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Samenvatting

Gashydraatvorming is een kristallisatieproces. Dit proces bestaat uit twee fases,
respectievelijk nucleatie (de vorming van nucleatie kernen) en hydraatgroei (de
groei van kleine nucleatiekernen tot grote hydraatkristallen). Deze twee fases
van het kristallisatieproces worden in het binaire systeem gekenmerkt door de
nucleatietijd en de halfwaardetijd. De resultaten laten een afname zien in nucle-
atietijd naar mate oververzadiging en roersnelheid toenemen. Bovendien vermin-
dert de nucleatietijd als gevolg van het geheugeneffect wanneer de experimenten
worden uitgevoerd met ‘gebruikt’ water. Dit geheugeneffect is beschreven door
andere auteurs [98, 149] en kan worden verklaard door het bestaan van (water)
hydraatstructuren na dissociatie van gashydraten. De structurering van de water-
moleculen is waarschijnlijk gewaarborgd door de overvloed aan waterstofbruggen
in de waterfase bij lage temperaturen door de aanwezigheid van opgeloste gast-
moleculen.

De tweede fase, de daadwerkelijke groei van gashydraten, bleek ongevoelig te zijn
voor veranderingen in de mate van oververzadiging. De groei neemt toe met een
verhoging van de roersnelheid; echter, het geheugeneffect van water heeft een licht
negatief effect op de groei van het gashydraat. Daarom is niet nucleatie, maar
kristalgroei de snelheidslimiterende stap tijdens gashydraatvorming. Uit experi-
menten in het binaire systeem bleek ook, dat, bij gelijke mate van oververzadiging,
de kristalgroei van CO2 hydraten sneller is dan van CH4 hydraten. Dit wijst er
op dat, kinetisch gezien, de vorming van CO2 hydraten gunsitiger is dan de vorm-
ing van CH4 hydraten. Bevindingen resulterend van experimenten in het ternaire
systeem ondersteunen deze theorie.

In het ternaire systeem blijken bij iedere geteste initiële druk CO2 moleculen
makkelijker te vangen in kooien van watermoleculen dan CH4 moleculen (Hoofd-
stuk 4). Ondanks dat de CH4 concentratie in de gevormde gashydraten toeneemt
met de initiële druk, bevatten de ontstane gashydraten nog steeds meer CO2 dan
CH4. De formatie van methaanhydraat bij lage druk (lager dan de evenwichts-
druk van de H − Lw − V curve voor het CH4 + H2O systeem) wordt bevestigd.
Dit betekent dat de aanwezigheid van een ‘makkelijkere’ gashydraatvormer, zoals
CO2, er voor kan zorgen dat de CH4 hydraat wordt gestabiliseerd. Experimenten,
waarbij van een gasmix van 50/50 CH4/CO2 gashydraten worden gevormd, li-
eten zien dat de hoogste CH4 en CO2 scheidings efficiëntie wordt behaald bij een
druk lager dan 3.5 MPa. Hierbij wordt in de gasfase een verandering van 18%
van de initiële CH4 molfractie gevonden.

Bulkexperimenten hebben tastbaar bewijs geleverd dat CH4 in de al gevormde
methaanhydraten kan worden uitgewisseld met CO2 zonder dat er dissociatie
van de gashydraten optreedt (Hoofdstuk 4). Echter, de vervanging vindt plaats
op een zeer geringe diepte, vlakbij het scheidingsvlak tussen de gasfase en de
gashydraten. Hierdoor functioneren CO2-rijke hydraatlagen als een schild en
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belemmeren verdere penetratie van CO2 in dieper gelegen methaanhydraatlagen
en werken de migratiestroom van CH4 naar de gasfase tegen. Ten gevolge hiervan
is het noodzakelijk dat eerst dissociatie van de CO2 hydraatlagen plaats vindt,
alvorens er CH4 vrij kan komen uit de lager gelegen gashydraatlagen. Als gevolg
is een lagere druk dan de evenwichtsdruk nodig voor de dissociatie van de CH4

hydraten.

De CO2 hydratvorming werd ook bestudeerd in een kern bestaand uit gelijmde
glazen kralen (Hoofdstuk 5). De vorming van gashydraat in dit poreuze medium
werd voornamelijk waargenomen in het bovenste gedeelte van de horizontaal
gepositioneerde kern waar gas en connaat water zich bevinden. In het onder-
ste gedeelte van de kern, voornamelijk gevuld met de CO2 verzadigde waterige
vloeibare fase, werd een lokale distributie van gashydraatvorming geconstateerd,
die moeilijk te detecteren valt op CT beelden. Drie verschillende regimes konden
onderscheiden worden in het proces van gashydraat vorming: een reactie gelim-
iteerd regime, een diffusie gelimiteerd regime en een pre-evenwichtsregime. Uit
de data komt naar voren dat de temperatuur en de snelheid waarmee het gas
gëınjecteerd wordt weinig invloed hebben op de vorming van gashydraten.

Modelleren en numerieke simulaties van gelijktijdige methaanwinning en CO2

injectie in een klasse II gashydraat accumulatie hebben aangetoond dat door
injectie van CO2 de productie van CH4 stijgt in vergelijking tot de methaanpro-
ductie door alleen drukvermindering (Hoofdstuk 6). In het beste geval nam de
totale CH4 productie toe met 60% door de injectie van CO2. Ook kan uit de
experimenten worden geconcludeerd dat CO2 op een efficiënte wijze kan worden
opgeslagen in de vorm van hydraten. Slechts 2 mol% van het gëınjecteerde CO2

werd hergeproduceerd. Uit de simulaties blijkt dat CO2 hydraten zich direct on-
der de lagen met CH4 hydraten vormen; de warmte die vrij komt bij deze CO2

hydraten formatie versterkt de verdere dissociatie van CH4 gashydraten.
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1
Introduction

Natural gas hydrates, also known as burning ice, are potentially significant energy
resources. The extraction of gas containing essentially methane from natural
gas hydrate accumulations can provide large amounts of cleaner fossil fuels than
coal to meet the growing energy demand. For decades, efforts were devoted to
understand the behaviour of gas hydrates. In this chapter, basic information
relate to gas hydrates will be given and the scope of the research will be outlined.

1.1 Gas Hydrates

Clathrate gas hydrates are ice-like crystalline compounds formed at low temper-
atures and high pressures, where (small) gas molecules are held within a cage-like
structure formed by water molecules. The entrapped gas molecules are the guest
molecule and the water molecules are the host molecules.

Gas hydrates were first identified in 1810 by Sir Humphrey Davy [38]1. While
working with mixtures of chlorine and water he noted the formation of an ice-like
solid, which occurred above the freezing temperature of water. However, it is be-
lieved that other scientists, including Priestley [66], may have observed hydrates
earlier than Davy. Faraday continued with Davy’s research on dissociation of hy-
drates under high temperatures [38]. Hydrates remained a curiosity throughout
the 19th century; researchers were mainly interested in which gases form hydrates
and at which conditions (pressure and temperature) hydrates could form. Vil-
lard [135] discovered several gases that form hydrates, including CH4, C2H6 and
C3H8. De Forcrand and co-workers [111] determined the formation conditions of
over 15 hydrate forming gases.

1The references of this thesis are organised by the name of the author alphabetically
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CHAPTER 1. INTRODUCTION

1.2 Occurrence of Natural Gas Hydrates

Natural gas hydrates are found in environments where gas and water are present
at low temperatures and high pressures. In 1965, Makogon [74] announced the
discovery of gas hydrate in permafrost regions of the former Soviet Union. Since
then the research on production of natural gas from hydrates has been carried
out. In 1998, a test well was drilled for tentative production in the Mallik field in
Canada [111]. Until now, several other natural gas hydrate accumulations were
found based on the results of seismic mapping, logging, well drilling and core
sampling. These data allow the determination of the thickness and the lateral
spreading of gas hydrate layers. Figure 1.1 shows the worldwide distribution of
proven and possible gas hydrate reservoirs [70]. Most of the observed reserves are
at continental margins and in permafrost regions.

Figure 1.1: The distribution of proven and possible natural gas hydrate accumula-
tions around the globe. The dots represent hydrate accumulations at continental
margins. The squares represent accumulations in permafrost regions. [70]

Natural gas hydrates found in the sub-sea occur either as large bulk masses on
the seafloor, or within the sediments either in a thin layer or in a randomly
distributed hydrate accumulation.

There have been many estimates of the total amount of gas hydrate reserves in
the world. These estimations are based on global geological surveys (by using
seismic, acoustic methods etc.) and data from test wells. The amount of natural
gas hydrate reserves showed a clear diminishing trend over the last few decades.

2



1.3. MOTIVATION AND OBJECTIVE

In the 1980’s, the hydrates reserves were estimated to be between 1017−1018sm3

2 while in the 1990’s, the estimated hydrates amount has decreased to 1016sm3

[70]. In a recent report [41, 113], gas hydrate reserves ranged from 1014 and
1015sm3. Milkov [81] estimated the global gas hydrate reserves to be in the range
of 1 to 5 ×1015sm3. He stated that this value appears to be a good estimation
based on the data from drilling and the hydrates concentration determinations
from core samples. It is generally accepted that the amount of energy contained
in natural gas hydrates is at least twice the amount of available energy of all
conventional fossil fuels combined [111].

1.3 Motivation and Objective

Natural gas hydrates are an unconventional energy resource for which no com-
mercial production were made. New production methods need to be developed to
extract natural gas from hydrates. The distinctive feature of gas hydrate reser-
voirs compared to conventional gas reservoirs, is that the production of natural
gas involves not only the two phase flow towards the well but also requires a
controlled dissociation (Equation 1.1) of the gas hydrates to unlock the gas.

CH4 · 6H2O(h) + ∆hd  CH4(g) + 6H2O(l)
¨
§

¥
¦1.1

where ∆hd is the specific heat for dissociation.

Three main production methods from gas hydrate reservoirs emerged from re-
search done to date namely, depressurisation, thermal stimulation and chemical
injection. More recently, a new method consisting of simultaneous injection CO2

and production of natural gas from hydrates was proposed [97]. The advantage of
this method is that methane can be produced and used as energy source while at
the same time CO2 is stored in the sub-sea sediments such as sandstone reservoirs.

This study mainly aimed to answer the question of whether it is feasible to replace
CH4 in the natural gas hydrates with CO2. This process should be possible
from a thermodynamic perspective (see Chapter 2). However, whether it will be
feasible in terms of kinetics remains an open question. Thereby, the focus of this
research is to gain understanding on hydrate behaviour at the typical conditions
encountered in sub-sea hydrate accumulations.

1.4 Scope and Approach

To achieve the above mentioned objectives, this research focused on the kinetics
of the formation and dissociation of methane and carbon dioxide hydrates.

2sm denotes the cubic meters at standard condition
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CHAPTER 1. INTRODUCTION

The laboratory experiments were carried out at various conditions with CO2

and/or CH4. Formation and dissociation of gas hydrates were performed in bulk
(only water and CO2 and/or CH4) and in porous media. In the bulk environment,
4 systems were investigated: two binary systems of CO2 + H2O and CH4 + H2O,
ternary system of CO2 + CH4 + H2O and CH4 + CO2 gas hydrate replacement
system.

The aim of study these binary systems is to investigate gas hydrate formation
with single guest molecules and identify the differences on CO2 and CH4 hydrate
formation kinetics. The ternary system of CO2 + CH4+ H2O gives insight in
the competitive behaviour of CO2 and CH4 in the hydrate formation process.
With these 3 systems mentioned above, we can answer the question: which gas
hydrate is more favourable in terms of formation kinetics. This is the key issue
in this thesis and the basis for further investigations. The last system studied by
experiment is a special system which contains initially solid CH4 hydrates and
CO2. With this system the possibility of methane replacement by CO2 in solid
gas hydrate condition is investigated.

Reservoir modelling and simulation studies were performed to prove and test new
strategies which can enhance the methane production from hydrate reservoirs.
The reservoir model was a real scale class 2 type of hydrate reservoir. Simulations
with depressurisation as a production method were used as a reference case to
evaluate the performance of a combined production by thermal stimulation or
CO2 injection.

1.5 Organisation of the Thesis

The remaining thesis is organised in 6 chapters:

Chapter 2 provides an overview on relevant literature. Theory and background
on gas hydrates are given including the structure of gas hydrates and the phase
diagrams of the interested systems.

Chapter 3 gives the results of bulk studies for the two binary systems (CO2+H2O
and CH4 + H2O). The gas hydrates formation kinetics in these binary systems
were investigated in detail. The gas hydrates were formed separately in bulk
under various initial pressures and stirring rates. Thereby, nucleation and hydrate
growth processes were characterised for CH4 and CO2 hydrate formation. The
results of the two hydrate forming systems were compared.

Chapter 4 presents and discusses the results of the bulk studies for two types of
experimental studies, gas mixtures and gas hydrate exchange. The first study
focused on kinetics of gas hydrate formation in the ternary system CH4+ CO2

+H2O. The second study concerned the exchange of CH4 with CO2 within the
stable methane hydrates.
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1.5. ORGANISATION OF THE THESIS

Chapter 5 reports the study of the behaviour of CO2 hydrate formation in porous
media. Formation rates were investigated by varying temperatures, initial pres-
sures, and gas injection rates. X-ray computed tomography images of the hydrate-
bearing core were acquired and analysed.

Chapter 6 is devoted to reservoir modelling and numerical simulations on gas
hydrate production methods. In particular, the enhanced methane production
by CO2 injection was examined.

Chapter 7 presents the main conclusions of this thesis and gives an outlook on
future research.
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2
Theoretical Background

The research on gas hydrate is broad, but in general it can be organised in
the following main topics: gas hydrate structure, phase behaviour, kinetics of
hydrates and hydrates in porous media. This chapter provides an overview of gas
hydrate research focusing on the above mentioned topics and gives the theoretical
background needed for understanding the thesis.

Section 2.1 discusses the existing gas hydrate structures and forms a basis for
understanding the contents of Chapters 3 and 4. Section 2.2 reviews the basic
thermodynamic concepts for understanding the gas hydrate equilibrium condi-
tions mentioned in all experimental work. Section 2.3 and Section 2.4 provide
the related work on formation of gas hydrates in bulk (Chapter 3) and in porous
media (Chapter 5) respectively. Section 2.5 mentions the application fields of gas
hydrate technology (Chapter 6).

2.1 Structure of Gas Hydrate

The most common microscopic gas hydrate structures are known as structure I,
II and H [58]. Von Stackelberg [137, 138, 139], Müller [138, 139] and Claussen
[22, 23, 24] confirmed the I and II clathrate structure by X-ray diffraction ex-
periments. The structure H was discovered 20 years later by Ripmeester et al.
[99].

In Figure 2.1, the water cavities, the basic unit of gas hydrate structures are
shown. 512 means the cavity is formed by 12 pentagons and 51262 means the
cavity is organised by 12 pentagons and 2 hexagons. Clearly 51262 cavity is larger
than 512. Structure I was formed by 2 small cavities (512) and 6 medium cavities
(51262). Gas molecules such as CH4, CO2 and H2S normally form structure
I hydrates. Larger molecules e.g. C3H8, forms structure II hydrates. Butane
(C4H10) and larger hydrocarbons can form Structure H with small gas molecule
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CHAPTER 2. THEORETICAL BACKGROUND

such as CH4. This type of structure is rarely found in natural except Golf of
Mexico.

Even though it seems that the water cavities are formed by a well-defined amount
of water molecules, Nikitin [95] stated that the cage structures of crystal hydrates
are in fact non-stoichiometric1.

Recently, new trigonal gas hydrate structures other than the classical structures
I, II and H were identified; an unusual cavity was named T cavity (4151063)
[130].

Figure 2.1: The water cavities arrangement to form structure I, II and H gas
hydrates.

The crystal lattice of the gas hydrate cavities is formed due to hydrogen bonds
between water molecules. Each water molecule can bond to four other water
molecules, resulting in a cavity structure. The cavities are larger than the basic
unit of ice crystals (Ih), allowing gas molecules to be trapped inside. The stability
of hydrate cavities is maintained by van der Waals interactions between the water
lattice and the trapped gas molecules, in addition, the hydrogen bonds between
the water molecules.

Not all gases are suitable guest molecules. According to Jeffery [57], gas molecules
should fulfil two basic requirements to form hydrates. Firstly, the guest molecule
should not contain a strong or moderately strong hydrogen bonds (e.g. HF ).
Secondly, the guest molecule should be small enough to be caged. It is estimated
that the size of a guest molecule should between 0.35 and 0.90 nm [111]. Too
small molecules can hardly be captured in the hydrate cages. When the molecule
to cavity diameter ratio (Dg/Dc) is smaller than 0.77, the guest-host attractive
forces are too weak to keep the guest molecule within the cavity. Clearly, above
the upper bound ratio of one, the guest molecule cannot fit into the cavity without

1Non-stoichiometric compounds are chemical compounds with an elemental composition that
cannot be represented by a ratio of well-defined natural numbers, and therefore violate the law
of definite proportions [43]

8



2.2. PHASE BEHAVIOUR

distortion of the lattice. For gas mixtures, mixed hydrate structures are likely to
form.

2.2 Phase Behaviour

2.2.1 Phase Diagrams

With the aid of phase diagrams the phase behaviour can be visualised. The P-T
diagram gives the temperature and pressure region where the different phases
coexist. With the help of the Gibbs phase rule [40], it can be determined how
many phases can coexist simultaneously. This is determined based on the degrees
of freedom.

In the gas hydrate system, e.g. binary system consisting of gas and water, possible
occurring phases are: the vapour phase (V ), the aqueous liquid phase (Lw), Ice
(I), the liquefied phase containing mainly the guest molecule component (Lg)
and the hydrate phase (H). Consequently, three-phase consistence lines can be
determined, namely, H −V −Lw, H −V − I, H −Lg −Lw and H −Lg − I. The
phase lines join at quadruple points, where four phases coexist.

Figure 2.2: An example of the P-T phase diagram for the binary system: CH4 +
H2O (dashed line), C2H6 +H2O (solid line) and C3H8 +H2O (dash dotted line).
The quadruple point is indicated with cross signs [134].

Since 1940’s several research groups have determined the phase equilibrium be-
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CHAPTER 2. THEORETICAL BACKGROUND

haviour of system forming gas hydrates. Data on the H − Lw − V phase equi-
librium line of methane and water system have been reported by Deaton et al.
[27], Marshall et al. [77, 104], de Roo et al. [103] and Thakore and Holder [122].
Equilibrium data for carbon dioxide and water can be found in Deaton et al. [27],
Larson et al. [71], Robinson et al. [101], Ng et al. [92] and Yang et al. [148].
These experimental studies were used to generate the phase diagrams used in this
study.

Although this work does not deal with guest molecules other than CH4 and
CO2, reliable equilibrium data can be found for ethane, [100, 27, 53, 54, 92],
propane [82, 27, 122, 101], nitrogen [133, 77, 104] and also for various gas mixtures
[58, 107].

A detailed explanation regarding the phase equilibrium, especially related to ex-
perimental conditions can be found in Chapter 3 for the binary systems and in
Chapter 4 for the ternary systems.

2.2.2 Thermodynamic Model

In 1959, van der Waals and Platteeuw published a comprehensive thermodynamic
model describing the phase behaviour of gas hydrate forming systems [28]. The
van der Waals and Platteeuw model was developed based on statistical thermo-
dynamics. The model provides acceptable predictions of gas hydrate equilibrium
conditions. As one of the first models, it forms the basis for more sophisticated
models.

In the Van der Waals and Platteeuw’s model, the gas hydrate equilibrium state
was described by equating the chemical potentials of water in the liquid phase
and the hydrate phase as follows:

µW = µH or
¨
§

¥
¦2.1

∆µW = ∆µH
¨
§

¥
¦2.2

where ∆µW is the difference of the chemical potential of water in the aqueous
phase between the state which is to be described (µW ) and its reference state,
namely the empty cavity (µβ), ∆µH is the difference of the chemical potential
of water in the hydrate phase between the actual state to be described (µH) and
the reference state, also the empty cavity (µβ).

Based on statistical thermodynamics the latter chemical potential difference can
be described by:
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∆µH = −RT

2∑

j=1

vj ln

(
1−

∑

i

ϑij

) ¨
§

¥
¦2.3

where µβ is the chemical potential of water for empty cavities, i stands for the
types of guest molecules, j denote the types of cavity, vj is the ratio of j cavity
to the number of guest molecules in hydrate phase2 ϑij represents the occupation
of i type guest molecule in j types cavity.

In this model, it was assumed that the entrapment of guest molecules into the
cavity can be described by Langmuir-type of equation [28]. The gas hydrate
formation is considered as gas adsorbed on a solid surface. The probability of a
single molecule adsorbed into a certain cavity (ϑij) is described by:

ϑij =
Cijfi

1 +
∑

i Cijfi

¨
§

¥
¦2.4

where Cij is the Langmuir constant, fi is the gas phase fugacity of i type guest
molecules. It describes the affinity of a gas molecule occupying a single cavity.
The value of the Langmuir constant depends on the potential interaction between
the lattice and the guest molecules [53] (Equation 2.5).

Cij =
4π

kBT

∫ R−a

0

exp
[
−ω(r)

kBT

]
r2dr

¨
§

¥
¦2.5

where, ω(r) is interaction potential energy, kB is the Boltzmann constant, R is
the cavity radius.

In the original van der Waals and Platteeuw model, the Langmuir constant was
calculated using a Lennard-Jones 12-6 potential function. It was proven that us-
ing Lennard-Jones 12-6 potential gives satisfactory results for systems containing
monatomic gases (e.g. Ar) or CH4. However, for anisotropic molecules (such
as CO2) the Kihara potential is more accurate. The Kihara potential (Equation
2.6) accounts for the fact that molecules are not spherical and consequently the
minimum attractive energy does not always occur in the middle between two
molecules [80] .

ω(r) = 2zε

[
σ12

R11r

(
δ10 +

a

R
δ11

)
− σ6

R5r

(
δ4 +

a

R
δ5

)] ¨
§

¥
¦2.6

The difference of the chemical potential of water in the aqueous phase (∆µw) in
Equation 2.1 satisfies the following differential equation [53].

2j stands for either small, medium or large cavity. For example, Vj for small cavity (512) in
structure I is 1/23 for medium cavity (51262) Vj is 3/23
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d

(
∆µW

RT

)
= −

(
∆hW

RT 2

)
dT +

(
∆V W

RT

)
dP

¨
§

¥
¦2.7

where, the chemical potential difference (∆µW ) is a function of the enthalpy
(∆hw) and the volume (∆V w) differences.

Holder et al. [53] suggested to integrate Equation 2.7 assuming an ideal liquid
phase. This leads to Equation 2.8:

∆µW

RT
=

∆µW
0

RT0
−

∫ T

T0

∆hW

RT 2
dT +

∫ P

0

∆V W

RT
dP − ln XW

¨
§

¥
¦2.8

The first term on the right hand side is the chemical potential difference between
the empty water cage and the reference condition. The second term gives the
temperature dependency of the enthalpy at a constant pressure. The third term
gives the change of the partial molar volume when integrating from atmospheric
pressure to equilibrium pressure. X is the mole fraction of water in the liquid
phase. In the case that hardly any gas has been dissolved in the aqueous phase
as e.g. for CH4 + H2O system, the mole fraction of water is nearly equal to one.

During the recent two decades, the model was improved by different research
groups, e.g. Sloan [112] and Bishnoi [13]. Tohidi et al. [125] developed a model
to predict the inhibition effect of electrolytes on gas hydrate formation. New
modifications based on the van der Waals and Platteeuw model are proposed by
Chen et al. [17, 18] assuming that the gas hydrate formation is a quasi-chemical
process combined with gas adsorption. Duan et al. [31] proposed a method to
compute the Langmuir constant from an angle-dependent intermolecular poten-
tial functions. The estimation of gas hydrates equilibrium has been developed
into commercial programs e.g. CSMHYD (Colorado School of Mines), STFlash
(Shell) and CSMGem (Ballard et al. [7])

2.3 Kinetics of Hydrate Formation

2.3.1 Nucleation and Crystal Growth

The formation of gas hydrates bears similarity to crystallisation processes. In
this work, this theory was applied to interpret the results in the bulk. The
crystallisation can be separated in two stages [89]. The first stage is the formation
of crystal nuclei. The second stage is the growth of these small nuclei into larger
crystals. The two processes are called nucleation and gas hydrate or crystal
growth respectively.
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2.3. KINETICS OF HYDRATE FORMATION

The driving force of the gas hydrate formation is supersaturation [89] which can
also be expressed in terms of overpressure [34]. The driving force relaxes during
nucleation and crystal growth, until the system finally reaches its equilibrium
state which is described by a minimum energy. The time elapsed between the
creation of supersaturation and the formation of a new phase is the induction
time [33]. It is mainly a function of temperature and supersaturation.

Experimentally, the occurrence of hydrates can be detected by several ways, in-
cluding direct visual inspection, increases in turbidity, and decreases in the re-
fractive index. Vysniauskas and Bishnoi [141, 142], Skovborg [110] detected the
gas hydrate formation in a sealed reactor by measuring the pressure depletion.
Englozos [34, 35] tracked gas hydrate formation by monitoring the amount of gas
consumed during this process. Because it is an exothermic process, the hydrate
formation can also be detected by an increase of the temperature in a thermally in-
sulated system [114, 120]. Other methods for detecting the formation of hydrates
involve X-ray [67], neutron diffraction [51, 106, 116, 39], NMR [44, 6, 37, 36],
Raman Spectroscopy [119, 64] and Powder X-ray Diffraction [120]. In this work,
the pressure decay was used as indication for occurrence of gas hydrate crystals.

2.3.2 Hydrate Formation and Dissociation

The main interest in this work is to investigate the formation and dissociation
of gas hydrates. Knox et al [65] investigated the kinetics of propane hydrate
formation with the attempt to desalinate water. The gas hydrates were removed
from the salted water. The rate of hydrate formation was determined by the
mass of the solid crystals removed from the liquid phase. Barrer et al [8, 9]
investigated the gas hydrate formation from ice particles at low temperatures.
The experiments revealed that increase initial pressure can enhance the forma-
tion rate while increasing temperature can hinder the formation. Makogan [73]
investigated the nucleation phenomenon of gas hydrate formation and reported
that the nucleation rate is controlled by pressure, temperature and degree of su-
percooling (driving force). Vysniauskas and Bishinoi [141, 142] used a semi-batch
stirred tank reactor to carry out methane and ethane hydrate formation exper-
iments at temperatures ranging from 284 K to 294 K and pressures range of 3
to 10 MPa. The gas hydrate formation rate was directly determined from the
gas consumption. Skovborg et al [110] quantified the induction times for the gas
hydrate formation with methane, ethane and a mixture of the two gases. Their
data indicated that the induction time is strongly dependent on the stirring rate
and the driving force 3. However, the data on the stirring rate influence was not
discussed in detail.

Several researchers have done studies to either visualise or quantify the formation

3Driving force can be supercooling, over-pressure or supersaturation which increases the
potential of the system for gas hydrate to occur.
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of hydrates in the ocean. Brewer et al. [14] performed a sub-sea experiment with
seawater at 910 m depth and a temperature of 277 K. Methane and CO2 was
circulated from bottom of a column to the top for gas hydrates formation. Their
experiment showed over 85 days, CH4 hydrates complete fills up the column
while the injected liquid CO2 only forms a hydrate skin at the bubble inter-
face. Hester et al. [52] performed a similar experiment with Brewer et al. in the
ocean introducing a modified Raman apparatus to detect hydrate formation. Gas
spectra obtained from these experiments showed agreement with laboratory mea-
surements at same conditions. Clarke and Bishnoi [21, 19] determined hydrate
particle size in order to determine the growth and dissociation rate. They found
that the formation rate for CO2 hydrates is lower than for CH4. The lowest CO2

formation rate occurs at a temperature of 277K.

The history of solution can influence the nucleation rate [89]. Parent and Bishinoi
[98] studied the induction times for methane hydrates using pre-treated water
at three different temperatures. They found that when water is kept at room
temperature for 24 hours, the induction time is much longer than when water
was kept at lower temperatures (275K). The experiment of Zatsepina et al. [149]
revealed that addition of even a small amount of recently thawed water reduces
the nucleation time of CO2 hydrates compared to experiments with ‘untreated’
distilled water. However, Sloan [59] showed that the memory effect vanishes if
water was warmed up to temperatures over 297 K.

The study on formation of gas hydrates covers many fields, however, most of
the research were carried out in isobaric conditions [34, 35, 33]. The effects of
supersaturation, stirring rate and water memory on nucleation time and hydrate
growth time were not systematically investigated.

2.3.3 Kinetics Model

The kinetics of gas hydrate formation and decomposition is a new topic compared
to the gas hydrate phase behaviour. It has became the main focus of gas hydrate
research in recent decades. Vysniauskas and Bishnoi (1983) [141] developed and
tested a semi-empirical kinetics model to describe methane hydrate formation.
Their model is based on their gas hydrate formation data at a constant pressure.
Hydrate formation rate (R∗) was determined from gas consumption rate.

R∗ = Aas exp(−∆E

RT
) exp(− a

δT b
)P γ

¨
§

¥
¦2.9

where R∗ represents the gas consumption rate during hydrate formation. A is
pre-exponential constant, as is effective surface area of gas water interface, ∆E
is activation energy of gas hydrate formation, a and b are empirical constants to
account for the effect of supercooling to consumption rate.
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Englezos et al. (1987) [34] proposed a model to describe the kinetics of hydrate
formation based on the standard crystallisation theory. Additionally, the model
accounts for the mass transfer of gas through the surrounding liquid phase and
the interface between liquid and hydrate phase. This is called the two film model
which considers two continuous steps for hydrate growth: diffusion of the dis-
solved gas from the aqueous solution to the liquid-hydrate (crystal) interface and
the subsequent adsorption of gas molecules into water cavity of gas hydrates (See
Figure 2.3).

Figure 2.3: Illustration of the two-film theory. The first film is dissolution film,
the second film is adsorption film [35].

In the model it is assumed that no mass is accumulated in the diffusion layer,
thus the rates for those two steps are identical. The growth rate per hydrate
particle in terms of the overall driving force is defined as:

(
dn

dt

)

p

= kAp(f − feq)
¨
§

¥
¦2.10

where dn/dt is the time derivative of the amount of guest molecules, k is the gas
hydrate formation rate parameter, Ap is the surface area of hydrate particles, feq

is the fugacity of the guest molecules in the gas phase at equilibrium condition.

The global gas hydrate formation rate (Ry) is obtained by integrating the growth
rate per particle over the total number of particles, assuming that the particles
are spherical, the nucleation is homogeneous (see Equation 2.11).

Ry =
∫ ∞

0

(
dn

dt

)

p

φ(r, t)dr = 4πkµ2(f − feq)
¨
§

¥
¦2.11

where, φ(r, t) is the crystal size distribution, r is the diameter of hydrate particles,
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K is formation rate parameter.

The two-film theory describes the gas transport from the gas phase into the liquid
phase and finally in the crystal surface. Assuming quasi-steady state transport
conditions and no accumulation within the files, the mass conservation of guest
molecules can be expressed as:

D
d2c

dy2
= 4πKµ2(f − feq)

¨
§

¥
¦2.12

This model is valid only when the gas hydrate formation rate is constant. En-
glezos et al. [35] modified this model later by adding a mixing rule allowing
the description of the gas hydrate formation kinetics for methane and ethane
mixtures.

Dholabhai (1993) [29, 30] further extended the model of Englezos et al. allowing
the description of methane hydrate formation in electrolyte solutions. The model
of Kawamura et al. [62] describes the growth kinetics of CO2 hydrates below the
freezing temperature of water. In this model, it is assumed that the active surface
for hydrate formation does not change over time. This model shows agreement
with experimental data for 70-80% of the total process. However, if the system
is close to equilibrium, e.g. when the formation rate slows down tremendously,
the match of the model with the experiment data was not satisfactory.

2.4 Hydrates in Porous Media

Compared with bulk conditions the behaviour of natural gas hydrate in sub-sea
sediments are much less understood. Research on the phase behaviour and ki-
netics of hydrate growth in porous media started only recently. Reliable methods
for examining hydrates in porous media are still under development.

2.4.1 Phase Equilibria in Porous Media

The equilibrium conditions of hydrate forming system in porous media differ from
the conditions in the bulk. Possible reasons are: 1) interactions between the fluid
molecules and the hydrophilic mineral surface, and 2) the energy required to
maintain capillary equilibrium [25].

Handa and Stupin [48] determined the H − Lw − V equilibrium pressure and
temperature in a synthetic porous media with very small pore size (7.0×10−3µm).
The H−Lw−V equilibrium pressure of CH4 hydrates in porous media is 20-100%
higher than in the bulk phase.
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Uchida et al. [128] found that the H − Lw − V equilibrium temperature of
methane hydrates is lower in confined small pores than in the bulk. They argued
that this temperature shift is due to the changes in the activity of water in small
pores. Later on, Uchida et al. [129] investigated the inhibition effects on methane
hydrate dissociation in a silica sand pack, sandstone, clay and glass beads. They
also analysed the pore effect by changing the water saturation of the porous
media. They found that for sandstone (φ = 0.17 pore diameter of 100 µm), the
offset of the H−Lw−V temperature is only 0.5 K. Therefore, when changing the
water saturation, the equilibrium temperature did not show significant changes.

Turner et al. [127, 126] performed a study on methane hydrate formation in
sandstone. They concluded that with a pore radius larger than 0.06 µm, the shift
of the H −Lw −V equilibrium curve with respect to the bulk phase H −Lw −V
curve can be neglected. According to Anderson et al. [2] for pore size larger than
3.1 × 10−2µm the H − Lw − V conditions in the porous media and in the bulk
can be assumed to be identical [3].

The small pore sizes mentioned above may occur in clay type of sediments. In
typical sandstones the porosity is around 15-25% and the pore size is ranging
from 50-150 µm [145]. For coarse siltstone pore size ranging from 1-10 µm and
for shale is 0.05-1 µm [91]. Therefore, it can be assumed that the gas hydrate
equilibrium conditions in sandstone are not significantly affected by the pore size.

2.4.2 Hydrate Formation in Porous Media

The study on formation and dissociation of gas hydrates in porous media is
essential in many fields such as production of natural gas from gas hydrate bearing
reservoirs and in environmental issues (i.e. carbon sequestration). Yet, research
in this area has started rather late and the focus is quite diverse. The porous
media used for experiments varied from glass beads, silica gels or other synthetic
porous materials to loose sand packs or core samples from natural gas hydrate-
bearing layers.

Dvorkin et al. [32] proposed four possible locations for hydrate distributions in
pore space. Gas hydrate may float in pore fluid, fill pore space, surround and
cement grain or cement grain contact only. Following the work of Dvorkin et al.,
several authors attempted to probe these gas hydrate locations in pores.

Tohidi et al. [123, 124] used a 2-D glass micro model to simulate the pore channels
and observed gas hydrate formation by microscope. They claimed that hydrate
crystals preferably form in pore centres. Therefore permeability is reduced due
to clogging of pores.

Stern et al. [117] showed that methane hydrates cement the ice grains in a system
containing only vapour and solid phases. Weite et al. [143, 144] stated that in
partially saturated sand packs, the liquid water which surrounding the grain is

17



CHAPTER 2. THEORETICAL BACKGROUND

replaced with the solid gas hydrates, so that the grains are locked in their position.

Buffett and Zatsepina [15] reported a set of gas hydrate experiments with sand
packs filled with CO2 saturated water. The hydrate formation was detected by
resistivity change and temperature increase. They showed that gas hydrates could
be formed in porous media from dissolved gas.

Spangenberg [115] performed similar experiments with glass-beads packs. Methane
saturated water was prepared and then charged to the core from the bottom to
create upward flow. The experiment was terminated due to blockage of the flow
by hydrate formation. The results showed a complete blockage of porous media
occurring after 60 days.

Graue et al. [44] conducted core-flood experiments where CO2 was injected in
the cores containing methane hydrates. 3D Magnetic Resonance Imaging (MRI)
shown that exposure of the methane hydrate to CO2 resulted in release and
production of methane. The authors also conducted thermodynamic simulations
based on Phase Field Theory [69] and found good agreement with experiments.

These above mentioned laboratory hydrate research in porous media provide
information on the distribution of the gas hydrates in pores and how gas hydrate
reservoirs originated. However, the formation kinetics and the parameters which
could influence the gas hydrate formation in the porous media have not been
studied in detail.

2.5 Hydrate Applications

Due to their special chemical-physical properties, gas hydrates can be applied in
many fields including potentially flow assurance, gas storage and transportation,
gas separation, refrigeration and in other fields concerning pipeline safety, en-
ergy extraction and carbon sequestration. Some of the technologies have already
reached maturity and have been applied in industry. A brief review of these
technologies is given below.

2.5.1 Gas Hydrate in Flow Assurance

In the 1930’s Hammerschmidt discovered that blockage in high-pressure pipelines
was due to the formation of gas hydrates [47]. Consequently, interests of research
was focused on avoiding gas hydrates formation during gas transportation through
pipelines.

Extensive works (i.e. Jacoby [56], Katz et al. [61], Makogon [73], Ng and Robin-
son [93], Nielson [94] and Chen [17]) were devoted to the prevention of gas hydrate
formation following the discovery of Hammerschmidt. Several chemicals includ-
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ing alcohol, glycol and salt were identified to have a thermodynamic inhibition
effect on gas hydrates. Their presence in water shifts the hydrate equilibrium line
to higher pressures at a certain temperature (or temperature depression at a cer-
tain pressure). Experiments show that alcohol and glycol are the most effective
gas hydrates inhibitors [111].

In the recent flow assurance studies, the focuses has been on the inhibition of
the gas hydrates formation rate. This includes the anti-agglomerant (AAs) and
the kinetic hydrate inhibitor (KHIs) [4]. The AAs prevent the agglomeration of
hydrate crystals while KHIs can prolong the nucleation time substantially.

Koh and co-workers [68] conducted research with gas hydrates containing THF
(Tetrahydrofuran) and three different chemical additives: N-vinylypyrollidionne,
VC-713 terpolymer and quaternary ammonium bromide (QAB). Results indi-
cated that VC-713 is highly effective on controlling the onset of gas hydrate
formation. QAB showed a better control of the gas hydrate formation rate in
27:1 (water/QBA)solutions. Daraboina et al. [26] investigated the influences of
polyvinylpyrrolidone (PVP), tpye III antifreeze protein (AFP) and a proprietary
commercial chemical (HIW85281) on gas hydrate growth. They concluded that
PVP is the least effective in formation control.

2.5.2 Hydrates for Gas Transport

In 1942, Benesh [11] proposed using the gas hydrates to store natural gas. Gas
storage and transportation in the form of hydrates has the advantage of a smaller
storage space and lower pressures. These are favourable in term of safety com-
pared to compressed natural gas (CNG). However, this concept requires that
gas hydrates are kept at low temperatures during transportation. Additionally,
the energy density is low compared to liquified natural gas (LNG). A number of
research groups investigated the possibilities to improve the economics of gas stor-
age in the form of hydrates, to compete with liquified natural gas (LNG). Berner
[12] evaluated the conceptual design for shipment of gas hydrates. Gudmundsson
et al. [46] proposed using ice barriers to protect hydrates from dissociation so
that the storage temperature can be increased. Gudmundsson and Borrehaug [45]
estimated the cost of gas transportation in hydrates and stated that in offshore
applications, natural gas hydrate (NGH) technology is expected to have much
lower costs than gas-to-liquid (LNG) technologies.

2.5.3 Gas Hydrate as Energy Source

There are three main methods to produce and recover natural gas from hydrate
deposits: 1) depressurisation, 2) thermal stimulation and 3) inhibitor injection.
A detailed discussion on these production methods can be found in Chapter 6.
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Many of the proposed recovery procedures involve one of these methods or their
combinations [58, 73]. Here only a general overview of the related research is
provided.

Several modelling and numerical simulation studies on gas hydrate dissociation
and production have been performed. Holder et al. [54] investigated the contri-
bution of hydrates during gas production in a Class 1 4 hydrate reservoir (free
gas zone below the hydrate zone). Their study indicated that gas hydrate de-
composition contributed up to 30% of the total gas production. McGuire [79]
reported a study on the feasibility of applying thermal stimulation and hydraulic
fracturing to hydrate bearing reservoirs.

In the last three decades, several numerical simulators have been developed al-
lowing the modelling of gas production from hydrate reservoirs. Sawyer et al.
[105] reported a summary where ten types of numerical models were compared
including the simulators TOUGH-EOSHYDR developed by Moridis et al. 1998
[83] and Shell simulator MoRes by Swinckels et al. 2000 [121]. They stated that
both simulators are robust in their mathematical formulation to solve fully cou-
pled mass and energy balance equations that yield pressure, temperature, and
saturation distributions over time.

In 2005, TOUGH-Fx/HYDRATE simulator was released. It is a modification
based on the EOSHYDR module. Moridis et al. [85, 88, 87, 84] have reported
several simulation results for different types of gas hydrate reservoirs by using
TOUGH-Fx/HYDRATE. They found that the gas production is strongly affected
by permeability, initial hydrate saturation, the thickness of the water zone and
the initial temperature and pressure in the hydrate zone. Uddin et al. [132, 131]
studied various gas production strategies using reservoir simulator CMG STARS.
According to their results, steam and thermal stimulation at both field and lab-
oratory scale showed good performance. They focused on the possibility of CO2

sequestration and potential to enhance CH4 recovery. Their results have shown
that CO2 can form in the reservoir within a specific pressure and temperature
range. However, the specific methods to increase the gas production from hydrate
reservoir was not discussed in detail.

2.6 Summary

In order to place this work in its own context we provided a brief summary
of the state of the art of research in gas hydrates and then describe the scope
of the thesis. The conditions under which gas hydrates are formed have been
established by experimental and modelling studies. It is commonly accepted that
gas hydrates form mainly three types of crystal structures (structure I, II and

4Class 1 hydrate reservoir is one of the geology setting of typical natural gas hydrate reser-
voirs. Noted here not to confuse with the Structure of the hydrates.
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H). The size of gas molecules determines the structure of gas hydrates. Phase
equilibria data for gas hydrates were obtained by many researchers and the phase
behaviour of hydrate forming systems has been described with some success by the
thermodynamic model of Holder et al. [53]. The behaviour of hydrates in porous
media having extremely small pores was found to be notably different than that
of hydrates formed in bulk (H −Lw − V equilibrium pressures and temperatures
are found at lower temperatures and higher pressures in porous media). However,
for the typical pore sizes characteristic of hydrate-bearing sediments no apparent
differences were found between hydrates formed in bulk and porous media [126].

The formation of gas hydrates can be separated into two steps, namely nucleation
and crystal growth. The growth of hydrate crystals under isobaric conditions was
satisfactorily described by the kinetics model for hydrate formation developed by
Englezos et al. [35]. Several researchers have shown that gas hydrates can be
formed in porous media either with free gas overlaying water or with water and
dissolved gas [15, 115]. Also the formation of hydrates in porous media appeared
to be consistently slower than in bulk conditions.

Although much research was devoted to gas hydrates as surveyed in this chap-
ter, many questions about the formation of gas hydrates remain open. These
questions concern the kinetics behaviour of gas hydrates at various conditions.
The influence of the physical parameters on the nucleation and crystal growth
processes were not studied systematically. The knowledge on hydrate formation
with gas mixtures and the hydrate occupation in mixed gas hydrates was also
lacking. The studies concerning the replacement of CH4 by CO2 within methane
hydrates and the hydrate formation kinetics in porous media was scarce.

This thesis aims to gain more insight on the time-dependent formation and disso-
ciation process of gas hydrates in binary systems (Chapter 3), ternary systems in
the bulk (Chapter 4) and a binary system in porous media (Chapter 5). Numer-
ical simulation and modelling (Chapter 6) provide information to evaluate the
methane production by CO2 injection into gas hydrates reservoirs. The results of
this work can contribute to the technical and engineering challenges in gas produc-
tion from hydrate bearing reservoirs, gas separation, carbon sequestration, flow
assurance (avoiding plugging of gas pipelines), gas storage and transportation.
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3
Single Gas Hydrate

This chapter presents the results of the experimental study on the kinetics of
gas hydrate formation of systems containing water and either carbon dioxide or
methane. The experimental data were interpreted in terms of nucleation and
crystal growth. (This chapter is adapted from publication [50])

3.1 Introduction

In order to keep CO2 footprint as small as possible when recovering gas from nat-
ural gas hydrates, the idea arose to combine the production of gas from methane
hydrates with the sequestration of CO2 in the form of gas hydrates [97]. The CO2

and CH4 hydrate formation and dissociation kinetics in their respective binary
system is essential. In the past, studies mainly focused on the thermodynamics
of gas hydrate forming systems. Research on the actual gas hydrate formation
has only been done by a limited number of research groups (see Chapter 2). The
effect of parameters i.e. driving force, stirring rate and memory of water on gas
hydrate crystallisation process were not been systematically studied.

In this chapter, gas hydrate formation in the systems CO2+H2O and CH4+H2O
has been studied experimentally, keeping the temperature and the total amount
of water and gas in the system constant. The data were interpreted in terms of
nucleation and crystal growth processes. The effect of supersaturation, agitation
and water quality on the nucleation and growth of gas hydrates were investigated
in detail.
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3.2 Background

3.2.1 Phase Behaviour

The pressure-temperature diagrams for the CH4 + H2O and CO2 + H2O system
are shown in Figure 3.1 and 3.2, respectively [134]. Both CH4 and CO2 form the
same type of gas hydrate structure (structure I) with water. The solid lines in
the graph represent the different phase coexistence lines of the binary systems.
The dashed-lines depict the equilibrium lines for pure water. The dotted-dashed
line depicts the phase equilibrium line of either pure methane or carbon dioxide.
The phases are denoted as follows: H: hydrate phase; Lw: aqueous liquid phase;
Lg: liquid phase rich in CO2 or CH4; I: ice, V : vapour phase which is commonly
rich in CO2 or CH4. CP is the critical point of CO2 or CH4. Q is the quadruple
point at which four phases coexist.

For the investigation of the kinetics of hydrate formation the three-phase coexis-
tence lines, for which one of the phases is the hydrate phase, is basic. As shown in
Figure 3.1 and 3.2, there are several of these three-phase coexistence lines namely
H-Lg-V , H-Lw-V , H-I-V , H-I-L and H-Lg-Lw.

Figure 3.1: Phase diagram of the binary system methane and water. The crit-
ical temperature of the guest molecule (methane) is lower than the triple point
temperature of pure water [134].

The experiments presented here were performed at a constant temperature of
276.15 K and initial pressures varying between 2.5 MPa and 7.0 MPa. In the
experiments, the temperature was slightly lower than those temperatures typi-
cally encountered in hydrate bearing sediments. In natural gas hydrate reservoirs
the temperature normally ranges from 278K to 285K. However, choosing a higher
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Figure 3.2: Phase diagram of the binary system of carbon dioxide and water The
critical temperature of the guest molecule (carbon dioxide) is higher than the
triple point temperature of pure water [134].

temperature for the experiments would require higher pressures to meet the stabil-
ity criteria for methane hydrates, making the experiments much harder to handle.
It is believed that the behaviour at the temperature chosen for the experiments
will not differ substantially from the behaviour at real reservoir conditions. This
is because for both cases, the pressure and temperature conditions are within the
same phase region between the H − Lw − V and H − Lg − V equilibrium lines
(Lg for liquid CO2).

The phase behaviour of the systems CO2 + H2O (Figure 3.2) and CH4 + H2O
(Figure 3.1) differs considerably. For the methane system, only the three-phase
coexistence line H-Lw-V is found. While for the carbon dioxide system, addi-
tionally the three-phase coexistence line H-Lg-V occurs at higher pressures. In
Figure 3.3 the phase diagram of the CO2 + H2O system is shown, with an indi-
cation of the experimental window. The H-Lw-V line describes the three-phase
equilibrium between the CO2-rich gas phase, the hydrate phase and the aqueous
liquid phase. The H-Lg-V line represents the phase equilibrium curve between
the gas phase, the liquid phase rich in CO2 and the hydrate phase. This line actu-
ally indicates at which conditions the CO2 condensates. In this work, the interest
is in the formation of CH4 and CO2 hydrates from the gas phase. Therefore, the
initial pressures of CO2 were always kept above the H-Lw-V equilibrium curve
but below the H-Lg-V curve to avoid appearance of liquid CO2 which would
make the interpretation and comparison of the experimental data rather difficult.
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Figure 3.3: Schematic P, T phase diagram of the binary system CO2 +H2O. The
round dot shows the maximum initial pressure used for the CO2 experiments.
The arrow indicates the range in which the initial pressure was varied for the
experiments. Lg indicates liquid CO2.

3.2.2 Hydrate Formation Kinetics

As discussed in Chapter 3, the formation of gas hydrates can be described as
a crystallisation process [33]. The driving force of the gas hydrate formation is
determined by the supersaturation of the gaseous component in the aqueous liq-
uid phase. A supersaturated solution means that the concentration of the solute
(dissolved component) in the liquid phase is higher than its solubility (at equilib-
rium). The supersaturation of the solute decreases during the formation of the
gas hydrates and the system approaches equilibrium. In this work, the classical
crystallisation theory [89] was applied to describe the gas hydrate formation. The
actual crystallisation is divided into the nucleation and the crystal growth pro-
cesses. Unfortunately, the definitions of these two processes as found in literature
are not completely unique.

The nucleation stage form the first stage in which very small hydrate nuclei are
formed in the supersaturated solutions; in the second stage those nuclei grow into
larger sizes, the gas hydrate crystals.

The induction time (tind) is the time between the creation of the supersaturated
solution and the occurrence of the first gas hydrate crystals. It is defined by
Myerson as [89]:
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3.2. BACKGROUND

tind = ttr + tn + tg
¨
§

¥
¦3.1

where, ttr is the time to reach steady-state nucleation; tn is the time for the actual
nucleation and tg is the time for crystals to reach detectable sizes. However, these
three periods cannot be clearly distinguished in the experiments. In this work,
the induction time is defined as the sum of the times described above plus the
time necessary to dissolve the gas in the aqueous phase. It can be expressed as:

tind = ttr + tn + tg + td
¨
§

¥
¦3.2

To investigate the second stage of the crystallisation, i.e. the actual hydrate
growth, the change in the supersaturation with respect to time was monitored
by determined pressure data. It is believed that the gas molecules used for gas
hydrate formation originate from two sources: 1) the gas dissolved in the aqueous
phase and 2) the gas in the vapour phase [66]. The autoclave used to study the
formation of gas hydrates do not enable the determination of the origins of the
gas trapped in the hydrates. The pressure decline determined in the gas phase is
caused by both sources. A decrease of pressure indicates that gas is transferred
from gas phase either into the liquid aqueous phase or directly into the solid
hydrate phase. At the end of an experiment, all water molecules initially present
were consumed to form gas hydrates, so that no aqueous liquid phase was present.
This means that all gas that was dissolved in the aqueous phase was eventually
incorporated into the gas hydrates.

For a better comparison of the experimental results of the two binary systems,
the degree of supersaturation, and not the absolute supersaturation, was used.
The kinetics of the crystal growth is deduced from the change of the degree of
supersaturation as a function of time, within the period from the beginning of
the crystal formation to the equilibrium state. The degree of supersaturation S
at constant temperature is defined as:

S(t) = P (t)/Peq − 1
¨
§

¥
¦3.3

where Peq is the equilibrium pressure at a given temperature, i.e. the final pres-
sure of an experimental run. Obviously, a degree of supersaturation of zero means
that the initial pressure and the equilibrium pressure are equal, and thus there is
no driving force for gas hydrate formation.

For a better comparison of the formation rates, the half-decay time was used.
The half decay time can be described as the time for which the pressure has
decreased by 50% over the total pressure decrease (See also Figure 3.5).
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3.3 Experiments

3.3.1 Materials

Carbon dioxide (99.7 mol% purity, Linde Gas) and methane (99.99 mol% purity,
Linde Gas) were supplied from a gas cylinder with a pressure of 5.0 and 10.0 MPa
respectively. The water used was double distilled water. Before each experiment,
new water was charged into the autoclave. The water was not exchanged for the
experiments studying the influence of the water quality.

3.3.2 Experimental Set-up

The set-up used to do the experiments is shown in Figure 3.4. The set-up was
designed to study the gas hydrate formation and dissociation at constant temper-
ature. It consists of a high pressure autoclave, a mechanic stirrer, a gas supply
system and a data acquisition system.

P7 F8 P
GC

5
T

PStir Power 1. Autoclave2. Look-through Window 3. Mechanic Stir4. Thermostatic bath5. Cooler6. CO2 / CH4 cylinder7. Pressure Controller8. Flow Meter9. Gas injection line10. Data acquisition and GC11. Outlet line
1
436

9 10
2

11

Figure 3.4: Schematic of experimental set up (from Shell Global Solutions)

The autoclave has an inner volume of 430 ml and can withstand pressures up
to 10.0 MPa. There are two visualisation windows to observe the gas hydrate
formation inside the cell. The maximum operating pressure was set to 8.0 MPa
using a safety valve. For the experiments performed with carbon dioxide the
initial pressure varied between atmospheric and 3.5 MPa. For the experiments
with methane initial pressures up to 7.5 MPa were applied. For all experiments,
the temperature was kept constant at 276.15 K with the help of a thermostatic
water bath. To ensure proper mixing of the supplied gas and water in the cell, a
mechanic stirrer (manufactured by Premex Reactor AG, Lengnau, Switzerland)
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was used. Maximal dispersion of the gas in the water was achieved by a unique
design of the impeller, allowing recirculation of the gas from the gas phase above
the liquid phase into the liquid phase. Due to the rotation of the stirrer a lower
pressure at the tip of the impeller is induced. This pressure difference forces the
gas into the small holes at the top of the shaft. The gas is transported through
the hollow shaft towards the dispersion ports located at the tips of the impellers.
The interface between the liquid and the gas phase is constantly renewed due to
this kind of stirrer. The higher the stirring speed, the lower the pressure at the tip
of the impeller, and the better the dispersion of the gas in the liquid. A pressure-
regulated flow meter is connected to the inlet to control the flow and the pressure
in the cell during injection of the gas. During an experimental run the pressure in
the autoclave is determined with the help of a Keller digital manometer with an
accuracy of 0.1 kPa. The temperature is monitored using a thermocouple with an
accuracy of 0.1 K. Temperature and pressure data are collected and transmitted
to a computer.

3.3.3 Experimental Procedure

Each experiment was carried out with controlled procedures as described below.
The summarised experimental steps and parameters needed to be determined is
listed in Table 3.1.

First, the autoclave was charged with a known amount of distilled water sufficient
to form hydrates with all the injected gas. In this study it was assumed that the
molar ratio of water and gas is 6:1 in the gas hydrates [58]. This ratio (w/g) is
called hydration number1, by assuming this hydration number, it can be ensured
that enough water is added to the autoclave to capture the gas molecules. Water
loading is done manually and outside the cooling bath by opening the top cover
of the autoclave. Before charging the water, the autoclave is rinsed with distilled
water to make sure that no hydrate crystals or other impurities are present.
Then the cell is sealed and immersed in the thermostatic bath to cool down
to the desired temperature. To remove air from the system the autoclave is
flushed carefully with either carbon dioxide or methane at atmospheric pressure.
Therefore, water was saturated with the respective gas at atmospheric pressure.
The flushing was done within a short time, so that the amount of gas dissolved
in the aqueous liquid phase can be ignored.

When the temperature stabilised, gas was injected into the autoclave up to the
desired initial pressure. This pressure was higher than the equilibrium pressure at
the given temperature [147]. The gas was injected at maximum flow rate to min-
imise any gas hydrate formation during injection. Gas hydrate formation during

1The hydration number depends on the occupation of the hydrate cavities. When the cavities
are completely filled by guest molecules, hydration number can be assumed to be 6. When
cavities are not completely filled the hydration number can be larger e.g. 7.3 or 20.
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injection would make it impossible to reliably determine the supersaturation and
induction times.

When the desired initial pressure was established, the system was closed and
ready for the first experiment. During an experimental run, the overall compo-
sition of the system remained constant; meaning the total amount of moles of
water and CO2 or CH4 in the system was fixed. The pressure in the gas phase
was monitored as function of time. The actual gas hydrate formation can be
visualised through two sapphire windows. The experiment was stopped when the
pressure was constant or its decay was less than 5 kPa/hr. At the end of an
experiment the water in the autoclave was completely used to from gas hydrates
and no liquid phase was present.

After the experiment was finished, the pressure in the autoclave was released
by venting the gas via the outlet line (see No. 11 in Figure 3.4), achieving the
dissociation of the gas hydrates.

Table 3.1: Summary of the important experimental steps for the bulk experiments

Step Description Determined Parameters

step 1 Load water mw

step 2 Start cooling, stirrer T
step 3 Inject gas Pin, T
step 4 Close valves P(t), T(t), Peq

step 5 Dissociation -

Two different series of experiments were conducted. First, experiments with
different initial pressures using either fresh distilled water or ‘used’ water to study
the influence of the supersaturation and the quality of the water on the kinetics of
hydrate formation. Secondly, experiments were done at one initial pressure with
different stirring speed to study the influence of gas dispersion in the aqueous
phase.

3.4 Results and Discussion

3.4.1 Reference Experiment

Figure 3.5 shows pressure as a function of time obtained from a typical hydrate
formation experiment in this study. The pressure declined in two steps: first, the
pressure decreased slightly from the highest value (i.e, 3.0 MPa) when injection
stopped, to the initial pressure of the experiment, i.e, 2.8 MPa. This normally
takes a few minutes; in this case, it was 3 minutes. After the first pressure
decline, the pressure remained at this plateau value for about 12 minutes. Then
the pressure diminished continuously to the equilibrium pressure of 1.9 MPa.

30
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The first pressure decrease corresponds to the dissolution of CO2 in the aqueous
phase. The plateau pressure indicates the formation of the gas hydrate nuclei and
thus describes the induction process. According to the definition (see Equation
3.2), it can be inferred that the induction time is 15 minutes (3 minutes for
dissolution and 12 minutes plateau) for this specific experiment.

The second pressure decay is attributed to the growth of the gas hydrates. The
corresponding half-decay time (t1/2) was determined to be about 6 minute for
this experiment. CO2 pressure data
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Figure 3.5: Pressure profile during gas hydrates formation experiment at 276.15
K with CO2. The initial pressure, half decay pressure and equilibrium pressure
for the crystal growth process are indicated in the graph.

3.4.2 Influence of Water Quality

As mentioned in Chapter 2, the quality of the water (or more accurately the
history of water) can influence the kinetics of gas hydrate formation. This is
often referred to as the ‘memory’ effect. In order to study this effect, several
experiments were done with CO2 using either ‘fresh’ or ‘used’ water and various
initial pressures at a constant temperature of 276.15 K. The ‘fresh’ water was
double-distilled water preserved at room temperature and had previously never
been used for hydrate formation. While the ‘used’ water experienced one or more
cycles of the gas hydrate formation and dissociation process. This water was
repeatedly used immediately after the hydrates were completely dissociated.

Figure 3.6 shows the determined induction times (tind) as a function of the degree
of supersaturation for both ‘fresh’ and ‘used’ waters. For ‘fresh’ water, the in-
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Figure 3.6: Influence of water quality (‘fresh’ and ‘used’ water) on the induction
time of gas hydrate formation for the system CO2 + H2O at a constant temper-
ature of 276.15 K. The induction time is given as a function of supersaturation
(initial pressure). Lines are drawn to guide the eye.

duction time decreases almost linearly with increasing degrees of supersaturation
(or initial pressure). While for ‘used’ water the induction time remains almost
constant around a low value of 5 minutes. It can be clearly seen that the in-
duction time for ‘used’ water is shorter than for ‘fresh’ water at the same degree
of supersaturation. A possible explanation is that after the gas hydrates have
been dissociated, the hydrogen bonds between the water molecules and residue
hydrate structures remain in the liquid. With the presence of these structures,
gas hydrate nuclei formation is much faster. Similar behaviour was observed for
the formation of ice [118]. These residue water structures enhance the nucleation
of crystals.

Figure 3.7 shows the half-decay time as a function of the degree of supersatura-
tion for ‘fresh’ and ‘used’ water. It can be seen that the quality of water appears
to have less influence on the gas hydrate crystal growth than on the induction
time. This is in agreement with the work of Lee et al. [72] for structure H gas
hydrates. Lee found that the induction time was shortened by the memory effect
but does not change the gas consumption rate2. The ‘fresh’ water data scatters,
this might be due to the random occurrence and distribution of the hydrate crys-
tals during the formation process. The half-decay time increases with increasing
supersaturation (initial pressure) for both ‘fresh’ and ‘used’ water. However, the

2In the work of Lee et al., the gas hydrate formation was characterised by the gas consump-
tion rate
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Figure 3.7: Influence of water quality (‘fresh’ and ‘used’ water) on the half decay
time of gas hydrate formation for the system CO2 + H2O at a constant tem-
perature of 276.15 K. The half decay time is given as a function of degree of
supersaturation. Lines are drawn to guide the eye.

half-decay time for ‘used’ water is even longer than for ‘fresh’ water at the same
degree of supersaturation. This suggests that the gas hydrate formation in ‘used’
water is even slower than gas hydrate formation in ‘fresh’ water. The presence
of residual water structures (due to hydrogen bonding) in the experiments with
‘used’ water does not promote the growth of gas hydrates in the bulk phase. The
growth of hydrates after nuclei have been formed, is mainly due to the agglom-
eration of nuclei and small crystals into larger crystal particles. Therefore, the
presence of residual structures have less influence in this process. Introducing
hydrogen-bonded water structures will shorten the nucleation time, but will not
enhance the growth of gas hydrate crystals. However, compare Figure 3.6 with
Figure 3.7, it can be seen that the induction time is much longer than the half
decay time and the influence of water quality to the induction time outweighs the
influence on half decay time.

3.4.3 Comparison of CO2 and CH4 Hydrate Formation

Figure 3.8 shows the induction time as a function of the initial pressure and
degree of supersaturation for the systems with either CO2 or CH4. As already
shown in Figure 3.6, the induction time diminishes with increasing initial pressure
(or degree of supersaturation). Higher supersaturation create a stronger driving
force for gas hydrate nucleation. Because of the difference of the phase behaviour
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of the systems with CO2 and CH4, the induction time data cannot be directly
compared at a given initial pressure (see also Figure 3.8A). The induction time
for the carbon dioxide system approaches zero for initial pressures larger than
4.0 MPa, while for methane this happens at a much higher pressure of about
5.5 MPa. Therefore, the induction time is given as function of the degree of
supersaturation (as shown in Figure 3.8B).
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Figure 3.8: Induction time as function of the initial pressure (A) and as a function
of the degree of supersaturation (B) for the systems CO2 +H2O and CH4 +H2O.
The line is a linear regression of the CO2 data.

For the CO2 +H2O system, the induction time decreases linearly with the degree
of supersaturation. Despite the scatter in the data, a linear relation [109] with
a regression coefficient of 0.8 fits the experimental data reasonably. For the
CH4 + H2O system, at a low degree of supersaturation, the induction time is
rather high. With increasing degrees of supersaturation, the induction time drops
steeply and stays almost at zero at a degree of supersaturation higher than 0.58.
This indicates that the nucleation kinetics of the CO2 and CH4 systems are
different, even though they form the same gas hydrate structure (structure I).
For most of the experiments in this study, methane nucleation was found to be
faster than the CO2 nucleation. Only at a very low degree of supersaturation the
induction time for the CO2 + H2O system is shorter than for the CH4 + H2O
system. Both CO2 and CH4 can fit in either the medium cavities (51262) or
the small cavities (512) present in structure I. However, CO2 tends to occupy
the larger ones, while the methane is more stable in the smaller cavity [90]. The
affinity to different cavity structures may be the reason for the different nucleation
behaviour. However, in order to prove this behaviour experiments on microscopic
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scale are required.

In the induction period, formed gas hydrate nuclei either dissociate or keep grow-
ing. Only after nuclei has reached the critical size, the hydrate growth process
starts and the nuclei grow further into a larger crystal. Therefore, it can be con-
cluded that if the critical size is small, the induction time is shorter. According
to Englezos the critical size of a nuclei depends on the interfacial tension between
the aqueous phase and the gas hydrate σ and the change in Gibbs free energy for
the nucleation ∆g [33]:

Rcr = − 2σ

∆g

¨
§

¥
¦3.4

The interfacial tension (σ) between the liquid water and the gas hydrate is con-
sidered to be constant for methane. The pressure dependent of Gibb’s energy is
described by (assuming ideal gas):

∆g

n
= kT ln(

Peq

Pini
)

¨
§

¥
¦3.5

where, n is the number of mole, k is the gas constant and T is temperature.
Combining Equation 3.4 and 3.5, it can be concluded that the critical nuclei
size decreases sharply with increasing initial pressure Pini assuming a constant
interfacial tension (see Equation. 3.6).

Rcr = − 2σ

nkT ln( Peq

Pini
)

¨
§

¥
¦3.6

Thus the induction time decreases with increasing degrees of supersaturation
(which can be seen Figure 3.8). However, the induction time for the carbon
dioxide system is longer than for the methane system at the same degree of
supersaturation and decreases linearly with supersaturation. This suggests that
the interfacial tension between water and gas hydrate in the CO2 + H2O system
changes with the degree of supersaturation because of the dissolution of CO2 in
the aqueous phase.

The absolute half-decay time (t1/2) is determined at the half-decay pressure. Thus
it is very sensitive to the initial and final pressure 3 (Pend) of the experiments. For
example, if the equilibrium pressure is the same but the initial pressure varies,
the determined half-decay pressure also varies. Since the initial pressure and
equilibrium pressure for CO2 and CH4 are different, the determined absolute half-
decay time cannot be compared. The normalised half-decay time is introduced

3Note here that Pend does not necessarily equal to Peq
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Figure 3.9: Normalised half-decay time as a function of degree of super saturation
for the system CO2 + H2O and CH4 + H2O. Lines are drawn to guide the eye.

to allow interpretation and comparison of the data from the various experimental
runs. The scaled half-decay time (ts,1/2) is determined by:

ts,1/2 = t1/2

(
Pend

Pini − Pend

) ¨
§

¥
¦3.7

where, Pend is the final pressure, t1/2 is half-decay time.

Figure 3.9 gives the scaled half-decay time (ts,1/2) as a function of the degree
of supersaturation for the experiments with CO2 or CH4. It can be observed
that the scaled half-decay time for the CO2 system is smaller than for the CH4

system in same range of the degree of supersaturation. This indicates that CO2

gas hydrate crystals grow faster than CH4 gas hydrates at the same degree of
supersaturation.

The data for the system containing CH4 show more scatter due to the less accu-
rate determination of the induction time which then also influences the accuracy
of the determination of the half-decay time. For CH4, it is more difficult to dis-
tinguish between the nucleation and the crystal growth process than for CO2 (see
Figure 3.10). The change in the pressure decline is not as clear as for the CO2

system. This is probably due to the low solubility of CH4 in water.
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Figure 3.10: Pressure (left y-axes) and temperature (right y-axes) as a func-
tion of time during methane (dots) and carbon dioxide (open triangles) hydrate
formation at a temperature of 276.15 K.

3.4.4 Effect of Stirring

The stirring rate influences the mixing of gas and liquid phase. Agitation enhances
the dispersion of gas bubbles into the liquid phase and dissolution of gas in water.
Therefore, the effect of stirring on the kinetics of hydrate formation was studied at
an initial pressure of 3.5 MPa while keeping the overall amount of water and gas
constant. The stirring speed is varied from 0 to 1400 RPM. For all the previous
experiments, the stirring rate was kept constant at 700 RPM.

The effect of stirring on the induction time is displayed in Figure 3.11 for the
CO2 and the CH4 system. For both systems the induction time decreased with
increasing stirring speed. The data of the CH4 hydrates are scattered. This
again might be due to the fact that it is difficult to distinguish between nucleation
process and crystal growth process (as see Section 3.4.3). For the carbon dioxide,
the induction time decreases linearly with increased stirring speed. The induction
time in the CO2 system becomes almost zero at a stirring rate of 900 RPM. Above
this value, the induction time is completely eliminated. For CH4 the maximum
stirring rate at which the induction time becomes zero is 1400 RPM. This means
that above a maximum stirring rate nucleation is no longer limiting the gas
hydrate formation. As mentioned earlier (see Section 3.3.2), a special stirrer is
used allowing not only to agitate the system but also to bubble gas through the
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Figure 3.11: Induction time as a function of the stirring rate during CO2 and
CH4 gas hydrate formation. Experiments were performed at a constant initial
pressure of 3.5 MPa for CO2 and 5.0 MPa for CH4. Lines are added to guide the
eye.

aqueous liquid phase. As a consequence, the gas-water interface is continuously
renewed. During the experiment small ‘snow-ball’ crystals of gas hydrates were
observed. After some time the hydrate crystals agglomerate when more gas was
dispersed and dissolved in the water and finally forms ‘ice-like’ crystals. The onset
of agglomeration did not remarkably change the pressure decay curve (see Figure.
3.10) indicating that there is no mass transfer hindrance due to the formed gas
hydrate agglomerates.

The gradient of the induction time of CO2 system is larger than that for CH4

system. This suggests that stirring enhances the formation of CO2 hydrate nuclei
more than that of CH4 hydrate nuclei.

Figure 3.12 shows the half-decay time (t1/2) as a function of the stirring rate
for the formation of CO2 and CH4 hydrates. Similarly to the induction time,
the half-decay time decreases with increasing stirring rate. Interestingly the half
decay times for both systems react similarly on changes of the stirring rate. This
means that the actual growth of the gas hydrates for both systems behave simi-
larly. This supports that due to the continuously renewed contact area between
the (liquid) aqueous phase and the gas phase, the gas hydrate formation is en-
hanced due to accelerated mass transfer of the gas into the liquid phase. The
stirring also accelerates the particle movement; therefore, it could enhance the
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Figure 3.12: Half-decay time as a function of the stirring rate during CO2 and
CH4 gas hydrate formation at constant temperature of 276.15 K. Experiments
were performed at a constant initial pressure of 3.5 MPa for CO2 and 5.0 MPa
for CH4.

agglomeration of small crystals.

3.5 Conclusions

The formation kinetics of CO2 and CH4 hydrates in a bulk phase was studied
in detail. The macroscopic hydrate kinetics behaviour was studied in terms of
induction time and (scaled) half-decay time.

Two stages of the hydrate formation process were identified, namely the nucle-
ation and the crystal growth. These different stages were analysed separately.
The influence of the water quality, the stirring rates and the kind of gas (CO2,
CH4) on the kinetics of the gas hydrate formation were studied.

Experiments indicate that the gas hydrate growth process, namely the growth
of the single nuclei to larger crystals, is not improved by either increasing su-
persaturation or the presence of residual hydrogen-bonded water structures in
the aqueous phase. Since, the induction time can be completely eliminate, the
rate limiting factor for gas hydrate growth is thus not the formation of the single
nucleus, but the crystal growth of small nuclei into larger crystals.

It was found that within the same degree of supersaturation, the crystal growth
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of carbon dioxide hydrates is faster than that of methane hydrates. This shows
that the exchange of CH4 hydrates by CO2 gas hydrates is not only favourable
from a thermodynamic point of view but also from formation rate aspects. The
nucleation process is accelerated by increasing the degrees of supersaturation for
both carbon dioxide and methane system. However, the degree of supersaturation
has hardly any effect on the crystal growth process.

For both the CO2 and the CH4 system the induction time (tind) diminishes as
the degree of supersaturation increases. The induction time of the system with
CO2 decreases almost linearly, while for CH4 the induction time only decreases
strongly for low supersaturation. For a high degree of supersaturation (> 0.6)
the induction time approaches zero.

The nucleation time for hydrates formed with ’used’ water is significantly lower
than for ’fresh’ water. This can be explained by the residue water structure from
dissociated gas hydrates and the abundance of hydrogen bonds in the aqueous
liquid phase at low temperatures. However, the different water quality does not
enhance the crystal growth. The half decay times of both systems are similar.

It was found that stirring promotes the gas hydrates formation, nucleation and
growth, for both gases because the interface between the gas and the aqueous
liquid phase is continuously renewed.
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4
Hydrate Formation and Exchange in

Ternary Systems

In this chapter two aspects of gas hydrate behaviour will be discussed: the first is
the formation kinetics of gas hydrates in the ternary system (CO2 +CH4 +H2O)
and the second is the feasibility to exchange methane by CO2 as guest molecule
in the already formed methane hydrates without dissociation.

4.1 Introduction

Simultaneous production of CH4 hydrate and sequestration of CO2 has attracted
attention in recent years. The greatest advantage of this process is that it com-
bines production of natural gas and reduction of CO2 from the atmosphere.

CH4 · 6H2O(h) + CO2(g)  CH4(g) + CO2 · 6H2O(h)
¨
§

¥
¦4.1

The success of the proposed process depends on whether CO2 hydrate formation
is more favourable than CH4 and how well the methane can be replaced by CO2

in the gas hydrates.

Ohgaki et al. [97] presented the phase equilibrium data of the CH4+CO2+H2O
system under isothermal conditions of 280K. Seo et al. [107, 108] determined
phase equilibrium line (H − Lw − V ) for the same system at pressure range
between 1.5 and 5.0 MPa and temperature range from 273.5 to 283.5K. Nakano
et al. [90] determined the relative cage occupancy for small (I) and medium
(II) cavities in mixed CO2 and CH4 hydrates by Raman spectroscopy under 46
MPa. So far, research on the gas hydrate formation from a mixed gas systems
have mainly focused on equilibrium conditions. The kinetics of hydrate formation
from mixed gas systems have not yet been well studied.
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In Chapter 3, we discussed the gas hydrate formation from a single-component
(CO2 or CH4) gas phase in bulk condition. The results suggest that not only
from a thermodynamic point of view but also from the kinetics of gas hydrate,
the formation of CO2 hydrates is more favourable than CH4 hydrate formation.
However, it is unclear whether the presence of another component in the gas
phase affects the gas hydrate formation. This makes the experiments in the
ternary system (CO2 + CH4 + H2O) necessary.

The first part of this chapter reports a detailed experimental study on the compet-
itive formation of CO2 and CH4 hydrate in the ternary system of CO2 + CH4 +
H2O. Gas hydrates were formed and dissociated while the gas phase composi-
tion was being monitored. The experiments were done at isothermal conditions
(275.65 K) while the initial pressure varied from 2.5 to 6.0 MPa.

In the second part of this chapter, an experimental investigation on the efficiency
of methane exchange by CO2 in the gas hydrates in the bulk system will be
discussed. Experiments were carried out at conditions above the H−Lw−V phase
equilibrium line of CH4 + H2O system. Therefore the dissociation of methane
hydrates during the CO2 exchange process can be avoided. The exchange rate of
methane by CO2 as guest molecules in the gas hydrates was deduced from the
changes in the composition of the gas phase. The subsequent dissociation of the
CO2 hydrate was done to identify how much CH4 has been replaced by CO2

within the gas hydrates during the exchange process.

4.2 Phase Behaviour

4.2.1 Binary System

Figure 4.1 shows the H − Lw − V equilibrium line for the CO2 + H2O and the
CH4+H2O system. For the CO2+H2O system, at temperatures above 283K, the
equilibrium line describes the coexistence of an aqueous liquid phase (Lw), a liquid
phase rich in CO2 (Lg) and the hydrate phase (H). For temperatures below 283K,
the H−Lw−V curve of the CH4+H2O system was found at higher pressures than
for the CO2 + H2O system. Typically, natural gas hydrate reservoirs were found
in the temperature range between 274K and 283K. Therefore, in this study, the
experiments were performed at low temperatures. In this way, only the H−Lw−V
equilibrium line needs to be considered and the pressures necessary to form gas
hydrates are not too high to handle with the given experimental set-up.

From the phase diagram (Figure 4.1) it is evident that CO2 hydrates are stable
at lower pressures than CH4 hydrates at the same temperature (for T <283K).
This indicates again that CO2 hydrates are energetically more favourable than
CH4. It was also found in a previous study that CO2 hydrates grow faster than
CH4 hydrates [50]. This suggests that the exchange of methane by CO2 within
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Figure 4.1: Phase diagram of the binary systems CO2 + H2O and CH4 + H2O
respectively. In the diagram, only the equilibrium lines with a hydrate phase
coexisting are depicted. Lw describe aqueous phase, V describes vapour phase,
H describes hydrate phase and Lg describes the liquid phase rich in CO2. Data
are taken from literature [27, 103, 122, 148, 71, 92]

gas hydrates is possible from the kinetic point of view.

4.2.2 Ternary System CO2 + CH4 + H2O

In the ternary system, depending on the composition of the vapour phase, the
H − Lw − V curve shifts between the phase equilibrium lines of the respective
binary systems [107, 108]. For high methane concentrations the H − Lw − V of
the ternary system is closer to the H −Lw − V curve of the CH4 + H2O system.
For high CO2 concentrations, the phase line is closer to the H − Lw − V curve
of the CO2 + H2O system.

Figure 4.2 depicts the phase equilibria curves (H −Lw−V ) of the CO2 +CH4 +
H2O ternary system. The phase equilibrium data for 20 mol% and 60 mol% of
CO2 in the gas phase were taken from Seo et al. [107, 108]. The H−Lw−V line
for the 50 mol% CO2 gas phase composition was obtained by interpolating these
data. Points A to E depict the initial pressures used in this experimental study.

Point A and B are above H −Lw − V lines for the CO2 + H2O and CH4 + H2O
system, meaning that methane and carbon dioxide hydrates are stable at these
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Figure 4.2: The phase equilibrium line of the ternary system with carbon dioxide,
methane and water [27]. The curves shift with changing gas phase composition.
The 50/50 mol% equilibrium line is interpolated from literature data. Point A,
B, C, D and E indicate the initial pressure conditions for this work.

pressures. Point C is slightly above the H−Lw−V line of the CH4+H2O binary
system and point D is slightly lower than this line. Point E is approximately on
the H −Lw − V curve for the ternary system (CO2 + CH4 + H2O) with a 50/50
gas phase composition.

Experiments were focused on the competitive formation of CO2 and CH4 hy-
drates from a mixed gas phase. It is important to know the concentration of CO2

and CH4 hydrates in the already formed gas hydrates. For example, point C is
above the ternary phase equilibrium, which means mixed hydrates could form.
However, from the given equilibrium data, it cannot be deduced how much of
methane (or CO2) contributed to the hydrate formation process. Therefore, we
used a parameter to evaluate the contribution of each gas to form hydrates. This
is called the contribution factor and it is calculated from the composition changes
in the gas phase.

4.2.2.1 Contribution Factors

The van der Waals diameter of CO2 (0.47 nm) is slightly larger than that of CH4

(0.41 nm) [146], yet, they form the same types of hydrate structure (I) [58]. In
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the ternary system, the gas hydrate formation can be stated as1:

αCO2(g) + (1− α)CH4(g) + qH2O(l) → αCO2· (1− α)CH4· qH2O
¨
§

¥
¦4.2

where α is the mole fraction of CO2 hydrates in the hydrate phase. q is the
hydration number of gas hydrate in the ternary system; in the ideal case, q = 6
[58].

The contribution factor is defined as the number of moles of a specific gas in-
corporated into the gas hydrates over the total number of moles of gas, thus it
varies between 0 and 1. For CH4 and CO2 the contribution factor is expressed
by Equation 4.3 and 4.4 respectively:

αCH4 =
nH

CH4

nH
tot

=
nH

CH4

nH
CH4

+ nH
CO2

¨
§

¥
¦4.3

αCO2 =
nH

CO2

nH
tot

=
nH

CO2

nH
CH4

+ nH
CO2

¨
§

¥
¦4.4

where nH
tot is the total number of moles of gas captured in gas hydrates at the

end of the experiment. The moles of gas hydrates equals the moles of gas that
‘disappear’ from the vapour phase. Therefore, nH

tot can be calculated by the
amount of gas components consumed in the gas phase (see Equation 4.5).

nH
tot = nV

tot,ini − nV
tot,end − nV

tot,loss

¨
§

¥
¦4.5

where nV
tot,ini is the number of moles of gas initially present in the gas phase,

nV
tot,loss is the number of moles of gas ‘lost’ due to sampling, and nV

tot,end is
the number of moles of gas at the end of the experiment. The calculation of
the number of moles was done by applying the Peng-Robinson equation of state
[102]. Similarly, nH

CH4
and nH

CO2
are the number of moles of methane or CO2 in

the hydrate phase.

nH
CH4

= nV
CH4,ini − nV

CH4,end − nV
CH4,loss

¨
§

¥
¦4.6

nH
CO2

= nV
CO2,ini − nV

CO2,end − nV
CO2,loss

¨
§

¥
¦4.7

1Here, it was assumed that in the ternary system mixed gas hydrates are formed and all
CH4, CO2 and H2O are consumed to form gas hydrates
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The contribution factor is calculated for the ternary experiment to characterise
the mole fractions or CH4 and CO2 in the hydrate phase. This value also indicates
the competition of CH4 and CO2 molecules in occupying the hydrate cavities.
The calculation of contribution factor and number of moles in the gas phase are
issued in detail in Appendix A.

4.3 Experiments

4.3.1 Materials

For the ternary experiments a pre-mixed gas consisting of 50 mol% carbon dioxide
and 50 mol% methane was used (Linde Company). For exchange experiment,
CH4 with an purity of 99.5 mol% and CO2 with an purity of 99.7 mol% was used.
Double distilled water was injected initially into the autoclave and repetitively
used for all experiments.

4.3.2 Experimental Set-up

The set-up used to carry out the experiments is shown in Figure 4.3. It consists
of a gas supply system (1), a high pressure stainless steel autoclave(2) with two
sapphire windows for visual observation (3) and an in-house data acquisition
system (not included in the figure). This set-up differs from the set-up used in
Chapter 3. The difference is in the gas supply system and in the agitation in the
autoclave.

The autoclave was designed as a double-walled stainless steel cell. Through the
outer chamber, cooling liquid was circulated to establish the desired temperature.
The inner volume of the autoclave is 67 ml and can withstand pressures up to 10
MPa. The maximum operating pressure was set to 8 MPa by means of a safety
valve. A LAUDA RE 220 thermostat was used to control the temperature within
± 0.2 K.

A magnetic stirrer was used to agitate the liquid. This enhances the mass transfer
and the dispersion of the gas into the liquid phase before and during gas hydrate
formation. The autoclave has three inlet lines (L1, L2 and L3 as indicated in
Figure 4.3). One reaches 5 mm above the bottom of the autoclave (L1). This
was done to assure that from this line the injected gas was bubbled through the
aqueous liquid phase, increasing the gas-liquid contact area. The rest line ends
at the cap of the autoclave and is used for flushing CO2 (L2) and sampling the
gas phase (L3) without contamination by liquid.

The pressure in the cell was monitored by a Druck PTX 600 pressure transducer
with an accuracy of 0.08 % over the full determined pressure range. The pressure
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Figure 4.3: Schematic of the experimental set-up

transducer can withstand a maximum pressure of 15 MPa. The temperature
within the cell was determined using a THERMOCOAX thermocouple (with an
accuracy of ± 0.3 K, including the error for the data acquisition system). The
temperature and pressure data were collected every 10 seconds using an in-house
data acquisition software.

A stainless steel tube of known volume (0.7 mL) was connected to the outlet of
the cell for sampling the gas phase. The pressure decrease due to sampling of
this volume was less than 0.02 MPa, so that it can be assumed that it does not
influence the results. The gas samples were analysed by means of an Agilent 3000
Micro Gas Chromatograph (GC) with a plot U column2.

4.3.3 GC Analysis

The retrieved gas sample are analysed by a GC. Helium was used as carrier gas.
The temperature of the GC was set to 373 K and kept constant. The error of
the analysis was determined to be less than 0.42%. The chromatograms of pure
CO2, CH4 and 50/50 mol% mixture of CO2 and CH4 are shown in Figure 4.4.

Prior to the analysis, the GC needs to be calibrated. For this purpose a standard
calibration gas mixture of know composition was used (Mixture of Helium, Hy-
drogen, Oxygen, Nitrogen, Methane, Ethane, Carbon Dioxide, Carbon Monoxide,
etc. Sample No. 080801A, manufactured by Agilent). Afterwards, calibrations
were also performed with pure methane, pure carbon dioxide and 50/50 mixture

2A column is the capillary tube for composition analyse in the GC. Plot U column is suitable
for detecting hydrocarbons (C1-C7) and CO2
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Figure 4.4: Chromatograms of pure carbon dioxide (top), pure methane (middle)
and 50/50 mol% gas mixture of methane and carbon dioxide.
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Figure 4.5: The calibration curve for methane given in terms of mole fractions as
a function of the peak area. The symbols represent determined methane concen-
tration. The line gives the linear fit of the data.
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Figure 4.6: The calibration curve for carbon dioxide given in terms of mole frac-
tions as a function of the peak area. The symbols represent determined CO2

concentration. The line gives the linear fit of the data.

of CO2 and CH4. Figure 4.5 and 4.6 shows the calibration curve for CO2 and
CH4. The correlation between the integrated peak area and gas phase composi-
tion was depicted.

4.3.4 Experimental Procedure

4.3.4.1 Gas Hydrate Formation with CH4 and CO2 Mixtures

First, 30 ml of double distilled water was charged into the autoclave. After the
addition of water, the cell was sealed and gradually cooled. Air was removed from
the gas phase by flushing gas mixtures at 1.0 MPa through the cell. After the
temperature stabilised at the desired value, gas was injected into the autoclave up
to the desired pressure. Then all valves were closed and the experiment started.

Temperatures and pressures in the cell were monitored and samples of the gas
phase were taken at different time intervals and analysed with the GC. The
experiments were carried out with the following initial pressures: 6.0, 5.0, 3.5,
3.0 and 2.5 MPa at a constant temperature of 275.65 K. At this temperature, the
equilibrium pressure for the ternary system of given composition was 2.5 MPa3.

3This value was determined by experiments in this study.
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The gas hydrate formation is regarded as finished when the pressure in the gas
phase changes is less than 5 kPa per hour. Then the subsequent dissociation
started. Gas hydrate dissociation was carried out by decreasing pressure in steps
of 0.5 MPa while allowing the system to stabilise at each step. New experiments
were started after the hydrates had completely disappeared from the cell.

4.3.4.2 Exchange of CH4 with CO2 in Methane Hydrates

The preparation and water injection were done in the same way as for the mixed
gas hydrate formation experiments. However, the following procedures are dif-
ferent:

First, the cell was pressurised to 7.0 MPa while keeping the temperature constant
at 276.15 K to promote CH4 hydrate formation. After 24 hours the pressure
became stable and it was observed that the autoclave was filled with ‘ice-like’
solid hydrates.

Then, CH4 was removed from the gas phase by flushing the cell with CO2. In
order to avoid methane hydrate dissociation during the flushing, the CO2 was
pre-cooled and injected at a pressure of 0.3-0.5 MPa higher than the stabilised
pressure after methane hydrate formation. The flushing process took 15-20 min-
utes. When CO2 mole fraction of >90 mol% in the gas phase was reached, the
flushing was stopped and the actual exchange process was started. The compo-
sition of the gas phase was monitored by regularly taking samples and analysed
by means of GC.

The experiment was stopped when no obvious decrease in the composition of
the gas phase could be observed. The subsequent gas hydrate dissociation was
started by decreasing pressure in steps 0.5 MPa. At each step pressure in the cell
was allowed to stabilise. Three samples of the gas phase were taken and analysed
for each pressure release.

4.4 Results and Discussion

4.4.1 Gas Hydrate Formation Kinetics in Ternary System

The gas hydrate formation from a gas mixture of CO2 and CH4 was investigated
at constant temperature of 275.65 K with various initial pressures of 6.0, 5.0, 3.5,
3.0 and 2.5 MPa (see Figure 4.2). These pressures represent different states of
the ternary system as it was descried in section 4.2.2 Figure 4.2. It was observed
that at an initial pressure of 2.5 MPa, liquid water was still present in the cell
after gas hydrate formation. While with higher initial pressures, solid hydrates
filled up the cell at end of the experiment. No liquid water was observed. So,
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with higher initial pressures, the dissolution effect of CO2 can be ignored, while
for an initial of 2.5 MPa, the dissolution of CO2 needed to be taken into account.
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Figure 4.7: Mixed gas hydrate formation at an initial pressure of 2.5 MPa, T =
275.65 K. The top figure shows the composition of gas phase as a function of
time, initial gas phase composition in the cell is xCH4 = 0.45; xCO2 = 0.55. Lines
are drawn to guide the eye. The bottom figure shows pressure decline during gas
hydrate formation.
Figure 4.7 to 4.11 show the results of gas hydrate formation experiments for
different initial pressures. In these figures the gas phase composition and the
pressure as a function of time are given. The pressure decline indicates the gas
hydrate formation. At high initial pressures, the time for the ternary system to
reach equilibrium state is long.

From these figures, it can be seen that the composition as a function of time
follows a similar trend for all initial pressures: CO2 mole fractions decreases while
CH4 mole fractions increases. It can be observed that the gas phase composition
change is dramatic in the first 5 hours. Afterwards, the gas phase composition
gradually stabilises. This separation effect of the CO2 and CH4 mole fraction
indicates that the amount of hydrates formed with CO2 and CH4 are different.
Otherwise, the gas phase composition at the initial state and the equilibrium state
would be equal (neglecting the CO2 dissolution into the liquid). This suggests
that in the ternary system, more CO2 hydrates were formed compared to CH4

hydrates. This proves that it is more favourable to form CO2 hydrates than CH4

hydrates.

In Figure 4.12 the change of the CO2 mole fraction over the initial CO2 mole
fraction as a function of the initial pressure is given. To allow direct comparison
between the different experiments at different initial pressures, we used a scaled
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Figure 4.8: Mixed gas hydrate formation at an initial pressure of 3.0 MPa, T =
275.65 K. The top figure shows composition of gas phase as a function as function
of time, initial gas phase composition in the cell is xCH4 = 0.46;xCO2 = 0.54.
Lines are drawn to guide the eye. The bottom figure shows pressure decline
during hydrate formation.
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Figure 4.9: Mixed gas hydrate formation at an initial pressure of 3.5 MPa, T =
275.65 K. The top figure shows composition of gas phase as a function of time,
initial gas phase composition in the cell is xCH4 = 0.45; xCO2 = 0.55. Lines are
drawn to guide the eye. The bottom figure shows pressure decline during hydrate
formation.
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Figure 4.10: Mixed gas hydrate formation at an initial pressure of 5.0 MPa,
T = 275.65 K. The top figure shows composition of gas phase as a function of
time, initial gas phase composition in the cell is xCH4 = 0.48; xCO2 = 0.52. Lines
are drawn to guide the eye. The bottom figure shows pressure decline during
hydrate formation.
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Figure 4.11: Mixed gas hydrate formation at an initial pressure of 6.0 MPa,
T = 275.65 k. The top figure shows composition of gas phase as a function of
time, initial gas phase composition in the cell is xCH4 = 0.49; xCO2 = 0.51. Lines
are drawn to guide the eye. The bottom figure shows pressure decline during
hydrate formation.
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Figure 4.12: Separation effect during gas hydrate formation. The separation is
indicated by the change in CO2 mole fractions over the initial mole fractions
(∆xV

CO2
/xV

CO2,ini). The round dot shows the separation effect only by CO2 dis-
solution into the liquid aqueous phase at 1.5 MPa at a temperature of 275.65
K.

mole fraction which is described as follow:
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CO2,ini

¨
§

¥
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The scaled composition difference (∆xCO2/xCO2,ini) tells how much CO2 was
removed from the vapour phase and it represents the separation effect by gas
hydrate formation. ∆xCO2/xCO2,ini = 1 is the maximum value which indicate
the complete removal of CO2 in the gas phase. The round dot is a benchmark
experiment for the separation of the CO2 +CH4 mixture by only dissolving CO2

into the liquid aqueous phase. This was carried out at the same temperature
as the gas hydrate experiments but at a lower pressure (below the H − Lw − V
equilibrium curve of CO2) to avoid gas hydrate formation. ∆xCO2,s decreases
with increased initial pressures. It can be seen that for experiments with initial
pressure of 2.5, 3.0 and 3.5 MPa, ∆xCO2,s does not differ much with respect to
the pressure and the plateau value is around 0.3. At high initial pressures the
separation of CO2 and CH4 in the gas phase becomes less obvious. At initial
pressure of 6.0 MPa, the composition difference (∆xCO2,s) is only 0.12, meaning
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that only 12% of the initially present CO2 was removed from the gas phase
after the gas hydrate formation. Results show that the separation effect is more
pronounced for lower initial pressures within the gas hydrate stability zone. CO2

has a high solubility in the aqueous liquid phase which already gives a reasonable
separation effect. Therefore, a combined process of gas hydrate formation with
CO2 dissolution could probably achieve a better separation.

For calculation of the contribution factor, it was assumed that the volume of the
gas phase at the end of experiment is 10% less than initial volume of the gas phase.
This decrease of vapour phase volume is due to the expansion of hydrate solids
after gas hydrate formation. Table 4.1 shows the calculated contribution factors
for methane and carbon dioxide at various initial pressures. For the experiment at
an initial pressure of 2.5 MPa, liquid water was present at the end of experiments,
thus, Equation 4.10 does not hold anymore. Thus the number of moles of gas
hydrates should be calculated by:

nH
tot = nV

tot,ini − nV
tot,end − nV

tot,loss − ndi

¨
§

¥
¦4.10

where, ndi is the number of moles of gas dissolved in the liquid aqueous phase.
However, the solubility within the hydrate region is difficult to determine. There-
fore, at 2.5 MPa, when aqueous liquid phase was present at the end of experiment,
the effect of the CO2 dissolution cannot be ignored. Therefore, the contribution
factor cannot be accurately calculated.

Pini[MPa] T [K] xV
M,ini xV

C,ini Std. DIV. αM αC

6.00 275.61 0.494 0.506 2.04E-3 0.34 0.66
5.99 275.65 0.484 0.516 1.86E-3 0.28 0.72
5.82 275.59 0.491 0.509 9.64E-4 0.36 0.64
5.05 275.61 0.490 0.510 2.02E-3 0.37 0.63
5.04 275.65 0.489 0.511 1.49E-3 0.36 0.64
4.89 275.81 0.475 0.525 1.69E-3 0.31 0.69
3.57 275.58 0.448 0.552 2.37E-3 0.11 0.89
3.49 275.60 0.454 0.546 1.73E-3 0.12 0.88
3.48 275.54 0.456 0.544 2.13E-3 0.14 0.86
3.15 275.75 0.462 0.538 2.39E-3 0.09 0.91
3.08 275.54 0.463 0.537 2.09E-3 0.06 0.94

Table 4.1: Computed gas hydrate contribution of CH4 and CO2 under various
initial pressures. 3 repetitive GC tests were performed for each sample. Standard
deviation was calculated from the 3 GC results.

The data in Table 4.1 show that the CH4 contribution factor decreases with in-
creasing initial pressures. At an initial pressure of 6.0 and 5.0 MPa on average
35% of the gas captured in gas hydrates is methane. At these high initial pres-
sures, both CO2 and CH4 hydrates are stable. The gas hydrates in the cell are a
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mixture of CO2 and CH4 hydrates but they contains more CO2 than methane.
This indicates that at a condition where both CO2 and CH4 hydrate are able to
form, the CO2 are still more favourable to form hydrates than CH4.

In the binary CH4 + H2O system, the phase equilibrium pressure is 3.43 MPa
at 275.65 K (See Figure 4.1). However, in our experiments, no methane hydrate
formation was noticed for initial pressure of 3.5 MPa in the binary system. In
the ternary system (CO2 +CH4 +H2O), methane hydrates were identified at the
initial pressure of 3.5 MPa and 12% of the formed gas hydrates were captured
by methane. At lower pressures (at 3.0 MPa) 7% of the gas hydrates contain
methane. This implies that even at conditions under which no CH4 hydrates can
be formed in the binary system (CH4 + H2O), methane can still be captured
by water cavities due to the presence of CO2 (or CO2 hydrates). When CO2

hydrates start to form, the water molecules organise around the CO2 molecules
forming hydrogen bonds. It would probably help to attract methane molecules
and forms hydrates. However, more work on molecular simulation is needed to
identity the microscopic mechanism.
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Figure 4.13: Pressure profile during gas hydrate formation in the ternary (CO2 +
CH4 + H2O) and binary (CH4 + H2O) system. Both experiments were operated
at an initial pressure of 5.0 MPa and a constant temperature of 275.65 K.

To further illustrate the difference between gas hydrate formation from a mixed
gas phase and pure gas phase, the pressure decline curves were compared. The
hydrate formation experiment of the two binary systems of CO2 + H2O and
CH4 +H2O cannot be operated at the same initial pressure. At high initial pres-
sures, CO2 condenses and at low initial pressures CH4 cannot form gas hydrates.
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Figure 4.14: Pressure profile during gas hydrate formation in the ternary (CO2 +
CH4 + H2O) and binary (CO2 + H2O) system. Both experiments were operated
at an initial pressure of 3.5 MPa and a constant temperature of 275.65 K.

Therefore, the pressure curves during CH4 hydrate formation and the mixed gas
hydrate formation were shown in Figure 4.13 with an initial pressure of 5.0 MPa.
The pressure decline of CO2+H2O binary and CO2+CH4+H2O ternary system
were depicted in Figure 4.14 with an initial pressure of 3.5 MPa.

It can be seen that the pressure depletion for the ternary system was faster than
for the CH4 binary system but slower than the CO2 binary system. This implies
that mixed gas hydrate formation is faster than CH4 hydrate formation.

As already explained in Section 4.2, the H −Lw −V curve of the ternary system
lies in between the H −Lw−V curve of the CO2 +H2O and CH4 +H2O binary
systems. The results of our experiments indicate that a similar behaviour holds
also for the kinetic hydrate formation. When gas hydrates are formed from a
gas mixture consisting A and B, assuming gas A forms gas hydrates faster than
gas B in their respective binary system (RA>RB

4). Then the overall hydrate
formation rate of the ternary system is between the formation rates of the two
binary systems (RA>RAB>RB).

4RA indicating the gas hydrate formation rate of A. RAB indicating the formation rate of
the mixed hydrates by A+B gas mixtures.

57



CHAPTER 4. HYDRATE FORMATION AND EXCHANGE IN TERNARY
SYSTEMS

4.4.2 Exchange of CH4 by CO2 in Methane Hydrates

The experiment of exchange methane by CO2 within already formed gas hydrates
without dissociation was performed in 3 separate steps: 1) formation of methane
hydrates and 2) replacing CH4 with CO2 in gas hydrates; 3) dissociation of the
gas hydrates. The results of each process will be discussed below separately.

4.4.2.1 Methane Hydrates Formation

Figure 4.15 shows the pressure decline during methane hydrate formation at a
constant temperature of 276.15 K. The initial pressure was set to 7.0 MPa but
varied slightly for each experiment within the methane hydrate stability zone
(see Figure 4.15). The initial amount of water and CH4 were chosen as such that
after gas hydrate formation no liquid water was present. This was to avoid CO2

dissolution in the liquid aqueous phase which would make the interpretation of
the data inconclusive.

According to the phase diagram of the CH4 + H2O system (Figure 4.1), the
H −Lw − V equilibrium pressure at 276.15K is 3.5 MPa [27]. However, from the
pressure decline curve in Figure 4.15, it can be seen that the pressure stabilises
at a higher pressure than the equilibrium pressure. This means that the water
initially present in the cell has been consumed completely leaving excess CH4 in
the cell.

Three experiments were performed. The pressure decline curves for experiment
1 and 2 almost overlap which shows a good reproducibility. During the CH4

hydrate formation, the pressure in experiment 1 and 2 dropped from 6.95 and
6.85 MPa to 4.58 and 4.64 MPa. For experiment 3, the pressure dropped from 7.15
MPa to 4.80 MPa. The stabilised pressure of experiment 3 is slightly higher than
experiment 1 and 2. This is due to the accidental water loss when dissociating
the previously formed gas hydrates. Therefore, experiment 3 has less water in
the cell than for experiment 1 and 2.

4.4.2.2 CH4 − CO2 Exchange Process

After CH4 hydrate formation, CH4 in the vapour phase was removed by flushing
pre-cooled CO2 through the cell. The flushing pressure was raised 0.3 to 0.5 MPa
higher than the stabilised pressure to avoid dissociation of methane hydrates.
For experiment 3, the pressure stabilised at a higher pressure, thus the flushing
pressure is also higher (see Figure 4.16).

After flushing the gas phase with CO2, the values were closed. Initially the
pressure dropped steeply for about 10 hours (see Figure 4.16). Accordingly, the
mole fractions of CH4 in the gas phase decreased from 0.09 (initial value) to 0.05
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Figure 4.15: Methane hydrate formation at T = 276.15K. The initial pressure
for experiment 1, 2 and 3 are 6.95 MPa, 6.85 MPa and 7.15 MPa respectively.
The final pressures are 4.58 MPa, 4.64 MPa and 4.8 MPa. Experiment 1 is the
initial experiment, experiment 2 is the repeated experiment immediately after
experiment 1. Experiment 3 has a higher stabilised pressure due to accidental
water loss during previous dissociation of gas hydrates.

in this period (see Figure 4.17). It can also be seen in Figure 4.18 that the amount
of methane in the gas phase decreased from 4.67×10−3 to 3.04×10−3 mole from
time 0 to 25 hours. This pressure decline accompanied by CH4 mole fraction
decrease in the gas phase indicates methane hydrate formation. The flushing
pressure which is higher than the stabilised pressure, provides extra driving force
to the system. Therefore, the secondary methane hydrate formation could be
initiated by occupying the water cavities which have not been completely filled
by the initial methane hydrate formation.

After pressure stabilisation, the methane content in the gas phase gradually in-
creased with time as shown in Figure 4.17, indicating the actual replacement of
CH4 by CO2 in the gas hydrate. The error between experiment 1 and 2 with
respect to the gas phase composition is ±1.5 mol%. The exchange process in ex-
periment 3 is slower than for the first two experiments due to the higher flushing
pressure. At end of the exchange process 4.75×10−3 moles of CH4 were replaced
by CO2 (see Figure 4.18).

After 300 hours, the pressure and the gas phase mole fractions hardly change
(see Figure 4.16). At the end of the exchange process, the CO2 composition in
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Figure 4.16: Pressure as a function of time during the CH4 − CO2 exchange.
After CO2 flushing, the starting pressure for experiment 1, 2 and 3 is 4.79 MPa,
4.88 MPa and 5.3 MPa respectively. T=276.15 K.

0 100 200 300 400 500
0.85

0.9

0.95

1

Time [hr]

C
O

2 fr
ac

tio
n 

[−
]

 

 
EXP1
EXP2
EXP3

0 100 200 300 400 500
0

0.05

0.1

0.15

Time [hr]

C
H

4 fr
ac

tio
n 

[−
]

 

 

EXP1
EXP2
EXP3

Figure 4.17: CH4−CO2 exchange in the gas hydrates. CO2 and CH4 composition
changes in the gas phase. Temperature is constant at 276.15 K.
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Figure 4.18: Average number of moles of CH4 exchanged by CO2 in the hydrate
phase (∆nH

CH4
). Error bars are determined from 3 experiments.

the gas phase is 85%. This suggests that not all CH4 is replaced by the CO2

in the gas hydrates. Most likely, the exchange process only takes place near
the interface between the solid hydrate phase and the gas phase. After CH4 is
replaced by CO2 in the top hydrate layers, there is no direct contact between
methane hydrates and CO2. Further exchange is limited by the diffusion of CO2

through the already formed CO2 hydrate layer into the CH4 hydrates and by
CH4 diffusion through the hydrate layer towards the gas phase.

The results indicate that the replacement of CH4 by CO2 as guest molecule in
CH4 hydrate cavities is feasible even at conditions where the CH4 hydrates are
expected to be stable. However, this process is rather slow. The exchange of
CH4 with CO2 at solid surfaces is time consuming because the mechanics of
this process are probably related to the reorganisation of the water cavities. The
exchange only takes place in the gas hydrates close to the solid-gas interface. Thus
the area of interface is another factor controlling the efficiency of the exchange
process.

4.4.2.3 Gas Hydrate Dissociation

The dissociation experiment was started once the composition of the gas phase did
not considerably change anymore. The pressure in the cell was released in steps
of 0.5 MPa using a back pressure regulator. The gas released by dissociation
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after each pressure step was analysed. The results are shown in Figure 4.19.
The upper graph shows the mole fractions of CO2 and the lower graph shows
the mole fractions of methane. The solid lines in the graphs correspond to the
stepwise pressure release. The graph shows that the CO2 mole fractions in the
gas phase first increase, then CO2 and CH4 mole fractions remain approximately
constant before the CH4 mole fractions increase further with decreasing pressure.
When atmospheric pressure has been reached, the CO2 content in the gas phase
increases abruptly again.
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Figure 4.19: Composition change in the gas phase during stepwise gas hydrate
dissociation. The top one shows the mole fractions of CO2 and the bottom one
shows the one for CH4. The solid line indicates the stepwise decrease of pressure
in the cell.

This behaviour can be explained as follows: when the pressure decreases, the top
layer of the gas hydrate phase is dissociated first. The amount of CO2 captured in
this layer is higher than the amount of CH4 and consequently the CO2 amount in
the gas phase increases. When this first layer has been dissociated at a pressure
lower than 2.0 MPa, gas hydrates containing CH4 start to dissociate. At this
stage, the CH4 content in the gas phase increases substantially. Finally the lower
layers of methane hydrates are completely dissociated. The amount of dissociated
methane hydrates confirms that the exchange of CH4 by CO2 did not reach the
deeper hydrate layers. This also explains why the pressures at the end of the
exchange experiment for all runs are the same even though less CH4 hydrates
have been formed for experiment 3. The strong increase of CO2 content in the
gas phase when atmospheric pressure is reached, is due to CO2 released from the
aqueous liquid phase.
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It is interesting to note that the pressure at which the methane mole fraction
increases (indicating the dissociation of methane hydrate) is much lower than
the H − Lw − V equilibrium pressure of the binary CH4+H2O system. This
could be explained by the fact that CH4 hydrates are protected by the CO2

hydrate layer at the interface. Only after the complete dissociation of this layer,
the methane hydrates start to dissociate. The presence of CO2 hydrates in the
interface inhibits, or in other words, delays the dissociation of methane hydrates.

4.5 Conclusions

4.5.1 Formation Kinetics of Ternary System

A series of experiments was carried out to study the kinetics of gas hydrate
formation from a mixed gas phase consisting CO2 and CH4. With this study,
the feasibility of using gas hydrates for gas separation was investigated. This is
also of importance for the combined CH4 production by CO2 injection into gas
hydrate bearing layers.

In the ternary CO2 +CH4 +H2O system, the mole fraction of methane in the gas
phase increases during gas hydrate formation, while the CO2 mole fraction de-
creases. It indicates that CO2 hydrate formation is more favourable than methane
hydrate formation in all pressure ranges tested in this study. At low initial pres-
sures less CH4 is consumed to form hydrates. When initial pressure increases,
more methane is incorporated in gas hydrates. However, the formed gas hydrates
still contains mainly CO2 (65% of the total gas hydrates are CO2 hydrates) even
for experiment with an initial pressure of 6.0 MPa which is far into the gas hydrate
stable zone of the binary CH4 + H2O system.

Methane hydrate formation at low initial pressures where no CH4 hydrates would
form in the binary CH4 + H2O system, is confirmed in the ternary system of
CH4 + CO2 + H2O.

It was found that the (mixed) gas hydrate formation rate in the ternary system
is faster than CH4 hydrate formation rate for the binary system (CH4 + H2O).
The presence of a component, such as CO2, which forms gas hydrates faster and
at lower pressures, promotes methane hydrate formation and stabilises these gas
hydrates at lower pressures than for pure methane.

Gas separation by means of gas hydrate formation is challenging for CO2 and CH4

gas mixtures. The most successful separation of CO2 and CH4 was established at
low initial pressures (when pressures are lower than 3.5 MPa). These pressures are
lower than the H−Lw−V equilibrium pressure of the binary CH4+H2O system.
At these conditions, the CO2 content in the gas mixtures could be reduced from
55 mol% to 37 mol% . A better separation might be achieved by optimising the
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design of the reaction cells, e.g. using a multi-stage or water spray systems. The
gas hydrates formed at these conditions are still a mixture of CO2 and CH4. This
means that multiple stages (secondary, ternary etc.) separation are required to
improve the separation. The gas hydrate formation time is long, thus, efforts
to improve the efficiency of the separation should also focus on reducing the
formation time.

4.5.2 Exchange of Methane by CO2 within gas hydrates

The exchange of CH4 by CO2 in formed CH4 hydrates without hydrate dissoci-
ation was confirmed. The exchange mainly takes place at the interface between
the solid hydrate and the gas phase. Exchange of the guest molecules in the gas
hydrates in the deeper hydrate layers is controlled by diffusion of CH4 and CO2

through the solid gas hydrate phase.

The CO2 hydrate layer at the interface between the gas and solid hydrate phase
shields the deeper methane hydrates in the hydrate bulk. Therefore, dissocia-
tion of methane hydrates is observed at lower pressures than the H − Lw − V
equilibrium pressure of the binary CH4 + H2O system.

The rate of exchange of CH4 by CO2 in gas hydrates is slow and the amount
of exchanged guest molecules is limited by the size of interfacial area between
the gas and solid hydrate phase. These are the two main limiting factors for
the efficiency of the exchange process. It is suggested to apply this exchange
experiment in a porous media. The interface between gas and hydrate is larger in
porous media than in bulk conditions, thus even though the injection of CO2 is
more complicated, a better exchange of the guest molecules would be expected.
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5
Gas Hydrate Formation in Porous Media

In the previous chapters, gas hydrate formation in the bulk phase was investi-
gated. However, for the combined natural gas production and CO2 sequestration
in gas hydrate bearing reservoirs, knowledge about gas hydrate formation in
porous media is crucial. Therefore, this chapter is devoted to the gas hydrate
formation kinetics in porous media.

5.1 Introduction

The study of the formation and dissociation of gas hydrates in porous media can
provide knowledge and data on kinetics behaviour of gas hydrates e.g. reaction
rate and influence of physical parameters on gas hydrate formation in reservoir
conditions. This knowledge has extraordinary significance for gas production
from natural gas hydrate reservoirs combined with carbon dioxide storage.

As already discussed in Chapter 2, the phase behaviour and the gas hydrate
formation of binary systems are different in porous media than in the bulk phase.
The H −Lw − V equilibrium curve in porous media shifts to lower temperatures
or higher pressures compared to the conditions in the bulk phase [48, 128, 25,
129, 2, 3]. Handa and Stupin [48] characterised this behaviour as inhibition effect
of the porous media.

However, it was proven that for pore sizes larger than 0.06 µm this inhibition is
negligible [124, 126, 3]. In general, most sub-sea hydrate bearing sediments have
pore sizes much larger than this value (e.g. typical pore size for medium grain
sized sandstone reservoir is around 10 µm [145]). Thus it can be assumed that
the phase behaviour is not affected in porous media, if pores are sufficiently large.

It was found by several research groups [58, 111] and also in this study, that the
gas hydrates grow at the water-gas, ice-gas and hydrate-gas interfaces. Typically

65



CHAPTER 5. GAS HYDRATE FORMATION IN POROUS MEDIA

sandstone reservoirs1 are water-wet, so the grain surface is covered by a thin
water film. Consequently, the interface between the aqueous and the gas phase in
porous media is much larger than the interface in the bulk at the same conditions.
In bulk experiments, gas hydrate formation could be enhanced by dispersion of
gas bubbles in the aqueous liquid phase by means of agitation. But in porous
media the gas-liquid interface cannot be easily increased by agitation (except
acoustically). Even though initially the interface between gas and liquid phase
is larger than in bulk, the contact area between gas and water decreases during
hydrate formation. Therefore, it is expected that the kinetics of gas hydrate
formation in porous media will differ from that found during bulk experiments.

A number of studies have been published on gas hydrate formation in porous
media. These publications mainly focus on the impact of the porous medium on
the thermodynamic behaviour. Only a few groups investigated the actual gas
hydrate formation in porous medium [15, 115, 44, 37]. Many published studies
were done in unconsolidated porous media, e.g. Holland et al. [55], Waite et al.
[143, 144], Spangenberg et al. [115]. Graue et al. [44] published NMR studies
of hydrate formation and exchange in consolidated porous media. While studies
reported in the literature provide good description of gas hydrate formation and
dissociation. The corresponding kinetics aspects are not completely understood.
The focus of this study is investigation the kinetics of gas hydrate formation
in consolidated porous media. Our experiments were performed using a glued
glass beads core with an average pore size large enough to assume that there is
no inhibition effect on the phase behaviour. The gas hydrate formation rate in
porous media and the influence of pressure, temperature, and gas injection rate
on the gas hydrate formation were studied in detail. The results of this study
give insight on gas hydrate reservoir behaviour and the possibility to sequestrate
CO2 in the form of gas hydrates. X-ray images of the gas hydrates in the porous
media were obtained to analyse the distribution of the formed gas hydrates in
the core.

5.2 Experiments

5.2.1 Material

For gas hydrate formation in porous media, only CO2 with a purity of 99.7 mol%
(Linde Company) was used to conduct the experiments2. The water used was
double-distilled water. The porous core sample was made of uniformly sized glass
beads. The average size of the glass beads (manufactured by SCHOTT AR-Glas)
is 1.8 mm with a variation of ± 0.1 mm.

1Most gas hydrate bearing layers are sandstone or sand-beds, other geology sediments e.g.
clay can also be a proper hydrate bearing layer, but it is out of the scope of this study.

2The CH4 experiment in porous media takes too long to be feasible in this study.
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5.2.2 Experimental Set-up

The porous media was made by uniform sized glass beads glued together using
a resin. The glue coats the beads and hold them in position. The detailed
preparation of the porous media core can be found in Appendix B. The properties
of the synthetic glass beads core are given in Table 5.1.

Table 5.1: Properties of the glass-beads core
Parameter

Mass of tube 0.46 kg
Tube inside diameter (Din) 0.06 m
Cross-sectional area (A) 2.83× 10−3 m2

Mass of glass beads 1.39 kg
Length of core 0.31 m
Pore volume (Vp) 2.86× 10−4 m3

Porosity (φ) 0.32 –
Permeability (k) 2.60× 10−10 m2

Water saturation 0.58 –

The set-up used to perform the experiments is shown in Figure 5.1. It consists of
a high grade aluminium core holder designed to withstand pressures up to 13.0
MPa. The length of the core holder is 0.32 m and the diameter is 0.10 m. At
the inlet of the core there are three ports: two for injection of water and gas
respectively and the third houses a thermocouple for temperature monitoring.
At the core outlet, one port was used for the out-flow of the gas, the other port
was used for temperature monitoring. The temperature in the core was kept
constant by circulating water through the cooling chamber which is mounted
to the outside of the core holder. A certain amount of ethanol is added to the
cooling water to achieve a lower cooling temperature without freezing he water.
Pressure sensors were connected to the inlet and outlet to determine the pressure
drop over the whole core. A mass flow regulator (SIERRA. digital) was attached
to the injection line. The maximum operating pressure for this flow controller is
3.0 MPa for CO2 gas, and it regulates the flow rate between 0-900 ml/min. For
extra control, the flow rate can additionally be set manually with a needle valve.

A thermostat of the type LAUDA RE 220 was used to regulate temperature in
a range between 253 and 423 K and allowed to maintain a constant temperature
within ± 0.20 K. The temperatures at the beginning and at the end of the core
were determined using THERMOCOAX thermal sensors. Pressures were deter-
mined using Druck PTX 600 pressure transducers. These pressure transducers
can withstand a maximum pressure of 15.0 MPa with an accuracy of 0.08 %
over its measurement range. The temperature, pressure and flow rate data were
collected on a PC using an in-house data acquisition system and software.
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Figure 5.1: Schematic of the experimental set up for investigation of the gas
hydrate formation in porous media

5.2.3 Determination of Porosity and Permeability

The porosity of the glass bead core can be usually estimated by Equation 5.1 and
5.2. By Equation 5.1 it is difficult to estimate the influence of the glue, therefore,
Equation 5.2 is used to determine the porosity.

φ =
Vp

Vtot
=

Vtot −mglassbeads/ρglassbeads

Vtot

¨
§

¥
¦5.1

φ = Vw,i − Vw,o

¨
§

¥
¦5.2

It is done by determining the water volume injected into the core. The core
was previously flushed with CO2. Then double distilled and degassed water was
injected from the bottom of the core at a pressure of 1.5 MPa. A slow flow rate of
30 ml/h was applied to ensure a better displacement of CO2. When no bubbles
was released from the liquid flowing out of the core, the injection was continued
for another 24 hours to make sure no CO2 was left in the core. The total volume
of water injected (Vw,i) and volume of produced water (Vw,o) was determined.
The pore volume of the core was determined by subtraction Vw,o from Vw,i.

The permeability of the sample was determined by the standard technique. After
fully saturating the core with water, the core was placed horizontally and water
was injected through the core using a piston pump at five different flow rates
ranging from 100 and 500 ml/h. The accuracy of the pump is within 2 ml/h.
During the water injection, the pressure drop over the core was determined by
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a pressure difference gauge with an operating range from 0 to 1000 Pa (gauge
pressure). Due to the horizontal position, the gravity effects could be neglected,
the permeability was estimated using Darcy’s Equation 5.3:

Q =
kA

µ

∆P

L

¨
§

¥
¦5.3

where k is the permeability, Q is flow rate, µ is the water viscosity (1.002E-3
Pa · s) and ∆P = Pi−Po is the pressure difference between inlet (Pi) and outlet
(Po). A is the cross-sectional area of the core sample and L is the length of the
core. (see Table 5.1). The pressure drop over the core as a function of the flow
rate and the computed permeability are shown in Figure 5.2.
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Figure 5.2: Pressure drop and determined permeability of the glass-bead core at
various flow rates

5.2.4 X-ray CT Imaging

X-ray Computed Tomography (CT) enables the visualisation through an optically
opaque objects by reconstructing the X-ray attenuation coefficients from multi-
directional X-ray transmission data [150].

The attenuation coefficient is described by the Beer-Lambert law [10] as follow:

I = I0e
αx

¨
§

¥
¦5.4
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where, α is the attenuation coefficient, I0 and I are the emitted and the measured
X-ray intensities respectively, x is the path crossed by the X-ray beam through
the examined object.

The attenuation coefficient is proportional to the density of a substance, it is
given by:

α = ρ

[
σ(E) + b

Z3.8

E3.2

] ¨
§

¥
¦5.5

where ρ is the bulk density, σ(E) is the Klein-Nishina coefficient, b is a constant
(b = 9.8 × 1024), Z is the atomic number of the substance and E is the X-ray
photon energy (in keV) [150].

The medical CT scanner used for the experiments gives the X-ray attenuation
data which is given in international standard Hounsfield Units, representing the
attenuation of a sample relative to the attenuation of pure water (Equation 5.6).
The Hounsfield Unit gives values in a range -1000 to 3000HU, where for vacuum
HU = −1000 and for water HU = 0.

HU(x, y, z, t) = 1000
[
α(x, y, z, t)

αw
− 1

] ¨
§

¥
¦5.6

The visualisation of the gas hydrate formation and dissociation by means of CT-
scanning add extra requirements to the experimental set-up. The choice of using
high-grade aluminium as a core holder is because not only can it withstand high
pressures but it also has a low X-ray attenuation. The high thermal conductivity
also makes it efficient to conduct heat/cold.

5.2.5 Experimental Procedure: Without CT-Scan

All gas hydrate formation experiments in porous media were done according to
the procedures described below. Additionally, a summary of the essential steps
can be found in Table 5.2.

First, the pore porosity and permeability of the core sample were determined
by the method discussed above (see Section 5.2.3). When the core was fully
saturated with water, the set up was ready to start an experiment.

The desired water saturation in the core is established by injecting CO2 at a
controlled low flow rate of 20 ml/min at a pressure of 0.5 MPa. The amount
of water produced due to the injection of the CO2 was determined and used to
compute the water saturation in the core:
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Sw =
(mw,i −mw,o)/ρw

Vp

¨
§

¥
¦5.7

where, mw,i is the mass of water initially in the core, mw,o is the mass of water
produced, Vp is the pore volume determined previously and ρw is the density of
the water.

After desired water saturation was reached, the cooling of the core was started.
The cooling was started at low a pressure to avoid CO2 hydrate formation before
the actual experiment started. When the temperatures determined at both ends
of the core were equal and stable, CO2 was further injected until the desired
initial pressure was reached. Then, the inlet valve was closed. When gas was
injected with a flow rate of 450 ml/min, it took around 30 minutes to reach the
desired initial pressure of 3.0 MPa.

The pressure gauges in the inlet and outlet lines were connected with the core
and the pressure was monitored. The experiment terminated when the pressure
stabilised. Next, the core was prepared for the subsequent experiment. Gas
hydrates were dissociated by slowly releasing pressure to atmospheric pressure.
The gas hydrate dissociation was done with very small steps to make sure that
no water was flowing out of the core3. In this way, it can be assumed that
the subsequent experiment has the same level of water saturation as the first
experiment and allowing comparison of the sets of data. After the system reached
atmospheric pressure, a new experiment was started with injection of gas into the
core again.

Table 5.2: Summary of the important steps for in porous media experiments

Step Description Determined Parameters

step 1 Flush the core with CO2 -
step 2 Flush the core with Water Vp

step 3 Inject gas to replace water Sw

step 4 Cool down the system T(t)
step 5 Inject gas to reach desired pressure Pini

step 6 Close valves, gas hydrates formation P(t), T(t), Peq

step 7 Release pressure, gas hydrate dissociation -

3This means avoiding water being flushed out from the core. However, the amount of water
in the core might decrease slightly due to evaporation during gas hydrate dissociation. This
water loss is small with respect to the total amount of pore water in the core, thus it can be
neglected.
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5.2.6 Experimental Procedure: With CT-scan

The experiments for which X-ray CT scans were performed to visualise the gas
hydrate formation require a slightly different procedure. The previously men-
tioned steps before reach the desired water saturation of the core are the same.
After that CO2 was immediately injected to reach a desired initial pressure at
room temperature (298.15 K). Then, the cell was mounted horizontally on the
CT-table concentrically with the ring shaped gantry where X-ray tube and detec-
tors are mounted. The gantry rotates and images were taken. It is necessary to
maintain the set-up at exactly same position throughout the complete experiment
to minimise the noise of the reconstructed images.

The first cross sectional scan4 was taken along the core at a condition where no
hydrates were present. Then, the cooler was switched on and the temperature
started to decrease. CO2 hydrate formation initiated when the temperature was
sufficiently low to reach the H − Lw − V equilibrium line.

The second scan was taken after one week when the temperature and pressure
had stabilised. Duplicated scans at exact same condition were made to analysis
the system error.

5.3 Results and Discussion

5.3.1 Gas Hydrate Formation in Porous Media

CO2 hydrates was formed in the synthetic core which was initially partially sat-
urated with water. Figure 5.3 shows a typical pressure decay during the CO2

hydrate formation in the glass-bead core with an water saturation of 0.58. The
initial pressure of 3.0 MPa was achieved by injecting CO2 with a flow rate of 450
ml/min. The temperature in the system was kept constant at 275.15 K. This
experiment is used as the reference case to explain the general behaviour and
as the basis for comparison of the different experiments. The pressure decline
indicates that CO2 is consumed from the gas phase during the gas hydrate for-
mation. The pressure then stabilised at the equilibrium pressure expected for the
given temperature. The initial fast decrease of pressure indicates that the mass
transfer of CO2 into the aqueous phase and the gas hydrate formation process is
rapid. Based on the pressure data the total rate (Rt) is determined as the time
derivative of pressure:

Rt = −dP

dt

¨
§

¥
¦5.8

4The scan is cross sectional with a slice thickness of 1 mm. Altogether, 160 cross-sectional
images of the core were obtained from one single scan.
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This parameter was further used to analyse the kinetics of gas hydrate formation
in porous media. The formation rate (Rt) is a time-dependent parameter; it
decreases with time, and finally approaches zero.

In order to prove that the pressure decay in the core was mainly due to hydrate
formation, some experiments have been conducted to study the pressure decay in
the case of only CO2 dissolution in the aqueous phase without CO2 hydrate for-
mation. This is done with a low initial pressure below the H−Lw−V equilibrium
pressure of CO2 hydrates.

Before the experiments could be done, the phase behaviour available in literature
was analysed. From this, it could be concluded that the increase in the solubility
of CO2 in the aqueous phase with increasing pressure is negligible when hydrates
coexist (Hashemi et al. [49], Mooijer, [134]). Therefore, in this study it was
assumed that the solubility of CO2 at any pressure (e.g. 3.0 MPa) higher than
the equilibrium pressure of H − Lw − V curve (1.5 MPa in this study) is equal
to the solubility at the equilibrium pressure. Accordingly it can be assumed
without introducing a major error, that the solubility of CO2 in the aqueous
phase at a slightly lower pressure than the H − Lw − V equilibrium pressure is
the same as the solubility at the H−Lw−V equilibrium pressure. Based on this
assumption, experiments at a temperature of 275.15 K and an initial pressure of
1.4 MPa, which is 0.1 MPa lower than the H−Lw−V equilibrium pressure, were
conducted. At this pressure (1.4 MPa), no gas hydrate formation was observed;
the pressure decay curve is only due to dissolution of CO2 in the aqueous phase.
The obtained pressure decline curve is also valid for all the other experiments
conducted in the porous medium.

In Figure 5.3 the normalised pressure (P/Pini) decline curve for the experiment
with only CO2 dissolution at an initial pressure of 1.4 MPa and for the experiment
with CO2 hydrate formation at an initial pressure of 3.0 MPa are compared. It
can be seen that dissolution of CO2 in the aqueous phase is only responsible
for about 10% of the total pressure decrease. The main contribution of pressure
decay is due to the formation of gas hydrates.

Assuming that the dissolution of CO2 in the aqueous phase and the CO2 hydrate
formation are two independent processes, the gas formation rate (RH) can be
calculated by:

RH = Rt −Rdi =
dPtot

dt
− dPdi

dt

¨
§

¥
¦5.9

where, Rt is the total rate, Rdi is the rate of dissolution. In Figure 5.4 the total
rate (Rt) and the hydrate formation rate (RH) are plotted as a function of time.

It can be seen that the gas hydrate formation rate at the beginning of the ex-
periment has decreased from the total rate 6× 102 kPa/hr to 102 kPa/hr. This
suggests that initially, dissolution of CO2 into the aqueous liquid phase has a
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Figure 5.3: Normalised pressure (P/Pini) as a function of time during CO2 dis-
solution (Pini = 1.4 MPa) and CO2 hydrate formation experiment (Pini = 3.0
MPa) in glass bead core at a constant temperature of 275.15 K.

strong influence on the total pressure decay. However, the data show also that
CO2 hydrate formation and CO2 dissolution occur simultaneously. After about
3 hours, the further pressure decline can solely be attributed to CO2 hydrate
formation.

In theory, gas hydrates can form in two ways: in the first, which is more commonly
accepted, gas hydrates are formed at the gas-water interface [58]; the second is
gas hydrates formed by dissolving gas in the water [123, 66]. In a binary sys-
tem these two mechanisms of gas hydrate formation are difficult to distinguish.
Especially in our experiments, the water was initially saturated with CO2. The
gas dissolution and gas hydrate formation cannot be distinguished as an inde-
pendent process. Therefore, in the following sections, the gas dissolution was not
discussed separately but taken account into the total formation rate.

In Figure 5.5 the total rate (Rt) as a function of time is given. From the decreasing
trend of the total rate, different regimes can be distinguished. The first regime
describes the dissolution of CO2 into the aqueous phase and the initial gas hydrate
formation at the gas-liquid interface. It was named the ‘reaction limited’ process.

The second regime is characterised by a slow logarithmic decay of formation rate
with time (shown linearly in Figure 5.5). In this regime, there is hardly any
dissolution of CO2 in the aqueous liquid phase. At the gas-liquid interface CO2

hydrates have already been formed, so that further CO2 transfer from the gas
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Figure 5.4: Rates determined from the pressure decay with time during CO2

hydrate formation with and without the effect of CO2 dissolving into the aqueous
liquid phase.

phase into the gas hydrate phase is limited by diffusion of CO2 through this first
layer of gas hydrates. Therefore, it is denoted as ‘reaction limited’ regime.

Before pressure stabilised, the formation rate suddenly increased sharply and
finally dropped again to almost zero when pressure approached its equilibrium
value (see Figure 5.5). In this study, this regime is denoted as the ‘pre-equilibrium’
regime because it starts when the pressure is about 0.2 to 0.3 MPa higher than
the equilibrium pressure. This sudden increase in the rate before equilibrium
has been reached seems not to be an artifact because it was observed for all
experiments. However, for the gas hydrate formation experiments in the bulk
phase this behaviour was not found. By comparing the rates obtained from the
experiments in the bulk phase and the porous medium, one might speculate that
this increase is caused by a limited gas-liquid contact in the porous media. During
the bulk phase experiments, the system was continuously agitated so that the
interface between the gas and the water was constantly renewed. The formation
of gas hydrate was uniform (macroscopically). Consequently, only one gas hydrate
formation process was observed before equilibrium was reached (see Figure 5.6).
The hydrate formation rate in the bulk also decreased in a logarithmic manner,
but it is 10 times higher than the formation rate in the porous media.

The kinetics before a system reaches equilibrium is not fully understood for both
bulk and porous media systems. In bulk, Englezos’s [34, 35] kinetics model can
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Figure 5.6: CO2 hydrate formation rate calculated from bulk experiments in
Chapter 3. Here the rate declines smoothly before equilibrium pressure is reached.
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only predict the formation rate when it is constant. The model by Kawamura et
al. [62] also failed to predict the slowdown of the formation rate before reaching
equilibrium. Studies which focusing on the pre-equilibrium process in porous
media are scarce. Unfortunately, the experimental data at hand do not provide
sufficient information to clarify the responsible mechanism for this behaviour.
Experiments on microscopic level might reveal the cause for it. But these are out
of the scope of this study. Therefore, the ‘pre-equilibrium’ process will not be
discussed any further below.

5.3.2 Influence of gas injection rate

The first set of experiments was done by injecting gas directly from the gas vessel
with a high flow rate controlled solely by the pressure in the gas vessel (3.5 MPa)
and was manually adjusted with a needle valve. Consequently, the injection rate
was not the same for the different experiments and the injection time to reach
the desired initial pressure of 3.0 MPa varied between 20 to 40 seconds. In a bulk
system, the injection rate was found to have no influence on the formation of gas
hydrates. However, in porous media the injection rate is a sensitive parameter.

In Figure 5.7 the pressure decline curves of four experiments performed at the
same initial pressure of 3.0 MPa and temperature of 275.15 K are shown. These
experiments only differ in the time which was needed to reach the initial pressure
(25, 30, 40 seconds respectively). In Figure 5.8 the total rate (dP/dt) during gas
hydrate formation is shown.

The reproducibility of the pressure decay curves is low. Even for the same in-
jection time of 40 seconds, the pressure decay curve is different. From these
experiments two types of pressure curves can be found. For some experiments
(e.g. tinj = 30s in Figure 5.7), the pressure declined smoothly with time, for
others (e.g. tinj = 25s in Figure 5.7) the pressure decay slows down for some
time before it suddenly increases again at an early stage of gas hydrate formation
(Figure 5.7 at t = 3hr). It can be seen more clearly in Figure 5.8 that the forma-
tion rate suddenly increases about 10 times. Interestingly, the peak value of the
formation rate increase for all experiments is almost the same at 3000 kPa/hr;
even though the time at which these peak values occur were random. In Table
5.3 the absolute value of formation rates for the different experiments is listed.
It was found that the increase in the formation rate has no clear relationship to
the gas injection rate.

Possible explanations for this sudden formation increase might be: (1) due to
the gas compression during the gas injection a local temperature variance could
occur (Joule Thompson effect). (2) due to the unsteady injection rate the gas
is irregularly distributed in the porous space of the core. Consequently diffusion
barriers or even blocking zones could have been formed.
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Figure 5.7: Pressure decay curve for CO2 gas hydrate formation experiments in
glass bead core. Initial pressure is 3.0 MPa and the temperature is constant at
275.15 K. The injection time varies from 20 to 40s.
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Figure 5.8: Rates during CO2 gas hydrate formation experiments in glass bead
core. Initial pressure is 3.0 MPa and the temperature is constant at 275.15 K.
The injection time varies from 20 to 40s.
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Table 5.3: Data of CO2 gas hydrate formation experiments in glass-beads core.
Pini is the initial pressure of experiments, T1 is the time at which increase of for-
mation rate occurs, Rt1 is the formation rate before the increase, Rt2 is formation
rate after the increase, ∆Rt is the absolute rate increase.

Pini T1 Rt1 Rt2 ∆Rt

[kPa] [h] [kPa/h] [kPa/h] [kPa/h]

3000 0.52 576 2952 2376
3000 2.43 100 2880 2780
3000 2.11 144 2808 2664
2500 0.16 1000 2952 1952
2500 0.64 288 2304 2016
2500 0.79 256 2252 1996
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Figure 5.9: Pressure decay curve for CO2 gas hydrate formation experiments in
glass bead core. Initial pressure is 3.0 MPa and the temperature is constant at
275.15 K. The injection rate is 450 ml/min.

In the subsequent experiments the injection rate of CO2 to reach the desired
initial pressure was controlled to 450 ml/min. With this injection rate, the
initial pressure of 3.0 MPa was reached after 27 minutes, while in the previous
experiments it took less than 1 minute. In Figure 5.9 and 5.10 the pressure and
rates as a function of time are given. The pressure decreases from the initial 3.0
MPa to the equilibrium pressure of 1.53 MPa in 38 hours. It can be seen from
Figure 5.9 and 5.10 that the pressure and formation rate data overlap for three
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Figure 5.10: Gas hydrate formation rate curve for CO2 gas hydrate formation
experiments in glass bead core. Initial pressure is 3.0 MPa and the temperature
is constant at 275.15 K. The injection rate is 450 ml/min.
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Figure 5.11: Pressure decay curve for CO2 gas hydrate formation experiments in
glass bead core. Initial pressure is 3.0 MPa and the temperature is constant at
275.15 K. Injection rate varies from 200 to 900 ml/min

experiments which show an excellent reproducibility. Controlling the injection
rate improves the reproducibility and the pressure drop is smooth.
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Figure 5.12: Gas hydrate formation rate curve for CO2 gas hydrate formation
experiments in glass-beads core. Initial pressure is 3.0 MPa and the temperature
is constant at 275.15 K. Injection rate varies from 200 to 900 ml/min

In this study, experiments were performed at least twice under the same condi-
tions to check their reproducibility. It was found that the reproducibility is as
good as shown in Figures 5.9 and 5.10. Therefore, in the following discussions,
only one experimental result from each series of experiments will be shown.

The sensitivity study of the gas injection rate to gas hydrate formation was to
investigate the feasible injection rate of CO2 into the reservoir for sequestration.
Figure 5.11 shows the pressure decay and Figure 5.12 shows the rate during CO2

hydrate formation with different gas injection rates of 200, 450 and 900 ml/min.
The temperature and initial pressures for these experiments were identical.

The pressure profiles reveal that the equilibration time5 is shortened when the gas
injection rate increases. The equilibration time was decreased by 23 hours when
gas injection rate was increased from 200 to 450 ml/min, while the difference
in equilibration time between 450 and 900 ml/min was only 5 hours. But the
equilibration time did not linearly decrease with increasing the injection rate. In
the range between 450 and 900 ml/min, the influence on equilibration time was
less significant as in the range from 200 to 450 ml/min (as seen in the subplot of
Figure 5.11).

Figure 5.12 shows that for the reaction limited regime (t . 5 hr), the gas hydrate
formation rate for experiment with an injection rate of 200 ml/min is the slowest.
When entering the diffusion limited regime, the formation rates are almost the

5The equilibrium time is defined at the point when dP/dt smaller than 1kPa/hr.
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same for all injection rates at a time range of 5 . t . 15 hr. Afterwards, the gas
hydrate formation rate of 200 ml/min increased slightly. Nevertheless seen from
the overall process, the slope of formation rate for 900 ml/min is most steep,
meaning that gas hydrate formation is fastest. The high injection rate might
create more turbulence to the flow, thus resulting in a larger interfacial area.
This could be a possible explanation to the higher formation rate for experiment
with an high injection rate.

It can be concluded that in the diffusion limited process, the formation rate is not
very sensitive to the injection rate, especially in the range between 450 ml/min
and 900 ml/min. Small changes of the gas injection rate within these ranges
cannot effect the hydrate growth in the porous media.

5.3.3 Influence of Initial Pressure

From gas hydrate formation experiments in the bulk (Chapter 3), it was concluded
that the initial pressure has a strong influence on the gas hydrate formation. In
the following, the impact of the initial pressure on the gas hydrate formation in
porous medium is discussed based on the results of experiments with an initial
pressure of either 3.0 MPa or 2.5 MPa. Both experiments have been conducted
at a constant temperature of 275.15 K and CO2 was injected at a rate of 450
ml/min.
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Figure 5.13: Pressure decay curve during gas hydrate formation in glass bead
core. Injection rate is 450 ml/min, temperature is 275.15 K. Initial pressure is
either 3.0 MPa or 2.5 MPa.
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Figure 5.14: Rates during CO2 hydrate formation in glass-beads core. Injection
rate is 450 ml/min, temperature is 275.15 K. Initial pressure is either 3.0 MPa
or 2.5 MPa.

Figure 5.13 shows the pressure decay for the two experiments. For both experi-
ments, the same equilibrium pressure of 1.51 MPa was reached. The time for the
pressure to stabilise is about 5 hours for the experiments at initial pressure of 2.5
MPa, while for experiment with an initial pressure of 3.0 MPa the equilibration
time is 38 hours. To allow for better comparison a normalised pressure (P/Pini)
decay was also displayed as a subplot in Figure 5.13. The normalised pressure
plot clearly shows that the pressure drops faster for an initial pressure of 2.5 MPa.

Figure 5.14 depicts the gas hydrate total rate as a function of time at an initial
pressure of 2.5 and 3.0 MPa. In the first 4 hours, the formation rate at a low initial
pressure was slightly higher than the formation rate with an initial pressure of
3.0 MPa. Afterwards, the formation rate for initial pressure of 2.5 MPa decreased
dramatically because the system entered the equilibrium state.

It can be seen from Figure 5.13 and Figure 5.14 that after 4 hours the system
almost reached equilibrium for the experiment with an initial pressure of 2.5 MPa.
This indicates that the gas consumed in the reaction limited process brought the
system near the equilibrium already. The driving forces was released, therefore,
further diffusion-limited process was not necessary (see Figure 5.14). The pre-
equilibrium process initiated immediately after the reaction limited regime in
stead of the diffusion-limited regime and bring the system finally into a state of
equilibrium.
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5.3.4 Influence of Relaxation Time

In this study, the dissociation of the gas hydrates was done by releasing pressure
at a slow flow rate to make sure that no water was been flushed out. This process
took around 15-20 hours to complete. The relaxation time is the time between
complete dissociation of the hydrates and starting of a new formation experiment.
It was concluded from bulk experiments that the memory effect of water could
reduce the nucleation time significantly (see Chapter 3). In the porous media
experiment the nucleation time is already greatly reduced due to use the water
with ‘memory’ effect, and possibly the silica surface of the glass beads acts as
seed for hydrate formation. Therefore, in the following, the influence of relaxation
time on the gas hydrate formation in the porous media will be discussed.

Two set of experiments were conducted and compared: 1) experiments with
almost no relaxation time; 2) experiments with 15 hours of relaxation time at
atmospheric conditions. In both cases, the temperature was kept constant at
275.15 K and initial pressure was 3.0 MPa.
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Figure 5.15: Pressure decay curve for CO2 gas hydrate formation experiments
in glass bead core. Injection rate is 450 ml/min, temperature is 275.15 K, and
the initial pressure is 3.0 MPa. Experiments are done directly after preceding
experiment (without relaxation) and after 15 hours (with relaxation).
Figure 5.15 shows the pressure decay curves for the experiments with and without
relaxation time. As expected, the equilibrium pressure for both experiments was
the same (at 1.5 MPa). It showed clearly that the time to reach the equilibrium
is 25 hours shorter for the experiment with relaxation. Figure 5.16 shows that in
the reaction-limited regime (t . 5 hr) the gas hydrate formation rate is higher
for experiment with relaxation. However, in the reaction-limited regime, the
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Figure 5.16: Rates during CO2 gas hydrate formation experiments in glass bead
core. Injection rate is 450 ml/min, temperature is 275.15 K, and the initial
pressure is 3.0 MPa. Experiments are done directly after preceding experiment
(without relaxation) and after 15 hours (with relaxation).

formation rate is similar for both experiments.

The memory effect of water, which can be interpreted as the structuring of the
water, gradually fades with relaxation time. Water has the strongest memory
effect when new experiment started immediately after the previously formed hy-
drates were dissociated. With 15 hours relaxation time, the memory effect is
weaker. Results suggest that with a stronger memory effect, the formation of gas
hydrate is slower. This is in agreement with results in the bulk (see Figure 3.7 in
Chapter 3). In bulk, the half decay time is longer for water with memory effect,
meaning the hydrate formation is slower for water with memory effect.

Vysniauskas and Bishinoi [141, 142] found that memory effect only shortens the
nucleation time but it has no apparent influence on the kinetics of hydrate for-
mation after the hydrate nuclei have been found. However, we found that the
memory of water actually has a negative effect on the gas hydrate growth. The
presence of residue structure probably hinders the agglomeration of crystals.

5.3.5 Gas Hydrate Visualisation by X-Ray CT

The formation and distribution of gas hydrates in the pore media were visualised
and analysed by the assist of X-Ray CT technology. From the reconstructed
images, the minimum size of pixel that can be detected and distinguished was
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estimated to be 300 µm. The porous media has an average grain diameter of
1.8 mm. Thus the resolution is relatively low to obtain a precise image of the
pore space. However, the CT images provide qualitative information on hydrate
formation in porous media.
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Figure 5.17: CT-scan images of cross-sectional slices at four different locations
along the core. The upper four images show the scans before gas hydrate forma-
tion; the lower four images show the same cross-sectional images after gas hydrate
formation. For this experiment, the initial pressure was 3.0 MPa and the final
temperature was 275.15 K

Figure 5.17 shows the reconstructed CT images of the cross-sections of the core
at four different positions. The upper four images demonstrate the core sample
before gas hydrate formation. The images show a clear separation of the liquid
and gas phase due to gravity segregation: the aqueous phase occupies the lower
part of the core while the CO2 occupies the upper part (with connate water).
The four images at the bottom show the same cross-sections after gas hydrate
formation. The formation of hydrates was identified by the pressure decay. The
CT images show that after gas hydrate formation, the difference between the
lower part and the upper part of the core could not be clearly distinguished.
Comparing the images at same location before and after hydrate formation, it
can be seen that the top part of the core was gradually filled up with gas hydrates,
while no obvious changes in the lower part was found.

In Figure 5.18 and Figure 5.19 the averaged intensities over the core at various
positions along the core are shown. From duplicated scans, the error of these
intensity values could be estimated and is given as error bars in the figure. It was
calculated that the offset between two duplicated scans is ± 10 HU . A deviation
of ± 17 HU was found when correct the intensity with a reference material 6

before and after the gas hydrate formation. See for more details Appendix B.
6The reference material is the Perspex tube used to hold the glass bead core.
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Figure 5.18: The intensity determined in the upper part of the core from CT
images along the core sample before and after gas hydrate formation. L is the
length along the core, Ls is the thickness of slice for scanning.
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Figure 5.19: The intensity determined in the lower part of the core from CT
images along the core sample before and after gas hydrate formation. L is the
length along the core, Ls is the thickness of slice for scanning.
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Figure 5.18 shows the intensity variation in the upper part of the core which is
filled mainly with CO2 before and after gas hydrate formation along the core
length. The density of CO2 hydrates is 1.11 g/cm3 [5], denser than the pure
water. Therefore, the intensity shifted to higher values indicating the formation
of gas hydrates. In the upper part, the changes were quite uniformly distributed
along the core length. This suggests that gas hydrates were formed around the
grains with connate water. Therefore, a relatively homogeneous distribution of
hydrates in the upper part was achieved. This also explains the filling-up in the
upper part of the core in Figure 5.17 after hydrates were formed. While in the
lower part which mainly saturated with water, the distribution of hydrates was
quite local as shown in Figure 5.19. At some locations of the core, a significant
change (150 HU) of the intensity was observed, while at other locations, the
difference is barely noticeable. This local difference could due to the irregular
water distribution along the core.

5.4 Conclusions

The formation of carbon dioxide hydrates in a porous media was studied. The
influence of initial pressure, temperature, gas injection rate and time between
experimental runs was investigated.

The gas hydrate formation in porous media can be characterised into 3 regimes,
namely: the reaction-limited, the diffusion-limited and the pre-equilibrium regime.
This is different than for the gas hydrate formation in the bulk phase. In prin-
ciple, the gas hydrate formation mechanism in the molecular level seems to be
the same in porous media and in the bulk phase. However, the macroscopic hy-
drate behaviour differs. This is mainly influenced by capillary effects, area of
gas-liquid interfaces and mass transfer etc. The porous structure creates a larger
gas-liquid interface for hydrates to grow on, but the contact area between gas and
water decreases during hydrate formation. Once the gas-water contact surface
disappears, gas hydrate formation is limited by diffusion of CO2 through the gas
hydrate layer. Consequently, the gas hydrates formation rate is much slower in
porous media than in the bulk phase where agitation is possible.

The reaction-limited regime (t . 5 hr) is responsible for about 50% of the total
pressure decay. In this regime, the highest formation rates were observed for the
experiments with a low initial pressure and for the experiments with relaxation
time. The lowest formation rates were found at a 200 ml/min injection rate.

The diffusion limited regime starts when the accessible gas-water interface disap-
pears. It is a much slower process, which is not very sensitive to the injection rate
and relaxation time. The diffusion limited gas hydrate formation rate is found
to be slightly lower as temperature increased. Unfortunately, the pre-equilibruim
regime cannot be explained in detailed. Detailed work on thermodynamic and
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molecular modelling is needed to clarify its mechanism.

It is known that with a changing gas injection rate, the water displacement in the
core sample varies, resulting in a local heterogeneous distribution of water and
gas. Therefore, the overall gas hydrate formation was also influenced by the gas
injection rate. It was found that the equilibration time decreased with increasing
injection rate. However, the influence of the injection rate to the CO2 hydrate
formation revealed a non-linear behaviour. A low gas injection rates resulted in
a relatively low formation rate and long time for the system to reach equilibrium.
Therefore, to achieve a faster CO2 sequestration process in the reservoirs, faster
injection rates are suggested.

CO2 hydrate formation in porous media could be visually detected with the aid
of X-ray computer tomography. Gas hydrates in the upper part of the core is
formed with CO2 and connate water mainly during the reaction limited regime.
Therefore, the distribution of gas hydrates in the upper part of the core is more
homogeneous. In the lower part of the core, the available gas-water surface is
small compared to the area in the upper part and the distribution of water is
localised; these results in a regional clusters of gas hydrates in the porous medium.
Unfortunately the resolution of applied CT scanner does not allow quantification
of the gas hydrates. Therefore, it is suggested to use a micro CT-scan with higher
resolution. In order to reduce the noise, it is better to have a core holder with
thinner wall.
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6
Enhanced Gas Hydrate Production

In the previous chapters we reported experimental results on the formation of
CH4 and CO2 hydrates at various conditions by using laboratory-scale setups.
For real applications, the results from the lab-scale need to be up-scaled to the
reservoir scale. In this chapter, modelling and numerical simulations were per-
formed to evaluate methods to enhance gas production in hydrate reservoirs. The
gas production by a combination of thermal stimulation or CO2 injection will be
compared.

6.1 Introduction

It is generally believed that natural gas hydrate accumulations are formed by
seeping gas entering the hydrate stability zone [73]. A wide varieties of natu-
ral gas hydrate accumulations exist in the permafrost and in the sub sea. For
a systematic study these accumulations are usually subdivided into four main
classes [111]: Class 1 hydrate reservoirs occur together with a conventional gas
reservoir above the free gas zone. Class 2 gas hydrate reservoirs overlay water
bearing formations eventually containing dissolved methane. Class 3 gas hydrate
accumulations are those occupying the entire permeable zone. Finally, Class 4
gas hydrate accumulations consist of dispersed patches of hydrates. The hydrate
saturation1 is relatively low and no confining overburden and under burden can
be defined. Class 2 gas hydrate reservoirs are encountered in both permafrost
and deep sea sediments [86]. Therefore, in this work, a Class 2 gas hydrate
accumulation was modelled for simulating the gas production strategies.

Modelling and numerical simulations on the reservoir scale have laid a foundation
and are an important tool for evaluating the potential of methane extraction
process from natural gas hydrates. Many studies have been devoted to gas hydrate
production by simulations as already mentioned in Chapter 2.

1The gas saturation is volume of gas hydrates over the total pore volume of the reservoir.
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From a few test wells that have been drilled for gas production from hydrate
bearing reservoirs it was observed that gas production rates were not high enough
to be economically feasible at the current gas price [84]. The endothermic be-
haviour of gas hydrate dissociation cause the decrease of reservoir temperature.
Consequently, secondary hydrate formation2 or ice formation are likely to occur
which hinder further dissociation of hydrates and gas transport in the reservoir.
Therefore, the main challenge of gas production from hydrate reservoir is either
the large amount of heat or the sufficient low pressure required to support the
hydrate dissociation.

Typical production methods from gas hydrate bearing layer are depressurisation,
thermal stimulation and injection of a chemical inhibitor. The thermal stimula-
tion is ineffective as the main dissociation strategy due to the low energy efficiency
[87]. The injection of hydrate inhibitors is also not recommend due to high costs
and the dilution of inhibitor by water originated from dissolving the gas hydrates
[86]. Recently, a new method was proposed by Ohgaki et al. [97] who suggests
that the exploitation of CH4 from gas hydrate reservoirs could be achieved by
injecting CO2. The combined CH4 hydrate production and CO2 sequestration
by gas hydrates have three benefits: it can increase CH4 production, achieve
storage of CO2 and maintain mechanical stability of the geological strata.

From a thermodynamic point of view, the CH4 hydrates could be replaced by
CO2 hydrates because the H−Lw−V equilibrium line of CO2 +H2O system lies
below the H −Lw − V of CH4 + H2O system when temperatures are lower than
283 K (see Figure 4.1). In the previous chapters, we compared the kinetics of CH4

and CO2 hydrate formation (Chapter 3). We also investigated the possibility to
exchange CH4 by CO2 in already formed methane hydrates (Chapter 4). In this
Chapter, modelling and simulations of gas production from hydrate reservoirs by
depressurisation, hot water injection (thermal stimulation) and CO2 injection are
compared.

6.2 Model

The commercial program STARS 2008.12 from CMG was used to perform nu-
merical reservoir simulations. STARS is a thermal simulator which is designed to
process and simulate enhanced oil recovery processes such as steam flooding, in-
situ combustion, water flooding, chemical injection, polymer injection and other
processes. The module for simulating gas production from gas hydrate reservoirs
was modified from a chemical reaction module which is often used to simulate
in-situ combustion.

2During gas hydrate dissociation, the system temperature will decrease, when the temper-
ature drop to below the H − Lw − V equilibrium temperature, gas hydrate will start to form
again. This behaviour is often referred as secondary hydrate formation.
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6.2.1 Hydrate Reservoir Model

The simulated reservoir is described by Cartesian coordinates. The number of
the grid blocks in the reservoir is 20 × 20 × 20 in the X, Y and Z direction (see
Figure 6.1). The size of each grid block is 30× 30× 5m (L×W ×D). The depth
of the sea is 300 meters. The top layer of the reservoir is located at a depth of 400
m below the seafloor. The upper 10 layers (from 400 m to 450 m depth) contain
CH4 hydrates, mobile water and CH4. The lower 10 layers (from 450 m to 500
m depth) are fully saturated with water. The total volume of the reservoir is 36
million m3 with 5.57× 108m3 CH4 (at standard conditions) originally present in
the reservoir of which 8.15× 107m3 exist as free gas and 4.75× 108m3 are in the
form of solid gas hydrates.

z
x

y

Figure 6.1: Reservoir geometry used for the CH4 production simulations. The
producer is located on the left corner and injector well located on the right. The
brown layers indicate the CH4 hydrate bearing layers, the blue layers are aquifer.
A Class 2 hydrate reservoir was used.

Table 6.1: Reservoir properties
Parameters Hydrate Zone Water Zone

Horizontal Permeability kh (mD) 200 200
Vertical Permeability kv (mD) 20 20
Porosity φ 0.25 0.25
Water Saturation Sw 0.2 1.0
Gas Saturation Sg 0.2 0.0
Hydrate Saturation Sh 0.6 0.0
Heat Capacity (J/m3.K)
Rock 2.120× 106 2.120× 106

Hydrates 1.600× 103 1.600× 103

Thermal Conductivity (J/m.day.K)
Rock 1.296× 105 1.296× 105

Hydrate 3.395× 104 3.395× 104

Water 5.183× 105 5.183× 105

Gas 5.183× 105 5.183× 105

For the simulation two vertical wells, one producer and one injector were placed
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at two opposite corner of the reservoir (see Figure 6.1). The production well was
completed from top layer to layer 8 of the hydrate bearing zone, with a total
depth of 40 m (from 400 m to 440 m). The injector was completed only in the
lower part of the reservoir, the aquifer (from 450 m to 500 m).

A constant bottom hole pressure (BHP) of 3.0 MPa is assumed for the production
well. At this value the equilibrium temperature of the CH4 hydrates is 274.50
K, higher than the freezing point of water. Thus, ice formation during hydrate
dissociation is unlikely. The injection pressure is set to 5.0 MPa which means
injection is only initiated when pressure around the injector is lower than 5.0
MPa.
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Figure 6.2: Schematic presentation of the H − Lw − V equilibrium curves of the
CH4 +H2O and CO2 +H2O system. The dots represent the reservoir conditions.

The temperature at the top of the reservoir is 280.15 K and the (hydrostatic)
pressure is 7.0 MPa. Figure 6.2 shows the top and bottom reservoir condition in
the phase diagram of CH4 + H2O and CO2 + H2O.

6.2.2 Components and Phases

For the simulations, CH4 and CO2 hydrates were regarded as specific solid com-
ponents rather than a combination of CH4 or CO2 and water. Thus five com-
ponents were considered: water, CH4, CO2, CH4 hydrates and CO2 hydrates.
Because of the low solubility of CH4 in water (only 0.2 mol%), it was assumed
that no methane was present in the aqueous phase.
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Table 6.2: Components and their possible existence in the corresponding phases
as assumed for the simulations

Gas Aqueous Oil Solid

Water X X X
CO2 X X X
CH4 X
CO2 hydrate X
CH4 hydrate X

CO2 is present as liquid, gas or dissolved in the aqueous phase while CH4 is only
present in the gas phase.

In STARS, hydrates are regarded as part of the solid phase occupying part of
the pore space of the reservoir matrix. Therefore, gas hydrate saturation cannot
be computed directly but needs to derived from the solid phase density. Conse-
quently, the sum of gas, liquid and water saturation is equal to one (Equation
6.1). The volume of void space is the volume of the initial pore space minus the
volume occupied by gas hydrates. Therefore, it is possible that the sum of the
hydrates, gas, water and liquid saturation exceeds one (see also Equation 6.2).

Sw + Sl + Sg = 1
¨
§

¥
¦6.1

Sh + Sw + Sl + Sg ≥ 1
¨
§

¥
¦6.2

where Sh, Sw, Sl and Sg is the saturation of hydrate phase, aqueous liquid phase,
CO2 rich liquid phase and vapour phase.

6.2.3 Hydrate Saturation and Permeability

Gas hydrate dissociation and formation during gas production and CO2 injection
lead to changes in the effective porosity and permeability. Equation. 6.3 gives
the relationship between the porosity (φ), effective (fluid) porosity (φe) and the
hydrate saturation (Sh).

1− Sh =
Vf

Vp
=

Vw + Vg

Vh + Vw + Vg
=

φe

φv

¨
§

¥
¦6.3

where, Vp is the total pore volume, Vf is the pore volume occupied by fluid,
Vh, Vw and Vg is the volume of hydrate phase, aqueous liquid phase and vapour
phase.
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The effective porosity decrease with increasing gas hydrate saturation. Conse-
quently, the permeability also decreases. In porous media gas hydrates are formed
either at the pore neck or along the small film of water persisting on the grain
surfaces [123]. Several models exist to describe the change of permeability and/or
porosity as a function of the hydrate saturation (e.g. Carman-Kozeny model [16],
Masuda et al. model [78], etc). When hydrates form at the pore neck, the ma-
jor flow path will be intercepted resulting in a severe blockage. When hydrates
only form around the grains but does not completely block the pore neck, the
permeability reduction will be smaller.

In Figure 6.3, the permeability ratio (permeability with the presence of gas hy-
drates over permeability without gas hydrates) as a function of the hydrate sat-
uration for different correlations is plotted.

Uddin et al. used the Carman-Kozeny relation (Equation 6.4) with n = 10. It
gives an extreme permeability reduction. The permeability drops to 1% of the
initial permeability (k0) at Sh = 0.37 (see Figure 6.3).

k(Sh)
k0

= (1− Sh)n

(
1− φv

1− φe

)2 ¨
§

¥
¦6.4

If it is assumed that the gas hydrates grow on the grain surface, as in the Kozeny
Grain Coating model, the hydrate saturation has much less impact on permeabil-
ity. The permeability approaches 1% of the initial permeability (k0) at Sh = 0.83
(see Figure 6.3).
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Figure 6.3: Permeability ratio as a function of gas hydrate saturation according
to the various correlations.
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6.2. MODEL

In this study, we assumed that gas hydrates can form randomly in porous spaces
and therefore the Carman-Kozeny model with n = 5 was used. The permeability
reduction due to hydrate formation is less severe than the assumption by Uddin
et al. but higher than Kozeny Grain Coating model. The permeability reduces
to 1% of the initial permeability (k0) at Sh = 0.58 (see Figure 6.3). The relative
permeability of each phases were given in correlations shown in Appendix C.

6.2.4 Reaction Kinetics

Hydrate dissociation can be described by a two-step processes consisting of the
destruction of the clathrate lattice and the desorption of the guest molecules [63].

According to Englezos et al. [34] the rate of dissociation is a function of the
area of the gas hydrate surface exposed to the liquid phase. The driving force
is described by the difference in pressure of the guest component in the hydrate
phase and in the gas phase. Assuming a two liquid film approach (see Chapter 2
Figure 2.3) the rate of hydrate dissociation can be expressed by:

dch

dt
= kdAs(Pe − Pg)

¨
§

¥
¦6.5

where, dch/dt is the rate of dissociation, kd is dissociation rate constant, As is
the surface area, Pe is the H − Lw − V equilibrium pressure and Pg is the gas
pressure in gas phase.

According to Kim et al. [63] and Uddin et al. [132], Equation 6.5 can generally be
used for the description of the dissociation or, in a similar form, for the formation
of gas hydrates. The size of the hydrate surface exposed to the liquid phase
is crucial for the description of the formation and dissociation. Equation 6.6
describes the hydrate surface for dissociation, while Equation 6.7 was used to
describe the surface for the formation of hydrates. This equation contains two
terms, the first one describes the initial surface necessary to form a nucleus. The
second term describes the surface of the already formed hydrates. The hydrates
fill up the pore space and the gas-liquid contact becomes smaller. Thus, the
available surface for gas hydrate formation decreases with the hydrate saturation.

As = φ2
eShSwAsi

¨
§

¥
¦6.6

As = φeSwAsi + φ2
eShSwAsi

¨
§

¥
¦6.7

where, Asi is the specific surface area per unit volume of hydrates, Sw and Sh is
the saturation for water and gas hydrates respectively, φe is effective porosity.
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The accessible hydrate surface for dissociation is much smaller than for formation
because the pore space is occupied by gas hydrates. During dissociation, the
water saturation (Sw) increases due to the water release from gas hydrates, while
the gas hydrate saturation (Sh) decreases. Therefore, the dissociation area first
increases with hydrate saturation but after reaching a maximum value, the surface
decreases.

Substituting Equation 6.6 into Equation 6.5 gives the kinetics equation of hydrate
dissociation.

dch

dt
= rrk1e

− E
RT (φeSwρw)(yipg)

(
1− 1

K

) ¨
§

¥
¦6.8

Similarly, substituting Equation 6.7 into Equation 6.5 gives:

dch

dt
= rrk2e

− E
RT (φeρwSw)(yipg)

(
1
K
− 1

)
+rrk3e

− E
RT (φeρhSh)(φeρwSw)(yipg)

(
1
K
− 1

)

¨
§

¥
¦6.9

where, E is activation energy, R is the gas constant, xi and yi is the mole fraction
of component i in gas phase and liquid phase respectively and K is equilibrium
constant. rrk1, rrk2 and rrk3 are defined as kinetics rate constants (shown in
Equation 6.10, 6.11, 6.12). rrk1 is rate constant for gas hydrate dissociation, rrk2

and rrk3 are the rate constants for gas hydrate formation.

ko
dAsi

ρhρw
= rrk1

¨
§

¥
¦6.10

ko
fAsi

ρw
= rrk2

¨
§

¥
¦6.11

ko
fAsi

ρwρh
= rrk3

¨
§

¥
¦6.12

where, kd is intrinsic dissociation rate constant and kf is intrinsic formation rate
constant. They are functions of the components and the hydrates structures.
The complete derivation of these equations can be found in Appendix C.

According to the data of Clark et al. [19, 20, 21] and Englezos et al. [34, 35],
CO2 hydrate formation is slower than CH4 hydrate formation. However, recent
experiments [42, 60, 75] and also this study (Chapter 3) show that the formation
of CO2 hydrates is much faster than the formation of CH4 hydrates. Therefore
in this study, it was assumed that CO2 hydrate formation is much faster than
CH4 hydrate formation rate.
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The parameters for describing the reservoir and gas hydrates used in simulations
are given in Table 6.3. The correlation of heat capacity, viscosity and relative
permeability of components are issued in Appendix C.

Table 6.3: Properties of gas hydrates used in the simulation
Unit CH4 hydrate CO2 hydrate

Molecular Weight 3 kg/gmole 0.124 0.175
Molar Density kg/m3 0.919× 103 1.112× 103

Volumetric Density gmole/m3 7.408× 103 6.335× 103

Dissociation Rate gmole/(day.kPa.m2) 3.11× 1012 6.05× 1012

Specific Area Asi m2/m3 3.75× 105 3.75× 105

Activation Energy J/gmole 8.108× 104 8.108× 104

Reaction Enthalpy (Gas) J/gmole 5.186× 104 5.99× 104

Reaction Enthalpy (Liquid) J/gmole N/A 5.419× 104

Hydration Number - 6.0 7.3
Formation Rate gmole/(day.kPa.m2) 5.01× 106 3.37× 107

Rrk1 m3/(gmole.day.kPa) 2.84× 109 N/A
Rrk2 (gaseous) 1/(day.kPa) 3.39× 107 2.28× 108

Rrk3 (gaseous) m3/(gmole.day.kPa) 4.58× 103 3.59× 104

Rrk2 (liquid) 1/(day.kPa) N/A 2.28× 106

Rrk3 (liquid) m3/(gmole.day.kPa) N/A 3.59× 102

6.3 Results and Discussion

6.3.1 Base Case

The base case simulate the depressurisation production strategy and was used as
reference case. The CH4 production was achieved by only decreasing the bottom
hole pressure (BHP) without injecting CO2. The minimum BHP was set to 3.0
MPa.

Figure 6.4 displays the distribution of CH4 hydrate saturation in the reservoir at
different simulation times. The initial hydrate saturation is 0.6. Figure 6.5 and
Figure 6.6 show the pressure and temperature in the reservoir before and after
gas production, respectively.

From these three figures, it can be concluded that as soon as the pressure reduced
below the H − Lw − V equilibrium pressure of the CH4 + H2O system, CH4

hydrates started to dissociate. Due to the endothermic nature of gas hydrate
dissociation, the temperature in the reservoir decreases. From the simulation

3The molecular weight of gas hydrates was calculated based on the assumed chemical formula
of gas hydrates. The chemical formula of CH4 hydrate is CH46(H2O) and of CO2 hydrate is
CO27.3(H2O).
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t=0 yr

t=20 yr

t=40 yr

t=10 yr

t=30 yr

t=50 yr

Figure 6.4: Base case without CO2 injection. CH4 hydrate saturation in the
reservoir at different simulation times. Producer is at the left hand side of the
reservoir. At the right hand side the colour bar gives the scale of hydrate satu-
ration from zero (blue) to one (red).

results, it was calculated that after 28 years of production, 35% of the initially
present CH4 hydrates were dissociated and the pressure in the hydrate-bearing
zone was reduced to almost 3.0 MPa. The temperature in the initially hydrate-
bearing layers dropped to 274.50 K. These temperature and pressure coincide
with the H −Lw−V equilibrium line of CH4 +H2O system (as shown in Figure
6.2).

After the equilibrium temperature was reached, further hydrate dissociation de-
pended on the heat supply from the over- and under-burden layers. However, in
the configuration used in this simulation the heat transfer is too slow to support
dissociation of all gas hydrates initially present. Consequently, due to heat influx
from the surrounding strata CH4 hydrate dissociation was only observed in the
top and bottom layers of the hydrate zone. As can be seen in Figure 6.4 after 50
years, the CH4 hydrates in the middle of the hydrate layers were still present in
the reservoir. Only the hydrates close to producer have been dissociated because
the pressure was continuously kept at a low value of 3.0 MPa.

Figure 6.7 shows the CH4 hydrate saturation and temperature change in layers 8
to 11 as a function of time. In layers 8 to 10 CH4 hydrates were initially present,
while layer 11 is the top layer of the aquifer. It can be seen that in layer 10 the
hydrate saturation decreases fast. This is accompanied by a steady temperature
drop in the hydrate bearing layers and the adjacent aquifer layer (layer 11). The
dissociation in layer 10 is fastest because it has a direct heat supply from the
underlying aquifer (layer 11-20). In Figure 6.7, it can be seen that, after 24
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Producer Injector

Producer Injector

A

B

Figure 6.5: Pressure distribution in the reservoir at t=0 (A) and after 50 years
(B) of production by pressure reduction. The producer is at left hand side and
the injector is positioned at right hand side. The colour bar at the right hand
side gives the pressure scale in MPa.

years, all hydrates in layer 10 were dissociated. The temperature in layer 10
increases due to the heat transferred from the aquifer and finally stabilises at
the average temperature of layer 9 and 11. The heat from aquifer is conducted
through layer 10 to layer 9. Thus, the dissociation of hydrates in layer 9 also
commences as soon as the temperature becomes high enough to dissociate the
gas hydrates. However, as long as there are still hydrates present in layer 10,
the hydrate dissociation rate in layer 9 is lower than layer 10. The dissociation
rate in layer 9 increases when all gas hydrates have been dissociated in layer 10.
This is indicated by the dramatic saturation decrease of CH4 hydrates in Figure
6.7. Comparable behaviour was observed for layer 8 and 9. After 46 years, when
all CH4 hydrates have dissociated in layer 9, the rate of dissociation in layer 8
increases. A similar process can also be observed for the top layers, where heat
is supplied from the overburden layers.

It was assumed that the temperature in the over- and under-burden kept constant
which suggests that the heat source is unlimited. However, the rate of heat
transfer is slow compared to the dissociation rate of the CH4 hydrates. Therefore,
the gas production was limited by the inefficiency of the heat transfer from the
adjacent layers within the simulation time of this study. When the equilibrium
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Producer Injector

A

B

Producer Injector

Producer Injector

Figure 6.6: Temperature distribution in the reservoir at t=0 (A) and after 50
years (B) of production by pressure reduction. The producer is at left hand side
and the injector is positioned at right hand side. The colour bar at the right hand
side gives the temperature scale in Celsius.

pressure and temperature of the H −Lw − V equilibrium curve was reached, the
production dramatically decreased. It was found that the heat capacity initially
in the hydrate-bearing layers itself was only enough to support 35% CH4 hydrate
dissociation. The subsequent production was supported by heat transfer from
over and under-burden which is a rather slow process. In the base case where
only depressurisation was applied, in total, 50% of initial gas in the reservoir
(IGIP) was produced after 50 years.

6.3.2 Enhanced Gas Recovery

In order to enhance the gas production from hydrate reservoirs, the depressuri-
sation strategy, combined with either thermal stimulation or CO2 injection was
modelled. In the following, the production increase achieved by these two com-
bined production methods will be investigated.

102



6.3. RESULTS AND DISCUSSION

Figure 6.7: CH4 hydrate saturation and temperature as function of time in dif-
ferent layers. Layer 1-10 is the gas hydrate bearing layer. Layer 11-20 is aquifer.

6.3.2.1 Thermal Stimulation Combined with Depressurisation

As discussed above, the gas production by only depressurisation are controlled
by the rate of heat supply from surrounding geological strata. One option to
solve this problem is injection of hot water to thermally stimulate the hydrate
reservoir. In this study, hot water of various temperatures ranging from 286.15 to
303.15 K at an injection pressure of 5.0 MPa was studied. The rest of conditions
are the same as used in the depressurisation production.

In Figure 6.8 the accumulative CH4 production by means of combined depressuri-
sation and warm water injection for different water temperatures is depicted. The
cumulative gas production increases with increasing temperature of injected wa-
ter. The lowest injection temperature 286.15 K to highest temperature 303.15 K,
the CH4 production only increased about 5% over 50 years. This is considerably
a low efficiency with hot water injection.

It was observed that when water was injected at 303.15 K, after 50 years, the
warm water reaches 200 m in horizontal and 70 m in vertical distance away from
the injector (see Figure 6.9). This only enhanced CH4 hydrate dissociation rate
near the injection well. However, the warmed up area is relatively small compared
to the size of whole reservoir, thus the additional heat from the injected water
does not have a significant effect on CH4 production.

Interestingly, the cumulative CH4 production for all scenarios with hot water
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Figure 6.8: Accumulative CH4 production as a function of time. Gas produc-
tion achieved by depressurisation and combine hot water injection at different
temperatures.

600 m

100 m

Producer Injector

Figure 6.9: Temperature distribution in the reservoir after 50 years. Gas produc-
tion achieved by depressurisation and combine hot water injection at a tempera-
ture of 303 K

injection is lower than the cumulative CH4 production in the base case with only
depressurisation (see Table 6.4). This can be explained by the fact that with hot
water injection, the reservoir pressure is higher compared to the base case. The
water injection was operated at 5.0 MPa while in the base case, the minimum
pressure allowed is 3.0 MPa. When the reservoir maintains at a high pressure,

104



6.3. RESULTS AND DISCUSSION

the dissociation of gas hydrates are hindered. In Table 6.4 the cumulative CH4

production for the different temperature scenarios is listed. It can be concluded
that thermal stimulation does not enhance the gas production significantly even
when combined with depressurisation (see Table 6.4).

Table 6.4: Cumulative CH4 production after 50 years by depressurisation com-
bined with warm water injection at 5.0 MPa.

Case No. Temperature [K] BHP [MPa] Cumulative CH4 [SC m3]

Base Case - 3.0 2.78× 108

18 286.15 (water) 5.0 2.32× 108

19 291.15 (water) 5.0 2.35× 108

20 298.15 (water) 5.0 2.40× 108

21 303.15 (water) 5.0 2.43× 108

6.3.2.2 CO2 Injection Combined with Depressurisation

In this section, the gas production by depressurisation combined with CO2 in-
jection was investigated. Compared with the results from the water injection,
the CO2 is injected at a temperature of 286.15 K and the injection pressure is
equal to the water injection pressure at 5.0 MPa. Therefore, CO2 injection was
started approximately 10 years after the production started, when pressure near
the injector dropped to 5.0 MPa. Clearly, for the first 10 years, the cumulative
CH4 production was the same as for the base case. However, after CO2 injection
started, the CH4 production increased steadily while for the base case (without
CO2 injection) the CH4 production slowed down after 25 years (see Figure 6.10).
Accordingly, the cumulative CH4 production after 50 years with CO2 injection
was 58% higher than without CO2 injection (see Figure 6.10).

After 20 years of CO2 injection (30 years of production in total), a small amount
of the injected CO2 was produced. However, after 30 years of CO2 injection (40
years of production in total), almost no CO2 was produced anymore (see Figure
6.10). After 50 years, a total 1.8 million tonnes of CO2 was sequestrated in the
reservoir of which 0.72 million tonnes were stored as gas hydrates. Only 2 mol%
of the injected CO2 was re-produced.

CH4 · 6H2O(h) + ∆hd,m  CH4(g) + 6H2O(l)
¨
§

¥
¦6.13

CO2(g) + 6H2O(l)  CO2 · 6H2O(h) + ∆hf,c

¨
§

¥
¦6.14

where, ∆hd,m is the heat of dissociation for CH4 and ∆hf,c is the heat of forma-
tion for CO2.
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Cumulative CH4 production with CO2 injection
Cumulative CH4 production without CO2 injection
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Figure 6.10: Comparison of the cumulative CH4 production by depressurisation
only and by combined depressurisation with CO2 injection. Additionally the
accumulative amount of injected and produced CO2 are given.

The enhanced CH4 production by CO2 injection can be explained as follows.
When CO2 was injected, it travelled further through the reservoir and forms
CO2 hydrates when temperature and pressure conditions allow. The formation
of CO2 hydrates is an exothermic reaction (see Equation 6.14). The released
heat induces the dissociation of CH4 hydrates nearby. The latent heat4 of CO2

hydrate is 500 kJ/kg [76] and for CH4 is 415 kJ/kg [140]. Therefore, the heat
generated by the formation of CO2 is sufficient to support the dissociation of
CH4 hydrates.

Figure 6.11 depicts the temperature, pressure, CH4 and CO2 hydrate saturation
in layer 8 (the third layer above the underlying aquifer). In the first 10 years, the
temperature continuously decreases due to CH4 hydrate dissociation. After CO2

injection started at 10th year, the temperature stayed approximately constant
with small scale fluctuations up till the 20th year. This suggests that the released
heat from CO2 hydrate formation compensates for the heat absorbed by CH4

hydrate dissociation. After all CH4 hydrates in layer 8 were dissociated (year
23) the temperature and the CO2 hydrate saturation increased steeply. After
28 years, the temperature dropped again and the CO2 hydrate formation rate
became smaller. The temperature fluctuation in the layer can be explained by

4The heat released or absorbed during phase/state changes (e.g. from gas hydrates to gas
and water) at constant temperature.
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the interaction of layer 8 with adjacent layers.

Figure 6.11: CO2 and CH4 hydrate saturation, pressure and temperature as a
function of time in layer 8 (third layer above the underlying aquifer).

Figure 6.12: CO2 and CH4 hydrate saturation as a function of time in hydrate
bearing layers 5 to 8.

In Figure 6.12 the CH4 and CO2 hydrate saturation in layers 5 to 8 are given. It
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t=10 yr

t=20 yr t=30 yr

t=40 yr t=50 yr

t=0 yr

Figure 6.13: CH4 hydrate saturation in the reservoir at different simulation times
with combined CO2 injection. Producer at the left hand side of the reservoir. At
the right hand side the colour bar gives the scale of hydrate saturation from zero
(blue) to one (red).

t=10 yr

t=20 yr t=30 yr

t=40 yr t=50 yr

t=0 yr

Figure 6.14: CO2 hydrate saturation in the reservoir at different simulation times
with combined CO2 injection. Producer at the left hand side of the reservoir. At
the right hand side the colour bar gives the scale of hydrate saturation from zero
(blue) to one (red).

clearly shows that in each layer, after the formation of CO2 hydrates, the CH4

hydrate dissociation rate increases accordingly. This proves that the formation
of CO2 hydrates promotes gas production from hydrate-bearing reservoirs. It is

108



6.4. SUMMARY AND CONCLUSIONS

interesting to note that the amount of CO2 hydrates in layer 8 is highest. After
50 years, the CO2 hydrate saturation reaches 0.8 while in layers 5 to 7 it is less
than 0.2.

It was noticed that more CO2 hydrates are formed in the lower layers than in
the upper layers (see Figure 6.14). This can be explained by the fact that the
formed CO2 hydrates reduce the effective permeability and block the upward flow
of CO2. Although only a small amount of CO2 hydrates are formed in the layers
5 to 7, the CH4 hydrate saturation in the reservoir after 50 years is much lower
than without CO2 injection (compare Figure 6.13 with Figure 6.4).

Because the CO2 hydrates form at lower pressures compared to CH4 hydrates.
CO2 hydrates also form in the top layers in the aquifer as the CO2 travels towards
the production well. The injected CO2 has a temperature of 286.15 K. The
temperature in the aquifer varies from 281.75 K at the top to 283.50 K at the
bottom. CO2 hydrates do not form at temperatures above 283.20 K for all
pressures at reservoir conditions. Consequently, the CO2 hydrate saturation in
the aquifer remains very low and does not exceed Sh = 0.05 (see Figure 6.14).

6.4 Summary and Conclusions

In this chapter three production strategies for the purpose of enhanced gas pro-
duction from gas hydrate-bearing reservoirs have been studied by reservoir simu-
lations and their results have been compared. The three methods are depressuri-
sation, depressurisation combined with thermal stimulation and depressurisation
combined with CO2 injection.

Production of CH4 by depressurisation causes a quite significant local tempera-
ture drop. This temperature drop results in a reduction of gas production rate.
50% of the initially presented gas hydrates were not yet dissociated after 50 years.
A complete production of the gas hydrates would take a long time mainly be-
cause it is controlled by the rate of heat transfer from the over- and under-burden
layers. Therefore, by only lowering the pressure in the reservoir, production can-
not achieve complete extraction of the gas hydrates. This would be economically
unfeasible due to very long production time.

The injection of warm water is not sufficient to overcome the heat loss due to
the dissociation of gas hydrates. The increase in production as a result of hot
water injection at 303.15 K is only 5% over 50 years. This is due to the fact
that the temperature front does not reach the whole reservoir; but only a limited
region around the injector is heated up after 50 years. Considering the size of
the reservoir, this heated region is not sufficient to supply enough heat. This
means that even if the thermal strategy is combined with depressurisation, the
gas production is not efficiently increased.
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The simulations reveal that gas recovery can be greatly enhanced by combining
depressurisation with CO2 injection. When CO2 is injected at a pressure of 5.0
MPa, the cumulative gas production was improved by 60%. By this combined
production strategy, the initially presented gas hydrates were almost dissociated
completely. In the meantime, 98 mol% of CO2 was efficiently stored in the
reservoir, which gives a positive influence in terms of carbon sequestration.

These findings are based on the specific case study performed here. However,
to achieve more reliable production results, real field data, e.g. porosity, perme-
ability, hydrate saturation, thickness of gas hydrate bearing layer, temperature
and pressure in the reservoir are essential. Results from larger scale production
experiments in porous media would be valuable to validate the simulations.
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7
Summary and Outlook

The research presented in this thesis was primarily aimed at investigating whether
CO2 could replace CH4 in natural gas hydrates. For this purpose, the bulk kinet-
ics of CO2 and CH4 hydrate formation was studied experimentally in an autoclave
for CH4 + H2O, CO2 + H2O binary system (Chapter 3) and CH4 + CO2 + H2O
ternary system (Chapter 4). For the CH4 + H2O and CO2 + H2O binary gas
hydrate forming systems, the influence of supersaturation, the stirring rate and
the water quality on the kinetics of CO2 and CH4 hydrate formation were ex-
amined in detail. Then CO2 hydrate formation in porous media was investigated
(Chapter 5). The influence of initial pressure, temperature, gas injection rate and
time between experimental runs was investigated. The extractive production of
CH4 from a commonly occurring type of gas hydrate reservoir combined with
hot water or CO2 injection was modelled and simulated (Chapter 6). Below,
the most important findings of this research discussed in the previous chapters
are summarised. Then an outlook on how future research can be directed is
elaborated.

Gas hydrate formation is a crystallisation process. It consists of two stages,
namely nucleation (formation of nuclei) and hydrate growth (growth of small
nuclei into large hydrate crystals). In the binary system, these two processes
are characterised by the nucleation time and the half decay time. It was found
that the nucleation time decreases with increasing degree of supersaturation and
stirring rate. Additionally, nucleation time decreases when experiments were
performed with ‘used’ water due to the memory effect. This memory effect was
reported by other authors [98, 149] and can be explained by the existence of
hydrate (water) structures after dissociation of gas hydrates. The structuring of
the water molecules is most likely ensured by the abundance of hydrogen bonds
in the aqueous phase at low temperatures and the presence of dissolved guest
molecules.

The second stage, the actual gas hydrate growth process was found to be insen-
sitive to changes in supersaturation. The growth rate increases with increasing
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stirring rate. However, the memory effect of water has a slightly negative ef-
fect on the gas hydrate growth process. Therefore, the rate limiting step for gas
hydrate formation is not nucleation, but the crystal growth. It was also found
by binary experiments that at the same degree of supersaturation, the crystal
growth of CO2 hydrates is faster than CH4 hydrates. This indicates that kinet-
ically, the formation of CO2 hydrates are more favourable than CH4 hydrates.
This is further supported by the findings in the ternary system.

In ternary system, CO2 molecules are more easily entrapped into the cages formed
by water molecules compared to CH4 molecules at all tested initial pressures
(Chapter 4). Even though the CH4 concentration in the formed gas hydrates
increases with the initial pressure, the formed mixed gas hydrates still contain
more CO2 than CH4. Methane hydrate formation at low pressure (below the
equilibrium pressure of H − Lw − V curve of CH4 + H2O system) is confirmed.
This means that the presence of an ‘easier’ gas hydrate former, such as CO2, can
help to stabilise CH4 hydrate cavities. Experiments of gas hydrate formation from
50/50 CH4/CO2 gas mixture revealed that the highest CH4 and CO2 separation
efficiency was obtained at pressures lower than 3.5 MPa, for which a 18% of
absolute CH4 mole fraction change in the gas phase was observed.

Experiments under bulk conditions have provided tangible proof that CH4 in the
already formed methane hydrates can be exchanged by CO2 without dissociation
of the gas hydrates (Chapter 4). However, the replacement takes place at a very
shallow depth near the interface between gas phase and gas hydrates. CO2 rich
hydrate layers thus act as a shield and hinder the penetration of CO2 into deeper
methane hydrate layers and counter current migration of CH4 towards the gas
phase. Due to this, the release of CH4 from the lower layers of gas hydrates,
requires the dissociation of the CO2 hydrate layers first. Therefore, a lower
pressures is needed for dissociating CH4 hydrates.

CO2 hydrates were formed in glass-bead packs where the beads were glued to-
gether using a resin (Chapter 5). Gas hydrate formation in the porous media
was mainly observed in the upper part of the core which contained gas phase
and connate water. In the lower part of the core which mainly contained CO2

saturated liquid aqueous phase, the gas hydrate formation was found to be lo-
cally distributed, thus difficult to be observed with CT images. Three different
regimes could be distinguished in the gas hydrate formation process: reaction-
limited regime, diffusion-limited regime and the pre-equilibrium regime. Data
showed that temperature and gas injection rate have little influence on gas hy-
drate formation.

Modelling and numerical simulations of simultaneous methane extraction and
CO2 injection in a Class II hydrate accumulation have shown that CO2 injec-
tion increases the production of CH4 compared to methane extraction by simple
depressurisation (Chapter 6). In the best case, the accumulative production of
CH4 increased by 60% due to injecting CO2. At the same time, it was found
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that CO2 can be efficiently sequestrated in the form of hydrates. Only 2 mol% of
injected CO2 was produced back with methane and water. CO2 hydrates form
directly below the CH4 hydrates. The heat released due to formation of CO2

hydrates enhanced further dissociation of CH4 gas hydrates.

The research reported here has shed light into several aspects concerning the
formation of mixed gas hydrates in bulk extending the existing knowledge about
single gas hydrate systems. It also contributes to new insights about the for-
mation of CO2 hydrates in porous media for which few studies are available in
the literature. However, a number of questions remain open, which provide an
opportunity to look into possible future research, summarised in the following
paragraphs.

A detailed thermodynamic study of gas hydrates was out of the scope of this
study, mainly because the phase behaviour of binary systems is relatively well
defined compared to the kinetics. However, thermodynamic data on ternary
or multi-component gas hydrate forming systems are still lacking. The phase
behaviour in complex porous media containing appreciable amounts of clay and
silt is also far from being well understood. These aspects should be part of future
studies.

This work mainly concerned macroscopic mechanism and many of the microscopic
mechanisms have not been studied. A greater focus on microscopic or molecular
gas hydrate behaviour is recommended for future studies. A possible approach
to such studies could involve bulk or porous media hydrate experiments with bi-
nary and ternary systems aided by imaging techniques such as Nuclear Magnetic
Resonance Imaging (NMRI) [44]. Use of this non-intrusive technique with high
spatial and temporal resolution would help to further refine the kinetics of nucle-
ation and crystal growth of gas hydrates Through these studies knowledge about
(relative) cage occupancy, formation rate, memory effect and hydrate exchange
mechanism can be obtained.

Another future research direction is the molecular modelling of gas hydrates. It
should be based on molecular, chemical and crystal reactions. This would allow
modelling and simulation of the complete gas hydrate formation and dissocia-
tion process on the molecular level. The result of previously mentioned NMRI
experiments can be used to validate the molecular model.

The present study focused mainly on the kinetics of gas hydrate formation. Fur-
ther research could be extended to kinetics inhibition, the promotion of the dis-
sociation of already formed gas hydrates etc. The knowledge about the kinetic
inhibition and promotion can be use to control the formation and dissociation
rate of gas hydrates. This will enable improvement of the application of gas hy-
drates in several fields, e.g. flow assurance, gas separation and gas transportation.
Better understanding of the kinetics of gas hydrate formation and dissociation
in porous media is critically needed and of significant importance in the explo-
ration of natural gas hydrates. More research is also needed on the formation
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and dissociation of gas hydrates in porous media from multi-component systems
containing more than one guest molecules. It is suggested to do new experiments
using real reservoir rock or sand packs. Further more the influence of gas hydrate
saturation on the permeability changes and the mechanic properties [96] are also
important to validate reservoir models.
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A
Appendix-Ternary System

The appendix is organised according the structure of the thesis. Appendix A
gives the equations for calculation the number of moles and contribution factors
in Chapter 4. Appendix B provides the supplementary information for studies in
porous media (Chapter 5) and in Appendix C, the equations and correlations for
numerical modelling and simulation (Chapter 6) are given. Finally, Appendix D
displays the results of image analysis during gas hydrate formation and dissocia-
tion in small channels with the help of microscope.

A.1 Contribution Factor

The contribution factor is the number of moles of a specific gas incorporated into
the gas hydrates over the total number of moles of gas, thus it varies between 0
and 1. For methane and CO2 the contribution factor is expressed by Equation
A.1 and A.2 respectively:

αCH4 =
nH

CH4

nH
tot

¨
§

¥
¦A.1

αCO2 =
nH

CO2

nH
tot

¨
§

¥
¦A.2

In which nH
tot is the total number of moles of gas captured in gas hydrates at the

end of the experiments. It is calculated by:

nH
tot = nV

tot,ini − nV
tot,end − nV

tot,loss

¨
§

¥
¦A.3

Where nV
tot,ini is the moles of gas initially present in the gas phase, nV

tot,loss is the
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moles of gas ’lost’ due to sampling. Similarly, nH
CH4

and nH
CO2

are the number of
moles of methane or CO2 in the hydrate phase.

nH
CH4

= nV
CH4,ini − nV

CH4,end − nV
CH4,loss

¨
§

¥
¦A.4

nH
CO2

= nV
CO2,ini − nV

CO2,end − nV
CO2,loss

¨
§

¥
¦A.5

in which
nV

CH4,ini = xCH4n
V
tot,ini

¨
§

¥
¦A.6

nv
tot,loss is the amount of moles of CH4 and CO2 lost due to sampling.

nV
tot,loss =

k∑

i=1

nV
i,loss

¨
§

¥
¦A.7

nV
CH4,loss =

k∑

i=1

xCH4,i · nV
i,loss

¨
§

¥
¦A.8

nV
CO2,loss =

k∑

i=1

xCO2,i · nV
i,loss

¨
§

¥
¦A.9

nV
tot,loss were calculated using the Peng-Robinson EOS [102]. If the ideal gas law

was used, at low pressure it gives less than 1% error respect the results calculated
by Peng-Robinson EOS. However, at high pressures, it was recommended to used
Peng-Robinson EOS.

P =
RT

Vm − b
− a(T )

Vm(v + b) + b(Vm − b)

¨
§

¥
¦A.10

ai = 0.457235529
R2T 2

c,i

P 2
c,i

[1 + mi(1−
√

T

Tc,i
)]2

¨
§

¥
¦A.11

bi = 0.0777960739
RTc,i

Pc,i

¨
§

¥
¦A.12

were, Vm is the molar volume, Pc,i and Tc,i is the critical pressure and temperature
for component i, a and b are coefficients in Peng-Robinson equation of state. In
the mixtures, it is calculated by [136]:
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a =
N∑

i=1

N∑

i=1

xixj
√

aiaj(1− kij(T ))
¨
§

¥
¦A.13

b =
N∑

i=1

xibi

¨
§

¥
¦A.14

where, xi are the mole fractions of component i and kij is the interaction param-
eter. The number of moles was finally calculated by:

n =
V

Vm

¨
§

¥
¦A.15

For the calculation of the total number of moles in the gas phase at initial and
at end conditions, the volume of gas phase needs to be estimated. The initial
volume of the gas phase is determined by the difference of inner cell volume and
the water volume. After gas hydrate formation the cell was completely filled
with solid hydrates, no aqeous liquid phase was presented. The volume of the gas
hydrates was larger than the volume of initial aqueous liquid phase. Assuming
the expansion factor of 0.9, the volume of gas phase (V V

end) at the end of hydrate
formation will be 0.9V V

ini. Only for the experiment with an initial pressure of 2.5
MPa, liquid aqueous phase was still present at the end of the experiment. For this
case, it was assume that V V

end = V V
ini. It should also be noted that at these low

pressures where liquid aqueous phase present at end of experiments. Equation
A.16 does not holds anymore. The mole of hydrate should be:

nH
tot = nV

tot,ini − nV
tot,end − nV

tot,loss − ndi

¨
§

¥
¦A.16

However, the solubility within the hydrate region is difficult to determine. There-
fore, at 2.5 MPa, the contribution factor cannot be accurately calculated.
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B
Appendix-Porous Media

B.1 Preparation of the synthetic glass beads core

The porous media core was made by uniform size glass beads. The choice of large
and uniform glass-beadwas made to obtain well defined properties of the core and
to allow better visualisation of the gas hydrates by means of CT.

The glass beads were packed into a tube with an inner diameter of 6.0 cm, while
shaking slightly the tube to ensure a uniform packing. At each end of the tube
rubber caps were attached so that the grains could be compacted by applying a
confining pressure (Figure B.1).

Glue
air

Core sample

Figure B.1: Schematic drawing explaining the preparation of the glass-beads core

Glue was pumped slowly into the tube containing the glass beads through the
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bottom of the tube to create a consolidated glass bead pack. After the tube was
filled completely with glue, it was drained by gravity. Finally, air was flushed
through the tube for 3 days to dry the glue completely. About 2.0 cm of the
lower part of the core with a higher glue content was cut off.

B.2 Error Analysis on X-ray CT Images

In this appendix the error analysis of the X-Ray CT scan is discussed. In gen-
eral, the intensity of a pure substance should be a constant under any condition.
Therefore, the perspex tube which contains the class beads is used as a reference
material. The intensities of this tube at same location of the tube should be
same. These values are used to correct for variations in the intensity.
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Figure B.2: Error of CT images analysed by intensity values at the various cross-
sections along the core. The error is determined by comparing a reference material
from duplicated scans under the same conditions before hydrate formation.

Figure B.2 shows the variation in the intensity for each cross-section slice along
the core. This figure shows the difference in intensity between duplicate scans
over the core length before hydrate formation. Figure B.3 shows the difference
in intensity between duplicate scans after hydrate formation. Analysis of the
data shows that the offset between two scans taken at the same condition before
hydrate formation is ± 10 HU and for images taken after hydrate formation,
the offset is ± 13 HU . Comparing the intensity of the reference material for
the two scans before and after hydrate formation, an difference of ± 17 HU is
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Figure B.3: Error of CT images analysed by intensity values at the various cross-
sections along the core. The error is determined by comparing a reference material
from duplicated scans under the same conditions after hydrate formation.

obtained. The stainless connections at both ends of the core holder induce a
strong fluctuations of the intensity.

A statistical analysis was performed to investigate the intensity changes caused
by gas hydrates. The intensity values were classified into 22 categories over a
total range from 0 to 4000 HU . The frequencies of each of this intensity category
were determined and plotted in Figure B.4.

From this plot it can be concluded that frequency of small intensities decreases
after hydrate have been formed. Low intensity values are typical for gases. This
suggests that the gas phase present in the core was used for hydrate formation.
The frequency of the intensity category in the range between 1900 and 2000 HU
increases after the formation of hydrates. It is the intensity range expected for
gas hydrates. This indicates that gas hydrates have been formed in the porous
media.

From the reconstructed images, the resolution is around 300 µm (0.3 mm). Al-
though, the CT-images can provide information by comparing the difference of
intensity and by statistical analysis of the determined value, it is still difficult
to pin point distinct intensity values typical for gas hydrates. Consequently, the
CT-images cannot be used (yet) as an accurate method to estimate the hydrate
saturation in the core.
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Figure B.4: Frequency of different intensity categories before and after hydrate
formation. Intensity is classified into 22 categories with 1=smaller than 1000
HU , 22=larger than 3000 HU . For categories from 2-21, each category covers an
intensity range of 100 HU .

B.3 Temperature Influence on Gas Hydrate Forma-
tion in Porous Media

In order to investigate how the temperature influences the gas hydrate forma-
tion in porous medium, the temperatures were varied. To avoid ice formation
and CO2 liquefaction while in the mean time maintaining the system within the
phase boundary of H − Lw − V equilibrium line, the temperature can only be
monitored within a small range. With 1 K temperature variation, the differences
in formation rate are small.

The experiments were performed at 274.15, 275.15 and 275.65 K. The initial
pressure for all experiments were 3.0 MPa and the gas injection rate were 450
ml/min. Figure B.5 shows the pressure and Figure B.6 the formation rate as a
function of time for gas hydrate formation at different temperatures.

The equilibrium pressure was 1.31, 1.51 and 1.63 MPa for temperature 274.15
K, 275.15 K and 275.65 K respectively. The equilibrium pressure decreased with
the decrease of the temperature as expected (see the phase diagram Figure 4.1).
Since the equilibrium pressure is higher at a high temperature, the time for the
system to reach equilibrium is shorter. The equilibration time was found to be
decreasing linearly with the temperature (as shown in the subplot in Figure B.5).
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Figure B.5: Pressure decay curve for CO2 gas hydrate formation experiments
in glass bead core. Injection rates were 450 ml/min, initial pressure for all
experiments were 3.0 MPa. The temperature were 274.15 K, 275.15 K and 275.65
K.
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Figure B.6: Gas hydrate formation curve for CO2 gas hydrate formation experi-
ments in glass bead core. Injection rates were 450 ml/min, initial pressures were
3.0 MPa. The temperature were 274.15 K, 275.15 K and 275.65 K.
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As it can be seen in Figure B.6 the formation rates for the three temperatures
conditions have no obvious difference in the reaction limited process. This means
that the initial mass transfer of CO2 into the other phases does not differ sig-
nificantly. In the diffusion limited regime, the formation rate for T = 275.15K
is slightly lower than the formation rate at T = 274.15K, while the rate at
T = 275.65K is the lowest. This indicates that gas hydrate formation rate is
reduced by increasing temperature. This finding is in coincidence with Barrer et
al. [9, 8] who investigated gas hydrate formation from ice partials.
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C
Appendix-Simulations

C.1 Kinetics Equation

The modelling and simulation of the gas hydrate formation are based on the
Kim-Bishnoi model [63]. The gas hydrate dissociation can be write as:

dch

dt
= kdAs(Pe − Pg)

¨
§

¥
¦C.1

where, dch/dt is the rate of dissociation, kd is dissociation rate constant, As is
the surface area, Pe is the H − Lw − V equilibrium pressure and Pg is the gas
pressure in gas phase.

The term kd has an Arrhenius-type temperature dependency [63] and can be
described as:

kd = ko
de−

E
RT

¨
§

¥
¦C.2

where, ko
d is the intrinsic decomposition rate constant, E is activation energy and

R is the gas constant.

The hydrate surface per volume hydrate exposed to liquid phase for dissociation
is described by Equation C.3 and the surface for formation is described by C.4

As = φ2
eShSwAsi

¨
§

¥
¦C.3

As = φeSwAsi + φ2
eShSwAsi

¨
§

¥
¦C.4
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where, Asi is the surface area per unit volume of gas hydrates, Sw and Sh is the
saturation for water and gas hydrates respectively, φe is effective porosity.

For hydrate dissociation, combining Equations C.1, C.3 and C.4 yields Equation
C.5, which can be written as Equation C.6.

dch

dt
= k0

dφ2
eSHSwAsie

− E
RT (Pe − Pg)

¨
§

¥
¦C.5

dch

dt
=

k0
dAsi

ρhρw
e−

E
RT (φeShρh)(φeSwρw)(Pe − Pg)

¨
§

¥
¦C.6

where, ρw and ρh is the density of water and gas hydrates respectively. For
hydrate formation can be written as Equation C.7.

dch

dt
=

k0
fAsi

ρhρw
e−

E
RT (φeSwρw)(Pe −Pg) +

k0
fAsi

ρhρw
e−

E
RT (φeShρh)(φeSwρw)(Pe −Pg)

¨
§

¥
¦C.7

Based on Raoult’s Law it can be derived that:

pexi = yip
¨
§

¥
¦C.8

where xi and yi is the mole fraction of component i in gas phase and liquid phase
respectively. And define the ratio yi/xi = K. The K value can be obtained from
laboratory three phase equilibrium data (pe). By substituting K the Equation
C.8, Equation C.6 and C.7 can be rewrite as:

dch

dt
=

k0
dAsi

ρhρw
e−

E
RT (φeShρh)(φeSwρw)(

yi

xi
p)(1− 1

K
)

¨
§

¥
¦C.9

and

dch

dt
=

k0
fAsi

ρhρw
e−

E
RT (φeSwρw)(

yi

xi
p)(

1
K
−1)+

k0
fAsi

ρhρw
e−

E
RT pe(φeShρh)(φeSwρw)(

yi

xi
p)(

1
K
−1)

¨
§

¥
¦C.10

The xi represents the mole fraction of the gas in the liquid phase. Assuming
xi = 1. Equation can be simplified:

dch

dt
=

k0
dAsi

ρhρw
e−

E
RT (φeShρh)(φeSwρw)(yip)(1− 1

K
)

¨
§

¥
¦C.11
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and

dch

dt
=

k0
fAsi

ρhρw
e−

E
RT (φeSwρw)(yip)(

1
K
−1)+

k0
fAsi

ρhρw
e−

E
RT pe(φeShρh)(φeSwρw)(yip)(

1
K
−1)

¨
§

¥
¦C.12

The kinetic rate constant is defined as:

ko
dAsi

ρhρw
= rrk1

¨
§

¥
¦C.13

ko
fAsi

ρw
= rrk2

ko
fAsi

ρwρh
= rrk3

substituting this kinetic constant into Equation C.11 and C.12 yields:

dch

dt
= rrk1e

− E
RT (φeShρh)(φeSwρw)(yip)(1− 1

K
)

¨
§

¥
¦C.14

and

dch

dt
= rrk2e

− E
RT (φeSwρw)(yip)(

1
K
−1)+rrk3e

− E
RT pe(φeShρh)(φeSwρw)(yip)(

1
K
−1)¨

§
¥
¦C.15

C.2 Correlations

C.2.1 Viscosity

The viscosity of the gas and liquid phases are described by correlations. The
simulator does not have suitable correlations for CO2 and CH4. Since the tem-
perature range used in the simulations is relatively small; from 274.5 K to 291 K,
thus constant values for the gas viscosity are assumed. Since no suitable correla-
tion could be found. The liquid viscosity is calculated using Equation C.16 with
values from Table C.1.

µ(cp) = AviscEXP (Bvisc/T )
¨
§

¥
¦C.16
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H2O CO2 CH4

Viscosity µ(cp) 0.00848 0.0147 0.0120
Avisc 0.0047352 0.000757
Bvisc 1515.7 1331.1

Table C.1: Gas and liquid viscosity parameters

C.2.2 Heat Capacity

A constant value of 1600 J/(m3.K) for the heat capacity of the hydrate phase
is used. For the description of the heat release upon the phase transition from
the vapour phase to the liquid phase, the vaporisation enthalpies at 298 K for
water (44.6 KJ/mole) and for CO2 (5712 J/mole) are used. The vaporisation
enthalpies are a not constant, but are a function of the heat capacity of the gas
and liquid.

The heat capacity of a component can be described by Eq. C.17 and parameters
are listed in Table C.2.

Cp(T ) = C1 + C2T + C3T
2 + C4T 3

¨
§

¥
¦C.17

Phase Constant H2O CO2 CH4

Gas C1 32.2 29.3 19.3
C2 1.92× 10−3 −2.24× 10−2 5.21× 10−2

C3 1.06× 10−5 2.65× 10−4 1.20× 10−5

C4 −3.60× 10−9 −4.15× 10−7 −1.13× 10−8

Liquid C1 50.81069 -3553.844 -
C2 0.2129361 46.88128 -
C3 −6.31× 10−4 -0.201722 -
C4 6.48× 10−7 2.90× 10−4 -

Table C.2: Parameter and values for the calculation of heat capacity

C.2.3 Relative Permeability

To describe the multi-phase flow in the porous media, the relative permeability
to the different phases with respect to the other phases needs to be defined. In
this simulation the empirical relations in Equations C.18 - C.21 were used [1].

krw = krw,iro ·
(

Sw − Sw,crit

1− Sw,crit − So,ir

)n ¨
§

¥
¦C.18
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kro,w = kro,cw ·
(

So − So,r

1− Sw,con − So,r

)n ¨
§

¥
¦C.19

krog = krog,cg ·
(

Sl − So,r − Sw,con

1− Sg,con − So,r − Sw,con

)n ¨
§

¥
¦C.20

krg = krg,cl ·
(

Sg − Sg,con

1− Sg,con − So,ir − Sw,con

)n ¨
§

¥
¦C.21

In Table C.3, the input parameters for the calculation of the relative permeability
curves in Equation C.18 - C.21 were given.

Property Value

Connate Water Saturation 0.20
Critical Water Saturation 0.20
Irreducible Oil Saturation 0.05
Residual Oil Saturation 0.05
Connate Gas Saturation 0.05
kr,o at Connate Water Saturation 0.80
kr,w at Irreducible Oil Saturation 0.80
kr,g at Connate Liquid Saturation 1.00
kr,l at Connate Gas Saturation 0.80
Exponent n 3.00

Table C.3: Parameter used for the computation of relative permeability
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Appendix-Micro Cell

D.1 Microcell Experiments

In this work, a preliminary study on visualise CO2 hydrate formation in small
channels (which mimic the porous media) is been carried out. Images are taken
using a microscope. This will also be the main future study direction.

Figure D.1: Detailed view of formed CO2 hydrates. Gas hydrates can have
various appearances and location are random.
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Figure D.2: Dissociation process of CO2 hydrates in the channels. For the first
two minute, no bubbles are seen. Afterwards, the dissociation is quite fast and
finishes within one minute.

100 um

Water
Interface

Figure D.3: The interface between aqueous phase and gas phase. Gas hydrates
starts to form in the gas phase near the interface.
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Figure D.4: Gas hydrate formation on a interface. The thickness of the hydrate
layer grow with time.
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Figure D.5: Thickness gas hydrate layer as a function of time. Data is gained by
determined thickness of layer by image analysis based on Figure D.4.
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Nomenclature

General

a interaction parameter, PR EOS [–]

Ap Surface of the particles [m2]

As Surface area per unit volume [m2/m3]

Asi Surface area per unit volume of the hydrate [m2/m3]

b covolume PR EOS [–]

Cij Langmiur constant [1/Pa]

Din : Diameter of porous core [m]

E : X-ray photon energy [keV ]

Ea Activation energy [kJ/gmol]

f Fugacity [Pa]

feq Fugacity at equilibrium [Pa]

g Gibbs energy [kcal/mol]

hf Heat of formation [kJ/kg]

k Permeability [m2]

k Combined rate parameter [mol/m2.Pa.s]

kB Boltzmann constant [J/k]

Kd Dissociation rate constant [mol/(m2.Pa.s)]

Kf Formation rate constant [mol/(m2.Pa.s)]

kij binary interaction parameter [–]

L : Length of the core [m]

Ls : Slice thickness of CT scan [m]

m shape factor [–]

mw,o : Mass of outflow water [kg]

mw,i : Mass of inflow water [kg]

n : Number of moles [mole]
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Pini : Initial pressure [MPa]

Peq : Equilibrium pressure [MPa]

P1/2 : Half-decay pressure [MPa]

Pc critical pressure [Pa]

q hydration number [–]

Q : Flow Rate [ml/s]

R Gas constant [J/K ·mol]

Sw : Water saturation [–]

Sh : Gas hydrate saturation [–]

Sg : Gas saturation [–]

ts,1/2 : Scaled half-decay time [s]

t1/2 : Half-decay time [s]

ttr : Time to reach steady-state nucleation [s]

tn : Time for the actual nucleation [s]

tg : Time for crystals to detectable sizes [s]

T Temperature [K]

Tc critical temperature [K]

V volume [m3]

Vp Volume of Porous Space [m3]

vj Ration of cavities [–]

Vm molar volume [m3/mol]

w(r) Potential energy [J ]

x mole fractions in gas phase [–]

yi mole fractions in liquid phase [–]

Z: Atomic Number [–]

Greek

ϑij Fraction of cavity j occupied by gas i [–]

γ Order of reaction with respect of pressure [–]
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µ Chemical potential [J/mol]

α contribution factor [–]

φ Porosity [–]

ρ Density [kg/m3]

µ : Viscosity of Fluid [pa· s]
α: Attenuation Coefficient [–]

Phases

H: Hydrate

L: Liquid

I: Ice

V : Gas

Q: Quadruple point
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