structure and allow the program to choose for another.  Initial 

guess correlations are in development. 
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Figure A.2. Incipient Hydrate module, allowing for the calculations of the incipient hydrate for 

all present structures.  Initial guess allow the program or the user to define on a per structure basis.  

All phases are calculated and displayed in the Structure Output table. 

Flash Module.  The flash module holds the same functionality as the original CSMGem.  

Three options are available for calculation type:  T-p specification, T-Phase Fraction and p-Phase 

Fraction.  Specification is T, P, Phase, and Phase Fraction are enable or disabled as necessary.  

Initial Guess is for T and p is given on the bottom. 

 
Figure A.3. Flash module, allowing the specification of temperature, pressure, phase amount, and 

phase fraction. 
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Plotting/Bulk Calculations Module.  The plotting window has received the most 

upgades from the original CSMGem.  With the new inteface, this module has been split into two 

modules.  The first, is a new User Specified Calculations module.  This modules allows for a 

series of incipient hydrate calculations to be performed.  The true power of this module is the 

increased stability of performed invidual incipient hydrate calculations in place of a single plot 

calculation as performed in the original CSMGem.  In this case, if a single calculation fails, the 

module can just report a convergence failure and continue to the next row.  In contrast, if a 

calculation in the plotting (or interval calculation) module fails, the entire calculation fails. 

 
Figure A.4. User Specified Calculations module used to perform incipient hydrate calculations in 

series. 

Users are also allowed to performed calculations for only one structure or allow the system 

to pick the best structure (lowest pressure or highest temperature).  As well, initial guesses can be 

specified on a per-structure and per-row basis.   
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Figure A.5. Initial guess table allows a per-row and per-structure specification of initial guess if 

calculations fail using the initial guess subroutine in the program. 

The second module replicates the same functionality as the original CSMGem, allowing 

for the generation of VLE plots and specify phase boundary interval calculations.  Note:  Specify 

temperature and phase interval calculations require a Fortran upgrade still in development. 

 
Figure A.6. Interval calculation module, allowing for the specification of lower and upper bound 

pressures and number of intervals for the specification of a specific phase fraction and phase type. 
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Options and Units.  The options tab allows for the specification of units, output 

precision, and convergence criteria.  Note: Volume, Density, Enthalpy, and Entropy units are still 

under development.  An additional button is located here to check that the .dll can be found by 

the interface. 

 
Figure A.7. Options tab allows for the specification of units, output precision and convergence 

criteria.  An additional button checks that the interface can find the dll and reports whether or not 

it is found and where it was found. 

Parameter Viewer.  In the original interface, some parameters were hard coded and 

some were possible to edit but the functionality to edit the parameters was very difficult to find.  

In this interface, the parameter viewer offers a hub for all constants and interface values.  VLE 

equation of state parameters and binary interaction parameter constants are shown here and are 
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available to edit at any time.  A restore button is available to reset the table to default values.  

Hydrate model parameters require a Fortran upgrade still in development. 

 
Figure A.8. Parameter Data Viewer diplays all constants used in CSMGem for the VLE fugacity 

module.  Hydrate fugacity model parameters are in development 
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APPENDIX B 

MEASURED EXPERIMENTAL DATA 

This appendix serves as a full report of the experimental measurements reported in Chapters 3, 4 

and 5. 

B.1. Pure Hydrate Data 

Isochoric Pressure Search Method 

Table B.1. CH4 hydrate equilibrium data 

T / K p / MPa 

276.29 3.53 

280.64 5.48 

282.52 6.74 

282.64 6.86 

284.43 8.33 

284.59 8.47 

285.53 9.38 

285.57 9.38 

Table B.2. H2S hydrate equilibrium data taken with IPS method. 

T / K p / MPa 

296.85 1.1340 

296.85 1.1359 

292.93 0.7462 

286.29 0.3848 
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Phase Boundary Dissociation Method 

Table B.3. H2S hydrate equilibrium data taken with PBD method. 

T / K p / MPa T / K p / MPa 

273.68 0.1078 288.11 0.4536 

274.18 0.1120 288.60 0.4777 

274.68 0.1176 289.10 0.5028 

275.17 0.1237 289.61 0.5289 

275.67 0.1323 290.09 0.5600 

276.16 0.1372 290.58 0.5854 

276.66 0.1463 291.08 0.6198 

277.17 0.1516 291.59 0.6502 

277.65 0.1614 292.07 0.6814 

278.15 0.1673 292.58 0.7227 

278.65 0.1774 293.07 0.7618 

279.15 0.1849 293.57 0.8023 

279.66 0.1958 294.09 0.8460 

280.16 0.2042 294.58 0.8918 

280.67 0.2159 295.06 0.9400 

281.15 0.2259 295.58 0.9909 

281.65 0.2384 296.07 1.0454 

282.15 0.2498 296.58 1.1033 

282.65 0.2645 297.07 1.1668 

283.13 0.2766 297.54 1.2359 

283.63 0.2914 298.04 1.3058 

284.13 0.3049 298.55 1.3809 

284.63 0.3218 299.03 1.4594 

285.12 0.3379 299.52 1.5475 

285.61 0.3560 300.03 1.6382 

286.11 0.3725 300.52 1.7374 

286.61 0.3929 301.01 1.8446 

287.10 0.4123 301.53 1.9598 

287.61 0.4319   
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B.2. Hydrate Mixture Data 

Table B.4. H2S Hydrate experiments feed gas compositions 

Gas CH4 / mol fraction C3H8 / mol fraction H2S / mol fraction 

Binary 0.8849 0.00 0.1151 

Ternary 1 0.8482 0.0497 0.1021 

Ternary 2 0.5463 0.0499 0.4038 

Table B.5. Binary CH4 + H2S equilibrium data. 

CH4 / mol fraction H2S / mol fraction T / K p / MPa 

0.8866 0.1134 283.31 2.00 

0.8833 0.1167 288.62 3.59 

0.8863 0.1137 289.73 4.11 

0.8914 0.1086 290.93 4.76 

0.8985 0.1015 292.07 5.99 

0.8916 0.1084 293.22 6.87 

Table B.6. Ternary CH4 + C3H8 + H2S equilibrium data. 

CH4 / mol fraction C3H8 / mol fraction H2S / mol fraction T / K p / MPa 

0.8576 0.0454 0.0970 286.22 1.36 

0.8525 0.0471 0.1003 293.23 3.04 

0.8513 0.0486 0.1001 295.58 4.09 

0.8496 0.0495 0.1009 298.01 5.49 

0.8498 0.0495 0.1007 299.13 6.89 

0.5402 0.0489 0.4109 294.04 1.36 

0.5420 0.0512 0.4068 300.64 1.39 

0.5485 0.0506 0.4009 302.38 3.11 

0.5532 0.0504 0.3964 304.01 4.12 

0.5578 0.0513 0.3910 304.80 5.48 

Table B.7. Ternary CH4 + C3H8 + CO2 feed gas composition. 

Gas CH4 / mol fraction C3H8 / mol fraction CO2 / mol fraction 

Binary 0.85 0.05 0.10 
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Table B.8. Ternary CH4 + C3H8 + CO2 equilibrium data. 

Method 
CH4 / mol 

fraction 

C3H8 / mol 

fraction 

CO2 / mol 

fraction 
T / K 

𝑝 / 

MPa 

DSC (Step-

Scan Method) 

0.85 0.05 0.10 293.91 8.00 

0.85 0.05 0.10 293.35 6.95 

0.85 0.05 0.10 292.08 5.50 

0.85 0.05 0.10 290.34 4.15 

0.85 0.05 0.10 287.93 3.10 

Autoclave  

(IPS Method) 
   293.45 6.83 

Note: gas compositions for DSC method are assumed given small water to gas volume ratio.  

Autoclave measurements were unable to be taken due to malfunctioning GC. 
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APPENDIX C 

KIHARA PARAMETER OPTIMIZATION TABLES 

This appendix serves as a full report of the Kihara parameter Average Absolute Relative 

Deviation in Pressure analysis reported in Chapter 7. 

𝐴𝐴𝑅𝐷𝑃𝑗(𝜎𝑗, 𝜀𝑗) =  ∑
|𝑝𝑒𝑥𝑝𝑡,𝑖  − 𝑝𝑐𝑎𝑙𝑐(𝑇𝑖, 𝜎𝑗 , 𝜀𝑗)|

𝑝𝑒𝑥𝑝𝑡,𝑖 

𝑛

𝑖

 (C.1) 

Table C.1. Summary of experimental data used in the Kihara interaction parameter optimization 

Composition Phases Present Reference(s) Number of Points 

H2S LW-H-V Ward [1] 57 

H2S I-H-V Selleck [2] 10 

H2S LW-LHC-H Selleck [2] 16 

CH4+H2S LW-H-V Ward [3] 6 

CH4+CO2+H2S LW-H-V 
Robinson [4] 

Sun [5] 
96 

CH4+C3H8+H2S 

(10% H2S) 
LW-H-V Ward [3] 5 

CH4+C3H8+H2S 

(40% H2S) 
LW-H-V Ward [3] 5 

The first section of this Appendix outlines the wide area analysis first performed to 

determine candidates for Kihara pair parameters.  The best candidates were chosen to be Sigma = 

3.15 and Epsilon = 208.  As CSMGem is rather sensitive to Kihara parameters, a narrow band 

analysis for Sigma = 3.14 to 3.16 and Epsilon = 207 to 209 was performed to find a pair with better 

accuracy at higher resolution.  The narrow band analysis is reported in the second section.   
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C.1. – Wide Area Analysis 

For the averaged analysis, each table is weighted evenly from C.1.1 through C.1.7 for each 

Kihara parameter pair.  Values are reported for AARDP in percent.  Conditional formatting is as 

follows: 

 Blue: Bottom 1% of AARDP 

 Green: Bottom 10% of AARDP 

 Yellow: Bottom 20% of AARDP 

 Red: Top 80% of AARDP 
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Figure C.1. Pure H2S – LW-H-V AARDP Analysis – Page 1 
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Figure C.2. Pure H2S – LW-H-V AARDP Analysis – Page 2 
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Figure C.3. Pure H2S – I-H-V AARDP Analysis 
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Figure C.4. Pure H2S – LW-LHC-V AARDP Analysis 
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Figure C.5. Binary CH4 + H2S AARDP Analysis – Page 1 
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Figure C.6. Binary CH4 + H2S AARDP Analysis – Page 2 
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Figure C.7. Ternary CH4 + CO2 + H2S AARDP Analysis 
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Figure C.8. Ternary CH4 + C3H2 + H2S (10% H2S) AARDP Analysis 
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Figure C.9. Ternary CH4 + C3H2 + H2S (40% H2S) AARDP Analysis 
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Figure C.10. Average AARDP Analysis for all data sets
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C.2. – Narrow Area Analysis 

For this analysis, both the original data reported in Chapter 4 and metastability shifted data 

(-0.3 K) are reported with an average result table for both metastability included data and original 

data.  Values are reported for AARDP in percent.  Conditional formatting is as follows: 

 Blue: Bottom 1% of AARDP 

 Green: Bottom 10% of AARDP 

 Yellow: Bottom 20% of AARDP 

 Red: Top 80% of AARDP 
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Figure C.11. Narrow range AARDP analysis for H2S hydrate – LW-H-V 

 
Figure C.12. Narrow range AARDP analysis for H2S hydrate – I-H-V   
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Figure C.13. Narrow range AARDP analysis for H2S hydrate – LW-LHC-V 

 
Figure C.14. Narrow range AARDP analysis for Binary CH4 + H2S hydrate  
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Figure C.15. Narrow range AARDP analysis for Ternary CH4 + CO2 + H2S hydrate. 

 
Figure C.16. Narrow range AARDP analysis for original ternary CH4 + C3H2 + H2S hydrate data (10% H2S).  



149 

 

 
Figure C.17. Narrow range AARDP analysis for original ternary CH4 + C3H2 + H2S hydrate data (40% H2S). 

 
Figure C.18. Narrow AARDP analysis for average data of all data sets with original ternary (CH4 + C3H8 + H2S) data.   
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Figure C.19. Narrow range AARDP analysis for metastability shifted ternary CH4 + C3H2 + H2S hydrate data (10% H2S). 

 
Figure C.20. Narrow range AARDP analysis for metastability shifted ternary CH4 + C3H2 + H2S hydrate data (40% H2S).  
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Figure C.21. Narrow AARDP analysis for average data of all data sets with metastability shifted ternary (CH4 + C3H8 + H2S) data.  
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