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Abstract

A growing demand for energy and natural gas in particular, makes methane gas hydrates a potential
target to supplement natural gas production from conventional resources. Several pilot projects have
proven the feasibility of gas production from hydrateoth onshore and offshore, but the proposed
models of gas hydrate behavior in sediments lack experimental support. In particular directqadbee
observations of gas hydrate phase transitions can assist in a better understanding of the fundamentals
of gas hydrate phase transitions in sedimentary systems. In this thesis, methane gas hydrate formed
from methane gas and distilled water was visually investigated infrigbsure micromodel based on

a thin section of Berea sandstone. The main objective of #ork was to supplement previous
research at the Reservoir Physics groups to determine hydrate formation and dissociation mechanisms
on pore scale; and to estimate the hydrate growth rates.

Fifteen primary and twentywo secondary hydrate formation eepments were performed in this
work. The first seven primary formations were carried out with initial water saturation ranging from
0.30 to 0.60 and nearly constant pressure-@Bbar) and temperature (1:2.4 °C), with the main
intention to study the hgrate formation mechanisms and the effect of initial water saturation and
pore sizes on the hydrate growth rates. The remaining experiments were conducted at various
pressuretemperature conditions to further investigate formation mechanisms and providevir

rate measurements as fiction of driving force (degreef subcooling).

The hydrate formation was firgtbserved in the continuouwater-gasinterface, followed by hydrate
growth into trappedgas. For both gas configurations, the hydrate growthdted at the watergas
interface along the pore walls and then progressed towards the pore center. The hydrate growth
resulted in two different hydrate configurations: crystalline hydrate with total gas consumption and
hydrate films/shell with enclosed gaslydrate was also observed to grow in watgrthe water
hydrate interfaceput this was rare and restricted to locations where the free gas was available within
a relatively short distance. Massive growth in water was only achieved due to forced dssalfit
methane in water.

The hydrate formation was quantified by estimating the hydrate film growth rates. The hydrate growth
at the watergas interface along the pore walls was approximately two orders of magnitude faster
compared to the hydrate growthotvards pore center. The hydrate film growth rates were studied
with respect to initial water saturation, pore sizes and driving force (degree of subco¥ligNo

clear effect of initial water saturation and pore sizes on the growth rate was observed. The hydrate
growth rate towards the pore center seemed to increase with driving force but the relationship was
weak. The growth rate along the pore walls vpasportional toY"Y and showed a good agreement
with the measurements of hydrate film growth reported in literature for bulk systems.

Thirty-four hydrate dissociation experiments were conducted by reducing the pressure several bars
below the equilibim pressure. The hydrate dissociation was studied with respect to hydrate
configurations (crystalline and hydrate films/shell). The dissociation of crystalline hydrate was slower
and resulted in a gas front that flowed through the pore space, inducinpduftydrate dissociation.

The dissociation of hydrate films/shell with enclosed gas initiated in the pore center and then
continued towards the pore walls, leading to the mobilization of enclosed gas. The direct contact with
mobile gas rather than water Yared hydrate dissociation. The overall dissociation rate of crystalline
hydrate seemed to increase with decreasing hydrate saturation.
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Introduction

BeingthefastesHENR g Ay 3 F2aaAf FdzSt =X yIl{ddzNF £ 3L a LI &a
Its worldwide consurption is expected to increase by 45 % in 2040 compared2@itlé(International
Energy Agency, 20LAVith growing environmental concern, natural gas is more preferred over other
fossil fuels due to its significantly lower emissiamfsgreenhouse gases to the atmosphere upon
combustion. However, natural gas is rR@newable source of energgnd the world may face the
shortage of natural gas in nebo-distant future. Unconventional gas reserves such as natural gas
hydrates can poteridlly meet the growing demand for natural gas. Gas bound in natural hydrate
reserves are vast but uncertain where estimates range between andp 1 3 [ (Sloan &Koh,

2008). Nevertheless, even the lower end estites suggest thathe amount of energy trapped in
natural gas hydrates compares to energy bound in all the conventional fossil fuels combined. Although
only a fraction othese estimates is target for exploitation Moridis et al., 201), gas hydrates can
potentially become one of the most promising alternative future energy resources

Gas hydrates are solid compounds consisting of gas molecules trapped inside water molecules. They
have an icdike physical appearance atypically form under high pressures and ltamperatures in

the subseafloor under water columns of-B00 meters and in regions with permafrost. Pressure
temperature conditions, heat and mass transport and the availability of water and gas are key
parameers afecting gas hydrate formatiolhe hydrates can be detected gismic waves and well
logs(Goldberg & Saito, 1998lornbach et al., 2003

Production of natural gas from hydrates tgplly involves depressurization, thermal stimulation,
inhibitor injection (Makogon, 199Y. In both depressurization and thermal stimulation production
techniques, the hydrates aralestabilized by pressure reduction and tempsure increase
respectively. Injection of inhibitors such as salts or alcohols shifts the hydrate stabilitytacumgher
pressures and lower temperatures, therelgestabilizingthe gas hydrates at local pressure
temperature conditionsBesides three m&t common means to extract natural gas from hydrates,
several alternative production techniques have been proposed, incluting #/ exchange The

main challenge associated with methane production from hydrates is that the fuel is in the solid state,
and the fluids must therefore first be mobilizeBor this reason, conventional hydrocarbons recovery
techniques ardifficult to apply(Lee &Holder, 200

Despite steadily increasing number of hydragédated publications, the fundamentals of gagdrate

arestill not appropriatelystudiedand therefore further research in this field is requitedunderstand

phase behavior and mobilization of fluids in sediments. Recent studies of gas hydrates at the Reservoir
Physics group have focused on the hydrate phase transitions on aogeporescale involving MRI

and microscopic visualization as imagieghniques. This master thesis will further investigate the gas
hydrate formation and dissociation on peseale, with focus on the hydrate rfoation/dissociation
mechanismsand the effect of initial fluid saturationgore sizesnd driving force on thaydrate film

growth rates.
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1 Theoretical part

This chapter provides an insight into gas hydrate phenomegeantionsl.1-1.3introduce the general
natural gas phenomenoiescribe theknowledgehistory of gas hydratand explain different hydrate
structures.The aim of this thesis igo study the hydrate formation and dissociatiomechanismsn
pore-scale; andnainfocusof this chaptelis kept on a microscopic phenomenon of gas hydrates as it
will assist in the interpretation ahe experimental results obtained in this work.

1.1 General overview

Natural gas hydrates are crysta#licompounds developefiom a mixture ofgas molecule$ G 3dzSa @ ¢ 0
trapped insidehydrogenbondedwater Y 2 £ S O dzt § d high présgudes @ypically more than 0.6

MPg and low temperature (typically less than 2I0). Gas hydrates are abundantly present in the

ocean and in the permafrost regiomghere pressure and temperature are favorable foydnate
thermodynamic stabity. Figurel.1 shows hydrate stability conditionfer two different geological

settings: permafrosfFigurel.la)andmarine(Figurel.1b). The hydrate stability zone (HSZ)dkwed

yellow and igyenerallythicker in permafrost than in ocealts thickness is strongly dependent on the
geothermal gradient in sedimenté&bout 97% of natural gas hydrates reserves are accumulated in
marine sediments, and only 3 % in permafrddakogon, 2010
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Figurel.1. Hydrate stabilityzone for (a) permafrost and (l)cean regiongModified from Sloan et al., 2010

The gas andvater composition together with presswtemperature conditions determine the
composition of a hydrateMethane, ethane, propane, and carbon dioxide are typical gas hydrate
formers, with methane being most abundant componeiakogon, 201D Over geological time, the
hydrate composition can change due to variations in thermodynamic conditionsvatet and gas
migration. The occurrence of hydrates with a significant fraction of heavier comporfeagsbeen
reported (Tablel.1).

Methane gas in natural hydrates originate from biogenic (from bacterially produced methane) and
thermogenic(generated byhigh-temperaturecatagenesis$ources, with biogenic methane being the
most aburdant (Sloan &oh, 2008 The methane hydrate can form in nature eitttere to(1)in-place
generation of methane dissolved in water (@) upwardmigration of dissolved and free rti@ne.



Tablel.1. Composition of natural gas hydrates (Modified froMakogon, 2010.

Gas hydrate deposit Gas composition, mol %
#( # ( # ( B ( T# ( # #/
Nankai Trough 99.3 0.63
Bush Hill White 72.1 11.5 13.1 2.4 1
Green Canyon White 66.5 8.9 15.8 7.2 1.4 0.2
Bush Hill 29.7 15.3 36.6 9.7 4 4.8
Messoyakha 98.7 0.03 0.5 0.77
Mallik 99.7 0.03 0.27

Methane has a lower solubility in water compared with ranganic hydrate formers. For example, the
solubility of carbon dioxide is nearly tvamders of magnitude higher compared with methane at STP
(The Engineering ToolBox, n.d); The solubility of gases in water is temgieire-dependent. The
presence of gas hydrates in the system alters the temperademendence trend. Thenethane
concentration in water decreases with increasing temperature in the absence of gas hydrates, whereas
it shows the opposite trendrhen the gasydrates are present in the systefffigurel.2).
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Figurel.2. The effect of temperature on the methane concentration in water at constant pressure with the presence of
hydrates (dated curve) and without (solid curve) (Modified frotdatsuki et al., 2008

Natural gas hydrates can potentially become a signifiear@rgyresource Howeverthe production
of gas from hydratemayinvolve geomechanical elilenges. The hydratbearing sedimentsuitable
for gas extractiomre often poorly consoliated with limited shear strengtfMoridis et al., 2011 Thus,
the dissociation of solidtate gas hydrate can weaken the structus&rength of the sediments that
can result irthe slopefailure and consequenpossible marine hazardsich as tsunami@igurel.3).
Furthermore, it was suggted that gas hydrates might have an impact on a global climate cluarge
to methane release from gas hydrates causedé&gsonal alterationi pressure and temperature as
a result of a sedevel variations (Macdonald, 1990 In addition, the occurrence of hydrates is
undesired in processinghgineering due to their ability to plug pipelines.
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Figurel.3. lllustration of possible hazards in marine sediments caused by gas production from hydriates €t al., 2015.

1.2 Historical perspective

Sir HumphreyDavyQ @iscovery of chlorine hydraten 1810is generally considered as thesti
observance ohydrates Following this discovery, researchers in the field attempted to provide a
guantitative description of hydrates fored from inorganic formers such as chlorine, bromine, and
carbon dioxideVillard first identified theexistence of organic hydratés 1888 Sloan &oh, 2008.

Until 1930sgashydrates wereonly considered as a laboratp curiosity. Hammerschmidt (1934)rst
discoverechydrates as pipeline plugand studied the effect ahermodynamic ihibitors on hydrates,

with metharol being one of the mostaluableinhibitors at that timeln the late 1940s and early 1950s,
Von Stackelbergnd his coworkers reported two decades afay diffraction experiments on hydrate
crystals, that enabled researchers to investigate two different forms of gas hydrates, namely
structures- | and Il §loan &oh, 2008. Ripmeester et al. (198discovered a third hydrate structure
(structure H. Discovery of different hydrate structures enabled researchers to predicrate
thermodynamic propeiies more accuratelyn 1959, Van der Waals and Plattegproposed statistical
theory,which provides the basis for current thermodynamic mod8lsan &Koh, 2008

It was not until the middle of 1960s, when a Soviet sité¢ Makogonfirst announced the potential of

gas hydates as an energy resource, that a large experimental effort related to production of natural
gas fran hydrates begurSloan &o0h,2008). The first majogas hydrate ecumulatiorwas discovered

by a Soviet drilling creim the SiberianMessoyakha &ld, which waset to commercial exploitation in
1969 with a decadeof gas productionpossibly from hydrateéSloan &oh, 20@; Demirbas, 2010

The above discovelpitiated further geological researdround the world where gas hydrates could
be discovered

The existence of gas hydrates in oceanic sediments was inferred based on the seismic observations
(Demribas, 201D The discovery of oceanic gas hydrates has increased the interest in offshore hydrate
accumulationsln 1992 the Ocean Drilling Programitiated the drilling activities offshore intended t
expand the knowddge about oceanic hydrate deposiendhydrate cores in the deep waters were
recovered for further studySloan &oh, 2008Demirbas, 201

{AYy0OS al 1232y Q& bagyeralpo@Bia &\hiiend gy resoér®, many researchers
have doubtedhe possibility of commercial exploitation gasfrom hydrates mainly due to economic
and technical reasonfCollet, 200§. However, the last decades the naaigm has changed from
evaluation of hydrate accumulations to phaction of gas from hydrate# major breakthroughcame

in 2002 whengas hydrateroduction testing wasonductedin permafrost regios in the Mallik well

in CanadaThis projecprovided he evidence fotechnical and commercial feasibility gasextraction
from hydrates bycombining pressure reduction and thermdinsulation techniques $loan &Koh,
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2008). Furthermore the Mount Elbert test well was drikkin the Alaska North Slope in 2007 intended
to collecta setof well-log, core and dowhole production test dataGollet, 2009. In addition to the
Mallik 2002program another onshorgroductionfield trial started inthe Ignik Sikumi #1 welth Alaska

in 2011 where the alternative productiontechnique (#( #/ exchanggwas successfully tested
(Schoderbek et al., 20)2

Besideonshore production testghe Nationalgas hydratgrograms were laurfted by several Asian
countriesin order toenhanceoverall understanding@f marine gas hydrategCollet, 2008. In 2013,

the first offshore field test wasarried outby a depressurization techniqua the Eastern Nankai
Trough off thePacific coast of JapaRven though théestterminated after6é days due tacriticalsand
production, this field trial demonstrated the applicability of pressure reduction technique even in
marine depositgYamamoto et al2014 Liet al, 2019. Followingthe Nankai Tough 2013 project, the
secondmarine gas hydrate production testing has been planned in the Eastern Nankai Trough to
confirm more stable and prolonged gas productiandthe drilling surveycampaigrbegun in 2016 to
obtain the logging datahead of the production testTamaki et al., 2017 Furthermore, China
conduced its first production test in South China Sea in @Y7 thathas lasted foapproximately
weeks Yanlong et al.2017.

Tablel.2. Milestones in the gas hydrate history

Year Event

1810 Chlorine hydrate discovery by Davy

1888 Villard observed organic gas hydrates

1934 Hammerschmidt discovered hydrates to plasgipelines

1969  Gas production began in the Siberian Messoyakha field, possibly from hydrates

1992  Ocean Drilling Program intended to discover gas hydrate deposits began

2002 Mallik field test in Canada demonstrated that gas hydrates could be ecoatiynand
technically produced in the permafrost regions

2013 Nankai Trough field test confirmed the possibility of gas recovery from marine sedin

1.3 Hydrate structures

Gas hydrates are crystalline complexes composédt/dfogenbondedwater molecules tht are able

to accommodategas molecules inside their lattice cavities cages)The crystalline lattice becomes

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

breakage and strain of the hydrogen bon8$o@an, 2008 In addition to the wateréd dzS & G ¢ A y (i SNI O
inside the lattice, the cavities are stabilized by their shape and size.

The existence of several hydrate structures has kdisoovered based on the arrangement water
molecules in the cryalline structure Three are threecommonforms of natural gas hydrates: two
cubic structured (sl) and 1l (sll) andne hexagonastructure H (sH)Figurel.4 provides avisual
illustration of thesestructuresand their constituents.

Besides three mostommonly accepted hydrati®rms, the observancef unusualhydrate structures

KIa 0SSy NBLRNISR® C2NJ SEI Y bibnSnE beiw$arhydrare dotndr ind (i NHzO
structure llland 8 &G G NHz8¢ K@RNI GSa |y Bdog thd Gcdliresctd Nid=e (i dzNB &
hydrates is extremely raretheir detailed description is not provideoh this work. This chapter
describeslie main features ofiydratestructuresl, 1l and Kas outlined bysloanandKoh(2008), from

which much of the below discussion has been excerpted.



Cavity types Structure

435567 5iage
Figurel.4. Different cavities and structuresn gas hydrategSteed and Atwood, 2009

Structure I(sl)

In slhydrate, the smallest symmetricsiructureis a 12 Acube consisting of 4@&ater molecules that
has two types of cavities: small and largégure1.5). Structure | predominatesinature; and the
occupancy of one cavity typlyis sufficient for stabilityfSloan, 2008

Two small cavities are pentagonal dodecahedra (, e.g.they arecomposed of twelve pentagonal
faces.This type of cavity haasn average radius 3.95that is perfectly sized for small guest molecules
such asnethane.The cavities have almost spherical shape

Six large cavities atetradecanhedray ¢ , e.g. havawelve pentagonal andwo hexagonal faces.
Since they haw an average radius 4.33, Aarge cavities areapale of accommodatingnethane
molecules.In addition,large cavities fitvell for largermolecules such asthaneand carbon dioxide
The large cavities are slightly oblate

Small Cage
< Methane Molecule >
Large Cage
4+—>
12.0A 45
(CU bIC) < Water Molecule >

Figurel.5. Schematic of structure lhydrate (Modified from Kitami Institute of Technologyn.d.).

Structure 11 (sll)

The unit cell oIl hydrateis a 17.3A cube consisting of 136 watenolecules thahas small and large
cavities.Structure 1l occurs in mostly artificially created systearsl is stabilized by filling one cavity
type only (Sloan, 2008



Sixteen small cavities hapentagonal dodecahedray( shape. Thepavean average radius 3.91 A
and thus can be occupied blgeg smallest hydrated molecules, for instance oxygen and nitrogea
small cavities are distorted.

Eight large cavities are hexadecahedra ¢ ,e.g. have twelvpentagonal andour hexagnal faces
Large cavities have an average radius 4z®d consequently can be filled by larger molecules such
aspropaneandiso-butane Thistype of @vities hasalmost spherical shape

Structure H (sH)

The smallest symmetrical structure in sH hydrete hexagoal systemwith lattice parametersa =
12.2 A andc =10.1 Aconsisting of 34 watemolecules and havingmall medium and largeavities.
Structure H may occur in both mamade and natural environmentSloan, 2008 Nevertheless, sH
hydrate stabilizes only when the molecules of appropriate size occupy both sredillm and large
cavities.

Three small cavities havpentagonal dodecahedra( and an average radius 3.94 A. Tmedium
cavitiest v @ )with an average radius 4.0%have three square, six pentagonal and three hexagonal
faces. Small molecules such as methane can occupy both small and medium cavities.

One large cavity( ¢ ) has twelve pentagonand eight hexagonal faces and areege radius 5.79
A.The large cavity can host even larger molecules such as neohéXasrefore, nixtures of small
and large molecules such as methane and neohexane can potentially form gas hydrates.

1.4 Hydrate formation and dissociation

Unlike structuresand thermodynamics of hydrates, hydrate rimation and dissociation are kinetic
time-dependent phenomenal hehydrates form when both hydratéormer and water molecules are
available in sufficient quantities and the system is within hydrate stability ZDnemolecular level,
the hydrate formation process cabe divided into nucleation and growth stages. The hydrates
dissociate when the pressutemperature conditions are outside the hydrate stability regi@mnce
this thesis emphasizes thedrate formation and dissociation on a pofkevel,a detaileddescription

of microscopic phenomenon of gas hydrateprovided in this section

1.4.1 Hydrate nucleation

Hydrate nucleation is the process during which small clusters of water and gas grow and dissipate to
reach the critical size at which continuéstable)growth is possibl¢Sloan &oh, 2008 Nucleation is

the critical step in understating the formation of hydrat&ven though several hypotheses attenpt
explainnucleatia, its mechanism is not known with any degree of certaifityree main limitations
complicate the study of hydrate nucleatior(Sloan & Koh, 2008 First being a microscopic
phenomenon with tens to thousanad molecules inolved the nucleation sage idifficult to observe
experimentally Secondthis stage is statistically probable (but not deterministically certain) process.
Third, nucleationis associated with high degree roktastability thatcan be defined as the dly of a
nonequilibrium state to persist for a long period of time.

Different nucleation nomenclature can be found in the literatufieo avoid inconsistency, the
discussion of nucleatiom this thesis will refer to the theory of homogeneous and he¢eneous
nucleation in crystallization, as outlined bullin (2001)and Sloanand Koh (2008)

Homogeneous nucleation (HON)
Homogenous nucleation isspontaneousrystallizatiorprocess tlat occurs insystensin the absence
of impurities such as foreign particles dod surfaces A stable crystahucleus may contain up to



several thousand moleculedleverthelessthe simultaneouscollision of the required number of
moleculesthat can formastable nucleuss an extremely rare evenit is more probable that a stable
nucleus could result from a sequence of biomolecutllisions according to the following scheme:

0 O 0 (cluster containing two molecules)
0 O 0 (cluster containing three molecules)
0 0 0 (critical cluster)

Initially, two moekcules collide to form aluster (embryo) A newly formed cluster combines with
another molecule/clustertherebycreating a new cluster dficreasedsize Sequentialcluster growth
continues until the criticatluster size is reacheBefore a cluster attains a critical size, many of clusters
fail to achieve maturity and they simply redissolve because of density or composition fluctuations.
However,after achieving the critical sizéurther molecular collisions with the critical cluster would
cause nucleation and successive stable growth of the nuckinse a critical nucleus is too small to
observe directly, its structure is not know

The formaton of critical cluster size and spontaneous growth is governedhégitcess Gibbs free
energy ¥'Q between a small solid particle of solssumed to be a sphere of radijsind the solute
in solution This can be expressed t® sum ofthe surface &cess free energy, 'O, and the volume
excess free energy,O:

&
@]
&
@]
k<}c
@]
'-L
|
<
@]

1.1)

where YO is the free energy change per unit volurard| is the interfacial tensiometween the
crystalline surface and liquid in which it is locatdtte surface excess free energy and the volume
excess free energy have the opposite signs, with surface excessiggydeing a positive quantity
(Figurel.6). The function of the exess freeenergy has a maximu'O )at the radiuscorresponding

to the critical cluster/nucleii . The expressions faY'O andi can be derived ¥ differentiating
equation 11 and setting the result to zero:

. q
i 0 (1.2
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.. ™
YO (1.3
o

The equations above demonstrate that the critical cluster size is strongly dependent on a maximum of
the excess free energy.O can be interpreted as an energy barrier that a cluster must overcome in
order to achieve a critical size that is energetically favorable to sustain growth. Otherwise, nuclei are
unstable andshrink if their size is less than the critical cluster size.
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Figurel.6. Free energy diagram for nucleatiaiMullin, 2002).

Heterogeneous nucleation (HEN)

Heterogeneous nucleation is typical for systems containing impurities. Labogapgared aqueous
solution may contain more tham Ttsolid particles peA | . Even though a careful filtration can reduce
the number of foreign particles by three orders of magnitude, it is not practically possible to prepare
impuritiesfree solution.lt is generally agreed that true homogeneous nucleatiatifficult to achieve

and mostsystems nucleate heterogeneously.

It isthermodynamically feasibl® achieve heterogeneous nucleation at degrees of supercooling lower
than required fo spontaneousnucleation. When a critical nucleus form$eterogeneously, the
associated overall free energy chan¥@® , mustthereforebe less than for spontaneomsicleation

Y0 %Y O (1.4)

where %.is the factor less than one.

Fromequation 1.1 free energy change is affected by interfacial tension. In heterogeneous systems
containinga solid surfae, three different interfacial tensions arisgigurel.7). They arethe solid
crystallineliquid interfaciakension,] ; the foreign solid surfackquid interfacial tensiorf, ;and the

solid crystallindoreign solid surfacnterfacial tensionf . Inthe porous mediasaturated with gas
hydrates crystalline deposit antbreignsolid surfaceelateto hydrate and graimespectively.

The factor%.in equation 1.4 is related to the contact angle between the crystalline depasid a
foreign surfaces—according to the following expression:

¢ AT-Op AT-O
T

%o (1.5)

Contact angle—provides the information about the wetting preference of a systdfigure 1.8
illustrates the relationship betweethe factor%.and contact angle—The fraction’%.can belowered
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effectively by decreasing contact angleSinceY"O s directly proportional t& the reduction oo
leads to lower values 8f O . Therefore, thenucleation is easier to achieve at lower contact angles
betweenthe ciystalline deposit and a foreign surface.

Ta

Liguid (L)

Crystalline
deposit (¢)
Yes (8 Y
Solid surface (s)

Figurel.7. Interfacial tension diagram for a system containing two solids (crystalline deposit and foreign solid surface) and
a liquid (Mullin, 2001).
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Figurel.8. Ratio of overall free energy changes of homogeneous and heterogeneous nucleation as a function ofitfaet
angle(Mullin, 2002).

1.4.2 Main nucleaton parameters

The experimental results obtained by different researchers show that the behavior of hydrate
nucleation is not governed by any common thermodynamic propertyidrdather stochasticSloan &

Koh, 2008. Many mrameterscan influence the nucleation process. Driving force, induction time,
agitation and memory effechre believed to affecthe resultsof presentMSc projectand thustheir
description will be provided below.

Driving forcefor nucleation

As defired by Mullin (2009, nucleation rate is the number of nuclei formed per unit time per unit
volume which in turn igrelated to the driving force $ervio &Englezos, 20Q03Even though arious
parameters have been reported to drive the nucleation process such as chemical potential, fugacity,
degreeof subcooling, supersaturatioefc., Christiansen and Sloan (19%®rived an expression that
accounts for all dving forces discssed by other authorsS{oan &oh, 2008 The general driving force

for nucleationcan be related to the total molar change in Gibbs free energy of hydrate formation,
Y'Q |, expressed as

yQ YQ YQ (1.6)



where Y'Q is a function of pressure, temperaturehemical potential and fugacity; the term
yQ represents gas and water thate convertedto hydrate, whereas the teriy"Q is
related to hydrate.

The driving forcdor hydrate formationis often represeited by the degree of subcoolingT, which is
RSTAYSR a GKS GSYLISNI GdZNBE RATTSNESWu@She aifeil 6 SSy
equilibrium temperature of the methanbydratewater system under a given pressuréy .
Nevertheless, this parameter does not encompass the effect of pressyneandi et al. (2005tudied

the effect of pressure on the driving force. They found out thapiane gaswater systemshe driving
forcewasproportional tothe degree of subcoolingt constantpressure and temperatureonditions.

Further,it was concluded thathe degree of subaaing alonecouldrepresent the driving forcen pure

gaswater systemst pressures exceeding 200 bar.

InthisYF &G SNJ LINP2SOGX LIJz2NBE YSGKIYS 3AFLa ophppdpro &l
approximately the same for the majority of experimenthgrefore, the degree of subcooling is
assumed to represent the driving force.

Induction time

99SYy (K2dAK (KS a2adsSyQa LINBaad:aNB yR GSYLISNI GdzN
do not massivelyform for a certain perioddue to metastabiliy. This period is called induction time

which can be defined abe time elapsedrom the establishment of hydrate stable conditionstil

the growth of detectable amount of hydrat@gashchiev &iroozabadi, 2003 Sloanand Koh (2008)

summarizes some important features of the induction time as follows:

T Inductiontime is most likely to bedominated bynucleationstage, but is also affected by
growth stage until hydrates are first detected

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

9 The stochatic behavior is less pronouncathigh driving forces and with constant cooling

In addition, he induction timetends to depend orthe accuracy of detection by means of apparatus
Flatlandsmo (2015used similar experimental setu that of this project to study the hydrate
formation and dissociation on poilevel, and estimated that hydrate growth could be detected
througha microscopenly ifthe hydrate layer thickness exceeded fuffi. Hence, the induction time
in this thesids likely to relateao the thickness of hydrate layer.

Memory effect

It is generally agreed thalhe hydrates keep a memory of their structure when they ageamposed
at moderate temperaturesThe gashydrates are expected to nucleate more readilya system that
has earlier been dissociated, than in a system with renewed water with no previous hyistigy.
This phenomenon is callede memory effect. This effectan be destroyed by sufficient heating of the
system above the hydrate formation temperature at a given pressBesed on the experimental
observations of the memory effect, two opposing hypothessa® proposedto explain this
phenomenon §loan &oh, 200§:

1. Hydrate structurecontinues to exisin a system in the form of either residual structure of
partial hydrate cages or persistent hydrate crystallites.
2. Dissolved gamesidesin the solution after hydrate dissociation.

Despite numerous observations of the memory effettiere is no general agreemerdn this
phenomenondue to lack ofdirect molecular studies to verify the above hypothes&ikhoughthe
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results ofmany experiments conclude théithe memory effect seems toeduce the induction time,
some other researchers have cast a doubt on the existence of meeffect Ralger, 2000 Wilson &
Haymet, 201D

Two distinct types of hydrate formationsene perfomed in this thesisprimary and secondary
formation. Several definitions of primary and secondary formation arise in the literature. According to
Mullin (2003, unlike primary formationthe secondarhydrateformationinitiatesunder thepresence

of crystalline matterln this thesis, secondary formation is underganea system that has previously
been dissociated but has not been heated afterwaiserefore,secondary formation performed in
this work isbelieved to be affeted by memory effectin contrastprimary hydrate formation is unlikely

to be affected by the memory effect sinaesystem was heated and cleaned with water prior to every
experimental run to remove any residual hydrate structures

Agitation

High drivig forces alone do not always induce nucleation and promote a further grodghation
(cavitation or turbulencejs frequently used to enhance nucleatiofrhe degee of agitationtends to
affect the inductiortime both in bulk systems and in synthefiorous media.

When it comes tahe hydrate studies on porscale performed by other master studenat the
Reservoir Pysics group, they all reportatifficulties related to the hydrate formation in highressure
micromodels under static conditionSlatlandsmo (2015ndIden (2017emphasized theémportance

of agitation for hydrate formation Thar systems werearely observed to nucleate spontaneously
under static condition@nd hence agitation as successfullyforced into the micromodeto induce
hydrate formation.The aitation techniguesimilar to thatapplied bylden (2017)was utilized in this
work.

1.4.3 Hydrate growth

Once thecritical cluster size is attaineand the induction time is overthe stablehydrate growth
initiates. Three main parameterimfluence the hydrate growth mthe molecular levelSloan &Koh,
2008): (1) the kinetics of crystal growth at the hydrate forming aré) mass transfer of molecules to
the hydrate forming areaand (3) lat transfer of the exothermic heakleasedduring hydrate
formation away from the hydrate forming areBlowever, it has been suggested that heat and mass
transport dominate the hydrate growtin multiphase systems, wherettee role of hydrate intrinsic
kinetics can be less significail¢an& Koh, 2008 Many of the nucleation parameters also appear to
influence the hydrate growthin this thesisthe hydrate growth rates will be estimatedis he
guantification of hydrate growth may assistdabetter understating of general phenomenon of hydrate
formation.

General crystal growth mechanism

Cahnret al.(1964)distinguish between twmnain kinetic growth mechanisms: stepwise and continsio
In stepwise growth mechanism, the molecules attaclstap kink sites and the solid interfageows
by the lateral motion of stepsContinuous growth mechanisimvolves the molecular attachment
everywhere on the surface and theontinuous advance of theolid interface normal to itselflt is
proposed that the driving forcéen terms of suboolingaffects the kinetic mechanism by which the
growth proceeds. The sufficiently low driving forces resulé istep growth, whereas a continuous
growth operatesat sufficiently high driving forces.

Theoccurrenceof a certain growth mechanism can be validated experimentally in terms of kinetics
and morphologyFor instance, the linear dependence of a growdtteron supercooling provides a
strong evidence for a continuous mechanisifith regard tomorphological featureshe development
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of welldefined crystallographic surfaceglicates a stepwismechanismHowever, the morphological
evidencemust be considexd only when the heat transfas not a limiting factor because heat flow
restrictions willalso result in a rounded crystal surfadadependent of the growth mechanism.
Moreover,morphology developed during the active growth procedgters fromthat of equilibrated
crystal since the shape of the latter does not depend on tieavth mechanism.

Figurel.9 demonstrates theformation of methane hydrate crystalat the watermethaneinterface
performed byFreer et al(2001) The initial growth results in the wedlefined crystalpostulatingthe

step mecharém igurel.9a). As pressure increases, the mechanism shifts from step to continuous
growth indicatedby the disappearancef the facetsand filmroughening(Figurel.9b).

it

Figurel.9. (a) The development of methankydrate crystals at thavater-methaneinterface; (b)the facets vanistand the
film roughensupon pressure elevation postulatinghe transition from step to continuousgrowth (Freer et al., 2001

Hydrate formation mechanism

The hydrate growthypically initiatesat the waterhydrocarbon interface due to siditantly higher
hydrate component concentrations compared with mutual fluid solubilit®edn, 2008 Based on
the experimentalanalysisof a hydrate filng/shell developmentat the waterhydrocarbon interface
performedby diferent authors,Sloan and&oh (2008proposed the mechanism fanydrate formation
according to the following step&igurel.10):

1. Development of a thin porous hydrate filmrass thewater-hydrocarboninterface
2. Thickening of a porous hydrate film
3. Transformation from porous toompletelysolidnonporous hydrate film

The development of a hydrat®im at the interface inhibits further growth due to mass transport
limitations through the solid hydte membrane $loan, 2008 Neverthelesswater and hydrate
former should easily diffuse through the porous hydrate fi8tagkova et al., 2003Figurel.11shows

a porous methane hydratémage obtained by a field emission scanning microgd@aykova et al.,
2003.
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Figure 1.10. Schematic of the proposed mechanism for the developmenfta hydrate film at the water-hydrocarbon
interface (Taylor et al., 200Y. Step 1: Thin porous hydrate film develops across the wattgdrocarboninterface. Step 2: A
porous hydrate film expands. Step 3: Conversion of posdo solid nonporous hydrate film

Figurel.11. A field emission scanning electron microscopy imagfea porous methane hydratecrystal (Staykova et al.,
2003.

Crystal morgology

Several studieshow that crystal morphologydepends on the appliedriving force and generally
unaffeded by hydrate former$loan &Koh, 2008 The development ofaceted columnarcrystalsis
expected at low drivig forces, whereas the crystal morphology transformsraagh needlelike
dendritic form at high driving forceServio and Englezos (20@2iggesthat the growth of dendritic
crystals at high driving forces is due to aéangumber nucleation sites compared to that at low driving
forces. As discussed b¥ullin (200), the rate of nucleation is proportional to the degree of
supersaturationwhich in turn is proportional to the driving for¢8ervio &Englezos, 20Q03Henceat
high driving force hydrate crystals are likely to grow at different locations with faster nucleation
kinetics, thereby leading to more random crystal growth that in turn results in a rouglréace.In
contrast, at low driving force hydrate nucleates at fewer nucleation sité®re the slower crystal
growth occursn a more regular manner.

Columnar/aiceted and dendritic crystal morphologies have been observedrinous hydrate systems
dependingon the applieddriving force.Figurel.14 illustratescolumnar(Figurel.14a) and dendritic
hydrate cystals Figurel.14b) developed at thevater-methaneinterface in buk. Figurel.12 shows
the development of facetedrjgurel.12a) anddendritic methane hydrate crysta(figurel.12b) in
synthetic porous medialhe formation of needidike denditic methane hydratecrystalscovering the
surface of watedroplets is shown ifigurel.13.

13



Figure 1.12. Different morphology of the methane hydrate crystals developed in #ygtic porous media: (a) faceted
crystals(symbol H) (b) dendritc crystals(symbol H)Katsuki et al., 200¥ 4., and H, the symbols in this figure, represent
the liquid water and methane hydraterystals.

Figure1.13. Needlelike dendritic crystals of methane hydrate covering the surface of water droplgefvio &Englezos,
2003.

(a)- | -

Figurel.14. Different morphology of hydrate crystals developed at the interface between methane and water presaturated
with methane in bulk: (a) columnar crystals at low driving forces, (b) dendritic crystals at high driving fo@es(ra et
al., 2005.

1.4.4 Hydrate formation in porous media

The hydrate nucleation angrowth in porous media differ from those in bulk systems. In addition to
parameters describedh section1.4.2 the hydrate formation in poroumedia is also affected by
wettability, capillarity, pore sizes and fluid saturationsevertheless, the effect of pore sizes can be
neglected atvalues exceeding 100 nr8lpan &oh, 2008 The thermodynamic properties iropous
media are different from those in bulk due two main reasonsGlennell et al., 1999
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1. Molecular interactions between the hydrophilic mineral surfaaed fluids.
2. Energy necessary to support capillary equililoniu

In waterwet systems, a thin water film coats the grain surf@égurel.15a). Unlike pore waterthis
bound water does not participate in hydrate formatioffanda &Stupin, 1992 The interactims
between grains and water reduce the activity of water where activity is defusealchemical potential
normalized to a reference stat@igurel.15b). Thecapillary forces further reduce the water activity
(Handa &Stupin, 1992 As a resulbf the combined effect of these factgrsigher pressures or lower
temperaturesare neededo form hydrates in porous media compared to those in bulk systemd
therefore,experimentalresultsobtainedin buk systems may not necessarily be cortethto porous
systems landa &Stupin, 1992 However,capillary inhibition of hydrate formation in porous media
can be counteracted by capillary supersaturation,arincreased gasoocentration in water due to
equal chemical potentials of dissolved gas and free lgdsbles (Clennell et al., 1999 Capillary
supersaturation can be achieved by additional gas supply, increased pressure or reduced terapera

(b) A Profile of Pore Water Activity
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Figurel.15. (a) Different water layersand grain surfaces in porous media. A thin water fitoats the mineral surfaces and
does not participate in hydrate formation. (b) Water activity as a furan of distance from grain surface. Activity of bound
water coating the grain surfaces is reducedlénnell et al., 1999

Hydrate distribution in the pore space

The hydrate pore occupancy is an important concern whenuatialg the hydrate systems in nature.
The distribution of gas hydrates is widely discussed in literature in relation to their ability to cement
the grains.Several schemes of hydrate deposition can be found in literature. To avoid inconsistency,
the cemening nature of gas hydrates is discussed here based on the model propogazkédayet al.
(1998) They described two extremgchemesof the hydrate distribution within the pore space: (1)
contactcementing hydrates (or grain m®nting), which reside on the rock grains; and (2) -non
cementing hydrates (or pore filling), which occupy the pore space away from the dgrajnse(.16).

The grain cementing hydrates stiffen the sediments, whenga® filing hydrates are unlikely to
reinforce the grainsThe grain cementation by hydratesintherefore havea great impact on the
sediment stability and the interpretation of seismic data.
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Figure1.16. Two possibé hydrate distributions within the pore space(A) grain cementing hydrates and (B) pore filling
hydrates Ecker et al., 1998

1.4.5 Hydrate dissociation

Hydratedissociationis an endothermic process that incorporates heat andssntiansfers together

with intrinsic kineticsHowever,many studies have shown that heat transfgedominantly governs

the hydratedecomposition(Moridis et al, 2002 Hong et al., 2003Davies et al., 2006Hong et al.
(2003) suggest the kineticean dominate the early stages of dissociation. Nevertheless, tieat
transfer controls the later stagahie to the developed temperature gdient in the hydrate zone as a
consequence of the decomposition proce§he mass transfer can also influence the hydrate
dissociation. The effect of fluid flow (water and gas) away from the hydrate interface becomes more
pronouncedon field scale, whereathe heat transfer and the kinetic dissociation of hydrates are the
dominant factors on laboratory scal&gng et al., 2007

Almenningen et al. (20)&nalyzedhe heat transfer in a silom micromodeland concluded thathe
heat transfer at thepore bottom and thepore corners (both are madeof silicon wafer) wasnore
favorable thanat the glass plate on top of pores due to the difference in heat conductivity between
the silicon wafer andhe top glass plateln this master thesighe hydrate formation and dissociation
occurs in a shilar silicon micromodel antthe heat transfer effects are assumed the same as desdr

by Almenningen et al2018.

Self-preservation of natural gas hydrates

Many researchers have reported the natural gas hydrate ability to delay the dissociation by lowering
the pressure below equilibrium undsubzero temperatures$loan &oh, 2008. This phenomenon

is called anomalous sgifeservation, which can have practical implications for natural gas storage
where the prolonged gas hydrate stability is desired.-ed§ervation of natural gas hydratesak 0

°C is likely due to ice shieldifigpm the water released during theytrate dissociatiorfMakogon &
Ghassemi, 2000

Makogon and Ghassemi (20HEWidied the effect of selpreservation in porous media at temperatures
above 0°C. They determined that the fresh watarethane hydrate dissociation temperature
increased by several degrees compared with theoretical values. This was explained by the capillary
pressure increase due to alterations of the pore size and structure asith oéfiydrate formation in

porous media. The effect of natural gas hydrate-pedfservation in porous media results in a greater
amount of energy needed to dissociate the hydrates in sedimdntshis work, the effect of self
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preservation was believedot cause the delayedhydrate dissociationobserved in one of the
experiments.

1.4.6 Production techniques

Various production techniquesre proposedo produce natural gas fromydrates. The most common
meansare depressurization, thermal stimulation amthibitor injection (Makogm, 1997. Although
gas from hydrates can be extractedingone of the mentioned methods onlyhe combination of
various techniquess often applied on a longerm (Moridis et al., 201} Figurel.17 illustratesthe
effect of various production techniques on the presstemperature conditions and the gds/drate-
water stability curveln this master project, the hydrates are dissociated thropgssure reduction.
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Figure1.17. Schematic ofdifferent production techniques I(i et al., 201§. Inhibitor injection technique alters the gas
hydrate-water equilibrium line, wheeas depressurization and thermal stimulatioohange the pressur¢emperature
reservoir conditionsNGH stands for natural gas hydrate.

Depressurization

The hydrates can be decomposed feglucing the pressuréelow the equilibriun value at a given
temperature. Due to endothermic nature of the hydrate dissociatiahe gas production by
depressurization will result in a continuous temperature decrease in a hydrate decomposing area.
Once the local temperature drops to the equilibrinralue at a given presse, further dissociation
might terminate. Hence, the sufficient heat must be supplied from surroundings to promote further
dissociationSloan& Koh 2008. Among the three common methods of gas production from hydrates,
depressurization is th most costefficient Sloan &oh, 2003

Thermal stimulation

The hermal stimulation technique involvabe temperature rise above the equilibrium value at a
given pressure. This can be performed Hipt water/steam injection or by direct heating of the
formation. The thermal stimulation method cacompensate fordrawbacks of the depressurization
technique such as the heat loss, the low gas production rate, the hydrate reformation or ice formation,
andthe blocking effect$ong et al., 20)5However, this production technique relatively slow and
requires an intensive amount of ener@iuppel, 201
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Inhibitor injection

The injection of cheaicals such as methanahdethanol glycoinhibits the gas hydrate stabilist local
pressure and temperature conditiofy shifting the hydrate equilibrium line to higher pressures and
low temperatures Although the inhibitor injection promotes a relately fast dissociation, the
efficiency of this production technique depends on diffusion and effective permeability to solution in
the reservoirs (i et al, 2016). The chemicalnjection is not considered as the primagchnique to
produce gas from hydratder a prolonged production period or on a large sc&eagpel, 2011
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2 Literature survey

This literature overview summarizesevious researcn gas hydrategelevant to this master thesis
Since thanain intention of this work iso study the methane hydrate phase transitioimsthe silicon
micromodel, he focusof this chapteris kept onthe pore-level hydrate formationand dissociation
patterns in micromodels (sectiors1-2.2). The quantification of the hydrate growithan important
part of this MSc project. Sectich3 addresses the hydrate growth rate bulk and synthetic porous
media. In additionthe effects of the water saturation and posize of the porous media amcluded
in section 2.4.

2.1Hydrate formation in micromodels

The first attempt to visually observe gas hydrate formation and dissociation at the microsuae

in synthetic porous medi@lass micromodelyas performed byl ohidi et al(2001) They studiedhe
hydrate formation fromsoluble hydrate former (tetrahydrofuran), free gas (methane), and dissolved
gas (carbon diage). The experiments provided the visual evidence that hydrates could also develop
from phases dissolved in water (carbon dioxide), without the presence of agieephase.
Independent of the system studied, the hydrates accumulated in the center giditee whereas water

films coated the grain surfaces. This phenomenon likely restricts the potential for sediment
cementation, which was only observed in the regions where the gas hydrate occupied a significant part
of the pore space or the grain size wasadl. The hydrates formed from tetrahydrofuran initially grew

as curved crystal faces, but then transformed into hexagonal shapes with angular maingis&eletal
shapes were observed to develap hydrates formed from dissolved carbon dioxitf®r methane-

water system, hydratgrew firstat the water-gasinterface, resulting in thdormation of a hydrate
layer around the gas bubble, which was then totally converted to hydi@ture2.1b). In addition,

the hydrate formation waglso observed in isolated gas bubbles, likely due to the movement of small
seed nuclei and/or the alteration in the structure of the surrounding water. After crystallization, the
hydrates relistributed over time [Figure2.1c).

Figure2.1. Methane hydrate formation in synthetic poroumedia (Tohidi et al., 200} (a) Water (L) and methane&3) prior
to hydrate formation, (b) newly formed hydrates (Hand a thin hydrate layer encapsulating the gas bubbles (X) prior to
total conversion to hydrate, (c) hydrate redistribution over time.

Katsuki et al. (200&tudied the effect of the system subcooling dretmethane hydratgrowth in a

glass micromodeFour different system subcoolings were studi¥dy 3.4 K, 6.7 K, 12.3 K, and 14.1

K. The continuous growth of the faceted crystals, which bridged the channels, was observed when the
system subcooling was equal or lower th@ai K. Physical bonding that generated between the faceted
hydrate crystals and the glass walls of the porous medidikayg becausasufficient resolution failed

to detect thin water films along the grainat the system subcooling equal or greateathl2.3 K, they
initially observed the development of the dendritic hydrate crystals, which then transformed into
particulate hydrate systems. No channel bridging was observed. The absence of a sufficient amount of
an additional methane supply likely reisted the bridging possibility. The magnitude of the mass
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transfer of methane molecules through liquid water was the key mechanism affecting the morphology
of the hydrate crystals.

Hauge et al. (2018)udied the formation the methane and carbon dioxide hydrates in hjlessure
silicon micromodel. They concluded thi#ie fluid connectivity and local fluid distribution were the
main factors affecting the hydrate growth pattern. The hydrate growth in thefifjad pores
progressed in three different steps:

1. The thinfilm hydrate growth on the wategas interfaces
2. The thickedayer hydrate growth along the pore walls and towards the pore center
3. The hydrate redistribution over time

In carbon dioxidewater system, the initil hydrate growth was observed in the gdked pores. Even
though the hydrate also formed from the isolated gas bubbles, further hydrate growth was terminated
due to limited mass transfer caused by the hydrate layer on the interfatveda® carbon dioxid and
water (Kvamme et al., 2007 Thegrowth of carbordioxide hydratewvas also observed in watéitled
pores if they were adjacent to the hydrafdled pore. The methane hydrate initially had the coarse
texture, which th& became more transparent after the hydrate redistribution. Tinethane hydrate

did not grow in the watefilled pores, unless water was partially displaced by free gas. Lower methane
solubility compared wh carbon dioxide likely inhibitetthe methane hydate formation in the water

filled pores.

2.2Hydrate dissomtion in micromodels

Tohidi et al. (20019tudiedthe hydrate dissociatiohy means of thermal stimulatiost the microscopic
scale in synthetic porous media. Thrdifferent hydrate systems were studiedtetrahydrofuran
water, free methane gawater, and dissolved in water carbon dioxidater systems. They observed

the complete redistribution of the fluids, independent of the system studieitially, the disso@tion

of tetrahydrofuran hydrates led to a slurry of fine crystals. The system was then returned to liquid only
In methanewater system, the areas covered by hydrate reduced in size, leading to the separation of
hydrate sections. As a result, these seafi startedto move within the liquid. The gas bubblegre

then releasedfrom hydrates and spread over the model. Moreover, small crystalline structures
remained in the liquid even at temperatures beyond the hydrate stability region, likely due to
anomalais preservation of methane hydrat@he hydrates formed from dissolved carbon dioxide
dissociated completely, without a sign of any crystalline structures left. The system returned to its
original singldiquid state. No gas bubbles were observed untilgstee was lowered below 0.69 MPa

at room temperature.

Katsuki et al. (2008)issociated methane hydrate in a glass micromodel by temperature increase and
pressure reduction. They observed that methane gas released froocéisisg hydrate formed vapor
slugs that completely féld the pore space. No formation or growth of vapor methane phase on the
hydrate crystal surface was observethe dissociation due to temperature increase was initially
associated with the formationfanicroscale methane bubbles on a hydrate crystal surface, which then
diffused through liquid water to a larger bubble or methane gas slug. Upon pressure reduction, the
small methane bubbles initially developed in liquid water. These bubbles grew imdiz@asformed

into larger slugs, which then flowed in pore chanr(Eigure2.2).
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(e) 65.08 min " (f) 69.92 min

Figure2.2. Dissociation of methane hydrate by depressurizatifiatsuki et al., 2008 The geometries in (a) are illtrated
in (b) asfaceted hydrate crystals (FH), particulate hydrate crystals (PH), gaseous methane (Vg), and liquid water (Lw).

Almenningeret al. (201§ studied the dissociation of methane hydrate developed from distilled and
saline water using higpressure silicon micromodel. They utilized two distidissociatiormethodsc
depressurization and thermal stimulatioRor a distilled water systendissociation patten induced
by pressure reduction was affected by inif@ire occupancy. Wen a pore was cometely filled with

a solid hydratewithout enclosed gaghe hydrate dissociation initiated in the pore corndirst. This
was explained bthe transmissiorof pressure reductiothrough wetting water filmgoating the grains
in the pore cornersin pores occupied by a hydrate fifahell with enclosed gasthe pressure
reduction was transferred tiough the enclosedas phase, resulting adissociation pattern fsm the
pore center towards the pore walDuring thermal stimulationthe hydrates first dissociated in the
pore corners and then towards the pore center, likely duethte differencein heat conductivity
between the silicon wafer pore walls and the tomgg plate.For a saline water systemyater
freshening during idsociatiorresulted in distinct dissociation patterrisocal hydrate reformation was
observed.

2.3Hydrocarbon lydrate growth rate

The hydrate growth has been extensivelydied in bulk systemdulk systemsand porous media have
distinct thermodynamic properties Clennell ¢ al., 1999, and therefore hydrate formation
mechanisms in bulk may not lakrectly applicable to porous system®ne of the objectivesf this
thesisisto quantifythe growth d methane hydrate on porscale and to compare the obtained results
with thosemeasuredn bulkvolumes.

2.3.1 Hydrate growth rate in bulk

Freer et al. (2001neasured thelateral growth rate of the methane hydrate filnalongthe planar
water-methaneinterface in bulk system (higbressure cellpver a wide range of pressures (3:8%6
MPa) and temperatures (1-4.0 °C) using optical microscopy.hey found out that the growth rate
was lineay dependent on the bulk temperature at constant equilibrium temperatures postulating a
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continuous growth mechanism. However, the growth rate as a function of equilibrium temperature at
constant bulk temperatures did not show a linear trend, suggestingahatique growth rate may not
exist for a given driving force.

Taylor et al. (2007¥ktudied the film thickness and the propagation rate at tplnar water-
hydrocarboninterface for cyclopentane and methane hydratés bulk (high-pressure cellpver the
pressure range of atmospheric to 8.3 MPa and temperature range o0f2280K, using video
microscopy combined with gas consumption measurements. They demonstrated that the film
thickness increased with time and subcooling,eipendent of hydrate formerThe growth rateof
methane hydrate along thewater-methane interface increased with degree of subcooling,
represented by a power law trendrilm thickening was observed to be much slower that the lateral
growth. The obtained redlts showed a reasonable agreement with the growth rates measured by
Freer et al(2001) The film growth inthe water phase was also observed, suggesting that the film
thickness and growth rate were masansfer dependent, gpressedn terms ofthe hydrateformer
solubility in the water phaseFigure 2.3 illustrates the hydree growth at the planarwater-gas
interface.

Figure2.3. Methane hydrate fim growth at the planarwater-gasinterface (Taylor et al., 200y. Methane is above the
interface and water is below.

Besides a hydrate growth on a planar interface, the studies of growth rates in bulk volumes were also
exterded to a curved watehydrocarboninterface using both purgas and mixedas hydrate
formers. Peng et al. (2007investigated the hydrate film growth on the surface of a gas bubble
suspended in wateTanaka et al. (20Q9Saito et al (2010 andWu et al.(2013)examined the hydrate
growth on the surface of a water droplekposed to a gas phasEigure2.4). They all found out that

the growth rates increased with increasing degree of subcooling.

The growth rates measurday Peng et al(2007) Tanaka et al. (2009%aitoet al. (20190andWu et al.

(2013)were consistent with those dfreer et al. (2001and Taylor et al. (2007 However, the values
for gasmixtures hydratesvere slightly lower compared with pure gagdnates.Figure2.5 provides a
comparison between the growth rates obtained Bseer et al(2001) Tanaka et al. (2009nd Saito

etal. (2010.



Methane P=5.66 MPa, ATgp=4.0 K, Tex= 3.5 K

=0s

Figure2.4. The growth of methane hydrate on the surface of the water droplet exposed to methane amndka et al.,
2009.

Figure2.5. Comparison of the hydratergwth rates at thewater-gasinterface in bulk Saito et al., 201p

2.3.2 Hydrate growthrate on pore-scale

Hauge et al. (2016)vere first to place emphasis on the hydrdtien growth ratein porous media on
micro-scale, using higpressure silicon micromodel. They quantified the growth rate of the secondary
methane hydrate formation a8 MPa and 4.4C.The growth rate along the pore wall was estimated
to be D 500um/s at T = 4.AC,which wasconsistent with thefilm growth ratesreported byFreer et
al. (2001) In contrast hydrate growth towards the pore centeras much slower6.9 pm/s. The
differencein growth ratesvasattributed to the crosssectional shape of the etched pordhe water
wet nature of porous media and the pore shgmevideda sufficientwater availabilityalong the pore
walls, which resulted in relatively high growth ra@n the other handhydrate growth bwards the
pore center wagjoverned by a slow water transfer from pore corners and adjacent wiled pores
along the wetting filmsOne of the main objectives of thisasterthesis is to extend the studies of the
methane hydrate growth ratin highpressuresiliconmicromodet performed byHauge et al(2016)

2.4Effect of water saturation and pore size on hydrate formation

Kang et al. (200%tudied the effect of driving force and pore size be tnethane and carbon dioxide
hydrates in silica gel pores, with pore sizes of 6, 30 and 100rhay. foundhat the rate of hydrate
formation expressed in terms of gas consumption over time was closely related to driving force; and
that carbon dioxide hydhte formed faster than methane hydrate. The pore sizes did not affect the
hydrate formation rate.
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