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ABSTRACT 
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Dissertation Title: Prediction of Gas-hydrate Equilibrium, Stability and Kinetic Nucleation in 

Porous Media 

 
 

Natural gas-hydrates are crystalline inclusion compounds with gas molecules (guest 

compounds) trapped within a host lattice formed by water molecules in an ice-like hydrogen-

bonded framework. Natural gas-hydrates have the potential to become an important carbon-based 

resource addressing the increasing energy demand, and they pose a risk in terms of climate change. 

Accurate estimates of gas-hydrates global inventory, understanding of formation and dissociation 

processes of gas-hydrates, and evaluation of their environmental impact require models that 

accurately describe gas-hydrate stability in sediments and predict gas-hydrate kinetic nucleation 

processes. The hypothesis driving this work is that incorporation of selected sediment properties, 

i.e., surface energies and pore diameter, can lead to more accurate predictions of hydrate 

equilibrium, stability and nucleation in porous media. 

In this work, a model for gas-hydrate equilibrium in porous media was developed from 

basic thermodynamic principles and tested against available experimental data published in the 

scientific literature. The proposed model predicts reported experimental data with high accuracy 

for the range of pore sizes (3.4 ~ 24.75 nm) of different materials reported in the literature. It was 

found that the wettability of the pore surface affects the shape of the hydrate phase inside the pore 

and consequently influences the equilibrium pressures of gas-hydrates formed in porous media.  
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A predictive macroscopic mathematical model describing the kinetic nucleation of gas-

hydrates was developed based on Classical Nucleation Theory (CNT) in order to formulate 

correction factors for three types of interfaces mostly encountered in natural sediments (gas-liquid 

interface, liquid-solid interface and three-phase boundary lines). This approach, which 

incorporates the interfacial properties of sediments, can efficiently provide a fundamental 

understanding on the dependence of the formation mechanism of gas hydrates on a wide range of 

interfacial properties (wettability, substrate size, interfacial tension). The model predicts that 

hydrate nucleation is energetically favorable on confined surfaces with smaller contact-angle 

values, i.e., hydrophilic surfaces. Comparison between different types of interfaces leads to the 

conclusion that the nucleation of gas hydrates preferentially occurs in larger sediment pores. At 

the beginning of methane hydrate formation, for example, hydrate will preferentially nucleate at 

the gas-liquid interface. With the increase of hydrate volume or growth of the hydrate phase, the 

center of crystal growth moves towards the liquid-solid interface. In natural systems, gas hydrates 

form first on the concave liquid/solid interface and gas/liquid interface in sandstone sediments, 

gas/liquid interface and gas/liquid/solid triple boundary line in clay sediments and gas/liquid 

interface in pipeline with oil droplets. 

The inclusion of sediment properties in the model for gas-hydrate equilibrium in sediments 

predict experimental data within a margin of %AAD lower than 2%, a significant improvement 

upon previous modeling attempts. Additionally, the inclusion of sediment properties in the models 

for kinetic nucleation of gas hydrates result in mathematical models that capture the qualitative 

information obtained from examination of gas-hydrate core samples. Therefore, the hypothesis of 

the present work was proven. 
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1.1 Overview 

Natural gas hydrates (NGH), also known as burning ice, are believed to be an ideal source 

of natural gas for future exploitation. The extraction of gas containing especially methane from 

NGH accumulations is expected to play an increasing important role in global energy supply with 

a forecasted annual growth of 1.7% in the next two decades1.  

Traditionally, gas-hydrates have attracted wide attention due to their detrimental effects in 

the petroleum industry. Gas-hydrates can form in natural gas pipelines during natural gas 

production and transportation processes leading to clogging of the pipelines and disruption of 

operations. It was later discovered that gas-hydrates occur naturally in widespread environments 

around the globe. Recently, storing and transporting natural gas in the form of solid gas hydrates 

has gathered attention as a promising alternative method for gas storage and transportation due to 

the advantages of low cost, safety at relatively low pressures and high temperatures. Additionally, 

NGH present a high risk with respect to global climate as will be explained below. Over the past 

decades, significant effort has been conducted to study the behavior of NGH. In this chapter, 

background knowledge about NGH will be covered, including structure of NGH, applications of 

NGH and the state-of-the art on the research of NGH. 

1.2 Gas Hydrates 

Natural gas hydrates, gas-hydrates for short, are crystalline inclusion compounds with gas 

molecules (guest compounds) trapped within a host lattice formed by water molecules in an ice-

like hydrogen-bonded framework as depicted. Van der Waals forces (physical bonding) between 

the guest molecule and water molecules stabilize the structure of gas-hydrates, preventing it from 

collapsing into the conventional ice structure2,3. Common guest-gas molecules include low-

molecular weight hydrocarbons such as methane, ethane and other gases like H2S, CO2, H2 and N2. 
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Gas-hydrates are metastable compounds, whose formation and decomposition is determined by 

the environmental conditions in which they are formed, including temperature, pressure, 

composition of gas, salinity of water and the physical properties of their reservoirs. Gas-hydrates 

can be stable over a wide range of pressures and temperatures. For example, methane hydrates are 

stable from 70 to 350 K (-334 to 170 Ԭ) at pressures from 20 nPa to 2 GPa (2.90075 ൈ 10ିଵଶ to 

2.90075 ൈ 10ହ psia)4.  

Gas-hydrates possess some unique properties, such as their large storage capacity for gas 

in stable conditions. For instance, 1 m3 of water is capable of storing 216 m3 of methane to form 

1.26 m3 of gas-hydrates at standard temperature/pressure conditions. This is equivalent to 1.09 m3 

of ice without gas trapped. Therefore, in a unit volume of solid gas-hydrates, 80% of the volume 

is occupied by water molecules and 20% by gas molecules4,5. 

1.3 Structure of Gas Hydrates 

Most of the volume of gas-hydrates is occupied by water, thus many properties of gas-

hydrates are similar to those of ice (e.g., density, physical appearance, and refractive index). The 

cavities of gas-hydrates are larger than the basic unit of ice crystal in order to allow guest molecules 

to be trapped inside6. Gas-hydrates exist mainly in three types of crystalline structures depending 

on the temperature and pressure conditions and the size of the guest molecules. These crystalline 

structures are known as structure I (sI), structure II (sII), and structure H (sH)6. X-ray diffraction, 

Raman spectroscopy and nuclear magnetic resonance (NMR) spectroscopy are the most effective 

experimental techniques to confirm and characterize the structures of gas-hydrates6. The structures 

sI and sII were confirmed by Von Stackelberg, Muller2,3 and Claussen7–9 via X-ray diffraction 

experiments. After 20 years, Ripmeester et al. discovered the structure H with NMR, X-ray and 

neutron powder diffraction measurements10. It was found that water molecules form different 
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patterns and cages through hydrogen bonds in each structure. Only one guest molecule can be 

trapped inside each cage. 

Table.1. Summary of the structural details of three common unit crystals based on values reported by C.A. Koh, 
E.D. Sloan et al.11 

Hydrate Structure I II H 

Cavity Small Large Small Large Small Medium Large 

Description 512 51262 512 51264 512 435663 51268 

Number of cavities per unit 

cell 

2 6 16 8 3 2 1 

Average cavity radius (Å) 3.95 4.33 3.91 4.73 3.91† 4.06† 5.71† 

Coordination number* 20 24 20 28 20 20 36 

Number of water per unit cell 46 136 34 

*Number of oxygens at the periphery of each cavity. †EsƟmates of structure H caviƟes from geometric models. 

 

The basic cage, the building blocker for all the three structures, is the 512 cage (so called 

pentagonal dodecahedral cage or small cage), i.e., the cage contains 12 pentagonal faces. Structure 

I (sI) is most commonly encountered in nature because natural deposits generally generate methane 

gas (biogenic gas) without heavier hydrocarbon molecules. As shown in Table 1, the sI is 

composed of two small 512 cages and six medium 51262 cages (this cage contains 12 pentagonal 

and 2 hexagonal faces on the cage). Guest molecules such as CH4, CO2, H2S, C2H6 normally form 

gas-hydrates with the structure I. The other two hydrate structures (sII and sH) as shown in Table 

1 are less commonly found in natural environments but occur more commonly in artificially-

synthesized hydrates with larger hydrocarbons. Gas-hydrates formed in oil and gas pipelines are 

mostly of structure II or structure H because natural-gas is composed of large amounts of heavier 

hydrocarbon molecules (e.g., propane, butane, pentane) and small amounts of methane molecules. 
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Structure II includes 16 small 512 cages and 8 large hexacaidecahedral cage (cage of 51264 contains 

12 pentagonal and 4 hexagonal faces on the cage). Larger guest molecules (e.g., C3H8, O2, N2, Ar, 

Kr) can form structure II. Structure sH is made up of 3 small 512 cages, 2 mid-sized 435663 cages 

(contains 3 square, 6 pentagons and 3 hexagons on the cage) and 1 large icosahedral 51268 cage, 

which has 12 pentagonal and 8 hexagonal faces on the cage. Large molecules such as butane, 

methylcyclohexane and larger hydrocarbons usually form structure H. Surprisingly, hydrogen also 

forms hydrate of structure H6,11.  

Not all gas molecules are able to form gas-hydrates. There are two basic requirements for 

a gas molecule to form hydrates12. On one hand, the gas molecule should not be able to form or 

contain strong or moderately strong hydrogen bonds (e.g., H-F). On the other hand, the size of 

guest molecule should be located in the range between 3.5Å and 9Å. At normal pressures, guest 

molecules smaller than 3.5Å are too small to stabilize gas-hydrate cavities and molecules larger 

than 9Å are too large to fit into a gas-hydrate cavity without distorting the lattice. In addition, guest 

molecules between 3.5Å and 7.5Å can only form sI or sII6,11. Gas mixtures usually form mixed 

hydrate structures. 

1.4 Development of Research on Gas Hydrates 

In 1778, Priestley first observed clathrate hydrates by bubbling SO2 into freezing water 

under laboratory conditions. In addition, he also discovered that gas-hydrates formed from other 

types of gas, including oxygen, hydrogen and others. However, Priestley didn’t describe the 

crystals he synthesized as gas-hydrates. Thirty three years afterwards, Sir Humphrey Davy 

obtained aqueous chlorine clathrate (hydrate) in 1811 and named the crystal as a hydrate of gas. 

Therefore, Priestley is the first scientist who synthesized gas-hydrates in a laboratory and Davy is 

the first scientist to identify the materials as gas-hydrates. During the period from 1811 to 1934, 
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there was no significant research effort on the behavior of gas-hydrates. Research interests mainly 

focused on identifying the types of gas-hydrates and at which conditions (pressures and 

temperatures) gas-hydrates can form. Gas-hydrates were still a curiosity for scientists before 

19344,11. 

In 1934, Hammerschmidt was the first to find that solid gas-hydrates can plug natural-gas 

pipelines during gas transportation processes. From 1934 to 1965, the number of publications 

about gas-hydrates grew exponentially. Research on gas-hydrates during this period was 

principally motivated by flow assurance during gas production and transport. There are 144 

publications that mainly investigate the formation conditions of gas-hydrates in bulk and provide 

effective methods to prevent gas-hydrates from clogging natural-gas pipelines. In addition, over 

this period of time, macroscopic models were developed to describe the phenomenon of pipeline 

plugging, and microscopic structures of gas-hydrates were also determined with microscopic 

tools4,11.  

In 1965, Makogon suggested that natural gas-hydrates can form in cooled sediments, which 

was later proved by laboratory experiments with real core samples. Starting in 1965, most of the 

research has focused on natural gas-hydrates in sediments, which are believed to be an 

unconventional source of energy in the coming future4. During the period from 1970 to 2005, 

natural gas-hydrates research programs were established in various countries worldwide4. Natural 

gas hydrates occur in geographically diverse settings, either in marine sediments or permafrost 

environments. After 2000, research interest on the accumulation of gas-hydrates was extended to 

moons and other planets such as Mars due to their low temperature and high pressure conditions, 

as well as the gases present around them13–15. 
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Over the past decade, diverse topics related to gas-hydrates attracted researchers’ attention, 

including: (1) potential of gas-hydrates as a promising future source of energy; (2) description, 

characterization and production performance of natural gas-hydrates deposits; (3) gas production 

from gas-hydrates; (4) thermodynamic stability of gas-hydrates; (5) kinetics of formation of 

hydrocarbon hydrates; (6) inhibition of gas-hydrates formation in pipelines and flowlines; (7) 

potential applications of gas-hydrates for gas storage, transportation, gas separation and carbon 

dioxide sequestration16; and (8) accumulations of gas-hydrates in planetary material (e.g., Martian 

subsurface)14. In addition, the risk posed by gas-hydrates (especially methane-hydrates) with 

respect to global climate has gained increasing attention4,16. According to the published research 

work, there are 82 countries conducting research work related to gas-hydrates. Among them, three 

counties (e.g., the United States, China and Japan) have produced 50% of the total number of 

publications as of 20161. 

1.5 Relevance of Gas Hydrates 

1.5.1 Gas Hydrates in Flow Assurance 

Naturally, oil and gas wells always produce undesired water along with hydrocarbons. This 

mixture is suitable to form gas-hydrates. When the temperature decreases into the hydration range, 

gas-hydrates form and plug oil and gas pipelines, which can result in severe operational problems 

in the petroleum industry. Gas-hydrates deposit on pipe walls and further agglomerate to form 

large plugs during drilling, production, transportation and processing of oil and gas. Sometimes 

gas-hydrate formation causes pipeline blockages and other serious safety problems. For example, 

when the temperature is above the hydration range, gas-hydrates formed in pipelines will 

dissociate and detach first at the pipe wall. Then, any pressure gradient across the pipe will make 

the gas-hydrate plug move rapidly down the pipelines like a projectile. As a result, the downstream 
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gas will be compressed which will either cause pipeline blowouts or result in explosion of the plug 

through pipeline bends11. In other cases, when the pipeline is locally heated, the released gas from 

the hydrate plug sometimes can result in pipeline ruptures due to extremely high local pressures11. 

A proposed conceptual model is applied to describe gas-hydrates formation in a multiphase 

flow system containing water, oil, and gas17. In this model, four stages are involved in the 

mechanism of hydrate formation and deposition in hydrate plugging. First, water droplets are 

entrained in oil phase and gas bubbles are entrained in water phase. Second, gas hydrate formation 

occurs at the interfaces of water-oil and water-gas, followed by the third stage of aggregation of 

gas hydrates. Finally, hydrate particles agglomerate to larger aggregates that may cause a complete 

blockage18. The surface of gas-hydrates is inherently hydrophilic19. A thin layer of water film 

covers the hydrate surface, which results in a capillary bridge between gas-hydrates particles20,21. 

Gas-hydrates particles are bound together through capillary forces. As a result, agglomeration of 

hydrate particles always presents the high risk of blockage in oil and gas production and 

transportation lines. 

Some methods have been developed to avoid gas hydrate plugs, including removing water 

prior to pipeline transportation, raising the temperature (e.g. insulation, bundles, electric or hot 

water heating), lowering the pressure, and shifting the equilibrium conditions for hydrate 

formation to lower temperatures and higher pressures by adding some thermodynamic inhibitors 

(TIs)22. These methods are very expensive and inconvenient, such as heated pipelines or the need 

for chemicals injection and regeneration facilities. In addition, TIs are not environmentally friendly 

due to their chemical toxicity23. In the last several decades, low dosage hydrate inhibitors (LDHIs), 

including kinetic hydrate inhibitors (KHIs) and anti-agglomerants (AAs), have become more 

attractive for subsea gas or oil production and transportation due to their effectiveness at low 



9 
 

dosage. Low dosage hydrate inhibitors do not change the thermodynamic conditions of the system, 

but they mainly work on the early stage of hydrate formation by altering the rheological properties 

of fluids in the system. 

Kinetic hydrate inhibitors are usually water-soluble polymers, which can delay crystal 

nucleation or decrease hydrate formation rates in pipelines. Therefore, hydrocarbon fluids can be 

transported for a long time without hydrate agglomeration in lines. The lower the temperature 

below the equilibrium temperature in hydrate region, the shorter the hydrate induction time will 

be delayed and the less effective any inhibitor will become24. That is, the effectiveness of KHIs is 

limited when the subcooling (∆ܶ: driving force for hydrate formation) is larger than 12Ԩ.22 

Compared with KHIs, AAs are surface active chemicals which are effective at more 

extreme conditions (i.e. deeper field with higher sub-cooling) than KHIs. Anti-agglomerants do 

not hinder formation of hydrate crystal, but keep the hydrate particles small and away from other 

particles so that hydrate particles can be transported along with the fluids instead of forming plugs 

in pipelines. The schematic of a typical AA is show in Figure. 1.25 Anti-agglomerants, as 

surfactants, contain hydrophilic heads which can attach to the hydrate crystal surface to modify 

the wetting properties of hydrate surface and hydrophobic (lipophilic) tails that make the crystal 

surface oil-wet and make hydrate particles easy to disperse in the liquid phase. Anti-agglomerants 

can decrease the capillary force between hydrate particles by lowering water-oil interfacial tension 

and increasing the contact angle of water molecules on the hydrate surface, thus preventing 

aggregation. 
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Fig.1. Schematic of an AA surfactant molecule, identifying hydrophilic and lipophilic based on the characterization 

by Zerpa et al.25  

 

1.5.2 Gas Hydrates for Natural Gas Storage and Transport 

Natural gas is expected to be the primary energy source for global economic development 

in the following decades. Therefore, it is necessary to develop effective technologies to store and 

transport natural gas safely and economically1,26. Many approaches have been studied worldwide 

for the storage and transport of natural gas. Natural gas can be stored and transported in the form 

of gas, liquid or solid.  

Regarding to the available methods for the storage and transport of natural gas, one of the 

most common pathways for storing natural gas is underground inventory which includes depleted 

oil/gas reservoirs, aquifers and salt caverns. As for the transport of natural gas in gaseous form, 

gas pipeline is the most common method but sometimes it’s not practical when one considers the 

distance, cost, feasibility and accessibility of the delivery location. Compressed natural gas (CNG) 

is a smaller-scale method for natural gas storage and transportation. However, this approach 

usually requires extremely high pressure (൒200 bars). With respect to safety concerns and storage 

capacity, CNG is not suitable for large-scale natural gas storage and long distance transport. 

Liquefied Natural Gas (LNG), natural gas stored and transported in form of liquid, has been 

considered as the most appropriate method for commercial application because of its tremendous 

volumetric storage capacity (600 v/v at STP conditions). However, this approach requires 
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extremely low temperature (-162 Ԩ) in order to keep natural gas stable and to overcome some 

other issues such as boil-off during the large-scale storage and long-distance transport processes. 

Therefore, the wide application of this method in natural gas storage and transport is discouraged. 

With respect to transport of natural gas in solid form, adsorbed natural gas (ANG) is one possible 

pathway to store natural gas by utilizing sorbent materials such as carbon nanotubes (CNTs), 

graphene, and some other metal organic frameworks. These sorbents are expected to provide 

higher storage capacity for natural gas due to their larger surface area and higher porosity 

compared to other methods discussed above26. However, the volumetric storage capacity reported 

in this method is lower which limits its practical application in the storage and transport of natural 

gas. Further studies are required to determine appropriate materials for the practical application of 

this approach.27 

Solidified Natural Gas (SNG), which attempts to store and transport natural gas in the form 

of solid gas-hydrates, has been considered as a promising alternative for gas storage and 

transportation due to the advantages of low cost, safety at relatively low pressures and high 

temperatures (around water freezing point), and tremendous storage capacity (1 m3 of methane 

hydrate is capable of storing 216 m3 methane at standard temperature/pressure conditions)5 when 

compared to other methods (Liquid Natural Gas (LNG) and Compressed Natural Gas (CNG))28. 

In addition, the method of SNG is environmentally friendly as it only utilizes water and very low 

concentration of promoters. Natural gas trapped in the gas-hydrates can be almost completely 

recovered by simple depressurization or thermal stimulation26.  

Currently, the process of applying the method of SNG to store and transport natural gas 

consists of four steps: formation of gas-hydrates; processing of the formed gas-hydrates; storage 

and transport of the processed gas-hydrates and dissociation of the gas-hydrates. Among them, the 
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formation of gas-hydrates is the most important part. Furthermore, formation rate and storage 

capacity of gas-hydrates are the essential technological challenges for the application of SNG. 

Therefore, enhancing the formation rate of gas-hydrates and improving the storage capacity of gas-

hydrate are significant steps to be taken as they can effectively reduce capital-equipment and 

operation-cost requirements.29 

1.5.3 Gas Hydrates as Energy Source 

Global demand for energy is expected to increase from 524 quadrillion BTUs in 2010 to 

820 quadrillion BTUs in 2040.1 It has been predicted that more than 76% of global energy 

consumption will be provided by carbon based sources in 2040, in spite of the predicted growth of 

other renewable energy sources1,30. Natural gas is expected to play an increasing important role in 

global energy supply with a forecasted annual growth of 1.7% in the next two decades.1 Therefore, 

untapped natural-gas sources will need to be developed to cover the increasing energy demand. In 

fact, natural gas is a kind of energy resource with 50% lower of CO2 emissions than coal or oil.26 

Natural gas-hydrates occur in geographically diverse settings, either in marine sediments 

or permafrost environments, which makes them an ideal source of natural gas for future 

exploitation. Natural gas-hydrates are considered to be distributed globally. Interest in gas hydrates 

as a natural gas source has become more prominent only in the last 50 years.1 It is believed that 

the amount of energy stored as natural gas in naturally-occurring hydrates is larger than the 

worldwide conventional natural-gas reserves combined.2,3,6 Many approaches have been attempted 

to estimate the total amount of natural gas-hydrates on earth. Previous estimates varied from 0.2 ൈ

10ଵହ݉ଷ methane (STP) to 3053 ൈ 10ଵହ݉ଷ methane (STP).1 These large variations are due to 

limitations of information regarding gas-hydrate deposits (e.g., porosity, availability of methane 

and water, sedimentary conditions, etc.).1 Most of these estimates of gas-hydrates reservoirs come 



13 
 

from indirect seismic evidence obtained with bottom simulating reflector (BSR) indications.1–3,11 

These measurements carry a high level of uncertainty.11 Over the past four decades, estimates of 

energy content in gas-hydrates has decreased over time due to improved understanding and 

increased knowledge generated by field exploration of gas-hydrates reservoirs. Fugacity-based 

models to describe gas-hydrates stability regions were developed in parallel, which provide good 

predictions about the amount of energy when compared to field results.1 These models have helped 

to round the estimates to a number of 44 ൈ 10ଵହ݉ଷ methane (STP) for continental gas-hydrates.1 

Current estimates are not equally accurate for all types of reservoirs. Permafrost gas-hydrates are 

usually concentrated in lenses or beads, facilitating exploration and modeling. Ocean gas-hydrates, 

on the other hand, can be highly dispersed thus increasing the uncertainty in measurements and 

models. 

Experiments conducted on permafrost and ocean hydrates have verified that gas-hydrates 

reserved in sediments could be economically recovered at locations of high concentrations.11 It has 

been estimated that the energy trapped in ocean hydrates should be several orders of magnitude 

larger than that in permafrost hydrates.11 However, the estimates of the energy trapped in ocean 

hydrates exhibits larger error than that of the permafrost hydrated energy, making the identification 

of concentrated ocean gas-hydrates reservoirs more difficult.11 

Currently, proposed methods to economically recover methane from gas-hydrates usually 

follow one of these three principles: (1) depressurization of gas-hydrates to destabilize and release 

methane; (2) thermalization to break up the water hydrogen bonds releasing methane; and (3) 

addition of strong hydrogen-bonding chemicals to disrupt gas-hydrate structures.11 Theoretically, 

it is technically feasible to produce methane from gas-hydrates in the ocean or in the permafrost 

but it would require large investments. It is desirable to have means to predict more accurately true 



14 
 

volume, location and methane concentration of gas-hydrate reservoirs in order to progress towards 

exploitation. 

1.5.4 Gas Hydrates Risk to Global Climate 

Beyond production, one must consider that risk of gas-hydrates pose to global climate. The 

concept of “the clathrate gun hypothesis” has been proposed, which indicates that methane from 

gas-hydrates can make significant contributions to climate change.31,32 This concept was 

developed based on the geological record that a gas-hydrates reservoir collapse around 14,000 

years ago released enough methane to increase atmospheric methane concentration levels by as 

much as 4%,11,33 and, that this increase may have triggered a period of global warming. In addition, 

according to the World Meteorological Organization (WMO), the atmospheric concentration of 

methane has continuously increased from 1984 to 2016 and reached a new high of about 1853 

parts per billion (ppb) in 2016. This amount is about 257% of the pre-industrial level.34 It has been 

reported that the global warming potential of methane is about 28 times more than that of carbon 

dioxide.35 Possibly, the release of large volume of methane gas from methane-hydrates into the 

atmosphere is one of the reasons contributing to the observed methane increase. 

Gas-hydrates can form and be stabilized in certain regions of marine and permafrost 

sediments with proper pressures (depth) and temperatures.36 In marine sediments, gas-hydrates are 

only stable at depths below the seafloor.11 When the conditions are outside the equilibrium region 

(temperature above and/or pressure below the equilibrium conditions), methane hydrates 

dissociate into liquid water and gaseous methane. A fraction of this gaseous methane, which has 

not been oxidized by microbes, can then enter into the atmosphere and act as a potent greenhouse 

gas (a given volume of methane causes about 28 times more greenhouse gas warming than carbon 
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dioxide)37,38. Therefore, the evolution of large quantities of methane from gas-hydrates is plausibly 

one explanation for environmental perturbations involving atmospheric warming.11 

Dissociation of gas-hydrates deposited in seafloor can also result in the mass movement 

and further significantly reduce the slope stability. The unstable slope can be hazardous to 

foundations of equipment under the sea level, such as pipelines, platforms and manifolds.11 

Furthermore, collapse of ocean sediments can trigger destabilization of more gas-hydrates to 

spontaneously release the gaseous methane into the atmosphere, which may cause the rise of sea 

level and further global warming. 

1.6 Summary 

Gas-hydrates are crystalline inclusion compounds with gas molecules (e.g., methane, 

ethane, propane, carbon dioxide, nitrogen and hydrogen sulfide) trapped within a host lattice 

formed by water molecules in an ice-like, hydrogen-bonded framework at elevated pressures and 

reduced temperatures. Gas-hydrates have attracted increasing research interests over the past 

decades. The published research on gas-hydrates mainly focus on four fields of gas-hydrates, 

including pipeline flow assurance, gas storage and transportation, application as an energy 

resource and environmental effects. Great amount of effort has been carried out in order to 

understand the behavior of natural gas-hydrates, mechanism of gas-hydrates formation and 

dissociation, stability and environmental impact of gas-hydrates. 

   



16 
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2.1 Motivation 

As stated earlier, natural gas-hydrates are significantly important as an energy resource and 

contributors to climate change. Being able to fully estimate the size and gas-content of natural gas-

hydrate reservoirs is not just important in terms of future natural gas exploitation, but also from an 

environmental perspective, considering that methane gas is a potent greenhouse gas. Therefore, 

it’s crucial to have the capability to predict the volume and stability zones of natural gas-hydrates 

in marine and permafrost sediments, which can guide the design of technologies for harvesting 

methane and natural gas from hydrate deposits, and, most importantly, predict destabilization of 

those deposits that may result in catastrophic gas release.2,3 Accurate estimates of size and gas-

content of gas-hydrate reservoirs has yet to be achieved, since estimates are highly dependent on 

thermodynamic models (assumptions) used in order to predict the zones of temperature and 

pressure where gas hydrates are thermodynamically stable.1 It has been proposed that one of the 

main reasons for the uncertainties in model predictions of gas-hydrate stability zones is due to 

current models not fully including sediment properties in their formulations.1  

In order to better control the process of gas-hydrates dissociation and the risk of natural 

gas-hydrates to global climate change, it is necessary to understand the formation process of gas-

hydrates. Gas hydrate formation is a process which mainly consists of three stages before reaching 

equilibrium conditions: saturation, induction, and growth.3 The first stage is the dissolution of gas 

molecules in the liquid until the liquid is completely saturated with gas. It takes a certain amount 

of equilibration time to reach the saturation point. The second stage, known as nucleation stage, is 

the induction stage in which small hydrate nuclei form or dissociate randomly until a cluster of 

critical radius is achieved. Once the time necessary to form nuclei of critical radius has been 

reached, the growth stage begins.3 During the last stage gas hydrate grows rapidly and the gas 
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consumption increases linearly with time. Finally, the formation/dissociation of gas-hydrates 

achieves equilibrium under proper temperatures and pressures. 

Most of experimental approaches conducted on the formation process of gas-hydrate focus 

on providing macroscopic rates of gas-hydrate growth. Few experimental studies focus on the 

nucleation process due to the temporal and spatial limitations of experimental monitors. However, 

studying nucleation process of gas-hydrates is an important part for understanding the formation 

process of gas-hydrates. Particularly, understanding how the sediment properties affect the 

nucleation process (heterogeneous nucleation) can help to understand the dissociation process of 

natural gas-hydrates in sediments. In addition, nucleation process of gas-hydrates plays an 

important role in other applications. For example, high nucleation rate can significantly enhance 

the formation rate of gas-hydrates for gas storage and transport. Lowering the nucleation rate of 

gas-hydrates can bring down the formation rate of gas-hydrates for avoiding gas-hydrates plugs in 

pipelines.  

Based on the published literature, heterogeneous nucleation takes place more frequently 

than homogeneous nucleation because of the extremely slow nucleation rate of homogeneous 

nucleation39. In addition, a large volume of experimental work has provided evidence that foreign 

surfaces play an important role in the processes of kinetic formation and dissociation of gas-

hydrates as well as the equilibrium of gas-hydrates.40–43 Therefore, it is necessary to understand 

how the confinement surface properties modulate the nucleation process and equilibrium 

conditions of gas-hydrates in porous media in order to predict the behavior of gas-hydrates in 

natural marine and permafrost sediments. 
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2.2 Problem Statement  

2.2.1 Equilibrium and Stability of Gas-hydrates  

Gas hydrates naturally exist in mesoporous sediments with small mean pore radii44–46, 

which are characteristic of fine-grained sediments. In bulk conditions (e.g., in pipelines and other 

equipment), gas hydrates are stable at temperatures around the freezing point of water and 

pressures above 3.15 MPa.47 The equilibrium pressure required to stabilize hydrates in sediments 

shifts to higher pressure values than the one at bulk conditions for the same temperature. This fact 

was first confirmed by Handa and Stupin47 who conducted experiments to investigate the 

equilibrium behavior of methane and propane hydrates in 70Å-radius porous media. These 

experiments showed that the equilibrium pressure of gas hydrates in porous media is 20-100% 

higher than those for hydrates in the bulk. Uchida et al.48,49 measured the equilibrium conditions 

of methane, propane and carbon dioxide hydrates in pores of different sizes and observed that the 

equilibrium pressures of hydrates shifted significantly upward compared with that of the bulk 

hydrates at a given temperature. In light of these experiments, a selected number of models have 

been developed to adapt phase-equilibrium thermodynamic models that had been proposed for 

hydrates in bulk in order to describe gas-hydrate behavior in sediments.  

It must be noted that the thermodynamic models for gas hydrates in porous media 

developed thus far make use of capillary effects within the chemical equilibrium condition as the 

means to adapt bulk-hydrate models to hydrates in sediments. However, these corrections do not 

include sediment properties, i.e., interactions of the sediments with all phases present in marine 

gas-hydrate reservoirs (free gas, liquid water and hydrate phases). It is believed that the omission 

of adequate sediment properties is one of the main causes for the large uncertainty of current 

models used to predict size and gas-content of gas-hydrate reservoirs. 



20 
 

2.2.2 Kinetic Nucleation Rate of Gas-hydrates 

Once the thermodynamic conditions required for the existence of gas-hydrate have been 

established, gas-hydrate nucleation is a stochastic process which can produce a catastrophic 

appearance of the gas-hydrate phase. Understanding the nucleation process of gas-hydrates is the 

first step to understand and control the formation and dissociation processes of gas-hydrates.50 

Many experimental results have indicated that gas-hydrates formation process can be effectively 

promoted with the presence of foreign surfaces due to the large amounts of nucleation sites 

provided.51–62 However, the mechanisms behind these experimental results and how the surface 

properties enhance the nucleation process are not well understood. In addition, with respect to 

energy exploitation from gas-hydrate accumulations, field results and numerical simulations of gas 

production have suggested that complex physical and chemical processes involving multiple 

phases and multiple components can cause an unexpected rate of gas production from gas-

hydrates.16,63,64 The arguments behind this suggestion include the following: (1) the effects 

between solid surface and fluid can hinder the depressurization-induced gas production from 

natural gas-hydrates reservoirs; (2) the morphology of rock surface can enhance the dissociation 

rate of gas-hydrates to some degree; and (3) the reduction of permeability and porosity can result 

in a significant reduction of gas production from natural gas-hydrates reservoirs.63 Therefore, 

understanding how the foreign interface properties affect the nucleation process of gas-hydrates 

can provide insights into possible effects of solid surfaces in the dissociation process of gas-

hydrates. 

Studying the nucleation process of gas-hydrates experimentally is extremely challenging 

due to the difficulties in obtaining direct experimental measurements of the nucleation process.42,65 

Recently, some researchers studied the nucleation of gas-hydrates in the presence of solid surfaces 
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with Molecular Dynamics (MD) Simulations, which have been considered as an effective method 

to numerically understand the mechanisms of heterogeneous nucleation processes when the 

driving force in high enough.66–69 MD simulations are limited to quantitatively analyze the 

nucleation rate of hydrates with various conditions (wide range of temperature value and interface 

properties) due to the limitations of timescale, length-scale and computation capacities of 

molecular approaches.70 Therefore, more efficient and cheaper analysis aimed at quantitatively 

analyzing how the confinement surface properties modulate the nucleation process of gas-hydrates 

is still needed. 

2.3 Hypothesis and Objectives 

The ultimate goal of the study is to develop macroscopic mathematic models to predict 

how the properties of porous media (sediments) affect the thermodynamic equilibrium conditions 

and the nucleation rate of gas-hydrates in sediments. The hypothesis driving the work is that the 

inclusion of appropriate sediment-properties, i.e., pore size, wettability, surface curvature and 

interfacial energies, can enable more accurate prediction of gas-hydrate stability and nucleation 

rate. 

The first objective is to develop a model to predict the equilibrium conditions of gas-

hydrates in porous media. Thermodynamic equilibrium criteria will be applied to an ideal 

cylindrical pore, validated against published experimental porous media rather than correcting an 

existing model originally formulated for bulk conditions. The effects of confinement surface will 

be then naturally included in the mechanical equilibrium condition. The shape of the hydrate phase 

within the ideal cylindrical pore will be determined by the interfacial energies and the wetting 

angles of all the phases involved and the properties of the pore walls. Model parameters involved 
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will be obtained from independent sources published in the literature, including independent 

experimental measurements when available. This practice will ensure that the model is predictive. 

The second objective of this work is to develop a mathematical model, incorporating the 

interface properties (wettability, surface curvature, substrate size and interfacial energies), to 

quantitatively describe the effects of various interfaces on the energy barrier and nucleation rate 

for hydrate nucleation. Incorporating this phenomenon into expressions for the rate of hydrate 

growth will enable eventual validation with experimental data for gas-hydrate growth. It is 

expected that such an approach will provide fundamental understanding on how the interface 

properties modulate the kinetic nucleation of gas-hydrates in a wide range of interfaces, and further 

understanding on how to effectively control the formation and dissociation of gas hydrates by 

modulating the properties of interfaces. 
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CHAPTER 3 MODEL FOR GAS-HYDRATE EQUILIBRIUM IN POROUS 

MEDIA THAT INCORPORATES PORE-WALL PROPERTIES  
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3.1 Motivation 

Naturally-occurring gas hydrates (in permafrost and marine sediments) have the potential 

to contribute as a carbon-based source to the increasing energy demand. Accurate estimates of gas-

hydrate global inventory, development of strategies for their exploitation, and the evaluation of 

their environmental impact require models that accurately present the physics of gas hydrates in 

marine sediments. Over the past decades, a number of thermodynamic models for gas hydrates in 

porous media were developed. Models thus far make use of capillary effects within the chemical 

equilibrium condition as the means to adapt bulk-hydrate models to hydrates in sediments.71–74 

Inclusion of capillary effects in chemical equilibrium conditions implies that chemical potentials 

are affected by interfacial energies, which is in fact a mechanical effect on the boundaries of the 

system. In addition, these corrections do not include sediment properties, i.e., interactions of the 

sediments with all phases present in marine gas-hydrate reservoirs (free gas, liquid water and 

hydrate phases).75 

In this chapter, a new thermodynamic model for gas hydrates in pores predicting the 

equilibrium conditions of gas hydrates in porous media is presented. There are three assumptions 

leading the proposed model; (1) porous spaces are simplified as ideal cylindrical pores; (2) pores 

are not completely saturated with liquid phase: continuous free gas and dissolved gas are present 

in the pore; (3) the equilibrium pressure in the hydrate phase is different from that in liquid phase, 

but equal to that in gas phase and at the interfaces. This proposed model differs from previous 

models in the following aspects: (1) equilibrium criteria were applied directly to the cylindrical 

pore and its surroundings instead of incorporating capillary effects into bulk-equilibrium models; 

(2) the application of mechanical equilibrium criteria organically incorporates properties of the 

pore walls and interfaces into the equilibrium conditions; (3) the effects of confinement are then 
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naturally included in the mechanical equilibrium condition; (4) the interfacial energies and the 

wetting angles of all the phases involved and the properties of the pore walls determine the shape 

of the hydrate phase within the ideal cylindrical pore. Model parameters were obtained from 

independent sources published in the literature, including independent experimental measurements 

when available. The model predictions presented in this work depict high accuracy when compared 

to available experimental data in the literature. 

3.2 Types of Sediments 

Most of natural gas-hydrates in nature form in permafrost and ocean sediments. According 

to the well reservoir accumulations, natural gas-hydrates deposits can be characterized into four 

classes:76,77 (1) reservoir accumulations are at the base of the gas-hydrates stability zone (GHSZ), 

and free gas exists in the hydrate-bearing layer; (2) gas-hydrates deposits are at the base of, or 

within the GHSZ, and a hydrate-saturated interval above a free water zone is involved; (3) gas-

hydrates reservoirs are fully saturated with gas-hydrates phase without free water or free gas; (4) 

fine-grained accumulations present low intrinsic permeability and further low gas-hydrates 

saturations. 

Most gas-hydrate reservoirs, especially marine reservoirs, are usually composed of 

unconsolidated sediments. Depending on the environment where gas-hydrates form, gas-hydrate 

deposits are classified into four types (type C, F, M, R).77 Type C deposits comprise of poorly 

consolidated coarser-grained sediments. This type of deposit represents much of the permafrost 

settings but a smaller proportion of marine settings. With current technologies, type C deposits are 

the most promising reservoirs for potential energy recovery from gas-hydrates. In addition, type C 

contains two sub-types: CTB (thinly bedded) and CMB (massively-beded). Type F of gas-hydrate 

deposits are formed in sediments that are unconsolidated, fine-grained and low permeability. Type 
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F deposits are believed to be a potential energy resource. Type M deposits are massive hydrate 

mounds, which are related to cold seeps in very shallow sediments or outcrop on the sea floor. In 

the case type R deposits, gas-hydrates usually form in the porous media within rocks. 

 

3.3 Background 

Before 1999, most measurements and models focused on gas-hydrates formed in bulk 

conditions. Research work related to bulk gas-hydrates is crucial to understand the behavior of 

gas-hydrates in pipelines and flowlines. However, natural gas-hydrates mostly occur in porous 

media. The porous medium can significantly influence the equilibrium pressures of gas-hydrates. 

Handa and Stupin47 first found that the porous media could significantly modulate the equilibrium 

pressures of methane and propane hydrates. In 1998, Uchida and his coworkers measured the 

equilibrium pressures for methane hydrates in pores of different sizes and found that pore size 

influences the equilibrium conditions of methane hydrates.49 

In light of these experimental discoveries, Clarke et al. in 1999 proposed a model to predict 

the behavior of hydrate phase in submicron-sized pores (pore diameter of 140Å). The proposed 

model first incorporated the capillary effect by including Kelvin’s equation into the condition for 

chemical equilibrium for gas hydrates. However, the interfacial tension considered in this model 

was only the one between liquid and gas phases. The pore size was assumed to be in uniform size 

in Clarke’s work. When compared to experimental data, Clarke’s model predicted the correct order 

of magnitude of the equilibrium pressure but was not quantitatively accurate. It predicted 

experimental data for gas-hydrate equilibrium in sediments with a deviation of 15% in the case of 

methane hydrate and a deviation of 29% for propane hydrate.71 Also in 1999, Clennell et al. derived 
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an empirical model for hydrate stability from analysis of hydrate samples recovered from marine 

sediments,78 which is particular to specific conditions. 

Klauda and Sandler improved upon the previous models by applying the interfacial tension 

between hydrate and liquid water to correct the condition for chemical equilibrium in 2000.72 Their 

model presented an absolute deviation from experimental data for hydrate equilibrium in 

sediments as low as 3.27% for low temperatures by adjusting the parameters of the Kihara cell 

potential used to model hydrate chemical potential.72 In 2001, Klauda and Sandler extended their 

model to generic sediments via the incorporation of pore-size distributions and shape factors to 

account for the hydrate phase.74  

Turner et al. incorporated the Kelvin-Clapeyron equation into the thermodynamic 

equilibrium model for hydrates in bulk in order to investigate the sensitivity of methane hydrate 

equilibrium to sediment pore size.79  

Though models became increasingly more accurate, gains in accuracy were obtained at the 

expense of the use of one or more adjustable parameters. This work conducts fundamental 

thermodynamic analysis leading to straight forward incorporation of sediment properties to the 

proposed model. 

3.4 Model Description 

The model system, an ideal cylindrical pore, is assumed to be a closed system insulated 

with exception to the connections to two reservoirs. This system is connected through a thermal 

gate to a large, insulated reservoir of constant temperature (a thermostat) and through a piston to 

large, insulated reservoir of constant pressure (a barostat). At equilibrium, the total internal energy 

change for the global system (the closed system and the reservoirs) should be zero, leading to the 

following equation (as depicted in Figure.2): 
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ܷ݀=ܷ݀ீ ൅ ܷ݀௅ ൅ ܷ݀ு ൅ ܷ݀ఈ ൅ ܷ݀ఉ ൅ ܷ݀௦௨௥௥ ൌ0                                      (1) 

The global system contains the following subsystems: free gas (G); liquid (L); hydrate (H); gas-

hydrate interface (α); liquid-hydrate interface (Gβ) and reservoirs (surr). Note that the subscript j  

in the following equations represents the hydrate-forming gas (j ൌ 1) and water (j ൌ 2) in the 

system. 

 

Fig.2. Schematic of the global system used in the model (based on Tester & Modell). 

 

For the gas phase:  

ܷ݀ீ=ܶீ݀ܵீ െ ܲீܸ݀ீ ൅ ∑ μ୨
ୋ݀N୨

ୋଶ
௝ୀଵ                                                   (2) 

For the liquid phase: 

ܷ݀௅=ܶ௅݀ܵ௅ െ ܲ௅ܸ݀௅ ൅ ∑ μ୨
୐݀N୨

୐ଶ
௝ୀଵ                                                     (3) 

For the hydrate phase: 

ܷ݀ு=ܶு݀ܵு െ ܲுܸ݀ு ൅ ∑ μ୨
ୌ݀N୨

ୌଶ
௝ୀଵ                                                   (4) 

For the gas-hydrate interface (α): 

ܷ݀஑=ܶ஑݀ܵ஑ െ ܲ஑ܸ݀஑ ൅ ஑݀ܽ஑ߪ ൅ ∑ μ୨
஑݀N୨

஑ଶ
௝ୀଵ                                            (5) 

For the liquid-hydrate interface (β):  
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ܷ݀ஒ=ܶஒ݀ܵஒ െ ܲஒܸ݀ஒ ൅ ஒ݀ܽஒߪ ൅ ∑ μ୨
ஒ݀N୨

ஒଶ
௝ୀଵ                                             (6) 

For the surroundings (i.e., reservoirs): 

ܷ݀௦௨௥௥=ܶ௦௨௥௥݀ܵ௦௨௥௥ െ ܲ௦௨௥௥ܸ݀௦௨௥௥                                                        (7) 

Where U is the internal energy, S is entropy, V is volume, N is the number of components,  T is 

temperature, P is pressure, and μ is chemical potential of component. Substituting eqs (2)—(7) 

into eq (1); 

ܶீ݀ܵீ െ ܲீܸ݀ீ ൅෍μ୨
ୋ݀N୨

ୋ

ଶ

௝ୀଵ

൅ ܶ௅݀ܵ௅ െ ܲ௅ܸ݀௅ ൅෍μ୨
୐݀N୨

୐

ଶ

௝ୀଵ

൅ ܶு݀ܵு െ ܲுܸ݀ு

൅෍μ୨
ୌ݀N୨

ୌ

ଶ

௝ୀଵ

൅ ܶ஑݀ܵ஑ െ ܲ஑ܸ݀஑ ൅ ஑݀ܽ஑ߪ ൅෍μ୨
஑݀N୨

஑

ଶ

௝ୀଵ

൅ ܶஒ݀ܵஒ െ ܲஒܸ݀ஒ

൅ ஒ݀ܽஒߪ ൅෍μ୨
ஒ݀N୨

ஒ
ଶ

௝ୀଵ

൅ ܶ௦௨௥௥݀ܵ௦௨௥௥ െ ܲ௦௨௥௥ܸ݀௦௨௥௥ 	ൌ 0	

       (8) 

The temperature and pressure of the liquid phase are assumed to be equal to the temperature and 

pressure of the large insulated reservoirs: 

ܶ௅ ൌ ܶ௦௨௥௥ ൌ ܶ ൌ  ݐ݊ܽݐݏ݊݋ܿ

ܲ௅ ൌ ܲ௦௨௥௥ ൌ ܲ ൌ  (9)                                                        ݐ݊ܽݐݏ݊݋ܿ

Additionally, since the system is closed, the following must be true: 

ܸ݀௅ ൌ െܸ݀ீ െ ܸ݀ு െ ܸ݀ఈ െ ܸ݀ఉ െ ܸ݀௦௨௥௥  

݀ܵ௅ ൌ െ݀ܵீ െ ݀ܵு െ ݀ܵఈ െ ݀ܵఉ െ ݀ܵ௦௨௥௥ 

݀N୨
୐ ൌ െ݀N୨

ୋ െ ݀N୨
ୌ െ ݀N୨

஑ െ ݀N୨
ஒ   (݆ ൌ 1, 2)                                (10)                         

Then, substituting the set of eqs (9) and (10) into eq (8), the following condition for equilibrium 

is obtained: 
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ሺܶீ െ ܶሻ݀ܵீ ൅ ሺܶு െ ܶሻ݀ܵு ൅ ሺܶ஑ െ ܶሻ݀ܵ஑ ൅ ሺܶஒ െ ܶሻ݀ܵஒ െ ሺܲீ െ ܲሻܸ݀ீ െ ሺܲு

െ ܲሻܸ݀ு െ ሺܲ஑ െ ܲሻܸ݀஑ െ ሺܲஒ െ ܲሻܸ݀ஒ ൅෍ሺμ୨
ୋ െ μ୨

୐ሻ݀N୨
ୋ

ଶ

௝ୀଵ

൅෍ሺμ୨
ୌ െ μ୨

୐ሻ݀N୨
ୌ

ଶ

௝ୀଵ

൅෍൫μ୨
஑ െ μ୨

୐൯݀N୨
஑

ଶ

௝ୀଵ

൅෍ሺμ୨
ஒ െ μ୨

୐ሻ݀N୨
ஒ

ଶ

௝ୀଵ

൅ ஑݀ܽ஑ߪ ൅ ஒ݀ܽஒߪ

ൌ 0	

(11) 

In order for the equilibrium condition (eq 11) to be met, thermal equilibrium dictates that the 

temperature of all phases and interphases must be equal to that of the thermal reservoir or 

thermostat. Additionally, chemical equilibrium demands that the chemical potential of each 

component in all phases must be equal within the closed system. 

ܶீ ൌ ܶு ൌ ܶఈ ൌ ܶఉ ൌ ܶ 

μ୨
ୋ ൌ μ୨

ୌ ൌ μ୨
୐ ൌ μ୨

஑ ൌ μ୨
ஒ   (j=1, 2)                                                (12) 

Finally, mechanical equilibrium is then given by eq (13). 

െሺܲீ െ ܲሻܸ݀ீ െ ሺܲு െ ܲሻܸ݀ு െ ሺܲ஑ െ ܲሻܸ݀஑ െ ሺܲஒ െ ܲሻܸ݀ஒ ൅ ஑݀ܽ஑ߪ ൅ ஒ݀ܽஒߪ ൌ 0     

(13) 

The gas-hydrate interface and the liquid-hydrate interface are assumed to pertain to the hydrate 

phase. Therefore, the two interfaces bear the pressure of the hydrate phase which is different from 

that in liquid water (i.e., the pressure of the reservoir RP). 

ܲு ൌ ܲఈ ൌ ܲఉ 

Then, eq (13) is simplified to:  

െሺܲீ െ ܲሻܸ݀ீ െ ሺܲு െ ܲሻܸ݀ு ൅ ஑݀ܽ஑ߪ ൅ ஒ݀ܽஒߪ ൌ 0                                (14) 
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Additionally, it is assumed that the pressure in the hydrate phase is equal to that in the gas phase 

because gas phase is highly compressible and the interfacial tension (130 mJ/m2) 80 of the hydrate 

phase is very large. Finally, eq (14) can be further simplified to the following mechanical 

equilibrium condition: 

െሺܲு െ ܲሻሺܸ݀ீ ൅ ܸ݀ுሻ ൅ ஑݀ܽ஑ߪ ൅ ஒ݀ܽஒߪ ൌ 0                                      (15) 

It must be noted that the constant pressure reservoir has a piston, so it accommodates changes in 

volume during phase change. Gas hydrates behave similarly to water ice in the sense that expansion 

takes place during phase change, which will be compensated by our constant-pressure reservoir 

Rp. It was determined that the loss in density during liquid water-hydrate phase transition is 9%,3,81 

which will be captured in our model as follows: dVୌ ൌ െ1.09dV୐. 

With these considerations, the final mechanical equilibrium condition for the system is given by 

the following expression: 

ܲு െ ܲ ൌ
஑݀ܽ஑ߪ ൅ ஒ݀ܽஒߪ

0.92ܸ݀ு
		

(16) 

Therefore, at thermodynamic equilibrium conditions, eqs (12) and (16) must be met for gas 

hydrate to be stable at any given P, T and sediment properties. 

The experimental study of Bahman Tohidi et al.82 suggested that the amount of free-gas in 

some marine-sediment hydrate reservoirs is significant, as depicted in the schematic presented in 

Figure 3 based on this work. Free-gas bubbles coexist with dissolved-gas-saturated liquid in the 

sediments in most cases82–84. Additionally, the few experiments on gas-hydrate equilibrium in 

porous materials reported in the literature79,81,85–87 were performed by wetting the porous media 

and then pressurizing with hydrate-forming gas. In light of these studies, which will be used for 

model validation, the proposed model assumed that the hydrate-crystallization process begins at 
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the gas-water interface to form a hydrate crust around the free-gas bubble. Additionally, the water 

phase was assumed to be saturated with dissolved methane gas, and to present characteristic 

surface-wetting behaviors depending on the surface properties of the porous medium.  

    

Fig.3. Schematic prepared based on the photograph of gas hydrates formation in porous media from experimental 
study of Tohidi et al 82. 

 

 

Fig.4. Schematic of the idealized cylindrical pore during gas-hydrate formation. 

 

For simplicity, the porous materials were idealized as cylindrical pores according to the 

schematic presented in Figure 4. As stated earlier, there are three phases present in the cylindrical 

pore: gas phase (G), liquid phase (L) and solid hydrate phase (H). There are two interfaces in the 

pore: the hydrate-gas interface (α), and the hydrate-liquid interface (β). The hydrate phase (H) was 
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assumed to adopt the form of a concave-convex lens as depicted in Figure 5, in agreement with 

the experimental observations by Bahman Tohidi et al.82 and Li et al.83,84 

From geometry, the volume of gas hydrate formed in the cylindrical pore was calculated 

using the two hemispheres formed by the interfaces, as follows:  

ܸு ൌ | ଵ
଺
௣ଷൣΓఛሺ3ݎߨ ൅ Γఛଶሻ െ Γఏ൫3 ൅ Γఏ

ଶ൯൧|                                              (17) 

Where r୮ is the pore radius, the function Γ஘ is defined as Γ஘ ൌ ሺ1 െ sinθሻ cosθ⁄  , and the angle θ 

can take values between 0° and 90°, depending on the angle of the gas-hydrate interface on a given 

surface. In a similar way, the function Γத is defined as Γத ൌ ሺ1 െ sinτሻ cosτ⁄  , where τ can take 

values between 0° and 90°, depending on the angle of the hydrate-liquid interface on a given 

surface.  

 

 

Fig.5. Schematic of the concave-convex gas-hydrate lens formed in the idealized cylindrical pore. 

 

 ௣ݎ
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The same geometrical analysis was performed to determine the area of the hemispherical 

caps as follows: 

ܽఈ ൌ ൫݄ఈଶߨ ൅ ௣ଶ൯ݎ ൌ ௣ଶሺ1ݎߨ ൅ Γఏ
ଶሻ                                                      (18) 

ܽఉ ൌ ൫݄ఉߨ
ଶ ൅ ௣ଶ൯ݎ ൌ ௣ଶሺ1ݎߨ ൅ Γఛଶሻ                                                       (19) 

By differentiating eqs (18) to (19) and then combining with eq (16), the final expression for the 

mechanical equilibrium conditions is as follows: 

ܲு െ ܲ ൌ
௣൫1ݎߨ஑2ߪ ൅ Γఏ

ଶ൯ ൅ ௣ሺ1ݎߨஒ2ߪ ൅ Γఛଶሻ

0.92 ∙ ቚ12 ௣ݎߨ
ଶൣΓఛሺ3 ൅ Γఛଶሻ െ Γఏ൫3 ൅ Γఏ

ଶ൯൧ቚ	
		

(20)  

The parameters needed to apply the mechanical equilibrium condition are the hydrate-water 

interfacial tension (σஒ), the hydrate-gas interfacial tension (σ஑), the pore size (ݎ௣) and the wetting 

angles (θ and τ), which can be obtained from available independent experimental measurements. 

 

3.4.1 Mechanical Equilibrium 

The mechanical equilibrium, given by eq (20), requires values of surface interfacial tension 

and wetting angles since it is based on the premise that the shape of the hydrate phase is determined 

by the surface interactions and wetting angles of liquid-water and gas-hydrate on the porous wall. 

Additionally, it was assumed that formation of gas hydrate would initially take place at the gas-

water interface. Therefore, the hydrate phase would adopt the shape of a lens, i.e., the thickness of 

hydrate formed in the center of the pore is expected to be larger than that around the edges. The 

angle of the gas-hydrate interface on the porous wall is expected to be larger than that of hydrate-

liquid interface. In order to keep the model predictive, values for interfacial tensions and wetting 

angles were procured from independent studies in the open literature. 
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A. Water-hydrate and gas-hydrate Interfacial tensions 

Experimental measurements of interfacial tension between hydrates and liquid water at 

phase equilibrium conditions in porous media have not been reported in the literature. Therefore, 

theoretically-estimated values for hydrate-water interfacial tension proposed in the 

literature71,81,86,88–90 were used to select the value of interfacial tension (as shown in Table 2). These 

values were tested against hydrate-ice-equilibrium conditions for 70-Å pores91. In 2001, Klauda 

and Sandler72,74 proposed that water-hydrate interfacial tension should be the effective interfacial 

tension during gas hydrate formation in porous media. Klauda and other researchers applied the 

value of ice-liquid water interfacial tension (ߪூ௅ ൌ 26.7mJ/݉ଶሻ  in their models due to the 

similarities between hydrate and ice. In the following years, other theoretical values for water-

hydrate interfacial tension were proposed by applying the Gibbs-Thomson equation to the 

reduction in hydrate-formation temperature in porous media with respect to this value in bulk 

phase81,86,89. 

Table 2. Theoretical hydrate-water interfacial tension used to predict methane-hydrate-formation pressures in 70Å-
radius silica gel (based on Pesaran and Shariati 92) 

hydrate-liquid interfacial 
tesion (mJ/m2) 

AAD%  References 

72 18.89 Clarke et al., 1999 

39 13.6 Uchida et al., 1999 

32 12.83 Anderson et al.,2003 

26.7 12.19 
Henry et al., 1999; 

Smith et al., 2002 

17 10.98 Uchida et al., 2002 
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Due to the lack of direct experimental data for the interfacial tension between hydrate and 

liquid water phase, the theoretical value used in this work is the one with the highest accuracy in 

the prediction of hydrate-formation-pressure inside 70Å-radius silica gel as measured by Handa 

and Stupin.85 The value of 17	mJ/݉ଶ estimated by Uchida et al. in 2002 produced the highest 

accuracy for predicting hydrate-formation in silica gel with absolute average deviation (AAD%) 

of 10.98%, as presented in Table 2. As for the interfacial tension of hydrate-gas interface, it is 

assumed to be similar to the interfacial tension of ice. It has been reported that the interfacial 

tension of ice is 130	mJ/݉ଶ 80. 

 

B. Wetting angles  

Most previous models 71–74,78,88, assumed that one interface, either between gas and liquid-

water or between liquid-water  and solid phases, was determinant of equilibrium. Therefore, the 

other interfaces were neglected. In addition, shape factors were applied in these models. Klauda et 

al. 72,74 proposed that hydrate initially formed in the shape of a spherical cap (a shape factor of 2) 

and eventually completely filled the cylindrical pores (a shape factor of 1). Other models assumed 

that the hydrate-liquid water always maintained a spherical cap (shape factor of 2) 71–74. However, 

if the contributions of both interfaces (water-hydrate and gas-hydrate) are comparably significant, 

shape factors may not capture the hydrate phase accurately. This effect should be more marked at 

equilibrium conditions above 270K, where liquid water, solid hydrate and gas phase coexist inside 

the porous medium. An indication of this issue is apparent on the fact that predictions of the wan 

der Waals-Platteeuw (vdWP) model significantly overestimated the equilibrium pressures at 

temperatures higher than 269 K and fugacity model showed significant deviation above 274 K 74. 
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The wetting angle of liquid water on solid surface varies significantly depending on the 

solid surface. The experimental data for hydrate equilibrium in porous media used to compare the 

predictive capabilities of the proposed model used silica glass and silica gel as porous material. 

From the published literature, it was surmised that the measured average contact angles of water 

on silica glass is 24° 93 and 15.2° on silica gel 94. There is no experimental measurement of the 

curvature of hydrate structures in porous media. In addition, there are also no theoretical estimates 

of the angle between the gas-hydrate-pore-wall phases since the models proposed thus far have 

not taken into consideration the contribution of the gas-hydrate-solid interactions. 

 

3.4.2 Chemical Equilibrium 

The chemical equilibrium, eq (12), was implemented in terms of fugacities rather than 

chemical potential, i.e., the fugacities of each component in all phases must be equal. Fugacities 

for each component in the gas phase were calculated from the Peng-Robinson equation of state. 

The fugacity of methane in liquid was calculated via the application of Henry’s Law 2,72. The 

fugacity of methane in the hydrate phase was calculated using the Peng-Robinson equation of state.  

In the case of water in liquid and hydrate phase, chemical equilibrium requires that:  

௪݂
ுሺܶ, ܲு,ீሻ ൌ ௪݂

௅ሺܶ, ܲሻ                                                            (21) 

Where the fugacity of water in the hydrate phase can be calculated with the following equation 72 

௪݂
ுሺܶ, ܲு,ீሻ ൌ expቆ

௪ுߤ െ ௪ூீߤ

ܴܶ
ቇ ൌ exp൭

ሺߤ௪ு െ ௪ߤ
௘ఉ൅ߤ௪

௘ఉ െ ௪ூீሻߤ
ܴܶ

൱

ൌ ௪݂
௘ఉሺܶ, ܲு,ீሻexp	ሺ

െ∆ߤ௪ுሺܶ, ܲሻ

ܴܶ
ሻ	

(22) 
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Where ௪݂
௘ఉሺܶ, ܲு,ீሻ is the fugacity of the hypothetical empty hydrate lattice. The Van der Waals 

and Plateeuw (vdWP) model was used to calculate the difference in chemical potential due to 

occupation of the empty hydrate lattice by gas molecules, as shown in the following equation 2: 

௪ுߤ∆ ൌ ௪ߤ
௘ఉ െ ௪ுߤ ൌ ௪ߤ

௘ఉ െ ௪గߤ ൌ ௪గߤ∆                                                     (23) 

In eq (23), ߤ௪
௘ఉ is the chemical potential of water in the empty hydrate ߤ௪గ  represents the chemical 

potential of water in other equilibrium phases (i.e. liquid water, ice, or both). ∆ߤ௪ுሺܶ, ܲሻ is the 

difference between the chemical potential of water in empty hydrate and filled hydrate phase, 

which can be calculated from the following equation 2,72. 

,௪ுሺܶߤ∆ ܲሻ ൌ െܴܶ෍ߥ௠ lnሺ1 െ෍Θ௠௝

௝

ሻ
௠

	

                                          (24) 

In eq (24),  ߥ௠ is the number of cage m per water molecule in the hydrate lattice Θ௠௝ represents 

the occupancy fraction of cage m by a guest j. The phenomena of cage occupation can be 

considered to be similar to Langmuir adsorption 2,3,72.  

Θ௠ூሺܶ, ܲሻ ൌ
௠ூሺܶሻܥ ூ݂ሺܶ, ܲሻ

1 ൅ ∑ ௠௝ሺܶሻܥ ௝݂ሺܶ, ܲሻ௝
	

(25) 

Where ூ݂ሺܶ, ܲሻ  is the fugacity of guest I in gas phase ܥ௠ூሺܶሻ  is the Langmuir constant of 

component j in the cavity m that is defined as 2,3,72 

௠ூሺܶሻܥ ൌ
ߨ4
݇ܶ

න exp	ሺെܹሺݎሻ ݇ܶ⁄ ሻݎଶ݀ݎ
ோሺ௖௘௟௟ሻି௔

଴
	

                     (26) 
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In eq (26), ܹሺݎሻ is the spherically symmetric cell potential, which shows the interaction between 

a guest and the cavity according to the distance r between the guest molecule and water molecules. 

This cell potential contains all guest-host interactions in the cage. According to Kihara model 73,95, 

cell potential can be expressed as 

ܹሺݎሻ ൌ ሾߝݖ2
ଵଶߪ

ܴሺ݈݈ܿ݁ሻଵଵݎ
൬ߜଵ଴ ൅

ܽ
ܴሺ݈݈ܿ݁ሻ

ଵଵ൰ߜ െ
଺ߪ

ܴሺ݈݈ܿ݁ሻହݎ
൬ߜସ ൅

ܽ
ܴሺ݈݈ܿ݁ሻ

	ହ൰ሿߜ

(27) 

Where 

ேߜ ൌ ሾሺ1 െ ݎ ܴሺ݈݈ܿ݁ሻ⁄ െ ܽ ܴሺ݈݈ܿ݁ሻ⁄ ሻିே െ ሺ1 ൅ ݎ ܴሺ݈݈ܿ݁ሻ⁄ െ ܽ ܴሺ݈݈ܿ݁ሻ⁄ ሻିேሿ ܰ⁄ 	

(28) 

In eq (27) and (28), ݖ is the coordination number, ܴሺ݈݈ܿ݁ሻ is the radius of shell or the cavity. ɛ is 

the depth of the energy well, a is the core radius of gas molecule and σ is the core distance at zero 

potential. The gas parameters ɛ, a and σ are called Kihara parameters.  

According to the vdWP model, the guest-host interactions are assumed to only exist 

between the first shell of water molecules and guest molecule. However, some other studies 96–99 

have proven that the second and third shells of water molecules can also significantly interact with 

the guest molecule. That is, the cell potential ܹሺݎሻ includes contributions from the first, second, 

and third shells as follows 72: 

ܹሺݎሻ ൌ ܹሺݎሻ	ሾଵሿ ൅ ܹሺݎሻ	ሾଶሿ ൅ ܹሺݎሻ	ሾଷሿ	

(29) 

The corresponding coordination numbers and cell radii for each shell used in this work 

are listed in Table 3 72. 

Table 3. Shell Radii 
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Struture Cage 
Shell Radius (Å) 

Shell Coordination 
Number 

1st 2nd 3rd 1st 2nd 3rd 

Ⅰ 
512 3.906 6.593 8.086 20 20 50 

51262 4.326 7.078 8.285 24 24 50 

Ⅱ 
512 3.902 6.667 8.079 20 20 50 

51264 4.682 7.464 8.782 28 28 50 

 

The fugacity of water in the hypothetical empty hydrate lattice and liquid are calculated 

from eqs 30 – 31, respectively 72:  

௪݂
௘ఉሺܶ, ܲு,ீሻ ൌ ௪ܲ

௦௔௧,௘ఉሺܶሻ߶௪
௦௔௧,௘ఉሺܶሻexp	ሺ ௪ܸ

௘ఉሺܶ, ܲு,ீሻሺ	ܲு,ீ െ ௪ܲ
௦௔௧,௘ఉሺܶሻሻ ܴܶ⁄ ሻ            (30) 

௪݂
௅ሺܶ, ܲሻ ൌ ,௪ሺܶݔ ܲሻߛ௪ሺݔ௪, ܶሻ ௪ܲ

௦௔௧,௅ሺܶሻ߶௪
௦௔௧,௅ሺܶሻexp	ሺ ௪ܸ

௅ሺܶ, ܲሻሺܲ െ ௪ܲ
௦௔௧,௅ሺܶሻ ܴܶ⁄ ሻ      (31) 

Where ௪ܲ
௦௔௧,௜ሺܶሻ  represents the vapor pressure of water in phase i. ߶௪

௦௔௧,௜ሺܶሻ  is the fugacity 

coefficient which was assumed to be equal to 1 because the vapor pressures of the water phase at 

the temperatures studied in this work is very low.  

The solubility of methane gas in water in equilibrium with gas hydrates was estimated 

following the work by Klauda et al., 72 even though we realize that the confinement from porous 

medium will somewhat affect the methane gas solubility. In addition, the molar volumes for liquid 

water and empty hydrate lattice were also estimated by using the equations proposed by Klauda et 

al., 72 eqs (32 – 34). The molar volumes of liquid water phases used in Klauda’s model were fitted 

to experimental data from NIST 100 with the average absolute deviation (%AAD) of 0.57%..  

௪ܸ
௅ሺܶሾܭሿ, ܲሾܽܲܯሿሻ

ൌ exp	ሺെ10.9241 ൅ 2.5 ൈ 10ିସሺܶ െ 273.15ሻ െ 3.532 ൈ 10ିସሺܲ െ 0.101325ሻ

൅ 1.559 ൈ 10ି଻ሺܲ െ 0.101325ሻଶሻ 
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(32) 

௪ܸ
௘ఉ,ூሺܶሾܭሿ, ܲሾܽܲܯሿሻ

ൌ ሺ11.835 ൅ 2.217 ൈ 10ିହܶ ൅ 2.242 ൈ 10ି଺ܶଶሻଷ
10ିଷ଴ ஺ܰ

ܰ௪
ఉ െ 8.006 ൈ 10ିଽܲ

൅ 5.448 ൈ 10ିଵଶܲଶ 

(33) 

௪ܸ
௘ఉ,ூூሺܶሾܭሿ, ܲሾܽܲܯሿሻ

ൌ ሺ17.13 ൅ 2.249 ൈ 10ିସܶ ൅ 2.013 ൈ 10ି଺ܶଶ ൅ 1.009 ൈ 10ିଽܶଷሻଷ
10ିଷ଴ ஺ܰ

ܰ௪
ఉ

െ 8.006 ൈ 10ିଽܲ ൅ 5.448 ൈ 10ିଵଶܲଶ 

(34) 

The vapor pressures of water in ice and liquid water phase can be calculated with eq (35)72, 

which was deduced by fitting the experimental data from the CRC Handbook101 to quasi-

polynomial, QL1 form102. This equation can also be applied beyond the range of fitting due to its 

good predictive capabilities102. This equation was proved by Klauda and Sandler 72 to be used to 

calculate the vapor pressure of water in the empty hydrate lattice, which is dependent on the guest 

and the structure of hydrate. 

lnሺ ௪ܲ
௦௔௧ሾܲܽሿሻ ൌ ܣ lnሺܶሻ ൅

ܤ
ܶ
൅ ܥ ൅ 	ܶܦ

(35) 

The values for the constants presented in eq (35) for ice liquid water and empty hydrate lattice 

were provided by Klauda and Sandler 72 (as shown is Table 4). 
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Table 4. Vapor Pressure Constants in eq (35) 72 

phase A B C Dൈ103 

ice 4.6056 -5501.1243 2.9446 -8.1431 

water 4,1539 -5500.9332 7.6537 -16.1277 

guest A B C Dൈ103 

CH4 (sI) 4.6477 -5242.979 2.7789 -8.7156 

 

 

3.5 Results and Discussion 

The workflow depicted in Figure 6 was implemented in Matlab in order to solve the model 

numerically and thus predict the equilibrium pressures of gas hydrates in porous media. Eq (22) 

and (31) for fugacities are numerically solved with the Matlab variable-step solver with respect to 

the pressure. First, at a given temperature value, a pressure value was proposed to calculate the 

pressure in the hydrate phase using the eq (20). Afterwards, the chemical potential and fugacity of 

water in different phases was calculated from eqs (22, 24 and 31). The objective function to be 

minimized was the absolute value squared difference of water fugacities in different phases (i.e. 

chemical equilibrium). The pressure was corrected using a numerical Newton-Raphson technique 

until the objective function was within a given tolerance (10-9). 
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Fig.6. Schematic of the workflow for solving the equilibrium pressure at various temperatures. 

 

3.5.1 Comparison of Model Predictions and Experimental Data 

Figure 7, Figure 8, Table 5 and Table 6 depict the model predictions compared to 

experimental data and other models reported in the literature, respectively. As seen from Table 5 

and 6, the proposed model predicts the experimental data with higher accuracy when compared to 

those of three other models for methane-hydrate-formation in porous media: vdWP model, Clark’s 

model and Klauda’s model. 

Table 5. Percent AAD from Experiments of the Proposed Model Predictions of Porous Methane Hydrate 

Porous 
media 

water contact angle 
(τ) 

hydrate contact angle 
(θ) 

pore size 
model  

%AAD 

silica gel  15.2° 75° 
34 Å 1.54 
70 Å 0.46 

152.5 Å 0.98 

silica glass 24° 85° 
59.5 Å 2.47 

154.4 Å 2.38 
247.5 Å 2.11 
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Table 6. Percent AAD from Experiments of Different Model Predictions of Porous Methane Hydrate 

Model 

%AAD  

silica gel (Handa & 
Stupin 1992) 

silica glass (Uchida 
1999) 

silica gel (Seo 
2002) 

VdWP model 6.342 7.609-18.243 —— 

Clark model 0.95-15 —— —— 

Klauda model 5.688 3.332-6.105 —— 

This work 0.38-0.56 2.11-2.47 0.55-1.54 

 

 

Fig.7. Equilibrium conditions of methane hydrate in silica gel pores. 

Handa and Stupin85 and Seo et al103 measured equilibrium pressures of methane hydrate in 

silica-gel-porous-media. As seen in Figure 7 and Table 5, equilibrium pressures predicted with our 

model for the pore size of 70 Å show good agreement with experimental data provided by Handa 

and Stupin with percent absolute average deviation (%AAD) of 0.4862%. The model of Clark 

et.al.71 overpredicts the equilibrium pressures with a deviation of 15%. The vdWP model performs 

with an average of 6.342%. Model of Klauda and Sandler also overestimates the equilibrium 
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pressures of methane hydrate by 5.688% compared with experimental data. Seo et al.103 measured 

the equilibrium conditions of methane hydrates in silica gel samples of different pore sizes using 

a similar experimental procedure to that of Handa and Stupin.85 As shown in Table 5, our model 

predictions for the given average-pore-size samples of 34 Å, 70 Å and 152.5 Å by Seo et al.103 

slightly overestimate the equilibrium pressures of methane-hydrate with %AAD of 0.9113%, 

0.7951% and 0.1276%, respectively. As explained in the Model Description section, the gas-

hydrate-pore wall angle had to be optimized for each material in order to better describe the 

experimental data. The angle of the gas-hydrate interface on the silica gel surface was determined 

to be 75° for pore sizes between 34 and 152.5 Å in this work.  

 

Fig.8. Equilibrium conditions of methane hydrate in silica glass pores. 

 

For silica glass porous media, Uchida et al.86 investigated the equilibrium pressures of 

methane hydrate in pore sizes of 59.5 Å, 154.5 Å and 247.5 Å at higher temperatures than 277 K. 

As shown in Table 6 and Figure 8, predictions of equilibrium pressures using the model proposed 
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in this work for the experimental samples of Uchida et al.86 agree with the presented experimental 

data with %AAD of 2.0675%, 1.2598% and 0.0393%, respectively. The vdWP model over-

predicted the equilibrium pressures with average deviations of 18.243%, 9.291% and 7.609%, 

respectively. The model of Klauda and Sandler also overestimated the equilibrium pressures of 

methane hydrate by 3.332%, 6.105% and 3.484%, respectively, compared with experimental 

data.74 In the case of silica glass, the gas-hydrate interface on the silica glass surface was 

determined to be 85°.  

 

3.5.2 Effect of Interfaces in Model Accuracy 

Clark et al.71 and Klauda et al.74 employed shape factors to describe the structure 

geometries of methane hydrates in porous medium. The morphology of the gas-solid-liquid 

interfaces might be much more complicated than the assumed spherical cap or cylindrical cap. 

Interactions between the sediments and all phases present (free gas, liquid water and hydrate 

phases) probably play a significant role in shaping the geometries of methane hydrates formed in 

gas-hydrate reservoirs, as stated in Chong’s work75. In order to investigate the effects of sediment 

properties on the equilibrium conditions of methane hydrates in porous media, contact angles, 

which relate to the wettability of porous surface, were incorporated in the new model as described 

in the Model Description section. This approach may explain why the proposed model depicted 

higher accuracy for describing experimental data when compared to previous models. 

It has been proposed that the wettability of the sediments’ surface can significantly 

influence the equilibrium pressures of gas hydrate in gas-hydrate reservoirs75. Surfaces can be 

classified into two types: hydrophilic (water attracting), and hydrophobic (water repellent) surface 

according to the surface properties. The hydrophilicity of the surface is captured by the contact 
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angle and the interfacial energy of water on the surface in the proposed model. In the hydrophilic 

surfaces, a larger amount of energy might be required to incorporate tightly-bound water to the 

surface into the hydrate phase, thus resulting in higher equilibrium pressures. The contact angle of 

water on silica glass and silica gel are similar. Thus, as depicted in Figure 9, the experimental 

equilibrium pressures of methane hydrate at similar pore sizes are also indistinguishable in these 

two porous materials. It is necessary to conduct a series of experiments with materials of dissimilar 

surface properties in order to determine the effects of wettability of the sediment on the equilibrium 

conditions of gas hydrate in porous media, which is described by the proposed model. 

 

Fig.9. Equilibrium conditions of methane hydrate in 152-154 Å-radii porous media for different materials. 

 

3.5.3 Effect of Kihara Potential Parameters on Model Accuracy 

Investigations on previous models point towards the fact that model predictions are very 

sensitive to the values of Kihara parameters used, which can significantly influence the cavity 

occupations of gas hydrates72. Kihara parameters can be calculated from results of viscosity 
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measurements104 or be derived from the second virial coefficient105. The values of Kihara potential 

parameters for methane guest used in gas hydrates reported in literature are listed in Table 7. In 

fact, the parameters for the Kihara potential were “tuned” to improve the performance of models 

in order to better predict experimental data in some cases.  

In this work, we adopted parameters of the Kihara potential that were obtained via 

experiments aimed at characterizing the crystalline structure of hydrates. The parameter a (Å) 

represents the core radius of the guest gas molecule, which is considered a spherical core. In 

general, parameter a is believed to be a reliable parameter of general validity that should not be 

fitted, and it was fixed at 0.3834 Å (value provided by Sloan 3). The parameter ɛ corresponds to 

the maximum attractive potential which is a measure of how strongly the guest molecule and the 

water molecules attract each other. This parameter is assumed to be constant in this paper for any 

given hydrate structure and it was fixed at the value provided by Sloan 3. Finally, parameter σ, 

which stands for the core distance between guest molecule and water molecule at zero 

intermolecular potential, was allowed to float between the range of values listed in Table 7. 
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Table 7. Kihara potential parameters of CH4 from literature. 

Reference ɛ/k(K) a (Å) σ (Å) Methods 

JM Herri 2012 166.36 0.3834 3.05 
 

Kihara parameters were calculated 
from experimental data  

JM Herri 2011 

157.85 0.3834 3.1439 
Experimental study 

Kihara parameters were regressed 
from experimental results of this 

study 

154.47 0.3834 3.111 

158.71 0.3834 3.1503 

Sloan 1998 154.54 0.3834 3.165 

Experimentally fitted hydrate guest 
Kihara parameters 

Sloan 2007 155.593 0.3834 3.1439 

A. L. Ballard 2000  154.1815 0.3834 3.1695 

L.S.Tee 1966 232.2 0.3834 2.7382 

Kihara parameters were 
determined from experimental 
viscosities and/or second virial 

coefficients 

Klauda & Sandler 
2000  

232.2 0.28 3.505 

 
Kihara parameters were derived 
from viscosity or second virial 

coefficient data  

 
 

Mohammadi 2005  
 

153.69 0.295 3.2512 
Experimental and model 

 

Y. S. Kim 2003 141.52 0.3834 2.9488 
Experimental and modeling work 
Kihara parameters were fitted to 

available data.  

J. P. Schroeter 1983 153.22 0.30017 3.2363 Experimental study 

D. Avlonitis 1993 227.13 0.393 2.779 
Kihara potential parameters of 

gases from second virial 
coefficient data 

M. A. Clarke 2003 151.7117 0.3834 2.2699 

 
Kihara parameters were regressed 

by minimizing the differences 
between experimental data and 

predicted value. 
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In order to get a representative core-distance value, we simultaneously validated the model 

with the available experimental data points for each of the experimental systems used in this work. 

The goal was to maximize the probability of representing as many experimental data points as 

possible, within the constraint that the core distance correlated linearly with the temperature at the 

same rate (i.e., equal slope). It was found that the core distance slightly decreases with increasing 

pore size in the proposed model, as depicted in Figure 10. The reason for this phenomenon may 

be that the proposed model captures the effect of confinement on gas-hydrate-equilibrium 

conditions in porous media via slight variations of the core distance value. The value of core 

distance for different pore sizes ranged from 2.73 Å to 3.06 Å. When the pore radius becomes 

larger, the core distance value σ decreases towards the value for bulk hydrate phase. 104 

 

Fig.10. Schematic of relation between core distance and temperatures. 

 

3.5.4 Prediction of Gas-hydrate Equilibrium in Large Sediment Pores 

Gas hydrates naturally occur in the form of small hydrate crystals in sedimentary porous 

media. According to visual observations of gas hydrates within natural sediments, there are mainly 
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three types of gas-hydrates reservoirs: (1) poorly consolidated coarser-grained sediments 

containing massive blocks or sheets of gas hydrates; (2) unconsolidated, fine-grained and low 

permeability sediments containing cemented hydrates; and (3) consolidated rock such as clay and 

mud containing hydrate nodules, layers, and fracture- and vein-infillings106–108. The pore sizes of 

these common sediment samples are usually measured by mercury porosimetry and proton nuclear 

magnetic resonance (NMR)107,109,110. It has been found that pore diameters in these scenarios range 

from a macroscopic to microscopic scale107. For instance, sandstone usually has about 50% of its 

pores with size smaller than 54 microns. While shale has about 50% of its pores with size smaller 

than 20 nm109,110. Permafrost sediments are usually composed of unconsolidated gravels which can 

form larger pore sizes in millimeter scale111. Little experimental work has been conducted on 

predicting the equilibrium conditions of gas hydrates in large pores with diameter ranges from a 

few micrometers to few millimeters, as to provide suitable experimental data for validation of the 

proposed model.  

 

Fig.11. Model predictions for gas hydrate equilibrium in sample natural sediments. Note that no fittings were used in 
order to improve the smoothness of the predicted data. 
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 In order to better understand the equilibrium conditions of gas hydrates in natural 

sediments, the equilibrium conditions of gas hydrates in porous media with mean pore radii of 5 

μm, 30 μm and 30 mm are predicted with the proposed model. As shown in Figure 11, the 

equilibrium pressure of gas hydrates in these types of porous media range from 3.4 MPa to 15.3 

MPa when the temperature increase from 275.15 K to 290.15 K. In porous media with smaller 

pore size, slightly larger pressures are required to help gas hydrates reach at the equilibrium states.  

 

3.6 Conclusions 

A model for gas-hydrate equilibrium in pores developed from basic thermodynamic 

analysis is proposed and validated against available experimental data in this work. The proposed 

model presents high predictive accuracy when compared to experimental data with the average 

AAD of less than 1%. The mechanical equilibrium condition of the model takes the effects of 

sediment properties (wettability, interfacial tension) into account to describe the conditions of 

stability of gas hydrate in porous media, in a very straight-forward manner. The wettability of the 

pore surface affects the equilibrium pressures of gas hydrate formed in porous media, and the shape 

of the hydrate phase. However, experimental data are available only for surfaces of similar surface 

properties. The effects of sediment properties captured in the proposed model should be further 

tested experimentally. 
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CHAPTER 4 INTERFACIAL EFFECTS ON THE ENERGY BARRIER FOR 

GAS-HYDRATE CAGE AND ICE HETEROGENEOUS NUCLEATION  
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4.1 Motivation 

Naturally, hydrate-bearing sediments usually exhibit low porosity and permeability with 

microscale pore sizes74,75,112. In synthetic porous media for gas-hydrates formation, nanoscale pore 

sizes are commonly encountered81,85,86. Thus, heterogeneous nucleation takes place more 

frequently than homogeneous nucleation because of the extremely slow nucleation rate of 

homogeneous nucleation113. With the presence of foreign surfaces, including gas-liquid interfaces, 

solid-liquid interfaces and gas-liquid-solid triple boundary lines, the energy barrier for nucleation 

can be effectively reduced, and nucleation can be facilitated. Therefore, it is critical to understand 

how foreign surfaces modulate the energy barrier enabling heterogeneous nucleation. 

The phenomenon of ice formation and growth in porous media (e.g. sediments) has 

attracted considerable research effort in recent years due to the fact that large parts of the earth’s 

surface are covered by cold or seasonally-frozen regions. In these regions, sediment pores are filled 

with ice and expanded by the growth of ice crystals due to water transfer and accumulation from 

unfrozen areas to frozen areas. When temperature is above the freezing point, the melting of solid 

ice weakens the pore structure because the damaged pores lose the support of solid ice114–117. As a 

result, the cycle of liquid freezing in the winter and thawing in the spring results in severe damage 

to external facilities, such as road pavement, natural gas or water pipelines, buildings and other 

civil structure foundations. From the freshwater resource perspective, about 75% of the freshwater 

on earth is stored as ice in sediments. Preventing the phenomenon of frost heave, i.e. ice formation, 

may benefit the biota in those sediments118. Therefore, it is crucial to understand the nucleation 

and growth processes of ice in porous media in order to predict and further prevent the 

phenomenon of frost heave.  
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Most of the experimental and theoretical work on frost heave has focused on the growth of 

existing ice crystals inside porous media114–116,118,119. According to the work of K. A. Jackson and 

Bruce Chalmers, the types of soil, contact angles for the ice-soil interface, grain size and 

permeability of the soil may significantly influence the rate of growth of heave120. However, there 

is a dearth of work on the nucleation process itself, i.e., the birth of ice crystals in the first place. 

As we all know, nucleation is the first step in the kinetic formation of a new thermodynamic phase. 

It will be extremely helpful to slow down the heave rate by reducing the nucleation rate or 

inhibiting nuclei formation.  

With respect to the formation of gas hydrates, understanding the nucleation process of gas 

hydrates is of great importance to understand the formation mechanisms of gas hydrates. Gas 

hydrates form in natural gas pipelines and laboratory environments under proper temperature and 

pressure conditions. In addition, gas hydrates naturally exist in mesoporous sediments containing 

pores with diameters in the micro-size or nano-size region121,122. In bulk liquid or large pores, some 

experimental work on gas hydrates formation suggests that gas hydrates preferentially form a 

hydrate film at the gas/liquid interface123,124. In micro-size or nano-size pores, gas hydrates are 

likely to form at the triple boundary lines along the gas/liquid/solid three phases125. Therefore, the 

gas/liquid interfaces and the triple boundary lines play an important role in the heterogeneous 

nucleation process of gas hydrates formation. 

Studying the nucleation process with experimental methods is extremely challenging due 

to the experimental-resolution limitations on time and space scale. Recently, some researchers 

studied the nucleation of ice in the presence of solid surfaces with Molecular Dynamics (MD) 

Simulations, which is an effective method to study the mechanism of heterogeneous nucleation 

process67,126–128. However, the nucleation rate of ice in porous media can’t be quantitatively 
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analyzed with MD simulations due to limitations of time and length scale. Experimental methods 

can provide macroscopic rates of crystal growth, but not initial nucleation rates129–132. Therefore, 

a macroscopic mathematic model that captures nucleation rate and incorporates this phenomenon 

in the rate of crystal growth to allow comparison with experimental data, would be the most 

effective approach to study the problem. In recent years, some theoretical investigations have been 

conducted to study the heterogeneous nucleation of ice on the surface of insoluble particles using 

the theoretical framework of Classical Nucleation Theory (CNT)133–135. However, there are few 

theoretical studies aiming to quantitatively describe how sediment surfaces modulate the 

nucleation process. In addition, to the best of our knowledge, few theoretical work has been 

conducted to describe the effects of gas/liquid interfaces on gas hydrates nucleation and no work 

reported on gas hydrates nucleation at the triple boundary lines.  

In this chapter, a mathematical model was developed with incorporation of careful 

thermodynamic analyses in order to understand the effects of confinement surfaces properties, 

including contact angle, substrate size and surface geometry, on the nucleation energy barrier of 

ice/gas-hydrates in porous media. Taking this study one step further, future work will be conducted 

to predict the nucleation rate of ice and gas-hydrates in porous media and understand how various 

interfaces properties modulate the nucleation process of ice/gas-hydrates in porous media. 

 

4.2 Types of Interfaces 

Foreign interfaces are very commonly encountered during the heterogeneous nucleation 

process in sedimentary porous media. For example, confinement walls within sediments, dust 

particles or inhibitors in porous media, liquid-solid interfaces (planar, concave and convex surfaces) 

are frequently encountered during the nucleation process136. With the assumption of the presence 
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of continued gas and liquid phases in porous media, gas-liquid interface should be considered 

during the nucleation process in bulk solution or in large pores. With the formation of ice/gas-

hydrates in small pores, three-phase boundary lines might exist in porous media. The properties of 

these interfaces (contact angle, interfacial energy, and substrate curvature) no doubt play an 

important role in modulating the nucleation process of gas hydrates. 

 

4.3 Model Description on Correction Factors 

According to classical nucleation theory (CNT), the nucleation of ice/gas hydrates is a 

process of statistical fluctuation of building molecules in supersaturated liquid due to thermal 

vibration, which can result in the occurrence of some unstable ordered solid molecular clusters. 

These clusters will shrink or expand as the fluctuation of monomers in the liquid allows for 

incorporation of water molecules into the clusters. In this case, the flux of building molecules into 

the critical nucleus is thermodynamically favored. Then, a stable solid phase can be formed from 

the liquid phase after the nucleation and growth processes taking place133. The nucleation process 

can be described by the nucleation rate, which is characterized as the number of critical nuclei 

formed over a time unit. In order to quantitatively analyze the nucleation process, a thermodynamic 

component (the change of Gibbs free energy during the formation of the critical ice nucleus from 

the liquid phase) and a kinetic component (diffusive flux of water molecules) should be 

incorporated into the formulation of nucleation rate133,134. 

Heterogeneous nucleation is more common in nature due to the presence of interfaces, 

including gas/liquid interface, liquid/solid interface, and gas/liquid/solid triple boundary lines. In 

the case of ice, the nature of the interaction between water molecules and the surface may also 

play a role in nucleation, i.e., hydrophobic or hydrophilic interactions. These effects will be 
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relevant when studying ice nucleation in soils and porous materials. Three types of surfaces, 

including flat, concave and convex surfaces, are the most common surfaces in porous materials 

and sediments. From the thermodynamic perspective, a flat surface is the simplest geometry which 

can significantly lower the energy barrier for heterogeneous nucleation136–138. From the perspective 

of practical situations, concave surfaces such as pore walls and convex surfaces such as dust 

particles are more commonly encountered in mesoporous sediments136,137,139. In the case of gas 

hydrates, the nucleation of gas hydrates likely happens at the interface of gas/liquid in the bulk of 

aqueous solution or in large pores and fractures as suggested in open literature123,124. In micro-size 

or nano-size pores, the triple boundary line plays an important role in the nucleation process of gas 

hydrates. 

 

4.3.1 Correction factors for heterogeneous nucleation at the gas/liquid interface 

In the bulk of an aqueous solution or in large pores, the interface of gas/liquid is flat. A 

lens-shaped critical nucleus forms at the gas/liquid interface (Figure. 12). As shown in Figure. 12, 

 ଶ represent the angles of the crystal/gas and the crystal/liquid interfaces, respectively. Theߠ ଵ andߠ

values of ߠଵ and ߠଶ depend on the interfacial energies between the phases present (ߪଵଶ, ߪଵଷ and 

 ଶ, respectively. Theݎ ଵ andݎ ଶଷ). The radius of the two hemispherical caps are described withߪ

change of Gibbs free energy during nucleation process can be mathematically expressed as follows, 

including a volume term and a surface term: 

ܩ∆ ൌ ∆݃௩ ௜ܸ ൅ ଵଶܣଵଶߪ ൅ ଶଷܣଶଷߪ െ  ଵଷ                                         (36)ܣଵଷߪ

Where numbers 1, 2 and 3 denote the gas phase, critical nucleus and liquid surface, respectively. 

The parameter ߪ௜௝ is the interfacial energy between phase i and phase j. The quantity ܣ௜௝ is the 
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interfacial area between phase i and phase j. Parameter ௜ܸ is the geometrical volume of the critical 

nucleus. 

 

Fig. 12. Schematic of the formation of a lens-shape nucleus at the gas/liquid interface. 

 

Through careful geometrical and mathematical analysis, we can get a suite of correlations 

between nucleus volume and interfacial areas. The correlations are as follows, 

௜ܸ ൌ
1
3
ଵݎሾߨ

ଷሺ2 െ 3݉ଵ ൅ ݉ଵ
ଷሻ ൅ ଶݎ

ଷሺ2 െ 3݉ଶ ൅ ݉ଶ
ଷሻሿ 

                                 (37) 

ଵଶܣ ൌ ଵݎߨ2
ଶሺ1 െ	݉ଵሻ 

                                                            (38) 

ଶଷܣ ൌ ଶݎߨ2
ଶሺ1 െ	݉ଶሻ 

                                                            (39) 

ଵଷܣ ൌ ଵݎߨ
ଶሺ1 െ	݉ଵ

ଶሻ 

                                                            (40) 

Where ݉ଵ ൌ ଵ, ݉ଶߠݏ݋ܿ ൌ  ଶ. The relationship between interfacial energies and geometricalߠݏ݋ܿ

angles is given by eq (41) according to the Law of Sines. 
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ଵଶߪ
ଶߠ݊݅ݏ

ൌ
ଶଷߪ
ଵߠ݊݅ݏ

	

(41) 

and 

ଵߠ݊݅ݏଵݎ ൌ  ଶߠ݊݅ݏଶݎ

(42) 

Combining all these equations, we can derive the free energy ∆ܩ for the nucleation of critical 

nucleus at the gas/liquid interface by substituting Equation (37) – (40) into eq (36). In so doing, 

we are naturally incorporating the effects of the gas/liquid interface into the expression of the 

energy barrier for nucleation, as follows: 

ܩ∆ ൌ
1
3
ଵݎሾሺ∆݃௩ߨ

ଷ ൅ ଵݎଵଶߪ3
ଶሻሺ2 െ 3݉ଵ ൅݉ଵ

ଷሻ ൅ ሺ∆݃௩ݎଶ
ଷ ൅ ଶݎଶଷߪ3

ଶሻሺ2 െ 3݉ଶ ൅݉ଶ
ଷሻሿ 

 (43) 

Where ݎଵ is represents the radius of the critical nucleus required for a given energy barrier for the 

nucleation of a critical nucleus. By taking the first derivative of this free energy with respect to ݎଵ, 

we obtain eq (44). 

		
ܩ∆߲
ଵݎ߲

ൌ ଵ∆݃௩ݎଵሺݎߨ ൅ ଵଶሻሺ2ߪ2 െ 3݉ଵ ൅݉ଵ
ଷሻ 

                                       (44) 

When we set the first derivative to zero, we can get the critical radius of nucleus leading to crystal 

growth and its associated energy barrier, which includes a correction factor for modifying the 

homogeneous nucleation energy barrier to be used in heterogeneous nucleation at the gas/liquid 
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interface. The corresponding equations for the critical radius, the energy barrier and the correction 

factor are given below: 

ଵݎ ൌ െ
ଵଶߪ2
∆݃௩

	

                                                          (45)	

∗ܩ∆ ൌ
ଵଶߪߨ16

ଷ

3∆݃௩ଶ
݂ሺߠሻ	

                                                                  (46) 

݂ሺߠሻ ൌ
1
4
ሾሺ2 െ 3݉ଵ ൅݉ଵ

ଷሻ ൅ ቆ
1 െ݉ଵ

ଶ

1 െ ݉ଶ
ଶቇ

ଷ
ଶൗ

ሺ2 െ 3݉ଶ ൅݉ଶ
ଷሻሿ	

                                        (47) 

Where ݂ሺߠሻ represents the correction factor to describe the effects of the gas/liquid interface on 

the energy barrier for heterogeneous nucleation.  

 

Fig. 13. Correction factor for nucleation at gas/liquid interface as a function of angle θଵ and angle θଶ. 
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Figure 13 depicts the dependence of the correction factor ݂ሺߠሻ on the geometrical angles 

of the crystal nucleus. As shown in Figure 13, the correction factor increases with incresing value 

of ߠଵ and ߠଶ, and varies in the range of 0	~	1. When both of ߠଵ and ߠଶ take the value of 90°, the 

correction factor is 1, and the critical nucleus will form the shape of sphere. This scenario 

corresponds to homogeneous nucleation, which is highly unlikely. Conversely, when the values of 

 ଶ are equal to zero, the correction factor is zero. In this case, there is no energy barrier forߠ ଵ andߠ

the nucleation process. The nucleation process happens spontaneously at the interface of gas/liquid 

in the shape of a flat film. This scenario takes place at very beginning of the nucleation process. 

However, as the nucleus grows, it adopts a lens shape with the hemispherical caps determined by 

interfical energies. Lenses of ice or gas hydrates have been observed in nature.  

4.3.2 Correction factors for heterogeneous nucleation on a solid substrate  

A good starting point for the analysis of heterogeneous nucleation on a solid surface is to 

study the nucleation process on a planar surface. Furthermore, the nucleation process on a planar 

surface can be used as a control system to examine the physical meaning of models for concave 

surfaces (i.e., pore wall and porous materials) and convex surfaces (i.e., dust particles). In fact, a 

pore can be modeled via imposing curvature on a flat surface to form a cylinder. A particle surface 

can be assumed as a curved flat surface with spherical shape. 

The flat surface is assumed to be smooth in order to better formulate the model for the 

nucleation process from the thermodynamic perspective. Figure 14 depicts a schematic of a 

spherical-cap nucleus forming on a flat surface. Numbers 1, 2 and 3 are used to represent the liquid 

phase, critical nucleus and solid flat surface, respectively. The parameter ߪ௜௝  is the interfacial 

energy between phase i and phase j.  
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Fig. 14. Schematic of the formation of a spherical-cap ice nucleus on a planer surface. 

 

Applying the same procedure used for nucleation at a gas/liquid interface, one formulates 

an expression for the Gibbs free energy required to form the critical nucleus and calculates its first 

derivative to obtain the critical radius 136: 

The only difference is the application of Young’s Equation in order to correlate contact 

angle to interfacial energies for the system depicted in Figure 14: 

ଵଷߪ െ ଶଷߪ ൌ  ߠݏ݋ଵଶܿߪ

                                                       (48) 

We can obtain the following equation for the Gibbs free energy required to form the critical nucleus; 

as described above: 

ܩ∆ ൌ ሺ
1
3
ଵݎߨ

ଷ∆݃௩ ൅ ଵݎߨ
ଶߪଵଶሻሺ2 െ ߠݏ݋3ܿ ൅ 	ሻߠଷݏ݋ܿ

(49) 

The critical size of the nucleus and the energy barrier for forming the nucleus are derived 

by differentiating eq (49) with respect to nucleus radius (ݎଵ). The first-order derivative must be 

zero, which allows to obtain the critical size ݎଵ, as shown below. 

																		
ܩ∆߲
ଵݎ߲

ൌ
ሺ4ݎߨଵ

ଶ∆݃௩ ൅ ଵଶሻሺ2ߪଵݎߨ8 െ ߠݏ݋3ܿ ൅ ሻߠଷݏ݋ܿ

4
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(50) 

There is only one solution for 
డ∆ீ

డ௥భ
ൌ 0 in this case: 

ଵݎ ൌ െ
ଵଶߪ2
∆݃௩

	

(51) 

Then we can obtain the critical energy ∆ܩ∗ for the critical nucleus on the smooth flat surface by 

substituting Equation (51) into Equation (49), which allows for the identification of a correction 

factor for Gibbs energy that takes into consideration the presence of the flat surface. 

∗ܩ∆ ൌ
ଵଶߪߨ16

ଷ

3∆݃௩ଶ
݂ሺߠሻ	

(52) 

݂ሺߠሻ ൌ ሺ2 െ ߠݏ݋3ܿ ൅ 	ሻ/4ߠଷݏ݋ܿ

(53) 

Where ݂ሺߠሻ is the correction factor for heterogeneous nucleation in the presence of a smooth flat 

surface, value of this correlation varies with the contact angle with the flat surface. One should 

note that the shape of the nucleus as a hemispherical cap on the flat surface is reflected in the 

correction factor. A similar analysis procedure is employed in order to derive the correction factors 

for nucleation on concave and convex surfaces in the following sections.  

Pores of mesoporous sediments are idealized as cylindrical pores (concave surfaces) and 

dust particles are assumed to take the shape of spheres (convex surfaces). Figure 15 shows a 

schematic of the expected geometries for nucleation on curved surfaces: a semi-spherical-cap 

nucleus inside the pore wall (concave surface), and a semi-spherical-cap nucleus on the outer 

surface of the spherical particle (convex surface), respectively. Similar to the case of a flat surface, 

1, 2 and 3 represent the liquid phase, critical nucleus and solid substrate, respectively. The 
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parameter ௜ܸ  represents the volume of the formed critical nucleus. The quantity ߪ௜௝  is the 

interfacial energy between phase i and phase j. The parameter ܣ௜௝ is the interfacial area between 

phase i and phase j. The angle ߠ is the contact angle between the critical nucleus and the substrate, 

while angles ߠଵ and ߠଶ are the geometric angles. The following radii are defined as follows: ݎଵ is 

the critical size of the nucleus and ݎଶ is the radius of the substrate. In the case of concave surface, 

ߠ ൌ ଵߠ ൅ ߠ ,ଶ. However, in the case of convex surfaceߠ ൌ ଵߠ െ  .ଶߠ

 

Fig. 15. Schematic of the formation of a spherical-cap ice nucleus on the pore wall (left) and dust particle (right). 

 

From geometric analysis, the volume of the critical nucleus with critical size on the solid 

substrate can be calculated from the following equations: 

௜ܸ ൌ
1
3
௜ݎߨ

ଷ൫2 െ ௜ߠݏ݋3ܿ ൅ ௜ߠݏ݋ܿ
ଷ൯				ሺ݅ ൌ 1, 2	ሻ 

                               (54) 

Here, if the nucleation process occurs on concave surface, ௜ܸ ൌ ଵܸ ൅ ଶܸ. Otherwise, if nucleation 

process happens on convex surface, ௜ܸ ൌ ଵܸ െ ଶܸ. In addition, from the same geometrical analyses, 

the interface areas of the spherical-cap nucleus are derived as follows: 
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ଵଶܣ ൌ ଵݎߨ2
ଶሺ1 െ  ଵሻߠݏ݋ܿ	

                                                         (55) 

ଶଷܣ ൌ ଶݎߨ2
ଶሺ1 െ  ଶሻߠݏ݋ܿ	

                                                         (56) 

Substituting equations (54) through (56) into equation (36), the final expression for the change in 

free energy is as follows: 

ܩ∆																	 ൌ
1
3
ଵݎ௩ሾ݃∆ߨ

ଷ൫2 െ ଵߠݏ݋3ܿ ൅ ଵߠݏ݋ܿ
ଷ൯ ൅ ଶݎ

ଷ൫2 െ ଶߠݏ݋3ܿ ൅ ଶߠݏ݋ܿ
ଷ൯ሿ 																								

൅ ଵݎଵଶሾߪߨ2
ଶሺ1 െ ଵሻߠݏ݋ܿ	 െ ଶݎ

ଶሺ1 െ 		ሿߠݏ݋ଶሻܿߠݏ݋ܿ	

(57) 

ܩ∆																	 ൌ
1
3
ଵݎ௩ሾ݃∆ߨ

ଷ൫2 െ ଵߠݏ݋3ܿ ൅ ଵߠݏ݋ܿ
ଷ൯ െ ଶݎ

ଷ൫2 െ ଶߠݏ݋3ܿ ൅ ଶߠݏ݋ܿ
ଷ൯ሿ 																								

൅ ଵݎଵଶሾߪߨ2
ଶሺ1 െ ଵሻߠݏ݋ܿ	 െ ଶݎ

ଶሺ1 െ 		ሿߠݏ݋ଶሻܿߠݏ݋ܿ	

(58) 

Equations (57) and (58) correspond to the free energy change for nucleation on a concave pore 

wall and a convex particle, respectively. The critical size of the nucleus and the energy barrier for 

forming the nucleus can be obtained via differentiating the equations (57) and (58) with respect to 

radius and equating the results to zero, in a similar way as it was done for the flat surface case. The 

first-order derivative of ∆ܩ corresponds to the following equation: 

ܩ∆߲
ଵݎ߲

ൌ ଵݎଵሺ∆݃௩ݎߨ ൅ ଵଶሻ൫2ߪ2 െ ଵߠݏ݋3ܿ ൅ ଵߠݏ݋ܿ
ଷ൯	

(59) 

When equating the previous expression to zero, the critical size ݎଵ is obtained: 

ଵݎ ൌ െ
ଵଶߪ2
∆݃௩
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(60) 

Substituting equation (60) into equations (57) and (58) and rearranging terms, the equations used 

to calculate the free energy required to form the critical nucleus of critical size of ݎଵ can be obtained 

for both cases as follows: 

 

∗ܩ∆ ൌ
ଵଶߪߨ16

ଷ

3∆݃௩ଶ
݂ሺݔ,  ሻߠ

(61) 

݂ሺߠሻ 	ൌ ሾ1 െ ܺଷ െ ሺ1ߠݏ݋ଶܿݔ3 െ ܻሻ െ ଷሺ2ݔ െ 3ܻ ൅ ܻଷሻሿ/2	

(62) 

݂ሺߠሻ 	ൌ ൣ1 െ ܺᇱଷ െ ሺ1ߠݏ݋ଶܿݔ3 െ ܻᇱሻ ൅ ଷ൫2ݔ െ 3ܻᇱ ൅ ܻᇱଷ൯൧/2	

(63) 

Where ݔ ൌ ଶݎ ⁄ଵݎ ; ܺ ൌ ଵା௫௖௢௦ఏ

√ଵା௫మାଶ௫௖௢௦ఏ
; ܻ ൌ ௫ା௖௢௦ఏ

√ଵା௫మାଶ௫௖௢௦ఏ
; ܺ′ ൌ ௫௖௢௦ఏିଵ

√ଵା௫మିଶ௫௖௢௦ఏ
; ܻ′ ൌ ௫ି௖௢௦ఏ

√ଵା௫మିଶ௫௖௢௦ఏ
 

Where ݔ is the aspect ratio, i.e., the ratio of substrate radius to critical radius of nucleus. Again, 

the parameter ݂ coresponds to the correction factor or geometric factor to describe the effects of 

surfaces on the energy barrier for heterogeneous nucleation. Eqs (62) and (63) present the 

geometric factor for concave surface and convex surface, respectively. These two equations, are 

similar to the ones derived by Fletcher 139 and Qian 136,137 for the case of convex surfaces, and can 

be used in order to incorporate the effects of concave and convex surfaces on the energy barrier of 

nucleation. These two equations show that the correction factor ݂ depends on contact angle ߠ and 

aspect ratio ݔ.  

The difference between the correction factors for the three types of surfaces (flat, convex 

or particle, and concave or pore) and the correction factor for the flat surface, , ∆݂ሺߠሻ is plotted as 
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a function of contact angle for different values of aspect ratio in Figure 16. Blue lines represent 

the difference between the correction factor for pore surfaces (concave) and flat surface as a 

function of contact angle at vaying values of aspect ratio (aspect ratio captures the relationship 

between pore size and critical nucleus radius). Green lines present the values of the difference in 

correction factor between convex surfaces (particles) and flat surfaces as a function of contact 

angle for different values of aspect ratio. The red line represents the reference, i.e., flat surface. 

The blue lines and green ones mostly overlapped with the red line when ݔ ൐ 100, which indicates 

that the substrate surface can be taken as a flat surface when the radius of the substrate is about 

100 times larger than that of the critical ice nucleus (ݎଶ ൌ  ଵ). When the contact angle is 180°ݎ100

(highly hydrophobic surface) the corresponding value of the correction factor is 1. In this case, the 

critical energy for forming critical nucleus is the same as that for homogeneous nucleation, i.e., 

the surface has no effect or benefit towards nucleation. When the contact angle is 0° (the surface 

is highly hydrophilic), there is no energy barrier for the nucleation process because the value of 

correction factor is 0, which suggests the formation of a solid film on the surface. Finally, when 

the aspect ratio, ݔ, is infinite, the correction-factor equations for concave and convex surfaces 

simplify to the case of a flat surface (as shown in Figure 16), which implies that the effect of the 

curvature is lost.  

One should also notice that nucleation on a concave pit (i.e., concave surface) is more 

favorable that nucleation on a particle (i.e., convex surface) from a correction factor perspective. 
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Fig. 16. Difference between the correction factor on a curved surface and a flat surface (∆f ൌ fୱ୳ୠୱ୲୰ୟ୲ୣ െ f୤୪ୟ୲) as a 
function of contact angle θ at different values of aspect ratio x. 

 

4.3.3 Correction factors for heterogeneous nucleation at the gas/liquid/solid triple 

boundary line  

In porous media, when gas, liquid and solid (three phases) are present in the system, the 

interfaces between the three phases can play an important role in the nucleation process. In the 

case of gas hydrates nucleation, experimental work has shown that the nucleation process of gas 

hydrates prefers to take place at the triple boundary line in porous media containing free gas and 

liquid phase 125. In order to understand how the gas/liquid/solid triple boundary line affects the 

nucleation process inside pores, a similar thermodynamic analysis as the one used in the previous 

sections is applied to formulate the correction factor for lens-shaped crystal clusters formed along 

the gas/liquid/solid boundary lines (as shown in Figure 17). The parameters of ߠଵ and ߠଶ describe 

the contact angles of liquid and critical nucleus inside the confinement surface, respectively. The 
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values of angles ߠଵ and ߠଶ depend on the wettability properties of the confinement surface (i.e., 

the pore walls). 

 

Fig. 17. Lens-shaped nucleus of hydrates at the gas/liquid interface in nanoscale pores. 

The Gibbs free energy required to form the shape of nucleus along the triple boundary line 

depicted in Figure 17 is given by eq (64). 

ܩ∆ ൌ ∆݃௩ ௜ܸ ൅ ଵଶܣଵଶߪ ൅ ଶଷܣଶଷߪ െ  ଶଷܣଵଷߪ

                                        (64) 

Numbers 1, 2 and 3 are used to represent the gas phase, critical nucleus and liquid phase, 

respectively. The parameter ߪ௜௝ is the interfacial energy between phase i and phase j. The quantity 

 ௜௝ is the interfacial area between phase i and phase j. Parameter ௜ܸ is the geometrical volume ofܣ

the critical nucleus. 

After careful geometrical and mathematical analysis, we can get the correlations for the volume of 

critical nucleus and interfacial areas. The correlations are as follows: 
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௜ܸ ൌ
1
3
ଵݎሾߨ

ଷሺ2 െ 3݉ଵ ൅݉ଵ
ଷሻ ൅ ଶݎ

ଷሺ2 െ 3݉ଶ ൅݉ଶ
ଷሻሿ 

                                 (65) 

ଵଶܣ ൌ ଵݎߨ2
ଶሺ1 െ	݉ଵሻ 

                                                            (66) 

ଶଷܣ ൌ ଶݎߨ2
ଶሺ1 െ	݉ଶሻ 

                                                            (67) 

Where ݉ଵ ൌ ଵ, ݉ଶߠ݊݅ݏ ൌ  ଶ. The relationship between interfacial energies and geometricalߠ݊݅ݏ

angles should follow eq (68) according to Young’s Equation. 

ଵଷߪ ൌ ଶଷߪ ൅ ଵଶߪ cosሾߨ െ ሺߠଵ ൅ 	ଶሻሿߠ

                                                                    (68) 

Then we can derive the free energy ∆ܩ required to form the critical nucleus at the gas/liquid/solid 

triple boundary line by substituting equation (65) – (68) into eq (64), which allows for taking the 

incorporation of the effects of the triple boundary line into the expression for Gibbs free energy 

change. 

ܩ∆ ൌ
1
3
ଵݎ௩ሾ݃∆ߨ

ଷሺ2 െ 3݉ଵ ൅݉ଵ
ଷሻ ൅ ଶݎ

ଷሺ2 െ 3݉ଶ ൅݉ଶ
ଷሻሿ

൅ ଵݎଵଶሾߪߨ2
ଶሺ1 െ ݉ଵሻ ൅ ଶݎ

ଶሺ1 െ ݉ଶሻ cosሺߠଵ ൅ 	ଶሻሿߠ

(69) 

Where ݎଵ is assumed to represent the radius of the critical nucleus in order to obtain the energy 

barrier for the nucleation of critical nucleus. By taking the first derivative of free energy with 

respect to ݎଵ, we can get eq (70). 
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ܩ∆߲
ଵݎ߲

ൌ ଵ∆݃௩ݎଵሺݎߨ ൅ ଵଶሻሺ2ߪ2 െ 3݉ଵ ൅݉ଵ
ଷሻ 

                                       (70) 

Then set the first derivative to be equal to zero in order to obtain the critical radius of nucleus and 

energy barrier, which includes a correction factor for adjusting the term for homogeneous 

nucleation for application to heterogeneous nucleation at the gas/liquid/solid triple boundary line. 

ଵݎ ൌ െ
ଵଶߪ2
∆݃௩

	

                                                          (71)	

∗ܩ∆ ൌ
ଵଶߪߨ16

ଷ

3∆݃௩ଶ
݂ሺߠሻ	

                                                                  (72) 

Through careful thermodynamic and mathematical analyses, the expression for the 

correction factor ݂ሺߠሻ of the lens-shaped hydrate nucleus inside pores is given by (73).  

݂ሺߠሻ 	ൌ
1
2
ቐ1 െ݉ଵ

ଷ ൅ 3
1 െ݉ଵ

ଶ

1 ൅ ݉ଶ
ቆට൫1 െ݉ଵ

ଶ൯ሺ1 െ ݉ଶ
ଶሻ െ ݉ଵ݉ଶቇ

െ ቆ
1 െ݉ଵ

ଶ

1 െ ݉ଶ
ଶቇ

ଷ
ଶൗ

ሾ2 െ 3݉ଶ ൅݉ଶ
ଷሿቑ							 

Similar to the situation of nucleation at gas/liquid interface, the value of correction factor for 

nucleation at the triple boundary line depends on the values of ߠଵ and ߠଶ. Where ݉ଵ ൌ ,ଵߠ݊݅ݏ

݉ଶ ൌ  ଵ varies from 0° to 180°, depending on the angle of the gasߠ ଶ, and the value of angleߠ݊݅ݏ

hydrates interface on a given solid surface. The angle ߠଶ can take values between 0° and 180°, 

depending on the angle of the hydrate-liquid interface on a given surface. The values of these two 
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angles depend on the specific surface energies of gas/liquid, gas/hydrate and hydrate/liquid 

interfaces. The shape of the critical hydrate nucleus is determined by the values of these two 

contact angles. When these two angles vary in the range of 0° ~ 90°, it means that the confinement 

surface is water wetting (hydrophilic). Otherwise, when the confinement surface is hydrophobic, 

both of the angles will locate in the range of 90° ~ 180°.  

 

Fig. 18. Correction factor for nucleation at gas/liquid/solid triple boundary line as a function of contact angle θଵ and 
θଶ (a), (b) zooms in the region of 0°	~	90° and (c) shows the schematics of nucleus formed under special conditions. 

 

The correction factor for heterogeneous nucleation at the triple boundary line is plotted as 

a function of contact angle ߠଵ and ߠଶ (Figure 18(a) and 18(b)). As shown in Figure 18(c), at the 

special condition of  ߠଵ ൌ ଶߠ ,0° ൌ 180° or ߠଵ ൌ ଶߠ ,180° ൌ 0°, the correction factor takes the 

value of 1. This situation corresponds to the formation of a thin, spherical lens on a fully 

hydrophobic surface, which has not been observed. When ߠଶ takes the value of 90° and for any 
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value of ߠଵ, the correction factor is equal to zero. Under this condition, the triple boundary line is 

flat and the nucleation process spontaneously occurs at the triple boundary line in the form of a 

flat film. This case has not been observed inside pores, but on gas/liquid interfaces. With respect 

to the conditions of ߠଵ ൌ 0° ଶߠ , ൌ 0°  or ߠଵ ൌ 180° ଶߠ , ൌ 180° , the critical nucleus takes a 

spherical shape that is the same as homogeneous nucleation. Thus, the values of correction factor 

are equal to 1. When ߠଵ ൌ ଶߠ ,90° ൌ 0° or ߠଵ ൌ ଶߠ ,90° ൌ 180°, semi-spherical nuclei form at 

the gas/liquid/solid interface in the solution. In this case, the energy barrier for heterogeneous 

nucleation at the triple boundary line is half of that for homogeneous nucleation.  

When the values of the contact angles zoom in the region of 0°	~	90°, as shown in Figure 

18(b), we can observe that the value of correction factor for nucleation at the triple boundary line 

decreases with increasing the values of the contact angles ߠଵ and ߠଶ. When ߠଵ ൌ ଶߠ ,0° ൌ 0°, the 

value of correction factor is equal to unity and the critical nucleus will take the shape of a sphere. 

In this case, water molecules in the liquid prefer to immobilize on the solid surface, and the triple 

boundary line doesn’t support the nucleation process. The energy barrier for this condition is the 

same as that for homogeneous nucleation. That is, highly hydrophilic sediment surfaces do not 

support the nucleation process in the center of the pore. Nucleation preferentially occurs in porous 

media with slightly hydrophobic surface properties. Finally, the interaction of the liquid phase with 

the surface (captured in ߠଶ) more strongly determines the nucleation process. 

4.4 Effects of Interfaces on Energy Barrier for Nucleation 

4.4.1 Gas/liquid interface – bulk 

The effects of gas/liquid interface on the energy barrier for nucleation are analyzed based 

on the previous thermodynamic work on correction factors. The model is applied to ice nucleation 

in order to explore its capabilities. Therefore, the parameter of interfacial energy ߪଵଶ for gas/ice is 
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applied to obtain the energy barrier for heterogeneous nucleation at the gas/liquid interface. The 

shape of the formed nucleus depends on the values of the geometrical angles ߠଵ and ߠଶ.  

 

 

Fig. 19. (a) Energy barrier for nucleation at the gas/liquid interface as a function of θଵ; (b) Energy barrier for 
nucleation at the gas/liquid interface as a function of θଶ. 

 

As shown in Figure 19, with increasing the temperature of the system, the energy barrier 

for nucleation will increase when either ߠଵ or ߠଶ is determined by the properties of water and gas 

phase. In order to understand the effects of geometrical angles on the kinetic nucleation, the effects 

of ߠଵ and ߠଶ on energy barrier for nucleation were studied separately. When the value of ߠଶ is set 

as 30° (Figure 19(a)), the value of energy barrier increases with the value of ߠଵ at any temperature 

plane. In a similar way, Figure 19(b) shows that the energy barrier also increases with ߠଶ at any 

temperature plane when ߠଵ is set at a certain value, for example 30° in this case. However, it must 

be noted that a much larger energy barrier must be overcome when ߠଵ reaches a value of 90° in 

Figure 19(a) compared to that in Figure 19(b). Therefore, it’s relatively easier for kinetic nucleation 

to occur on the liquid side of the interface rather than on the gas side. 
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4.4.2 Convex surface – particles and particulates 

When the nucleation process occurs on grain particles, the properties of the particle surface 

can also modulate the nucleation process of ice in porous media. Figure 20(a) clearly shows that 

the energy barrier for ice nucleation on particle surfaces is smaller than that for homogeneous 

nucleation. When the contact angle is close to the value of 180°, particle surfaces do not support 

the nucleation process of ice. In this case, the value of the energy barrier for heterogeneous 

nucleation on particle surface (convex surfaces) is the same as that for homogeneous nucleation. 

As for the effects of contact angles, the nucleation process is favored by smaller contact angles, 

i.e., hydrophilic surfaces. In addition, the energy barrier for nucleation is increased with increasing 

temperature and the hydrophobicity of the system when the value of contact angle varies from 20° 

to 100°. The advantage of the presence of particles as nucleation sites is increasingly lost for 

contact angles greater than 100°.  

 

Fig. 20. (a) Energy barrier for nucleation on convex surfaces as a function of temperature and contact angle; (b) 
Energy barrier for nucleation on convex surfaces as a function of temperature and particle size. 

 

As opposed to the beneficial effects of confinement on nucleation, one can see that the 

effects of particle size are marginal on nucleation. Figure 20(b) presents the dependence of energy 

barrier for nucleation on aspect ratio (ݔ) (i.e., ratio of particle size over critical nucleus). It is clear 
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that the energy barrier for ice nucleation decreases with increasing the value of aspect ratio (ݔ) for 

a given contact angle. That is, it is easier to nucleate on larger particles due to the smaller energy 

barrier for the nucleation process. In fact, the energy barrier for nucleation on convex surfaces is 

slightly larger than that on flat surfaces. As for the effects of particle size, the value of energy 

barrier decreases slightly when the aspect ratio increases from 0.5 to 10 at very low temperatures. 

Furthermore, the energy barrier on a convex particle surface is almost the same as that on a flat 

surface when the aspect ratio reaches at the value of 10. Interestingly, temperature, and not the 

presence of the surface, is the main factor influencing the energy barrier for nucleation on convex 

(i.e., particle) surfaces. 

 

4.4.3 Concave surfaces – porous media 

4.4.3.1	Effects	of	contact	angles		

In this section, effects of concave surfaces (pore wall) on the nucleation process are studied. 

In order to study the effects of contact angles on the energy barrier in porous media, the pore sizes 

were maintained at preselected values. Figure 21(a) depicts the effects of contact angle and 

temperature on the number of building units (i.e., water molecules) required to form a critical 

nucleus at an aspect ratio of 2, which translates into a pore radius twice as large as the critical 

nucleus radius. In the case of highly hydrophilic surfaces (contact angles close to zero) the pore 

surface resulted in smaller critical nuclei at all temperatures, i.e., less number of building-block 

molecules (݊ ) were required to be incorporated into the critical nucleus. For contact angles 

between 30° and 150° , lower temperatures significantly enhance the nucleation process by 

decreasing the number of building units needed to form a critical nucleus. In the case of highly 

hydrophobic surfaces, contact angles between 160° and 180°, the positive effects of the pore walls 
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towards nucleation are increasingly lost at higher temperatures, leading to a region (represented 

by bright yellow in the figure), where nucleation happens as if in a homogenous phase. In addition, 

as we can see from Figure 21(a), larger super cooling (the difference between experimental 

temperature and water freezing point) consistently improves the kinetic nucleation of ice by 

reducing the size of the critical nucleus. 

 

 

Fig. 21. (a) Size of critical ice nucleus changes with temperatures and contact angles in porous media; (b) Energy 
barrier for ice nucleation changes with respect to temperatures and contact angles in porous media. 

 

Similarly, the energy barrier for ice nucleation is also modulated by the surface wettability 

of the porous media for any given pore size (Figure 21(b)). As shown in Figure 21(a), when the 

surface is highly hydrophilic (contact angle greater than zero and less than 40°), the energy barrier 

for nucleation is very close to zero. As the contact angle increases at any given temperature plane, 

one can notice a steep increase of the energy barrier at contact angles greater than 40°. In fact, 

when the contact angle is larger than 160°, the energy barrier for ice nucleation is almost the same 

as that for homogeneous nucleation. When the contact angle between ice nucleus and the pore 

surface is equal to 180°, the energy barrier becomes larger and equivalent to that for homogeneous 

nucleation of ice, i.e., the advantage gained by the presence of the surface is lost. This phenomenon 
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can be visualized on Figure 21(a), where it is clear that the smaller the contact angle, the lower the 

energy barrier for nucleation. It is clear that increasing contact angle drives the system towards 

homogeneous nucleation of ice. When temperature changes in the range of 233-260 K, the value 

of energy barrier increases dramatically with the temperature. That is, the energy barrier for ice 

nucleation is lowered under increased sub-cooling. Furthermore, the effect of contact angle is 

diminished by lowering temperature. Interestingly, the nature of the surface is not as crucial when 

the energy driving force is high. 

4.4.3.2	Effect	of	pore	size		

In order to visualize how pore size of sediment affects the nucleation process of ice on 

confinement surface in porous media at a given wettability property of the system, the wettability 

of the confinement surfaces was maintained at a certain value. Figure 22 depicts the dependence 

of the number of water molecules required to form a critical nucleus as a function of temperature 

and aspect ratio (i.e., the ratio of pore radius to size of critical nucleus) at a contact angle of 120°. 

As shown in Figure 22, it was found that larger pores require larger amount of water molecules 

involved in the formation of the ice nucleus. That means, larger pores will generate larger ice 

germs. Therefore, smaller pores favor ice nucleation, i.e., fewer water molecules need to be 

immobilized in the solid phase to form a nucleus. When aspect ratio x changes from 0.5 to 2, the 

critical size of ice nucleus increases sharply. In fact, when the pore size is ten times larger than 

that of the critical nucleus, the critical size of ice germ is very close to that formed on a flat surface. 
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Fig. 22. Water molecules required for critical nucleus as a function of temperature and pore size for (a) aspect ratios 
up to 100, and (b) zoom in on aspect ratios up to 10. The right boundary of the surfaces represents the behavior of 

flat surfaces. The contact angle was maintained at 120°. 

 

Fig. 23. Energy barrier as a function of temperature and pore size for (a) aspect ratios up to 100, and (b) zoom in on 
aspect ratios up to 10. The right boundary of the surfaces represents the behavior of flat surfaces. The contact angle 

was maintained at 120°. 

 

As for the effects of pore size on energy barrier for nucleation in porous media, it was 

found that nucleation energy barrier increases with increasing temperature and aspect ratio. Figure 

23 depicts similar behavior for energy barrier to that of the number of water molecules required to 

form a nucleus: energy barrier for ice nucleation is lowered by lower temperatures. In addition, the 

nucleation energy barrier is enhanced when the aspect ratio ݔ  gets larger. The energy barrier 

increases sharply with aspect ratio ݔ, when ݔ is less than 2, at which point it increases at a slow 

rate. When the aspect ratio x is larger than 100, the energy barrier for nucleation in porous media 
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is almost the same as that for nucleation on the planar surface. In this case, the pore surface acts 

as a planar surface. This confirms that nucleation is more favorable in smaller, more confined 

spaces, when nucleation happens on the pore walls (i.e., nuclei growth on the solid surface). 

 

4.4.4 Gas/liquid/solid triple boundary 

As for the effects of triple boundary line on the energy barrier for nucleation in porous 

media with three phases, it was found that the energy barrier increases with the temperature (as 

shown in Figure 24). The disadvantages of high temperatures during nucleation process can be 

counterbalanced by changing the highly hydrophilic surface into hydrophobic surface (increasing 

the value of contact angle ߠଵ or ߠଶ). In addition, when contact angle ߠଵ or ߠଶ takes the value of 

90°, the energy barrier for nucleation at the triple boundary line is close to zero. In this case, the 

triple boundary line is flat, which is the same as that for nucleation at gas/liquid interface. 

Additionally, the maximum energy barrier is much higher than that for other cases. Therefore, it 

is possible that nucleation at the three-phase boundary line is the most challenging one among all 

the cases discussed in this work.  

 

Fig. 24. (a) Energy barrier for nucleation at the gas/liquid/solid triple boundary line as a function of θଵ; (b) Energy 
barrier for nucleation at the gas/liquid/solid triple boundary line as a function of θଶ. 
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It must be noted that nucleation at the triple boundary line inside pores is favored by larger 

pores of hydrophobic surfaces. This outcome contradicts the findings of nucleation on the concave 

surfaces, where nucleation on hydrophilic pores of smaller diameters is favorable. These are not 

contradictory findings, but reflections of two different scenarios. In the case of the triple-boundary 

line in larger pores, the nucleus sits at the center of the pore. On the other hand, on the concave 

surface of very small pores, the nucleus rests on the pore wall. 

It is well known that the energy change (∆ܩ) determines the energy barrier for nucleation 

when the size of the nucleus reaches the critical size. In this case, thermodynamic analysis for the 

homogeneous nucleation leads to the expression: ∆ܩ௛௢௠
∗ ൌ ∆݃௩ ∙

ସ

ଷ
ଵݎߨ

ଷ ൅ ଵଶߪ ∙ ଵݎߨ4
ଶ. According 

to the discussion in previous sections, an appropriate correction factor is applied to extend the 

expression of energy barrier for homogeneous nucleation to the case of heterogeneous nucleation 

in different types of situations. Therefore, the thermodynamic analysis for energy barrier for 

heterogeneous nucleation leads to interesting conclusions regarding the shape of crystalline phases 

at different interfaces. It can be easily noticed from equation (74) that the spherical nucleus 

expected in homogeneous nucleation is “modified” by correction factor according to different 

scenarios. That is, the effects of foreign surfaces on the nucleation process lead to different shapes 

of nuclei which deviate from spherical shapes. Accordingly, the correction factor can be 

understood as a shape factor that characterizes the relationship between the shapes of nuclei formed 

at foreign interfaces and that expected during homogeneous nucleation.  

௛௘௧ܩ∆
∗ ൌ ௛௢௠ܩ∆

∗ ∙ ݂ሺߠሻ 	ൌ ∆݃௩ ∙
ସ

ଷ
ଵݎߨ

ଷ ∙ ݂ሺߠሻ 	൅ ଵଶߪ ∙ ଵݎߨ4
ଶ ∙ ݂ሺߠሻ  

(74) 
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It is clear that viable nucleation aided by interfaces results in the formation of crystal lenses, 

rather than spherical particles. These predictions agree with observations of ice and natural gas 

hydrates in porous media 114,115,123,124. 

4.5 Conclusions  

 In this work, three types of surfaces, including gas/liquid interface, solid surfaces (planar, 

concave and convex surfaces) and three-phase boundary lines, are modeled with the aim to 

understand their effects on heterogeneous nucleation in porous media. Careful thermodynamic 

analyses are conducted on the correction factor that characterizes the effects of foreign interfaces 

on nucleation activation energy. The correction factor for energy barrier for heterogeneous 

nucleation can also be understood as the shape factor that adjusts the spherical shape for 

homogeneous nucleation into that of lense-shaped nuclei formed at foreign interfaces. 

As for the interface of gas/liquid, the value of correction factor determines the shape of the 

formed nucleus. Nucleation process preferentially occurs along the interface and inside the liquid 

phase. When the critical nucleus is in the shape of sphere, correction factor is 1. In this case, energy 

barrier for nucleation at gas/liquid interface is exactly the same as that for homogeneous nucleation.  

As for the effects of solid surfaces, our results suggest that the correction factor for convex 

surface is always larger than that for flat surface, as opposed to the trend for concave surfaces 

where the correction factor is lower than the flat-surface one. In other words, there exists a higher 

energy barrier for nucleation on convex surfaces (particles) than that on flat surfaces, and the 

lowest energy barrier occurs on concave surfaces (inside small pores).  

Additionally, by considering that the wettability of the solid surfaces can vary from highly 

hydrophilic to highly hydrophobic (contact angle from 0° to 180°), it was found that the nucleation 

of ice is more energetically favorable on surfaces with smaller contact angles. Contact angles 
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ranging from 0° to 160° can significantly enhance the nucleation process of ice in porous media. 

As for the effects of substrate size, it was found that larger pores result in larger ice germs in the 

case of concave pore surfaces, and smaller pores can enhance the nucleation process. However, as 

the pore size increases, nucleation rate within the pore wall approximates that on a flat surface, 

resulting in the loss of the advantage induced by confinement. In the case of convex surfaces, the 

particle size has only marginal effect on the energy barrier, and approximates the flat surface as 

particle size increases. In fact, ice nucleation is more energetically favorable on concave surfaces 

(on small pore walls) and less so on convex surfaces (on particles) with nucleation on flat surfaces 

as the boundary between these two regions.  

As for the triple boundary lines, the value of correction factor is determined by the 

wettability of solid surface and the radius of the pore. Interestingly, it was also found that the 

correction factor is smaller in porous media with larger contact angle value, suggesting that the 

nucleation process is favored by hydrophobic confinement surfaces. Compared to other cases, 

nucleation at the triple boundary line needs to overcome higher energy barriers. In addition, the 

nucleation process mostly prefers to occur at solid surfaces with lower energy barrier, form a 

thermodynamic perspective. 
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CHAPTER 5 INTERFACIAL EFFECTS ON KINETIC NUCLEATION OF 

GAS-HYDRATE 
  

 

  



86 
 

5.1 Motivation and Background 

The formation of gas hydrates is a stochastic process which mainly consists of three stages 

before reaching equilibrium conditions: saturation, induction, and growth140. The first stage is the 

dissociation of gas molecules in the liquid until the liquid is completely saturated with gas. It takes 

a certain amount of equilibration time to reach the saturation point. The second stage is the 

induction stage, in which small hydrate nuclei form or randomly dissociate until a critical cluster 

radius is reached140. This stage is also known as nucleation stage. Once the time necessary to form 

nuclei of critical radius has been reached, the growth stage begins. During this last stage, gas 

hydrate particles grow rapidly, and gas consumption increases linearly with time when measured 

experimentally141. Understanding the nucleation process of gas hydrates could be the key point to 

understand other applications including the extraction of gas containing especially methane from 

gas-hydrate accumulations, the storage and transportation of natural gas and the flow assurance of 

natural gas and oil pipelines. 

Gas hydrates naturally form in sedimentary porous media, where foreign interfaces (i.e., 

gas/liquid interface, liquid/solid interface, and three-phase boundary line) are very commonly 

encountered during the formation of gas hydrates. The properties of these interfaces (contact angle, 

interfacial energy, and substrate curvature) no doubt play an important role in modulating the 

nucleation process of gas-hydrates. Li and his coworkers142 studied the growth kinetics of hydrate 

film in synthetic systems by injecting a single gas bubble to liquid phase into a gas chamber and 

found that a hydrate layer formed at the gas/liquid interface. According to the work of Dimo 

Kashchiev143,  Eric F, May and his coworkers144, heterogeneous nucleation on solid substrate is 

more energetically favorable than nucleation either in the bulk solution or on the gas/liquid 

interface. Additionally, Molecular Dynamics (MD) simulations conducted by Defever et al. have 
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shown that the wettability of solid surfaces influences the nucleation of gas hydrates by adjusting 

the concentration of gas molecules145.  

Unfortunately, there is no clear understanding on the effects of the various interface 

properties on the nucleation process of gas hydrates in porous media. Very little work has been 

conducted to quantitatively describe how these interfaces and their properties (i.e., surface 

wettability, interface curvature and interfacial energies) modulate the nucleation rate of gas 

hydrates and which interface is most energetically favorable for gas-hydrate nucleation at the 

beginning. Furthermore, it is very difficult to study this problem with experimental methods. On 

the one hand, nucleation is perhaps the most challenging part to understand due to difficulties in 

obtaining direct experimental measurements of the nucleation process or statistically collecting 

significant dataset to obtain the whole range of formation probability distribution146. On the other 

hand, the application of experimental approaches is limited to certain conditions (low driving force) 

with a narrow range of research variables146.  

Molecular Dynamics (MD) simulations are considered a powerful tool to understand the 

nucleation mechanisms of gas hydrates microscopically when the driving force is high enough. 

Molecular Dynamics simulations are limited in terms of quantitatively analyzing the effects of 

various interfaces present in porous media due to limitations of time, length scale and computation 

capacities of molecular approaches146. Thus, a macroscopic mathematic model, incorporating the 

interface properties, can be a promising and efficient way to capture the effects of various 

interfaces on the hydrate nucleation quantitatively and to make comparisons in a wide range. 

Incorporating this phenomenon into expressions for the rate of hydrate growth would enable 

validation with experimental data on hydrate formation. Such an approach would then effectively 



88 
 

provide a fundamental understanding on how to control the formation and dissociation of gas 

hydrates by modulating the properties of presented foreign interfaces. 

 

5.2 Model for Kinetic Nucleation Rate of Gas-hydrate 

The kinetic-nucleation of gas-hydrates involves the fluctuation of hydrate-building units in 

supersaturated liquid due to temperature or pressure vibrations of the system. The nucleation rate 

of gas hydrates can be characterized as the number of hydrate clusters with critical size formed 

over time. According to classical nucleation theory (CNT), two components, including a 

thermodynamic component (the change of Gibbs free energy during the formation of the critical 

hydrate nucleus from the liquid phase) and a kinetic component (diffusive flux of hydrate building 

units in the liquid to incorporate into the clusters), are involved to describe the nucleation rate of 

gas hydrates133,134,143. Once the clusters achieve the critical size, the incorporation of hydrate 

building units into the nuclei is thermodynamically favored, which will further facilitate the growth 

of the water clusters. Nucleation rate of gas hydrates indicates the rate at which critical hydrate 

nuclei will form in a volume of liquid phase per second. 

Kashchiev and Firoozabadi143 analyzed the nucleation rate of gas hydrates both in 

isothermal and isobaric regimes based on the nucleation theory. The stationary nucleation rate of 

one-component gas hydrates ܬ  (݉ିଷିݏଵ  or ݉ିଶିݏଵ ) can be calculated with the following 

formulation (eq (75))143. 

ܬ ൌ ܼ ∙ ௘݂
∗ ∙ ଴ܥ exp ൬

ߤ∆
݇஻ܶ

൰ ∙ exp ൬െ
∗ܩ∆

݇஻ܶ
൰	

(75) 
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In that equation, ௘݂
∗ can be applied to represent the frequency with which the hydrate building units 

would attach to the hydrate nucleus at equilibrium conditions; ܥ଴  ( ݉ିଷ  or ݉ିଶ ) is the 

concentration of nucleation sites in the system, which is determined by the type of nucleation; and 

݇஻ is the Boltzmann constant. The term of ∆ܩ∗ represents the energy barrier required to overcome 

to form a hydrate cluster with ݊ hydrate building units. The term of ∆ߤ is the driving force for the 

incorporation of hydrate building units into hydrate nucleus. In the isobaric regime with constant 

pressure, the driving force is estimated from  ∆ߤ ൎ ௘ሺݏ∆ ௘ܶ െ ܶሻ െ ሺ∆ܿ௣,௘ 2 ௘ܶ⁄ ሻሺ ௘ܶ െ ܶሻଶ, where 

ܶ ௘ is the difference between the entropies of the old and the new phase atݏ∆ ൌ ௘ܶ. The value of 

௘ݏ∆  ௘ can be estimated from the correlationݏ∆ ൌ ∆݄௘ ௘ܶ⁄  where ∆݄௘ (J) is the enthalpy of latent 

heat (per hydrate building unit) of dissociation of the hydrate crystal into gaseous phase and liquid 

phase at ܶ ൌ ௘ܶ. At 0.1 MPa and 273.2 K, ∆݄௘ ൌ 9.0 ൈ 10ିଶ଴ܬ and ∆ܿ௣,௘ ൌ 4.63 ൈ 10ିଶଶ ܬ ⁄ܭ  is 

measured for methane hydrate147. The values of ∆݄௘ produce ∆ݏ௘ ൌ 22.2݇஻ at ௘ܶ ൌ 293.2	K and 

௘ݏ∆ ൌ 23.2݇஻ at ௘ܶ ൌ 281.2	K for methane hydrate143,147. 

The kinetic parameter of Zeldovich factor (Z) represents the non-equilibrium feature of the 

nucleation process, which describes the probability of the subcritical nuclei to grow into a stable 

crystal due to Brownian motion of the subcritical nuclei. The parameter Z usually has a value 

between 0.01 and 1. The value of 1 can be achieved when the system reaches equilibrium state. In 

other cases, the value of Z can be estimated with the correlation143:  

ܼ ൌ ට
∆ீ∗

ଷగ௞ಳ்௡మ
       (76) 

Where ݊ is the number of hydrate building units incorporated into a hydrate nucleus. Based on the 

classical nucleation theory, the terms of ݊ and ∆ܩ∗ for one-component gas hydrate nucleation can 

be estimated with the following expressions143:  

݊ ൌ 8ܿଷ߭௛
ଶߪଷ݂ 27Δߤଷ⁄     (77) 



90 
 

∗ܩ∆ 	ൌ 4ܿଷ߭௛
ଶߪଷ݂ 27Δߤଶ⁄ 	   (78)	

 

In those expressions, the parameter ܿ is a numerical shape factor (e.g., ܿ ൌ ሺ36ߨሻଵ ଷ⁄  for spherical, 

cap, or lens-shaped nucleus), ߭௛ is the volume of a hydrate building unit composed of one gas 

molecule, and ݊௪  water molecules. One can use ߭௛ ൌ 0.216	݊݉ଷ  for methane hydrate. The 

parameter ߪ represents the surface free energy of hydrate/liquid interface, which is estimated to be 

17 mJ/m2 based on the public literature (as found in Chapter 3). With the presence of foreign 

interfaces, the term ݂ incorporates the correction factors with which the critical size and energy 

barrier for homogeneous nucleation is adjusted for heterogeneous nucleation. The schematics of 

the foreign interfaces commonly encountered in porous media are shown in Figure 25, including 

three types of liquid/solid interfaces, gas/liquid interface and gas/liquid/solid triple boundary lines.  

 

Fig. 25. (a) Schematic of planar liquid/solid interface; (b) Schematic of concave liquid/solid interface; (c) Schematic 
of convex liquid/solid interface; (d) Schematic of gas/liquid interface; (e) Schematic of gas/liquid/solid triple 

boundary line. 
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From chapter 4, the correlations for correction factors ݂ for various interfaces (gas/liquid interface, 

planar liquid/solid interface, concave liquid/solid interface, convex liquid/solid interface and the 

three-phase boundary line) are as follows: 

݂ሺߠሻ ൌ
1
4
቎ሺ2 െ 3݉ଵ ൅݉ଵ

ଷሻ ൅ ቆ
1 െ݉ଵ

ଶ

1 െ ݉ଶ
ଶቇ

ଷ
ଶൗ

ሺ2 െ 3݉ଶ ൅݉ଶ
ଷሻ቏ 

݉ଵ ൌ ଵ, ݉ଶߠݏ݋ܿ ൌ  ଶߠݏ݋ܿ

(79) 

݂ሺߠሻ ൌ
1
4
ሺ2 െ ߠݏ݋3ܿ ൅  ሻߠଷݏ݋ܿ

(80) 

݂ሺߠሻ ൌ
1
2
ሾ1 െ ܺଷ െ ሺ1ߠݏ݋ଶܿݔ3 െ ܻሻ െ ଷሺ2ݔ െ 3ܻ ൅ ܻଷሻሿ	

ݔ ൌ ଶݎ ⁄ଵݎ ; ܺ ൌ ଵା௫௖௢௦ఏ

√ଵା௫మାଶ௫௖௢௦ఏ
; ܻ ൌ ௫ା௖௢௦ఏ

√ଵା௫మାଶ௫௖௢௦ఏ
 

(81) 

݂ሺߠሻ ൌ
1
2
ൣ1 െ ܺᇱଷ െ ሺ1ߠݏ݋ଶܿݔ3 െ ܻᇱሻ ൅ ଷ൫2ݔ െ 3ܻᇱ ൅ ܻᇱଷ൯൧ 

ݔ ൌ ଶݎ ⁄ଵݎ ; ܺ′ ൌ ௫௖௢௦ఏିଵ

√ଵା௫మିଶ௫௖௢௦ఏ
; ܻ′ ൌ ௫ି௖௢௦ఏ

√ଵା௫మିଶ௫௖௢௦ఏ
 

(82) 
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ଷ ൅ 3
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ଶ
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ଶ൯ሺ1 െ ݉ଶ
ଶሻ െ ݉ଵ݉ଶቇ

െ ቆ
1 െ݉ଵ

ଶ

1 െ ݉ଶ
ଶቇ

ଷ
ଶൗ

ሾ2 െ 3݉ଶ ൅݉ଶ
ଷሿቑ							 

݉ଵ ൌ ଵ, ݉ଶߠ݊݅ݏ ൌ  ଶߠ݊݅ݏ

(83) 

Where ߠଵ,   .are geometrical angles which depend on surface energy of foreign interface ߠ ଶ andߠ
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With the nucleation rate predicted with Classical Nucleation Theory (CNT), the probability 

of hydrate formation can be expressed as a function of time when a constant driving force is applied 

on the system (as shown in eq (84))144,146. The fluctuation of induction time and formation 

probability of hydrate formation can also be examined in terms of the effects of foreign interfaces 

on the nucleation process of gas hydrates, using the following expression: 

ܲሺݐሻ ൌ 1 െ ܬሺെ݌ݔ݁ ∙  ሻݐ

(84) 

Where ܲሺݐሻ represents the cumulative formation probability of gas hydrates. ܬ is the stationary 

nucleation rate of gas hydrates estimated by equation (75). ݐሺݏሻ is the induction time144,146.  

 

5.3 Effects of Foreign Interfaces on Nucleation Process of Gas-hydrate 

5.3.1 Concave liquid/solid interface 

5.3.1.1	Effects	of	concave	surface	wettability	

 

Fig. 26. (a) Cumulative probability of methane hydrates formation on concave surface versus time and contact angle 
at subcooling of 8 K; (b) Cumulative probability of methane hydrates formation on concave surface versus time and 

contact angle at subcooling of 20 K. 
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Figure 26 depicts the effects of contact angle of decreasing hydrophilicity on the 

cumulative formation probability to form a critical hydrate nucleus at an aspect ratio of 2 (i.e., the 

radius of the concave surface is twice as large as the critical nucleus radius) and a constant driving 

force. Figure 26 (a) and (b) are correspond to constant driving forces of 8 K (sub-cooling ∆ܶ ൌ

ܶ∆) and 20 K (ܭ8 ൌ  respectively. It was found that the sensitivity of formation probability ,(ܭ20

to concave surface wettability can be significantly reduced by increasing the driving force (the 

degree of sub-cooling). As shown in Figure 26, the induction time for methane hydrate formation 

increases when the wettability of the concave surface is changed from hydrophilic to hydrophobic. 

This trend is more obvious when contact angle is larger than 90°. When contact angle is larger 

than the value of 150°, the advantage of the presence of substrate surface as nucleation sites is 

increasingly lost. In this case, the induction time required for methane-hydrates formation on 

concave liquid/solid interface is very close to that for homogeneous nucleation. 

5.3.1.2	Effects	of	concave	surface	curvature	

Surface curvature is inversely proportional to the aspect ratio ݔ (i.e., the ratio of the radius 

of the pore to the critical nucleus). In order to visualize how the curvature of the concave surface 

influences the nucleation rate and induction time of methane hydrates, the wettability of the 

concave surfaces and driving force for the system was maintained at a certain value. Figure 27 

depicts the dependence of the cumulative probability of methane hydrates formation on time and 

aspect ratio (i.e., the ratio of concave surface radius to the radius of critical hydrate nucleus) when 

the contact angle is fixed at 120°. Figure 27(a) and Figure 27(b) is for the system with sub-cooling 

values corresponding to 8 K and 20 K, respectively. As in the previous case, increase in the degree 

of sub-cooling (driving force) can significantly reduce the sensitivity of nucleation process of 

methane hydrates to the curvature (aspect ratio) of concave surface.  
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As shown in Figure 27, it was found that nucleation of methane hydrates is always 

favorable on concave liquid/solid interface rather than flat liquid/solid interface. With the 

fluctuation of the surface curvature, it was shown that induction time for methane hydrates 

formation increases with the aspect ratio of concave surface. Therefore, nucleation of methane 

hydrates is favored by concave surfaces with larger curvature (smaller aspect ratio). When the 

aspect ratio is larger than 10 (ݔ ൒ 10), the induction time for nucleation on concave liquid/solid 

interface is close to that on flat liquid/solid interface. The advantages of concave surfaces as the 

nucleation sites over flat surface is completely lost when aspect ratio is large than 100 (ݔ ൒ 100).  

 

Fig. 27. (a) Cumulative probability of methane hydrates formation on concave surface versus time and aspect ratio at 
subcooling of 8 K; (b) Cumulative probability of methane hydrates formation on concave surface versus time and 

aspect ratio at subcooling of 20 K. 

5.3.2 Convex liquid/solid interface 

5.3.1.1	Effects	of	convex	surface	wettability	

When the nucleation of methane hydrates occurs on grain particles, the properties of 

convex liquid/solid interface (wettability, particle size or curvature) play an important role during 

the nucleation process of methane hydrates in porous media. Figure 28 shows the effects of 

wettability of convex surface on the cumulative probability of methane hydrates formation when 

a constant driving force is given (sub-cooling ∆ܶ ൌ   .(ܭ8
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Fig. 28. Cumulative probability of methane hydrates formation on convex surface versus time and contact angle at 
subcooling of 8 K. 

 

It was found that the induction time for hydrate formation increases as the wettability of 

the convex surface goes from slightly hydrophilic to highly hydrophobic. In this case, the 

nucleation process of methane hydrate preferentially takes place on the convex surface with 

smaller contact angle (i.e., hydrophilic surface). In addition, the cumulative probability of methane 

hydrates formation on convex liquid/solid interfaces is always larger than that for homogeneous 

nucleation in the case of hydrophilic surfaces. As shown in Figure 28, when the contact angle is 

larger than the value of 150°, the formation probability is almost the same as that for homogeneous 

nucleation. Hydrophobic particle surfaces do not support the nucleation process. Additionally, the 

advantage of the presence of particles as nucleation sites is increasingly lost for contact angles 

greater than 90°. That is, the nucleation process of methane hydrates is more sensitive to contact 
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angles when the nucleation process occurs on hydrophilic particle surface compared to the case of 

hydrophobic surface. 

 

5.3.1.2	Effects	of	convex	surface	curvature	

 

Fig. 29. Cumulative probability of methane hydrates formation on hydrophilic convex surface (left: contact angle is 
60°) and hydrophobic convex surface (right: contact angle is 120°) versus time and aspect ratio (surface curvature) 

at subcooling of 8 K. 

 

As opposed to the beneficial effects of surface wettability on nucleation, one can see that 

the effects of curvature (particle size) of convex surface are marginal on the probability of methane 

hydrates formation and detrimental in character compared to flat surfaces (as shown in Figure 29). 

Figure 29 presents the dependence of the cumulative formation probability of methane hydrates 

on aspect ratio (i.e., ratio of particle radius over the radius of critical nucleus). It is clear that smaller 

particles have a detrimental effect on nucleation process for a given contact angle (as shown in 

figure 29: left ߠ ൌ 60° and right ߠ ൌ 120°) and driving force (sub-cooling ∆ܶ ൌ  In fact, the .(ܭ8

induction time for hydrates formation is slightly longer than that on flat surface. Regarding to the 

effects of particle sizes, it shows that the induction time for hydrate formation gradually decreases 
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when the aspect ratio increases from 0.5 to 10. When the aspect ratio reaches at the value of 100, 

the induction time required for nucleation on convex particle surface is almost the same as that on 

flat surface.  

 

5.3.3 Gas/liquid interface 

In the bulk of an aqueous solution or large pores, the interface of gas/liquid is flat. A lens-

shaped critical nucleus forms at the gas/liquid interface (as shown in Figure 25(d)). As shown in 

Figure 25(d), ߠଵ and ߠଶ represent the angles of the crystal/gas and the crystal/liquid interfaces, 

respectively. The values of ߠଵ  and ߠଶ  depend on the interfacial energies between the phases 

present, including the interfacial energy between gas phase and hydrate phase ߪ௚௛, the interfacial 

energy between gas phase and liquid phase ߪ௚௟ and the interfacial energy between hydrate phase 

and liquid phase ߪ௛௟. 

 

Fig. 30. (a) Cumulative probability of methane hydrates formation on gas/liquid interface versus time and angle ߠଵ 
at subcooling of 8 K; (b) Cumulative probability of methane hydrates formation on gas/liquid interface versus time 

and angle ߠଶ at subcooling of 8 K. 

 

Figure 30(a) shows the cumulative formation probability of methane hydrates as a function 

of time and crystal/gas angle ߠଵ when a constant crystal/liquid angle (ߠଶ ൌ 20°) and driving force 
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(sub-cooling ∆ܶ ൌ  is given. And,  Figure 30(b) describes the cumulative formation (ܭ8

probability of methane hydrates as a function of time and crystal/liquid angle ߠଶ  when the 

crystal/gas angle (ߠଵ ൌ 20°) and driving force (subcooling ∆ܶ ൌ  is given. It was found that (ܭ8

the time required for the nucleation of hydrate crystals increases with increasing either angle ߠଵ or 

angle ߠଶ. As shown in Figure 30(a), the induction time for cumulative formation probability of 

0.0027 varies from 10ିଶ଻ s to 10ଷ଼.ସ s when the angle ߠଵ increases from 30° to 150°. Figure 30(b) 

shows that the induction time for cumulative formation probability of 0.0027 increases from 10ିଶ଼ 

s to 10ି଻.ଶ  s when the angle ߠଶ  increases from 30° to 150°. The induction time for methane-

hydrates nucleation is more sensitive to angle ߠଵ than angle ߠଶ. Therefore, nucleation of methane 

hydrates is more energetically favorable to occur inside the liquid phase rather than in the gas 

phase. 

 

5.3.4 Gas/liquid/solid triple boundary 

In porous media with small pore radius, when gas, liquid and solid (three phases) are 

present in the system, the interfaces between the three phases can play an important role in the 

nucleation process. As shown in Figure 25(e), a lens-shaped crystal cluster formed along the 

gas/liquid/solid boundary lines inside the cylindrical pore. The parameters of ߠଵ and ߠଶ describe 

the contact angles of liquid and critical nucleus on the confinement surface, respectively. The 

values of angles ߠଵ and ߠଶ depend on the wettability properties of the confinement surface (i.e., 

the pore walls). 

Figure 31 shows that cumulative formation probability of methane hydrates is significantly 

reduced with decreasing the value of ߠଵ or ߠଶ. That is, the induction time for hydrates nucleation 

increases when surface (pore wall) wettability changes from hydrophobic to hydrophilic. Highly 
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hydrophilic pore walls will not support the nucleation of methane hydrates at the triple boundary 

line. In addition, the induction time for hydrates nucleation is more sensitive to contact angle of 

 ଶ. The nucleation of methane hydrates prefers to take place inside the liquid phase ratherߠ ଵ thanߠ

than in the gas phase. 

 

Fig. 31. Cumulative probability of methane hydrates formation on gas/liquid/solid triple boundary line versus time 
and contact angles ߠଵand ߠଶ at subcooling of 8 K. 

 

5.4 Discussion 

5.4.1 Effects of liquid/solid interfaces 

Regarding the effects of liquid/solid interfaces on the nucleation process of methane 

hydrates, Table 8 shows the sensitivity of induction time to contact angle at a cumulative 

probability equal to 0.27 % for the three surfaces discussed above. The value of 0.27% is 

corresponding to the inflection point of the curve for cumulative formation probability, which is 

assumed to represent the beginning of nucleation process in this work. It was found that induction 
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time increases with increasing the contact angle when a constant driving force (sub-cooling ∆ܶ ൌ

ݔ) and aspect ratio (ܭ8 ൌ 2) is given. Given a certain contact angle, nucleation on concave surface 

requires shorter induction time while that on convex surface needs longer induction time and that 

on flat surface falls in between. Highly hydrophilic surfaces can significantly increase the 

nucleation rate of methane hydrates. In addition, the advantage of the presence of solid surface as 

nucleation sites is almost lost for contact angles greater than 150°. In this case, induction time 

required for nucleation on all the solid substrates is very close to that for homogeneous nucleation. 

 

Table 8. Induction time required for cumulative formation probability of 0.27% for substrate surface at various 

contact angle. 

 
  ࣂ ൌ ૟૙°  ࣂ ൌ ૢ૙°  ࣂ ൌ ૚૛૙°  ࣂ ൌ ૚૞૙° 

Concave Surface 10ିଶସ  10ି଻.଻  10ଵ଻.ଶ  10ଷହ 

Flat Surface 10ିଵଽ  10ସ  10ଶ଻.ଶ  10ଷ଺.଼ 

Convex Surface 10ିଽ  10ଵହ.଻  10ଷଶ.ଵ  10ଷ଻.ଷ 

Homogeneous 10ଷ଻.଻ 

 

Table 9 summarizes the effects of curvature (reciprocal of aspect ratio ݔ) of liquid/solid 

interfaces for a contact angle for all the substrate surfaces equal to 60°. It was found that nucleation 

of methane hydrates is more energetically favorable on concave surfaces and less so on convex 

surfaces with nucleation on flat surface in between when a constant driving force (sub-cooling 

∆ܶ ൌ  is given. The induction time required for cumulative probability of 0.27% on concave (ܭ8

surface increases with increasing aspect ratio, as shown in Table 9. That is, nucleation of methane 

hydrates is favored by concave surfaces with larger curvatures. As for convex surfaces, induction 
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time for cumulative probability of 0.27% decreases with increasing the aspect ratio. Therefore, 

nucleation of methane hydrates is more favorable to occur on larger particles (larger aspect ratio). 

When the aspect ratio of curved surfaces (concave and convex surfaces) exceeds the value of 10, 

the induction time for nucleation on curved surfaces is very close to that on flat surface. The 

advantages of curved surfaces over flat surface as the nucleation sites are almost lost.   

Table 9. Induction time required for cumulative formation probability of 0.27% for substrate surface with various 

aspect ratio. 

 ࢞ ൌ ૙. ૞ ࢞ ൌ ૚ ࢞ ൌ ૛ ࢞ ൌ ૚૙ 

Concave Surface 10ିଶ଻.଴ଵ 10ିଶହ.ଶ଺ 10ିଶଷ 10ିଵଽ.ସଶ 

Convex Surface 10ଶଶ.଺଻ 10ହ 10ି଼.ଶ 10ିଵ଺.ହ଼ 

Flat Surface 10ିଵ଼.ଵ 

 

5.4.2 Effects of gas/solid interfaces 

As mentioned in Chapter 3, methane hydrates in smaller pores required higher pressure of 

lower temperature to guarantee the stability and equilibrium status. Here, comparisons and analysis 

of methane-hydrates nucleation in large pores (nucleation on gas/liquid interface) and small pores 

(nucleation on gas/liquid/solid triple boundary line) are carried out. For the same shape and volume 

of hydrate crystal, induction time increases when nucleation propagates from large pores to small 

pores (as shown in Figure 32). That is, the formation of methane hydrates preferentially occurs in 

larger pores rather than in smaller pores. This phenomenon can be understood from a strictly 

physical perspective. The nucleus critical size is the minimum size required for the newly-formed, 

gas-hydrate phase to grow. If the nucleus critical size required for the formation and growth of a 

hydrate phase exceeds the space available within the sediment pore, the probability of developing 
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a hydrate phase is extremely low. In other words, the induction time required for the formation 

and growth of a hydrate phase will be extremely large. 

 

Fig. 32. Cumulative probability of methane hydrates formation on gas/liquid interface and gas/liquid/solid triple 
boundary line versus time and contact angles ߠଵand ߠଶ at subcooling of 8 K. 

 

5.4.3 Effects of various interfaces 

In order to better understand the effects of different types of interfaces on the nucleation 

process, comparisons and analysis between these interfaces under the proposed same conditions 

are conducted (as shown in Figure 33). 

Figure 33 shows that the preference of nucleation on different interfaces depends on not 

only the interfacial energies (the volume of the formed hydrate crystal) and also the substrate 

curvature. For example, when the driving force and surface curvature is held constant, nucleation 

on gas/liquid interface and gas/liquid/solid triple boundary line presents shorter induction time 

than all the liquid/solid interfaces when the substrate surface is less hydrophilic (contact angle of 

75° as shown in Figure 33(a)). Increasing the hydrophilicity of the substrate surface can 

significantly reduce the induction time (as shown in Figure 33(b) and (c)). In other words, at the 

beginning of nucleation with thin lens-shaped hydrate crystal formed, methane hydrates 
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energetically favors to form at gas/liquid interface and gas/liquid/solid boundary line and then 

moves to from on the liquid/solid interface. In another case, when a constant driving force is given 

to form a certain lens-shaped hydrate crystal, the preference for nucleation on convex liquid/solid 

interface is significantly reduced when the aspect ratio for the curved surface changes from 2 to 

0.5.  

 

Fig. 33. Cumulative probability of methane hydrates formation at various interfaces versus time at subcooling of 8 
K. 
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Fig. 34. Cumulative probability of methane hydrates formation in different sediment porous media at sub-cooling of 
8K: (a) coarse-grain sandstone porous media; (b) fine-grain clay porous media; (c) pipeline with oil droplets in 

water. 

 

In order to understand the effects of natural sediments on the formation of gas hydrates, 

the formation probability of methane hydrates in three types of natural systems are analyzed. 

Figure 34 (a) shows the formation probability of methane hydrates in a coarse-grain sandstone 

system, which is highly hydrophilic with contact angle of 30°. It was found that gas-hydrate 

formation in this system has a very short induction time. In addition, the preference of gas-hydrate 

formation follows this order: concave surface, gas/liquid interface, flat surface and convex surface, 

and finally gas/liquid/solid boundary line. In the case of fine-grain clays, which is less hydrophilic 

than sandstone, as shown in Figure 34 (b), formation of gas hydrates requires shorter induction 

time at the interface of gas/liquid and three-phase boundary line than that at all of the liquid/solid 

interfaces. Figure 34 (c) depicts a pipeline system with the presence of gas phase, liquid phase and 
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oil droplets. The surface of oil droplets is highly hydrophobic with a constant contact angle of 

120°. In this pipeline system, formation of gas hydrates is energetically favorable at the gas/liquid 

interface and less so by the interfaces with oil on them. These model predictions on formation 

probability of methane hydrates qualitatively agree with the experimental observations on gas 

hydrates formation. 

 

5.5 Conclusions 

Gas hydrates have attracted a lot of research attention due to the wide applications, 

including natural gas pipeline flow assurance, natural gas storage and transport, energy resource 

and environmental effects. Understanding the nucleation process of gas hydrates could be the key 

point to understand these applications. Modeling of the kinetic nucleation of gas-hydrates can be 

applied to predict and analyze the effects of various interfaces on the nucleation process of gas 

hydrates in an efficient and more general way as they do not have the limitations of experimental 

methods in time and scale of measurements.  

In this work, a model for the kinetic nucleation of gas hydrates on different interfaces, 

including gas/liquid interface, liquid/solid interface and gas/liquid/solid triple boundary line, was 

developed based on classical nucleation theory. The concept of cumulative formation probability 

of gas hydrates was applied to intuitively compare and analyze the effects of various foreign 

interfaces on the nucleation process. It was found that the formation probability of gas hydrates 

can be significantly affected by the driving force and interface properties (i.e., interfacial energies, 

wettability, and surface curvature). When the driving force is large enough, the sensitivity of 

nucleation to interfacial properties is significantly diminished.  
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With respect to the effects of liquid/solid interfaces on nucleation of methane hydrates, it 

was found that nucleation is always more energetically favorable on concave surfaces and less so 

on convex surfaces while nucleation on flat surfaces falls in between for the same value of driving 

force. In addition, nucleation of methane hydrates on solid surfaces is more favored by hydrophilic 

surfaces, which translates into shorter induction time to achieve a certain formation probability. 

When the contact angle is greater than 150°, the advantage of the presence of solid surfaces as 

nucleation sites is almost lost. Regarding to surface curvatures, nucleation of methane hydrates 

preferentially occurs on concave surfaces with larger curvatures (smaller aspect ratio ݔ) than on 

flat surface, and even less on convex surfaces with smaller curvatures (larger ݔ). As for the effects 

of gas/liquid interface and gas/liquid/solid triple boundary line, longer induction time is required 

to form the same volume of hydrate crystal on gas/liquid/solid triple boundary line than that on 

gas/liquid interface. That is, nucleation of methane hydrates preferentially occurs in large pores 

rather than in small pores. Furthermore, the preference in terms of formation of methane hydrates 

on different interfaces changes with the size of the formed hydrate crystal and the curvature of the 

solid surfaces for any given driving force. Modeling predictions show that methane hydrates form 

first on concave surface and gas/liquid interface then other liquid/solid interfaces and last on 

gas/liquid/solid triple boundary line in a hydrophilic coarse-grain sandstone system. In a less 

hydrophilic fine-grain clay system, modeling predictions show that methane hydrates form first on 

gas/liquid interface and gas/liquid/solid triple boundary line and then on liquid/solid interfaces. In 

a pipeline system with highly hydrophobic oil droplets, methane hydrates preferentially form on 

gas/liquid interface and then on liquid/solid interfaces. 
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CHAPTER 6 SUMMARY AND CONCLUSIONS 
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Gas-hydrates are ice-like crystalline inclusion-compounds stabilized by gas molecules 

trapped in a host lattice formed by water molecules, which form a hydrogen-bonded framework 

under proper conditions, pressure and temperature.  Understanding the behavior of gas-hydrates 

has become increasingly important in the fields of flow assurance, gas storage and transport, 

energy resource management and climate change. Being able to fully estimate the volume and gas-

content of natural gas-hydrate reservoirs in sediments is not just important in terms of potential 

natural gas exploitation, but also from an environmental perspective, considering that methane gas 

is a potent greenhouse gas. In addition, it’s crucial to understand the kinetic nucleation of gas-

hydrates in order to better predict the patterns of formation of gas hydrates in natural sediments or 

inhibit the formation of gas-hydrates for flow assurance. The key to gaining understanding and 

predictive capabilities of the formation and stability of gas hydrates in sediments lays in capturing 

accurately the role that the sediment plays in these processes. Therefore, the hypothesis guiding 

this work is that the inclusion of appropriate sediment-properties, i.e., pore size, wettability, 

surface curvature and interfacial energies, can enable more accurate prediction of gas-hydrate 

stability and mathematically capturing nucleation scenarios and probabilities. 

In this work, a model for gas-hydrates equilibrium in pores was developed from basic 

thermodynamic analysis and validated against available experimental data published in the 

literature. The model organically incorporates sediment properties like pore size, wettability and 

interfacial energy. The proposed model presents high predictive accuracy when compared to 

experimental data with the average AAD of less than 2%. The mechanical equilibrium condition 

of the model takes the effects of sediment properties (wettability, interfacial tension) into account 

to describe the conditions of stability of gas hydrate in porous media, in a very straight-forward 

manner. It was found that equilibrium conditions for gas-hydrates are highly dependent on the pore 



109 
 

size. The wettability of the pore surface affects the equilibrium pressures of gas hydrate formed in 

porous media, and the shape of the hydrate phase. However, experimental data are available only 

for surfaces of similar surface properties. The effects of sediment properties captured in the 

proposed model should be further tested experimentally. The success of the proposed model in 

predicting experimental data of gas-hydrate equilibrium in porous media can be attributed to the 

successful incorporation of sediment properties into its constitutive equations. This supports the 

validity of the hypothesis. 

In this work, a mathematical model was developed in order to describe the effects of foreign 

interfaces (i.e., gas/liquid interface, liquid/solid interface and three-phase boundary line) on kinetic 

nucleation of gas-hydrates in sediments of varying characteristics. The model incorporates 

interface properties (interfacial interaction energies, wettability and substrate size), and was 

applied to quantitatively describe the effects of various foreign interfaces on the cumulative 

formation probability of methane hydrates. The model included a successful incorporation of 

sediment properties in the thermodynamic component of hydrate nucleation rates within the 

framework of the Classical Nucleation Theory (CNT).  It was found that the nucleation process of 

methane hydrates can be significantly affected by the interplay between driving force and 

interfacial properties. The sensitivity of probability and induction time for nucleation to interfacial 

properties can be significantly diminished by increasing the driving force (sub-cooling), i.e., 

interfacial effects on the activation energy required for nucleation can be effectively 

counterbalanced with larger driving forces for the process. In addition, it was shown that 

nucleation of methane hydrates is kinetically favored within large sediment pores rather than 

within small pores. This model prediction agrees with observations of core samples of gas-hydrate-

bearing sediments. As for the effects of liquid/solid interfaces, it was found that the formation 
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probability of methane hydrates can be significantly modulated by surface wettability and surface 

curvature. Nucleation of methane hydrates is always more energetically favorable on concave 

surfaces and less so on convex surfaces, with the flat surface case acting as the barrier in between 

the two behaviors. In addition, nucleation of gas hydrates is favored by highly-hydrophilic surfaces 

and concave surfaces with smaller curvatures, when considering nucleation of hydrate on solid 

interfaces. The curvature of convex liquid/solid interface has only marginal effects on the 

nucleation process of methane hydrates. Finally, the location where gas hydrate will start 

nucleating on different types of interfaces is a function of the size of the formed hydrate crystal 

and the curvature and wettability of the solid surface for a given driving force. Modeling 

predictions show that methane hydrates form first on concave liquid/solid interface and gas/liquid 

interface then other types of liquid/solid interfaces and last on gas/liquid/solid triple boundary line 

in a hydrophilic coarse-grain sandstone system. In a less hydrophilic fine-grain clay system, 

modeling predictions show that methane hydrates form first on gas/liquid interface and 

gas/liquid/solid triple boundary line and then on liquid/solid interfaces. In a pipeline system with 

highly hydrophobic oil droplets, methane hydrates preferentially form on gas/liquid interface and 

then on liquid/solid interfaces. One can picture hydrate lenses growing from the center of the pore 

towards the perimeter, and then starting to plug the pores by covering the pore walls during 

continuous growth. This prediction agrees with growth mechanisms proposed based on 

observations of core samples from hydrate-bearing sediments,125,142,148 which also supports the 

validity of the hypothesis guiding the present work. 

Summarizing, it can be stated that the hypothesis guiding the present work was proven: 

incorporation of appropriate sediment-properties (i.e., pore size, surface interaction energies, 

surface wettability and surface geometry) can better predict and analyze the equilibrium conditions 
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and provide insight into nucleation occurrence of gas hydrates that qualitatively agrees with gas-

hydrate observations. The incorporation of sediment properties into the model for gas hydrates 

equilibrium conditions predicts the available experimental data with an absolute average deviation 

(%AAD) less than 2%, a significant improvement upon previous modeling attempts. In addition, 

the inclusion of sediment properties in the models for kinetic nucleation of gas hydrates result in 

mathematical models that qualitatively capture the information obtained from examination of gas-

hydrate core samples and observations of gas hydrates in synthetic systems. 
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CHAPTER 7 FUTURE WORK RECOMMENDATION 
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As final remarks, while much work has been done and much has been achieved, the 

exploration on gas-hydrate equilibrium, stability and kinetics is far from being completed. We 

would like to recommend some very attractive future work focusing on the areas briefly described 

below. 

First, natural porous media (e.g., sand and silt) usually exhibits a wide range of pore sizes. 

The pore size distribution can be narrow in some locations, while in others it can be broad. 

Additionally, natural porous media has a heterogeneous composition with a distribution of 

interfacial properties. For this reason, developing approaches to incorporate pore size distributions 

and distribution of properties of natural sediments into the hydrate-equilibrium model can help 

improve its accuracy, not only in terms of thermodynamic equilibrium, but in terms of the 

estimates of gas content in gas-hydrate reservoirs. 

Second, from the perspective of energy recovery, it is crucial to understand the dissociation 

process of methane hydrates and methane gas production behavior. Therefore, a theoretical 

mathematical model, which incorporates the properties of foreign interfaces (e.g., liquid/solid 

interface, gas/liquid interface and gas/liquid/solid boundary line) present in porous media, can be 

developed to understand how the foreign interfaces affect the kinetic dissociation process and 

further control methane hydrate dissociation. This model will be based on the nucleation model 

developed in the present work. 

Finally, from a practical point of view, the findings of the kinetic nucleation study can be 

applied in two fields: the design of promoters to enhance hydrate formation rates from natural gas 

storage and transportation perspective; and the design of kinetic hydrate inhibitors (KHI) to 

prevent the formation of gas hydrates from a flow assurance perspective. For example, hydrophilic 

surfaces with small pits will help to enhance the nucleation of gas hydrates. Small particles with 
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wettability of highly hydrophobic nature are promising to be used to delay or inhibit the formation 

of gas hydrates. 
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Nomenclature 

Characters 

 ሺܶሻ = Langmuir constantܥ

݂ = fugacity 

Θሺܶ, ܲሻ = fraction of cage capacity 

 chemical potential = ߤ

 number of cages per water molecule in the crystal lattice = ߥ

  activity coefficient = ߛ

߶ = fugacity coefficient 

Δ = change in a property 

  maximum attractive potential = ߝ

 core distance at zero potential = ߪ

Γ = function depending on contact angle 

ܷ = internal energy 

ܵ = entropy 

 enthalpy = ܪ

݇ = Boltzmann constant 

஺ܰ = Avogadro’s number 

ܰ௪ = number of water molecules 

 radial distance = ݎ

 ௣ = pore radiusݎ

ܲ = pressure 

ܶ = Temperature 

ܴ = gas constant 

ܴሺ݈݈ܿ݁ሻ = cell radius of each shell 

ܸ = molar volume 

ܹሺݎሻ = cell potential 

ܹሺݎሻሾ௜ሿ = cell potential for shell i 

 coordination number of the cage = ݖ



116 
 

ܼ = compressibility factor 

 I = hydrate structure Iݏ

 II = hydrate structure IIݏ

 ௢௕௝ = objective functionܩ

  tolerance = ݈݋ܶ

 molar composition in the liquid phase = ݔ

Superscripts and subscripts 

H = hydrate phase 

L = liquid phase 

V= vapor phase 

eβ = empty hydrate phase 

IG = ideal gas phase 

α = gas-hydrate interface 

β = hydrate-liquid interface 

 ஑ = interfacial energy of gas-hydrate interfaceߪ

ܽ஑ = surface area of gas-hydrate interface 

 ஒ = interfacial energy of hydrate-liquid interfaceߪ

ܽஒ = surface area of hydrate-liquid interface 

θ = angle of gas-hydrate interface on the surface of porous wall 

τ = angle of hydrate-liquid interface on the surface of porous wall 

p = pore  

w = water 

g = guest 

sat = saturated conditions 

surr = surroundings of the system, i.e., barostat and thermostat 

 ice or liquid water = ߨ

m = cage type 

∆݃௩ = the Gibbs free energy change for the formation of crystal nucleus per unit volume 

݂ሺߠሻ = correction factor to describe the effects of foreign interfaces on nucleation 

 energy barrier for homogeneous nucleation = ܩ∆

 number of ice nuclei in a volume of parent phase per second = ܬ
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௘݂
∗ = attach frequency of hydrate building units to the hydrate nucleus at equilibrium conditions 

 ଴ = concentration of nucleation sites in the systemܥ

 driving force for the transfer of a building unit across the solid-liquid interface = ߤ∆

 energy barrier for heterogeneous nucleation = ∗ܩ∆

ܲሺݐሻ   = the probability of hydrate formation   
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