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Abstract 
A growing demand for energy and natural gas in particular, makes methane gas hydrates a potential 

target to supplement natural gas production from conventional resources. Several pilot projects have 

proven the feasibility of gas production from hydrates both onshore and offshore, but the proposed 

models of gas hydrate behavior in sediments lack experimental support. In particular direct pore-scale 

observations of gas hydrate phase transitions can assist in a better understanding of the fundamentals 

of gas hydrate phase transitions in sedimentary systems. In this thesis, methane gas hydrate formed 

from methane gas and distilled water was visually investigated in high-pressure micromodel based on 

a thin section of Berea sandstone. The main objective of this work was to supplement previous 

research at the Reservoir Physics groups to determine hydrate formation and dissociation mechanisms 

on pore scale; and to estimate the hydrate growth rates.    

Fifteen primary and twenty-two secondary hydrate formation experiments were performed in this 

work. The first seven primary formations were carried out with initial water saturation ranging from 

0.30 to 0.60 and nearly constant pressure (83-84 bar) and temperature (1.2-1.4 °C), with the main 

intention to study the hydrate formation mechanisms and the effect of initial water saturation and 

pore sizes on the hydrate growth rates. The remaining experiments were conducted at various 

pressure-temperature conditions to further investigate formation mechanisms and provide growth 

rate measurements as function of driving force (degree of subcooling).    

The hydrate formation was first observed in the continuous water-gas interface, followed by hydrate 

growth into trapped gas. For both gas configurations, the hydrate growth initiated at the water-gas 

interface along the pore walls and then progressed towards the pore center. The hydrate growth 

resulted in two different hydrate configurations: crystalline hydrate with total gas consumption and 

hydrate films/shell with enclosed gas. Hydrate was also observed to grow in water at the water-

hydrate interface, but this was rare and restricted to locations where the free gas was available within 

a relatively short distance. Massive growth in water was only achieved due to forced dissolution of 

methane in water.  

The hydrate formation was quantified by estimating the hydrate film growth rates. The hydrate growth 

at the water-gas interface along the pore walls was approximately two orders of magnitude faster 

compared to the hydrate growth towards pore center. The hydrate film growth rates were studied 

with respect to initial water saturation, pore sizes and driving force (degree of subcooling, ЎὝ). No 

clear effect of initial water saturation and pore sizes on the growth rate was observed. The hydrate 

growth rate towards the pore center seemed to increase with driving force but the relationship was 

weak. The growth rate along the pore walls was proportional to ЎὝ  and showed a good agreement 

with the measurements of hydrate film growth reported in literature for bulk systems.  

Thirty-four hydrate dissociation experiments were conducted by reducing the pressure several bars 

below the equilibrium pressure. The hydrate dissociation was studied with respect to hydrate 

configurations (crystalline and hydrate films/shell). The dissociation of crystalline hydrate was slower 

and resulted in a gas front that flowed through the pore space, inducing further hydrate dissociation. 

The dissociation of hydrate films/shell with enclosed gas initiated in the pore center and then 

continued towards the pore walls, leading to the mobilization of enclosed gas. The direct contact with 

mobile gas rather than water favored hydrate dissociation. The overall dissociation rate of crystalline 

hydrate seemed to increase with decreasing hydrate saturation.   
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Introduction 
Being the fastest-ƎǊƻǿƛƴƎ Ŧƻǎǎƛƭ ŦǳŜƭΣ ƴŀǘǳǊŀƭ Ǝŀǎ Ǉƭŀȅǎ ŀƴ ƛƳǇƻǊǘŀƴǘ ǊƻƭŜ ƛƴ ǘƘŜ ǿƻǊƭŘΩǎ ŜƴŜǊƎȅ ǎǳǇǇƭȅΦ 

Its worldwide consumption is expected to increase by 45 % in 2040 compared with 2016 (International 

Energy Agency, 2017). With growing environmental concern, natural gas is more preferred over other 

fossil fuels due to its significantly lower emissions of greenhouse gases to the atmosphere upon 

combustion. However, natural gas is non-renewable source of energy and the world may face the 

shortage of natural gas in not-too-distant future. Unconventional gas reserves such as natural gas 

hydrates can potentially meet the growing demand for natural gas. Gas bound in natural hydrate 

reserves are vast but uncertain where estimates range between ρπ and ρπ 3Í (Sloan & Koh, 

2008). Nevertheless, even the lower end estimates suggest that the amount of energy trapped in 

natural gas hydrates compares to energy bound in all the conventional fossil fuels combined. Although 

only a fraction of these estimates is a target for exploitation (Moridis et al., 2011), gas hydrates can 

potentially become one of the most promising alternative future energy resources.   

Gas hydrates are solid compounds consisting of gas molecules trapped inside water molecules. They 

have an ice-like physical appearance and typically form under high pressures and low temperatures in 

the sub seafloor under water columns of 4-500 meters and in regions with permafrost. Pressure-

temperature conditions, heat and mass transport and the availability of water and gas are key 

parameters affecting gas hydrate formation. The hydrates can be detected by seismic waves and well-

logs (Goldberg & Saito, 1998; Hornbach et al., 2003). 

Production of natural gas from hydrates typically involves depressurization, thermal stimulation, 

inhibitor injection (Makogon, 1997). In both depressurization and thermal stimulation production 

techniques, the hydrates are destabilized by pressure reduction and temperature increase 

respectively. Injection of inhibitors such as salts or alcohols shifts the hydrate stability curve to higher 

pressures and lower temperatures, thereby destabilizing the gas hydrates at local pressure-

temperature conditions. Besides three most common means to extract natural gas from hydrates, 

several alternative production techniques have been proposed, including #( #/  exchange. The 

main challenge associated with methane production from hydrates is that the fuel is in the solid state, 

and the fluids must therefore first be mobilized. For this reason, conventional hydrocarbons recovery 

techniques are difficult to apply (Lee & Holder, 2001).  

Despite steadily increasing number of hydrate-related publications, the fundamentals of gas hydrate 

are still not appropriately studied and therefore further research in this field is required to understand 

phase behavior and mobilization of fluids in sediments. Recent studies of gas hydrates at the Reservoir 

Physics group have focused on the hydrate phase transitions on core- and pore-scale involving MRI 

and microscopic visualization as imaging techniques. This master thesis will further investigate the gas 

hydrate formation and dissociation on pore-scale, with focus on the hydrate formation/dissociation 

mechanisms; and the effect of initial fluid saturations, pore sizes and driving force on the hydrate film 

growth rates. 
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1 Theoretical part 
This chapter provides an insight into gas hydrate phenomenon. Sections 1.1-1.3 introduce the general 

natural gas phenomenon, describe the knowledge history of gas hydrate and explain different hydrate 

structures. The aim of this thesis is to study the hydrate formation and dissociation mechanisms on 

pore-scale; and main focus of this chapter is kept on a microscopic phenomenon of gas hydrates as it 

will assist in the interpretation of the experimental results obtained in this work.   

1.1 General overview 
Natural gas hydrates are crystalline compounds developed from a mixture of gas molecules όάƎǳŜǎǘέύ 

trapped inside hydrogen-bonded water ƳƻƭŜŎǳƭŜǎ όάƘƻǎǘέ) at high pressures (typically more than 0.6 

MPa) and low temperatures (typically less than 27 ЈC). Gas hydrates are abundantly present in the 

ocean and in the permafrost regions where pressure and temperature are favorable for hydrate 

thermodynamic stability. Figure 1.1 shows hydrate stability conditions for two different geological 

settings: permafrost (Figure 1.1a) and marine (Figure 1.1b). The hydrate stability zone (HSZ) is colored 

yellow and is generally thicker in permafrost than in ocean. Its thickness is strongly dependent on the 

geothermal gradient in sediments. About 97% of natural gas hydrates reserves are accumulated in 

marine sediments, and only 3 % in permafrost (Makogon, 2010).    

 

Figure 1.1. Hydrate stability zone for (a) permafrost and (b) ocean regions (Modified from Sloan et al., 2010). 

The gas and water composition together with pressure-temperature conditions determine the 

composition of a hydrate. Methane, ethane, propane, and carbon dioxide are typical gas hydrate 

formers, with methane being most abundant component (Makogon, 2010). Over geological time, the 

hydrate composition can change due to variations in thermodynamic conditions and water and gas 

migration. The occurrence of hydrates with a significant fraction of heavier components has been 

reported (Table 1.1).  

Methane gas in natural hydrates originate from biogenic (from bacterially produced methane) and 

thermogenic (generated by high-temperature catagenesis) sources, with biogenic methane being the 

most abundant (Sloan & Koh, 2008). The methane hydrate can form in nature either due to (1) in-place 

generation of methane dissolved in water or (2) upward migration of dissolved and free methane.  
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Table 1.1. Composition of natural gas hydrates (Modified from Makogon, 2010). 

Gas hydrate deposit  Gas composition, mol % 

#( #(  #(  É#(  Î#(  #  #/ .  

Nankai Trough 99.3      0.63  
Bush Hill White 72.1 11.5 13.1 2.4 1    
Green Canyon White 66.5 8.9 15.8 7.2 1.4 0.2   
Bush Hill 29.7 15.3 36.6 9.7 4 4.8   
Messoyakha 98.7 0.03     0.5 0.77 
Mallik 99.7 0.03 0.27      

 

Methane has a lower solubility in water compared with non-organic hydrate formers. For example, the 

solubility of carbon dioxide is nearly two orders of magnitude higher compared with methane at STP 

(The Engineering ToolBox, n.d.; b). The solubility of gases in water is temperature-dependent. The 

presence of gas hydrates in the system alters the temperature-dependence trend. The methane 

concentration in water decreases with increasing temperature in the absence of gas hydrates, whereas 

it shows the opposite trend when the gas hydrates are present in the system (Figure 1.2). 

 

Figure 1.2. The effect of temperature on the methane concentration in water at constant pressure with the presence of 
hydrates (dashed curve) and without (solid curve) (Modified from Katsuki et al., 2008).  

Natural gas hydrates can potentially become a significant energy resource. However, the production 

of gas from hydrates may involve geomechanical challenges. The hydrate-bearing sediments suitable 

for gas extraction are often poorly consolidated with limited shear strength (Moridis et al., 2011). Thus, 

the dissociation of solid-state gas hydrate can weaken the structural strength of the sediments that 

can result in the slope failure and consequent possible marine hazards such as tsunamis (Figure 1.3). 

Furthermore, it was suggested that gas hydrates might have an impact on a global climate change due 

to methane release from gas hydrates caused by seasonal alterations in pressure and temperature as 

a result of a sea-level variations (Macdonald, 1990). In addition, the occurrence of hydrates is 

undesired in processing engineering due to their ability to plug pipelines.  
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Figure 1.3. Illustration of possible hazards in marine sediments caused by gas production from hydrates (Iwai et al., 2015). 

1.2 Historical perspective 
Sir Humphrey DavyΩǎ discovery of chlorine hydrate in 1810 is generally considered as the first 

observance of hydrates. Following this discovery, researchers in the field attempted to provide a 

quantitative description of hydrates formed from inorganic formers such as chlorine, bromine, and 

carbon dioxide. Villard first identified the existence of organic hydrates in 1888 (Sloan & Koh, 2008).  

Until 1930s, gas hydrates were only considered as a laboratory curiosity. Hammerschmidt (1934) first 

discovered hydrates as pipeline plugs, and studied the effect of thermodynamic inhibitors on hydrates, 

with methanol being one of the most valuable inhibitors at that time. In the late 1940s and early 1950s, 

Von Stackelberg and his coworkers reported two decades of x-ray diffraction experiments on hydrate 

crystals, that enabled researchers to investigate two different forms of gas hydrates, namely 

structures- I and II (Sloan & Koh, 2008). Ripmeester et al. (1987) discovered a third hydrate structure 

(structure H). Discovery of different hydrate structures enabled researchers to predict hydrate 

thermodynamic properties more accurately. In 1959, Van der Waals and Platteeuw proposed statistical 

theory, which provides the basis for current thermodynamic models (Sloan & Koh, 2008).  

It was not until the middle of 1960s, when a Soviet scientist Makogon first announced the potential of 

gas hydrates as an energy resource, that a large experimental effort related to production of natural 

gas from hydrates begun (Sloan & Koh, 2008). The first major gas hydrate accumulation was discovered 

by a Soviet drilling crew in the Siberian Messoyakha field, which was set to commercial exploitation in 

1969, with a decade of gas production, possibly from hydrates (Sloan & Koh, 2008; Demirbas, 2010). 

The above discovery initiated further geological research around the world where gas hydrates could 

be discovered.  

The existence of gas hydrates in oceanic sediments was inferred based on the seismic observations 

(Demribas, 2010). The discovery of oceanic gas hydrates has increased the interest in offshore hydrate 

accumulations. In 1992, the Ocean Drilling Program initiated the drilling activities offshore intended to 

expand the knowledge about oceanic hydrate deposits, and hydrate cores in the deep waters were 

recovered for further study (Sloan & Koh, 2008; Demirbas, 2010). 

{ƛƴŎŜ aŀƪƻƎƻƴΩǎ ŀƴƴƻǳƴŎŜƳŜƴǘ ƻŦ ǘƘŜ gas hydrate potential as an energy resource, many researchers 

have doubted the possibility of commercial exploitation of gas from hydrates, mainly due to economic 

and technical reasons (Collett, 2008). However, the last decades the paradigm has changed from 

evaluation of hydrate accumulations to production of gas from hydrates. A major breakthrough came 

in 2002, when gas hydrate production testing was conducted in permafrost regions in the Mallik well 

in Canada. This project provided the evidence for technical and commercial feasibility of gas extraction 

from hydrates by combining pressure reduction and thermal stimulation techniques (Sloan & Koh, 
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2008). Furthermore, the Mount Elbert test well was drilled in the Alaska North Slope in 2007 intended 

to collect a set of well-log, core and downhole production test data (Collett, 2008). In addition to the 

Mallik 2002 program, another onshore production field trial started in the Ignik Sikumi #1 well in Alaska 

in 2011 where the alternative production technique (#( #/  exchange) was successfully tested 

(Schoderbek et al., 2012). 

Besides onshore production tests, the National gas hydrate programs were launched by several Asian 

countries in order to enhance overall understanding of marine gas hydrates (Collett, 2008). In 2013, 

the first offshore field test was carried out by a depressurization technique in the Eastern Nankai 

Trough off the Pacific coast of Japan. Even though the test terminated after 6 days due to critical sand 

production, this field trial demonstrated the applicability of pressure reduction technique even in 

marine deposits (Yamamoto et al., 2014; Li et al., 2016). Following the Nankai Trough 2013 project, the 

second marine gas hydrate production testing has been planned in the Eastern Nankai Trough to 

confirm more stable and prolonged gas production; and the drilling survey campaign begun in 2016 to 

obtain the logging data ahead of the production test (Tamaki et al., 2017). Furthermore, China 

conducted its first production test in South China Sea in May 2017 that has lasted for approximately 6 

weeks (Yanlong et al., 2017).     

Table 1.2. Milestones in the gas hydrate history. 

Year Event 

1810 Chlorine hydrate discovery by Davy 
1888 Villard observed organic gas hydrates 
1934 Hammerschmidt discovered hydrates to plug gas pipelines 
1969 Gas production began in the Siberian Messoyakha field, possibly from hydrates 
1992 Ocean Drilling Program intended to discover gas hydrate deposits began 
2002 Mallik field test in Canada demonstrated that gas hydrates could be economically and 

technically produced in the permafrost regions 
2013 Nankai Trough field test confirmed the possibility of gas recovery from marine sediments 

1.3 Hydrate structures 
Gas hydrates are crystalline complexes composed of hydrogen-bonded water molecules that are able 

to accommodate gas molecules inside their lattice cavities (or cages). The crystalline lattice becomes 

stable when the guest gas molecules occupy the minimum number of cavities, thereby preventing the 

breakage and strain of the hydrogen bonds (Sloan, 2003). In addition to the water- άƎǳŜǎǘέ ƛƴǘŜǊŀŎǘƛƻƴǎ 

inside the lattice, the cavities are stabilized by their shape and size.  

The existence of several hydrate structures has been discovered, based on the arrangement of water 

molecules in the crystalline structure. Three are three common forms of natural gas hydrates: two 

cubic structures I (sI) and II (sII) and one hexagonal structure H (sH). Figure 1.4 provides a visual 

illustration of these structures and their constituents.  

Besides three most commonly accepted hydrate forms, the observance of unusual hydrate structures 

Ƙŀǎ ōŜŜƴ ǊŜǇƻǊǘŜŘΦ CƻǊ ŜȄŀƳǇƭŜΣ WŜŦŦǊŜȅΩǎ ǎǘǊǳŎǘǳǊŜǎ LLL ǘƻ ±LLΣ ǿƛǘƘ bromine being a hydrate former in 

structure III and nƻ άǘǊǳŜέ ƘȅŘǊŀǘŜǎ ƪƴƻǿƴ ŦƻǊ ǎǘǊǳŎǘǳǊŜǎ L± ƻǊ ±Φ Since the occurrence of these 

hydrates is extremely rare, their detailed description is not provided in this work. This chapter 

describes the main features of hydrate structures I, II and H, as outlined by Sloan and Koh (2008), from 

which much of the below discussion has been excerpted.  
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Figure 1.4. Different cavities and structures in gas hydrates (Steed and Atwood, 2009). 

Structure I (sI)  

In sI hydrate, the smallest symmetrical structure is a 12 Å cube consisting of 46 water molecules that 

has two types of cavities: small and large (Figure 1.5). Structure I predominates in nature; and the 

occupancy of one cavity type only is sufficient for stability (Sloan, 2003). 

Two small cavities are pentagonal dodecahedra (υ , e.g. they are composed of twelve pentagonal 

faces. This type of cavity has an average radius 3.95 Å that is perfectly sized for small guest molecules 

such as methane. The cavities have almost spherical shape.  

Six large cavities are tetradecanhedra (υ φ , e.g. have twelve pentagonal and two hexagonal faces. 

Since they have an average radius 4.33 Å, large cavities are capable of accommodating methane 

molecules. In addition, large cavities fit well for larger molecules such as ethane and carbon dioxide. 

The large cavities are slightly oblate.   

 

Figure 1.5. Schematic of structure I hydrate (Modified from Kitami Institute of Technology, n.d.). 

Structure II (sII) 

The unit cell of sII hydrate is a 17.3 Å cube consisting of 136 water molecules that has small and large 

cavities. Structure II occurs in mostly artificially created systems, and is stabilized by filling one cavity 

type only (Sloan, 2003).  
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Sixteen small cavities have pentagonal dodecahedra (υ  shape. They have an average radius 3.91 Å 

and thus can be occupied by the smallest hydrated molecules, for instance oxygen and nitrogen. The 

small cavities are distorted.  

Eight large cavities are hexadecahedra (υ φ , e.g. have twelve pentagonal and four hexagonal faces. 

Large cavities have an average radius 4.73 Å and consequently can be filled by larger molecules such 

as propane and iso-butane. This type of cavities has almost spherical shape.  

Structure H (sH) 

The smallest symmetrical structure in sH hydrate is a hexagonal system with lattice parameters a = 

12.2 Å and c = 10.1 Å consisting of 34 water molecules and having small, medium and large cavities. 

Structure H may occur in both man-made and natural environments (Sloan, 2003). Nevertheless, sH 

hydrate stabilizes only when the molecules of appropriate size occupy both small/medium and large 

cavities.   

Three small cavities have pentagonal dodecahedra (υ  and an average radius 3.94 Å. Two medium 

cavities (τυφ) with an average radius 4.04 Å have three square, six pentagonal and three hexagonal 

faces. Small molecules such as methane can occupy both small and medium cavities.  

One large cavity (υ φ) has twelve pentagonal and eight hexagonal faces and an average radius 5.79 

Å. The large cavity can host even larger molecules such as neohexane. Therefore, mixtures of small 

and large molecules such as methane and neohexane can potentially form gas hydrates.  

1.4 Hydrate formation and dissociation 
Unlike structures and thermodynamics of hydrates, hydrate formation and dissociation are kinetic 

time-dependent phenomena. The hydrates form when both hydrate-former and water molecules are 

available in sufficient quantities and the system is within hydrate stability zone. On molecular level, 

the hydrate formation process can be divided into nucleation and growth stages. The hydrates 

dissociate when the pressure-temperature conditions are outside the hydrate stability region. Since 

this thesis emphasizes the hydrate formation and dissociation on a pore-level, a detailed description 

of microscopic phenomenon of gas hydrates is provided in this section.   

1.4.1 Hydrate nucleation  
Hydrate nucleation is the process during which small clusters of water and gas grow and dissipate to 

reach the critical size at which continued (stable) growth is possible (Sloan & Koh, 2008). Nucleation is 

the critical step in understating the formation of hydrates. Even though several hypotheses attempt to 

explain nucleation, its mechanism is not known with any degree of certainty. Three main limitations 

complicate the study of hydrate nucleation (Sloan & Koh, 2008). First, being a microscopic 

phenomenon with tens to thousands of molecules involved; the nucleation stage is difficult to observe 

experimentally. Second, this stage is a statistically probable (but not deterministically certain) process. 

Third, nucleation is associated with high degree of metastability that can be defined as the ability of a 

nonequilibrium state to persist for a long period of time.     

Different nucleation nomenclature can be found in the literature. To avoid inconsistency, the 

discussion of nucleation in this thesis will refer to the theory of homogeneous and heterogeneous 

nucleation in crystallization, as outlined by Mullin (2001) and Sloan and Koh (2008).  

Homogeneous nucleation (HON)  

Homogenous nucleation is a spontaneous crystallization process that occurs in systems in the absence 

of impurities such as foreign particles and/or surfaces. A stable crystal nucleus may contain up to 
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several thousand molecules. Nevertheless, the simultaneous collision of the required number of 

molecules that can form a stable nucleus is an extremely rare event. It is more probable that a stable 

nucleus could result from a sequence of biomolecular collisions according to the following scheme:  

ὃ ὃ  ὃ          (cluster containing two molecules) 

ὃ ὃ  ὃ        (cluster containing three molecules)    

ὃ ὃ  ὃ    (critical cluster)    

Initially, two molecules collide to form a cluster (embryo). A newly formed cluster combines with 

another molecule/cluster, thereby creating a new cluster of increased size. Sequential cluster growth 

continues until the critical cluster size is reached. Before a cluster attains a critical size, many of clusters 

fail to achieve maturity and they simply redissolve because of density or composition fluctuations. 

However, after achieving the critical size, further molecular collisions with the critical cluster would 

cause nucleation and successive stable growth of the nucleus. Since a critical nucleus is too small to 

observe directly, its structure is not known.  

The formation of critical cluster size and spontaneous growth is governed by the excess Gibbs free 

energy, ЎὋ, between a small solid particle of solute (assumed to be a sphere of radius r) and the solute 

in solution. This can be expressed as the sum of the surface excess free energy, ЎὋ, and the volume 

excess free energy, ЎὋ:  

 ЎὋ ЎὋ ЎὋ τ“ὶ‎
τ

σ
“ὶЎὋ (1.1) 

 

where ЎὋ is the free energy change per unit volume and ‎ is the interfacial tension between the 

crystalline surface and liquid in which it is located. The surface excess free energy and the volume 

excess free energy have the opposite signs, with surface excess free energy being a positive quantity 

(Figure 1.6). The function of the excess free energy has a maximum (ЎὋ ) at the radius corresponding 

to the critical cluster/nuclei, ὶ. The expressions for ЎὋ  and ὶ can be derived by differentiating 

equation 1.1 and setting the result to zero:    

 ὶ
ς‎

ЎὋ
 (1.2) 

and  

 ЎὋ
τ“‎ὶ

σ
 (1.3) 

 

The equations above demonstrate that the critical cluster size is strongly dependent on a maximum of 

the excess free energy. ЎὋ  can be interpreted as an energy barrier that a cluster must overcome in 

order to achieve a critical size that is energetically favorable to sustain growth. Otherwise, nuclei are 

unstable and shrink if their size is less than the critical cluster size.    
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Figure 1.6. Free energy diagram for nucleation (Mullin, 2001). 

Heterogeneous nucleation (HEN) 

Heterogeneous nucleation is typical for systems containing impurities. Laboratory prepared aqueous 

solution may contain more than ρπ solid particles per ÃÍ. Even though a careful filtration can reduce 

the number of foreign particles by three orders of magnitude, it is not practically possible to prepare 

impurities-free solution. It is generally agreed that true homogeneous nucleation is difficult to achieve 

and most systems nucleate heterogeneously.  

It is thermodynamically feasible to achieve heterogeneous nucleation at degrees of supercooling lower 

than required for spontaneous nucleation. When a critical nucleus forms heterogeneously, the 

associated overall free energy change, ЎὋ , must therefore be less than for spontaneous nucleation:  

 ЎὋ ‰ЎὋ  (1.4) 

 

where ‰ is the factor less than one.   

From equation 1.1, free energy change is affected by interfacial tension. In heterogeneous systems 

containing a solid surface, three different interfacial tensions arise (Figure 1.7). They are the solid 

crystalline-liquid interfacial tension, ‎ ; the foreign solid surface-liquid interfacial tension, ‎ ; and the 

solid crystalline-foreign solid surface interfacial tension, ‎ . In the porous media saturated with gas 

hydrates, crystalline deposit and foreign solid surface relate to hydrate and grain respectively.   

The factor ‰ in equation 1.4 is related to the contact angle between the crystalline deposit and a 

foreign surface, —, according to the following expression:  

 ‰
ς ÃÏÓ— ρ ÃÏÓ—

τ
 (1.5) 

 

Contact angle — provides the information about the wetting preference of a system. Figure 1.8 

illustrates the relationship between the factor ‰ and contact angle —. The fraction ‰ can be lowered 
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effectively by decreasing contact angle —. Since ЎὋ  is directly proportional to ‰, the reduction of ‰ 

leads to lower values of ЎὋ . Therefore, the nucleation is easier to achieve at lower contact angles 

between the crystalline deposit and a foreign surface. 

 

Figure 1.7. Interfacial tension diagram for a system containing two solids (crystalline deposit and foreign solid surface) and 
a liquid (Mullin, 2001). 

 

Figure 1.8. Ratio of overall free energy changes of homogeneous and heterogeneous nucleation as a function of the contact 
angle (Mullin, 2001). 

1.4.2 Main nucleation parameters 
The experimental results obtained by different researchers show that the behavior of hydrate 

nucleation is not governed by any common thermodynamic property but is rather stochastic (Sloan & 

Koh, 2008). Many parameters can influence the nucleation process. Driving force, induction time, 

agitation and memory effect are believed to affect the results of present MSc project and thus their 

description will be provided below.   

Driving force for nucleation  

As defined by Mullin (2001), nucleation rate is the number of nuclei formed per unit time per unit 

volume, which in turn is related to the driving force (Servio & Englezos, 2003). Even though various 

parameters have been reported to drive the nucleation process such as chemical potential, fugacity, 

degree of subcooling, supersaturation, etc., Christiansen and Sloan (1995) derived an expression that 

accounts for all driving forces discussed by other authors (Sloan & Koh, 2008). The general driving force 

for nucleation can be related to the total molar change in Gibbs free energy of hydrate formation, 

ЎὫ , expressed as 

 ЎὫ ЎὫ ЎὫ  (1.6) 
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where ЎὫ  is a function of pressure, temperature, chemical potential and fugacity; the term 

ЎὫ  represents gas and water that are converted to hydrate, whereas the term ЎὫ  is 

related to hydrate.      

The driving force for hydrate formation is often represented by the degree of subcooling, ҟT, which is 

ŘŜŦƛƴŜŘ ŀǎ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ ǎȅǎǘŜƳΩǎ ǘŜƳǇŜǊŀǘǳǊŜ, Ὕ , and the triple 

equilibrium temperature of the methane-hydrate-water system under a given pressure, Ὕ . 

Nevertheless, this parameter does not encompass the effect of pressure. Arjmandi et al. (2005) studied 

the effect of pressure on the driving force. They found out that for pure gas-water systems the driving 

force was proportional to the degree of subcooling at constant pressure and temperature conditions. 

Further, it was concluded that the degree of subcooling alone could represent the driving force in pure 

gas-water systems at pressures exceeding 200 bar.  

In this ƳŀǎǘŜǊ ǇǊƻƧŜŎǘΣ ǇǳǊŜ ƳŜǘƘŀƴŜ Ǝŀǎ όҔффΦр҈ύ ǿŀǎ ǳǎŜŘ ŀƴŘ ǘƘŜ ǎȅǎǘŜƳΩǎ ǘŜƳǇŜǊŀǘǳǊŜ ǿŀǎ 

approximately the same for the majority of experiments; therefore, the degree of subcooling is 

assumed to represent the driving force.   

Induction time 

9ǾŜƴ ǘƘƻǳƎƘ ǘƘŜ ǎȅǎǘŜƳΩǎ ǇǊŜǎǎǳǊŜ ŀƴŘ ǘŜƳǇŜǊŀǘǳǊŜ ŀǊŜ ǿƛǘƘƛƴ ǘƘŜ ƘȅŘǊŀǘŜ ǎǘŀōƭŜ ǊŜƎƛƻƴΣ ǘƘŜ ƘȅŘǊŀǘŜǎ 

do not massively form for a certain period due to metastability. This period is called induction time 

which can be defined as the time elapsed from the establishment of hydrate stable conditions until 

the growth of detectable amount of hydrate (Kashchiev & Firoozabadi, 2003). Sloan and Koh (2008) 

summarizes some important features of the induction time as follows:  

¶ Induction time is most likely to be dominated by nucleation stage, but is also affected by 

growth stage until hydrates are first detected. 

¶ Induction time is stochastic, especially at low driving forces.  

¶ The stochastic behavior is less pronounced at high driving forces and with constant cooling. 

In addition, the induction time tends to depend on the accuracy of detection by means of apparatus. 

Flatlandsmo (2015) used similar experimental setup to that of this project to study the hydrate 

formation and dissociation on pore-level, and estimated that hydrate growth could be detected 

through a microscope only if the hydrate layer thickness exceeded 1.5 µm. Hence, the induction time 

in this thesis is likely to relate to the thickness of hydrate layer.   

Memory effect 

It is generally agreed that the hydrates keep a memory of their structure when they are decomposed 

at moderate temperatures. The gas hydrates are expected to nucleate more readily in a system that 

has earlier been dissociated, than in a system with renewed water with no previous hydrate history. 

This phenomenon is called the memory effect. This effect can be destroyed by sufficient heating of the 

system above the hydrate formation temperature at a given pressure. Based on the experimental 

observations of the memory effect, two opposing hypotheses are proposed to explain this 

phenomenon (Sloan & Koh, 2008):  

1. Hydrate structure continues to exist in a system in the form of either residual structure of 

partial hydrate cages or persistent hydrate crystallites. 

2. Dissolved gas resides in the solution after hydrate dissociation.  

Despite numerous observations of the memory effect, there is no general agreement on this 

phenomenon due to lack of direct molecular studies to verify the above hypotheses. Although the 
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results of many experiments conclude that the memory effect seems to reduce the induction time, 

some other researchers have cast a doubt on the existence of memory effect (Rodger, 2000; Wilson & 

Haymet, 2010).   

Two distinct types of hydrate formations were performed in this thesis: primary and secondary 

formation. Several definitions of primary and secondary formation arise in the literature. According to 

Mullin (2001), unlike primary formation, the secondary hydrate formation initiates under the presence 

of crystalline matter. In this thesis, secondary formation is undergone in a system that has previously 

been dissociated but has not been heated afterwards. Therefore, secondary formation performed in 

this work is believed to be affected by memory effect. In contrast, primary hydrate formation is unlikely 

to be affected by the memory effect since a system was heated and cleaned with water prior to every 

experimental run to remove any residual hydrate structures.  

Agitation 

High driving forces alone do not always induce nucleation and promote a further growth. Agitation 

(cavitation or turbulence) is frequently used to enhance nucleation. The degree of agitation tends to 

affect the induction time both in bulk systems and in synthetic porous media.  

When it comes to the hydrate studies on pore-scale performed by other master students at the 

Reservoir Physics group, they all reported difficulties related to the hydrate formation in high-pressure 

micromodels under static conditions. Flatlandsmo (2015) and Iden (2017) emphasized the importance 

of agitation for hydrate formation. Their systems were rarely observed to nucleate spontaneously 

under static conditions and hence agitation was successfully forced into the micromodel to induce 

hydrate formation. The agitation technique similar to that applied by Iden (2017) was utilized in this 

work.  

1.4.3 Hydrate growth 
Once the critical cluster size is attained and the induction time is over, the stable hydrate growth 

initiates. Three main parameters influence the hydrate growth on the molecular level (Sloan & Koh, 

2008): (1) the kinetics of crystal growth at the hydrate forming area, (2) mass transfer of molecules to 

the hydrate forming area, and (3) heat transfer of the exothermic heat released during hydrate 

formation away from the hydrate forming area. However, it has been suggested that heat and mass 

transport dominate the hydrate growth in multiphase systems, whereas the role of hydrate intrinsic 

kinetics can be less significant (Sloan & Koh, 2008). Many of the nucleation parameters also appear to 

influence the hydrate growth. In this thesis, the hydrate growth rates will be estimated as the 

quantification of hydrate growth may assist in a better understating of general phenomenon of hydrate 

formation. 

General crystal growth mechanism 

Cahn et al. (1964) distinguish between two main kinetic growth mechanisms: stepwise and continuous. 

In stepwise growth mechanism, the molecules attach at step kink sites and the solid interface grows 

by the lateral motion of steps. Continuous growth mechanism involves the molecular attachment 

everywhere on the surface and the continuous advance of the solid interface normal to itself. It is 

proposed that the driving force in terms of subcooling affects the kinetic mechanism by which the 

growth proceeds. The sufficiently low driving forces result in a step growth, whereas a continuous 

growth operates at sufficiently high driving forces.    

The occurrence of a certain growth mechanism can be validated experimentally in terms of kinetics 

and morphology. For instance, the linear dependence of a growth rate on supercooling provides a 

strong evidence for a continuous mechanism. With regard to morphological features, the development 
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of well-defined crystallographic surfaces indicates a stepwise mechanism. However, the morphological 

evidence must be considered only when the heat transfer is not a limiting factor because heat flow 

restrictions will also result in a rounded crystal surface independent of the growth mechanism. 

Moreover, morphology developed during the active growth process differs from that of equilibrated 

crystal since the shape of the latter does not depend on the growth mechanism.  

Figure 1.9 demonstrates the formation of methane hydrate crystals at the water-methane interface 

performed by Freer et al. (2001). The initial growth results in the well-defined crystals postulating the 

step mechanism (Figure 1.9a). As pressure increases, the mechanism shifts from step to continuous 

growth indicated by the disappearance of the facets and film roughening (Figure 1.9b).  

 

Figure 1.9. (a) The development of methane hydrate crystals at the water-methane interface; (b) the facets vanish and the 
film roughens upon pressure elevation postulating the transition from step to continuous growth (Freer et al., 2001). 

Hydrate formation mechanism  

The hydrate growth typically initiates at the water-hydrocarbon interface due to significantly higher 

hydrate component concentrations compared with mutual fluid solubilities (Sloan, 2003). Based on 

the experimental analysis of a hydrate films/shell development at the water-hydrocarbon interface 

performed by different authors, Sloan and Koh (2008) proposed the mechanism for hydrate formation 

according to the following steps (Figure 1.10):  

1. Development of a thin porous hydrate film across the water-hydrocarbon interface. 

2. Thickening of a porous hydrate film.  

3. Transformation from porous to completely solid nonporous hydrate film. 

The development of a hydrate film at the interface inhibits further growth due to mass transport 

limitations through the solid hydrate membrane (Sloan, 2003). Nevertheless, water and hydrate 

former should easily diffuse through the porous hydrate film (Staykova et al., 2003).  Figure 1.11 shows 

a porous methane hydrate image obtained by a field emission scanning microscopy (Staykova et al., 

2003).  
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Figure 1.10. Schematic of the proposed mechanism for the development of a hydrate film at the water-hydrocarbon 
interface (Taylor et al., 2007). Step 1: Thin porous hydrate film develops across the water-hydrocarbon interface. Step 2: A 
porous hydrate film expands. Step 3: Conversion of porous to solid nonporous hydrate film. 

 

Figure 1.11. A field emission scanning electron microscopy image of a porous methane hydrate crystal (Staykova et al., 
2003). 

Crystal morphology  

Several studies show that crystal morphology depends on the applied driving force and generally 

unaffected by hydrate former (Sloan & Koh, 2008). The development of faceted/columnar crystals is 

expected at low driving forces, whereas the crystal morphology transforms to rough needle-like 

dendritic form at high driving forces. Servio and Englezos (2003) suggest that the growth of dendritic 

crystals at high driving forces is due to a larger number nucleation sites compared to that at low driving 

forces. As discussed by Mullin (2001), the rate of nucleation is proportional to the degree of 

supersaturation, which in turn is proportional to the driving force (Servio & Englezos, 2003). Hence, at 

high driving force hydrate crystals are likely to grow at different locations with faster nucleation 

kinetics, thereby leading to more random crystal growth that in turn results in a rougher surface. In 

contrast, at low driving force hydrate nucleates at fewer nucleation sites, where the slower crystal 

growth occurs in a more regular manner.   

Columnar/faceted and dendritic crystal morphologies have been observed in various hydrate systems 

depending on the applied driving force. Figure 1.14 illustrates columnar (Figure 1.14a) and dendritic 

hydrate crystals (Figure 1.14b) developed at the water-methane interface in bulk. Figure 1.12 shows 

the development of faceted (Figure 1.12a) and dendritic methane hydrate crystals (Figure 1.12b) in 

synthetic porous media. The formation of needle-like dendritic methane hydrate crystals covering the 

surface of water droplets is shown in Figure 1.13.     
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Figure 1.12. Different morphology of the methane hydrate crystals developed in synthetic porous media: (a) faceted 
crystals (symbol H), (b) dendritic crystals (symbol H) (Katsuki et al., 2007). ╛◌ and H, the symbols in this figure, represent 
the liquid water and methane hydrate crystals. 

 

Figure 1.13. Needle-like dendritic crystals of methane hydrate covering the surface of water droplet (Servio & Englezos, 
2003). 

 

Figure 1.14. Different morphology of hydrate crystals developed at the interface between methane and water presaturated 
with methane in bulk: (a) columnar crystals at low driving forces, (b) dendritic crystals at high driving forces (Ohmura et 
al., 2005). 

1.4.4 Hydrate formation in porous media 
The hydrate nucleation and growth in porous media differ from those in bulk systems. In addition to 

parameters described in section 1.4.2, the hydrate formation in porous media is also affected by 

wettability, capillarity, pore sizes and fluid saturations. Nevertheless, the effect of pore sizes can be 

neglected at values exceeding 100 nm (Sloan & Koh, 2008). The thermodynamic properties in porous 

media are different from those in bulk due to two main reasons (Clennell et al., 1999):     



15 
 

1. Molecular interactions between the hydrophilic mineral surfaces and fluids.  

2. Energy necessary to support capillary equilibrium.  

In water-wet systems, a thin water film coats the grain surface (Figure 1.15a). Unlike pore water, this 

bound water does not participate in hydrate formation (Handa & Stupin, 1992). The interactions 

between grains and water reduce the activity of water where activity is defined as a chemical potential 

normalized to a reference state (Figure 1.15b). The capillary forces further reduce the water activity 

(Handa & Stupin, 1992). As a result of the combined effect of these factors, higher pressures or lower 

temperatures are needed to form hydrates in porous media compared to those in bulk systems, and 

therefore, experimental results obtained in bulk systems may not necessarily be correlated to porous 

systems (Handa & Stupin, 1992). However, capillary inhibition of hydrate formation in porous media 

can be counteracted by capillary supersaturation, i.e. an increased gas concentration in water due to 

equal chemical potentials of dissolved gas and free gas bubbles (Clennell et al., 1999). Capillary 

supersaturation can be achieved by additional gas supply, increased pressure or reduced temperature.    

 

Figure 1.15. (a) Different water layers and grain surfaces in porous media. A thin water film coats the mineral surfaces and 
does not participate in hydrate formation. (b) Water activity as a function of distance from grain surface. Activity of bound 
water coating the grain surfaces is reduced (Clennell et al., 1999). 

Hydrate distribution in the pore space  

The hydrate pore occupancy is an important concern when evaluating the hydrate systems in nature. 

The distribution of gas hydrates is widely discussed in literature in relation to their ability to cement 

the grains. Several schemes of hydrate deposition can be found in literature. To avoid inconsistency, 

the cementing nature of gas hydrates is discussed here based on the model proposed by Ecker et al. 

(1998). They described two extreme schemes of the hydrate distribution within the pore space: (1) 

contact-cementing hydrates (or grain cementing), which reside on the rock grains; and (2) non-

cementing hydrates (or pore filling), which occupy the pore space away from the grains (Figure 1.16). 

The grain cementing hydrates stiffen the sediments, whereas pore filling hydrates are unlikely to 

reinforce the grains. The grain cementation by hydrates can therefore have a great impact on the 

sediment stability and the interpretation of seismic data.  
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Figure 1.16. Two possible hydrate distributions within the pore space: (A) grain cementing hydrates and (B) pore filling 
hydrates (Ecker et al., 1998). 

1.4.5 Hydrate dissociation  
Hydrate dissociation is an endothermic process that incorporates heat and mass transfers together 

with intrinsic kinetics. However, many studies have shown that heat transfer predominantly governs 

the hydrate decomposition (Moridis et al., 2002; Hong et al., 2003; Davies et al., 2006). Hong et al. 

(2003) suggest the kinetics can dominate the early stages of dissociation. Nevertheless, the heat 

transfer controls the later stages due to the developed temperature gradient in the hydrate zone as a 

consequence of the decomposition process. The mass transfer can also influence the hydrate 

dissociation. The effect of fluid flow (water and gas) away from the hydrate interface becomes more 

pronounced on field scale, whereas the heat transfer and the kinetic dissociation of hydrates are the 

dominant factors on laboratory scale (Tang et al., 2007).  

Almenningen et al. (2018) analyzed the heat transfer in a silicon micromodel and concluded that the 

heat transfer at the pore bottom and the pore corners (both are made of silicon wafer) was more 

favorable than at the glass plate on top of pores due to the difference in heat conductivity between 

the silicon wafer and the top glass plate. In this master thesis, the hydrate formation and dissociation 

occurs in a similar silicon micromodel and the heat transfer effects are assumed the same as described 

by Almenningen et al. (2018).    

Self-preservation of natural gas hydrates 

Many researchers have reported the natural gas hydrate ability to delay the dissociation by lowering 

the pressure below equilibrium under sub-zero temperatures (Sloan & Koh, 2008). This phenomenon 

is called anomalous self-preservation, which can have practical implications for natural gas storage 

where the prolonged gas hydrate stability is desired. Self-preservation of natural gas hydrates at T < 0 

°C is likely due to ice shielding from the water released during the hydrate dissociation (Makogon & 

Ghassemi, 2010). 

Makogon and Ghassemi (2010) studied the effect of self-preservation in porous media at temperatures 

above 0 °C. They determined that the fresh water-methane hydrate dissociation temperature 

increased by several degrees compared with theoretical values. This was explained by the capillary 

pressure increase due to alterations of the pore size and structure as a result of hydrate formation in 

porous media. The effect of natural gas hydrate self-preservation in porous media results in a greater 

amount of energy needed to dissociate the hydrates in sediments. In this work, the effect of self-
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preservation was believed to cause the delayed hydrate dissociation observed in one of the 

experiments.   

1.4.6 Production techniques  
Various production techniques are proposed to produce natural gas from hydrates. The most common 

means are depressurization, thermal stimulation and inhibitor injection (Makogon, 1997). Although 

gas from hydrates can be extracted using one of the mentioned methods only, the combination of 

various techniques is often applied on a long-term (Moridis et al., 2011). Figure 1.17 illustrates the 

effect of various production techniques on the pressure-temperature conditions and the gas-hydrate-

water stability curve. In this master project, the hydrates are dissociated through pressure reduction.   

 

Figure 1.17. Schematic of different production techniques (Li et al., 2016). Inhibitor injection technique alters the gas-
hydrate-water equilibrium line, whereas depressurization and thermal stimulation change the pressure-temperature 
reservoir conditions. NGH stands for natural gas hydrate.  

Depressurization  

The hydrates can be decomposed by reducing the pressure below the equilibrium value at a given 

temperature. Due to endothermic nature of the hydrate dissociation, the gas production by 

depressurization will result in a continuous temperature decrease in a hydrate decomposing area. 

Once the local temperature drops to the equilibrium value at a given pressure, further dissociation 

might terminate. Hence, the sufficient heat must be supplied from surroundings to promote further 

dissociation (Sloan & Koh, 2008). Among the three common methods of gas production from hydrates, 

depressurization is the most cost-efficient (Sloan & Koh, 2008).  

Thermal stimulation 

The thermal stimulation technique involves the temperature rise above the equilibrium value at a 

given pressure. This can be performed by hot water/steam injection or by direct heating of the 

formation. The thermal stimulation method can compensate for drawbacks of the depressurization 

technique such as the heat loss, the low gas production rate, the hydrate reformation or ice formation, 

and the blocking effect (Song et al., 2015). However, this production technique is relatively slow and 

requires an intensive amount of energy (Ruppel, 2011).  
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Inhibitor injection  

The injection of chemicals such as methanol and ethanol glycol inhibits the gas hydrate stability at local 

pressure and temperature conditions by shifting the hydrate equilibrium line to higher pressures and 

low temperatures. Although the inhibitor injection promotes a relatively fast dissociation, the 

efficiency of this production technique depends on diffusion and effective permeability to solution in 

the reservoirs (Li et al., 2016). The chemical injection is not considered as the primary technique to 

produce gas from hydrates for a prolonged production period or on a large scale (Ruppel, 2011).    
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2 Literature survey 
This literature overview summarizes previous research on gas hydrates relevant to this master thesis. 

Since the main intention of this work is to study the methane hydrate phase transitions in the silicon 

micromodel, the focus of this chapter is kept on the pore-level hydrate formation and dissociation 

patterns in micromodels (sections 2.1-2.2). The quantification of the hydrate growth is an important 

part of this MSc project. Section 2.3 addresses the hydrate growth rate in bulk and synthetic porous 

media. In addition, the effects of the water saturation and pore size of the porous media are included 

in section 2.4.  

2.1 Hydrate formation in micromodels 
The first attempt to visually observe gas hydrate formation and dissociation at the microscopic scale 

in synthetic porous media (glass micromodel) was performed by Tohidi et al. (2001). They studied the 

hydrate formation from soluble hydrate former (tetrahydrofuran), free gas (methane), and dissolved 

gas (carbon dioxide). The experiments provided the visual evidence that hydrates could also develop 

from phases dissolved in water (carbon dioxide), without the presence of a free-gas phase. 

Independent of the system studied, the hydrates accumulated in the center of the pore, whereas water 

films coated the grain surfaces. This phenomenon likely restricts the potential for sediment 

cementation, which was only observed in the regions where the gas hydrate occupied a significant part 

of the pore space or the grain size was small. The hydrates formed from tetrahydrofuran initially grew 

as curved crystal faces, but then transformed into hexagonal shapes with angular margins. The skeletal 

shapes were observed to develop in hydrates formed from dissolved carbon dioxide. For methane-

water system, hydrate grew first at the water-gas interface, resulting in the formation of a hydrate 

layer around the gas bubble, which was then totally converted to hydrate (Figure 2.1b). In addition, 

the hydrate formation was also observed in isolated gas bubbles, likely due to the movement of small 

seed nuclei and/or the alteration in the structure of the surrounding water. After crystallization, the 

hydrates redistributed over time (Figure 2.1c).   

 

Figure 2.1. Methane hydrate formation in synthetic porous media (Tohidi et al., 2001): (a) Water (L) and methane (G) prior 
to hydrate formation, (b) newly formed hydrates (H) and a thin hydrate layer encapsulating the gas bubbles (X) prior to 
total conversion to hydrate, (c) hydrate redistribution over time.  

Katsuki et al. (2007) studied the effect of the system subcooling on the methane hydrate growth in a 

glass micromodel. Four different system subcoolings were studied, ЎὝ  3.4 K, 6.7 K, 12.3 K, and 14.1 

K. The continuous growth of the faceted crystals, which bridged the channels, was observed when the 

system subcooling was equal or lower than 6.7 K. Physical bonding that generated between the faceted 

hydrate crystals and the glass walls of the porous media was likely because insufficient resolution failed 

to detect thin water films along the grains. At the system subcooling equal or greater than 12.3 K, they 

initially observed the development of the dendritic hydrate crystals, which then transformed into 

particulate hydrate systems. No channel bridging was observed. The absence of a sufficient amount of 

an additional methane supply likely restricted the bridging possibility. The magnitude of the mass 
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transfer of methane molecules through liquid water was the key mechanism affecting the morphology 

of the hydrate crystals.   

Hauge et al. (2016) studied the formation of the methane and carbon dioxide hydrates in high-pressure 

silicon micromodel. They concluded that the fluid connectivity and local fluid distribution were the 

main factors affecting the hydrate growth pattern. The hydrate growth in the gas-filled pores 

progressed in three different steps:  

1. The thin-film hydrate growth on the water-gas interfaces. 

2. The thicker-layer hydrate growth along the pore walls and towards the pore center. 

3. The hydrate redistribution over time. 

In carbon dioxide-water system, the initial hydrate growth was observed in the gas-filled pores. Even 

though the hydrate also formed from the isolated gas bubbles, further hydrate growth was terminated 

due to limited mass transfer caused by the hydrate layer on the interface between carbon dioxide and 

water (Kvamme et al., 2007). The growth of carbon-dioxide hydrate was also observed in water-filled 

pores if they were adjacent to the hydrate-filled pore. The methane hydrate initially had the coarse 

texture, which then became more transparent after the hydrate redistribution. The methane hydrate 

did not grow in the water-filled pores, unless water was partially displaced by free gas. Lower methane 

solubility compared with carbon dioxide likely inhibited the methane hydrate formation in the water-

filled pores.      

2.2 Hydrate dissociation in micromodels 
Tohidi et al. (2001) studied the hydrate dissociation by means of thermal stimulation at the microscopic 

scale in synthetic porous media. Three different hydrate systems were studied ς tetrahydrofuran-

water, free methane gas-water, and dissolved in water carbon dioxide-water systems. They observed 

the complete redistribution of the fluids, independent of the system studied. Initially, the dissociation 

of tetrahydrofuran hydrates led to a slurry of fine crystals. The system was then returned to liquid only. 

In methane-water system, the areas covered by hydrate reduced in size, leading to the separation of 

hydrate sections. As a result, these sections started to move within the liquid. The gas bubbles were 

then released from hydrates and spread over the model. Moreover, small crystalline structures 

remained in the liquid even at temperatures beyond the hydrate stability region, likely due to 

anomalous preservation of methane hydrate. The hydrates formed from dissolved carbon dioxide 

dissociated completely, without a sign of any crystalline structures left. The system returned to its 

original single-liquid state. No gas bubbles were observed until pressure was lowered below 0.69 MPa 

at room temperature.  

Katsuki et al. (2008) dissociated methane hydrate in a glass micromodel by temperature increase and 

pressure reduction. They observed that methane gas released from dissociating hydrate formed vapor 

slugs that completely filled the pore space. No formation or growth of vapor methane phase on the 

hydrate crystal surface was observed. The dissociation due to temperature increase was initially 

associated with the formation of microscale methane bubbles on a hydrate crystal surface, which then 

diffused through liquid water to a larger bubble or methane gas slug. Upon pressure reduction, the 

small methane bubbles initially developed in liquid water. These bubbles grew in size and transformed 

into larger slugs, which then flowed in pore channels (Figure 2.2).   
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Figure 2.2. Dissociation of methane hydrate by depressurization (Katsuki et al., 2008). The geometries in (a) are illustrated 
in (b) as faceted hydrate crystals (FH), particulate hydrate crystals (PH), gaseous methane (Vg), and liquid water (Lw). 

Almenningen et al. (2018) studied the dissociation of methane hydrate developed from distilled and 

saline water using high-pressure silicon micromodel. They utilized two distinct dissociation methods ς 

depressurization and thermal stimulation. For a distilled water system, dissociation pattern induced 

by pressure reduction was affected by initial pore occupancy. When a pore was completely filled with 

a solid hydrate without enclosed gas, the hydrate dissociation initiated in the pore corners first. This 

was explained by the transmission of pressure reduction through wetting water films coating the grains 

in the pore corners. In pores occupied by a hydrate films/shell with enclosed gas, the pressure 

reduction was transferred through the enclosed gas phase, resulting in a dissociation pattern from the 

pore center towards the pore wall. During thermal stimulation, the hydrates first dissociated in the 

pore corners and then towards the pore center, likely due to the difference in heat conductivity 

between the silicon wafer pore walls and the top glass plate. For a saline water system, water 

freshening during dissociation resulted in distinct dissociation patterns. Local hydrate reformation was 

observed.   

2.3 Hydrocarbon hydrate growth rate 
The hydrate growth has been extensively studied in bulk systems. Bulk systems and porous media have 

distinct thermodynamic properties (Clennell et al., 1999), and therefore hydrate formation 

mechanisms in bulk may not be directly applicable to porous systems. One of the objectives of this 

thesis is to quantify the growth of methane hydrate on pore-scale and to compare the obtained results 

with those measured in bulk volumes. 

2.3.1 Hydrate growth rate in bulk   
Freer et al. (2001) measured the lateral growth rate of the methane hydrate film along the planar 

water-methane interface in bulk system (high-pressure cell) over a wide range of pressures (3.55-9.06 

MPa) and temperatures (1.0-4.0 °C), using optical microscopy. They found out that the growth rate 

was linearly dependent on the bulk temperature at constant equilibrium temperatures postulating a 
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continuous growth mechanism. However, the growth rate as a function of equilibrium temperature at 

constant bulk temperatures did not show a linear trend, suggesting that a unique growth rate may not 

exist for a given driving force.   

Taylor et al. (2007) studied the film thickness and the propagation rate at the planar water-

hydrocarbon interface for cyclopentane and methane hydrates in bulk (high-pressure cell) over the 

pressure range of atmospheric to 8.3 MPa and temperature range of 260-273 K, using video 

microscopy combined with gas consumption measurements. They demonstrated that the film 

thickness increased with time and subcooling, independent of hydrate former. The growth rate of 

methane hydrate along the water-methane interface increased with degree of subcooling, 

represented by a power law trend. Film thickening was observed to be much slower that the lateral 

growth. The obtained results showed a reasonable agreement with the growth rates measured by 

Freer et al. (2001). The film growth in the water phase was also observed, suggesting that the film 

thickness and growth rate were mass-transfer dependent, expressed in terms of the hydrate-former 

solubility in the water phase. Figure 2.3 illustrates the hydrate growth at the planar water-gas 

interface.  

 

Figure 2.3. Methane hydrate film growth at the planar water-gas interface (Taylor et al., 2007). Methane is above the 
interface and water is below.  

Besides a hydrate growth on a planar interface, the studies of growth rates in bulk volumes were also 

extended to a curved water-hydrocarbon interface using both pure-gas and mixed-gas hydrate 

formers. Peng et al. (2007) investigated the hydrate film growth on the surface of a gas bubble 

suspended in water. Tanaka et al. (2009), Saito et al. (2010) and Wu et al. (2013) examined the hydrate 

growth on the surface of a water droplet exposed to a gas phase (Figure 2.4). They all found out that 

the growth rates increased with increasing degree of subcooling.  

The growth rates measured by Peng et al. (2007), Tanaka et al. (2009), Saito et al. (2010) and Wu et al. 

(2013) were consistent with those of Freer et al. (2001) and Taylor et al. (2007). However, the values 

for gas-mixtures hydrates were slightly lower compared with pure gas hydrates. Figure 2.5 provides a 

comparison between the growth rates obtained by Freer et al. (2001), Tanaka et al. (2009) and Saito 

et al. (2010).  
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Figure 2.4. The growth of methane hydrate on the surface of the water droplet exposed to methane gas (Tanaka et al., 
2009). 

 

Figure 2.5. Comparison of the hydrate growth rates at the water-gas interface in bulk (Saito et al., 2010). 

2.3.2 Hydrate growth rate on pore-scale 
Hauge et al. (2016) were first to place emphasis on the hydrate film growth rate in porous media on 

micro-scale, using high-pressure silicon micromodel. They quantified the growth rate of the secondary 

methane hydrate formation at 8 MPa and 4.4 °C. The growth rate along the pore wall was estimated 

to be Ḑ 500 µm/s at T = 4.4ἈC, which was consistent with the film growth rates reported by Freer et 

al. (2001). In contrast, hydrate growth towards the pore center was much slower, 6.9 µm/s. The 

difference in growth rates was attributed to the cross-sectional shape of the etched pores. The water-

wet nature of porous media and the pore shape provided a sufficient water availability along the pore 

walls, which resulted in relatively high growth rate. On the other hand, hydrate growth towards the 

pore center was governed by a slow water transfer from pore corners and adjacent water-filled pores 

along the wetting films. One of the main objectives of this master thesis is to extend the studies of the 

methane hydrate growth rates in high-pressure silicon micromodels performed by Hauge et al. (2016).  

2.4 Effect of water saturation and pore size on hydrate formation 
Kang et al. (2009) studied the effect of driving force and pore size on the methane and carbon dioxide 

hydrates in silica gel pores, with pore sizes of 6, 30 and 100 nm. They found that the rate of hydrate 

formation expressed in terms of gas consumption over time was closely related to driving force; and 

that carbon dioxide hydrate formed faster than methane hydrate. The pore sizes did not affect the 

hydrate formation rate.  




































































































































