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Summary

Natural gas hydrate is a solid state of gas andnedtlow temperature and high pressure. Gas
hydrates are known to form hydrate plugs in prodactine, and has thus generally been

considered a problem to the oil industry. Howevlee, energy stored in gas hydrates is vast,
and as the global energy demand increases, focsisifted on gas hydrates as a potential

energy resource.

The work presented in this thesis is a series péamental studies of hydrate formation and
dissociation kinetics in porous sandstone. Theallvebjective was to provide an improved
basic understanding of processes involved with &ion and production of methane (¢H
gas hydrates within porous media and to obtain @@ataaumerical modelling and scaling.
CH; hydrate has been formed repeatedly in Bentheindstane rocks to study hydrate
formation patterns as function of initial water agak saturations and salinity, and to prepare
for subsequent lab-scale gas production tests uaioglifferent production schemes: 1) £H
production by carbon dioxide replacement, and 2) @idduction by dissociation of hydrates
through depressurization.

Salinity impacts on induction time and hydrate gifowattern has been investigated through
six different experiments, looking at the effectsaflinities ranging between 1 wt% and 10
wt%. Salts are well known hydrate inhibitors andyneaffect both induction time for
nucleation and hydrate growth pattern. These reshlbw that salinities below 4 wt% NacCl
do not seem to affect the hydrate formation ragmiBcantly. However, at higher salinities
(4.5-10 wt% NaCl) the inhibition is evident. Thesuis show a reduction of the amount of
water converted to gas hydrates and an increaséution time with increasing salinity.

Depressurization is by many considered the mosnisiag production method, and is the
only successful production method to date on fsgldle (The Messoyaka field located in the
eastern Siberian permafrost). This production natibdased on dissociation of gas hydrate
by bringing the reservoir below the hydration puess In this work Chlwas produced from
Bentheim sandstone partly saturated with gas hgdratreducing the pressure stepwise until
dissociation commenced. The production was mordtéa@h byin situ magnetic resonance
imaging (MRI), and by material balance calculatifresn PVT data. Results were consistent
with previous results (Husebg et al.,, 2008b), whiaddicates reproducibility of the
experiment, and showed full recovery after 280 ho®roduction of associated water was
detected.

The second production scheme investigated wag @éduction by exchange with carbon
dioxide. When CH hydrate is exposed to G@n exchange of gas molecules will occur
spontaneously, as G@ydrate is the thermodynamic preferred hydratee Tholecular
exchange proceselease CH which can be made accessible for production. is tihesis
experiments take advantage of MRI technology toitnothein situ CH, release. Significant
gas production was observed and corroborated previeported experiments with recovery
estimates between 50-85%. No hydrate dissociatias detected, and consequently no
production of associated water was observed.

In the experiments conducted as part of this thesost of the water was converted into gas
hydrates when the system was pressurized and kdrbe@gw hydrate formation temperature.

The exception was the last experiment, where G¥ytlrate formation was stopped prior to

completion, and C®was injected into the porous sample with free waie@sent. This



experiment was conducted to simulate a productienario in a reservoir saturated with both
free water and gas hydrate. The excess water fo@@edydrates when CQOwvas introduced.
Some production of CHwas observed; however, the time frame was limated the amount
of CH; was therefore not well quantified. Permeabilityasigrements were made at two
different stages of the process and revealed conwmation through the gas hydrate, but the
results may have been compromised by presence tef wad gas hydrates in injection and
production lines.

Salinity impact on hydrate growth and induction dirhas been identified in this study. In
addition, two production schemes have been invastiiand compared, and show promising
results.
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Introduction

Natural gas hydrates are solid crystalline inclnssompounds which belong to the clathrate
group due to its ability to encapsulate gas moksui structural cages of water molecules at
high pressure and low temperature. The gas hydoates quite similar to ice, but the
chemical compound and some of its properties dfereint. Water molecules are connected
through hydrogen bonds and form a lattice or ctiyséastructure, where a hydrophobic gas
molecule is enclosed in the cavity of the structlitee encaged gas molecule is often referred
to as a guest molecule, and typical guest molearesnethane (CHl ethane, propane or
carbon dioxide. CHlis the most common guest molecule found in nagmalhydrates, and is
therefore the main hydrate former in this work.

The formation of gas hydrate plugs in productiopefines has for a long time been a large
challenge for the oil industry (Hammerschmidt, 193Removal of such plugs is time
consuming, and certain risks are involved. By addimnibitors such as methanol, these plugs
can be removed. Hydrate dissociation will firstriselong the pipe wall, and thus the plug
may become a high velocity projectile due to tHéedential pressure. Such plugs may cause
severe damages on infrastructure and cause lafgey $ssues. Initial industrial interest on
gas hydrates was in effort to avoid such hydratggihg of pipelines. Natural gas hydrates
also represent a vast energy resource distributedgions of permafrost and in sub-marine
environments. The amount of situ gas hydrates is still uncertain, but even consemvat
estimates suggests that if only a small fractioremverable it should still be considered a
possible energy source due to its sheer size.el$timmated that energy stored in gas hydrates
is twice the energy stored in other fossil energyrses like oil, conventional gas and coal
(Kvenvolden, 1988). Estimates of gas stored in &tgdr vary between 1-120 x'26n® (Sloan
and Koh, 2008). The uncertainty in these estimateather significant, but even for the less
optimistic estimate the gas hydrates represenshergergy source. In comparison, estimated

recoverable gas left in conventional reservoiragproximately 4.4 1.0 m*®. For the more
optimistic estimates, the amount of energy storedhydrates exceeds all fossil fuels
combined by several multiples (Grace et al., 200®).gas stored in gas hydrates provides
cleaner energy upon combustion compared to oil lamsl — as concerns are raised on
environmental issues — gained increased attenmiamdustrial and scientific communities.

The Intergovernmental Panel on Climate Change (lP€Qorts severe climate consequences
due to anthropogenic interference (IPCC, 2007).u8siation of C@ into natural gas
hydrates is one suggested hydrate production Socendnere CQ may swap place with the
natural gas stored inside the cavities of the hydaad thereby creating a new hydrate with
CO, as a guest molecule (Ebinuma, 1993). Not only dbissrepresent an environmentally
friendly production scheme by sequestrating,CiD also offers increased thermodynamic
stability of the gas hydrate (Graue et al., 200@ajreased stability of metastable hydrate
deposits situated at the sea floor may reduce emsisy. Hansen (2004) predicts that
reduction in CH seeping and emissions could outweigh the negaiifleences of CQ
emissions.

Recently, promising gas production tests have exaftom selected hydrate reservoirs.
However, new technology is needed to make corssssments of the size and character of
the gas hydrate accumulation (Thomas, 2001). Initiaddto new technology, basic
understanding of the nature of natural gas hydzateimulations in porous media is needed.
The work presented here aims at contributing toldkter by core-scale studies in controlled
laboratory experiments.

Xi



Several gas hydrate experiments have previously beeducted at the University of Bergen
and at ConocoPhillips’ Research Center (BartlesviDK, USA) in a collaboration between
ConocoPhillips and the University of Bergen (Erglag008, Husebg, 2008). Accordingly, an
experimental gas hydrate setup was available ferwiork presented in this study. The
existing experimental setup was modified to allewdxtended gas hydrate research, and two
additional gas hydrate experimental setups werigued and built as a part of this work. This
was done due to repeated problems with the firgegmental setup. In addition, one of the
new experimental setups was equipped with a regystore holder to allow foin situ water
saturation measurements and subsequent gas hygiiatation determination. Resistivity
measurements may also provide additional informattwat may corroborate permeability
measurements.

The purpose of this study was to form Ohydrates in Bentheim sandstone to study hydrate
formation patterns as function of initial saturat@nd salinity. Salt is a hydrate inhibitor and
will affect the thermodynamic stability of gas hgth. It is therefore an important parameter
to consider when estimating size and occurrencemtfral gas hydrates. Hydrate growth is
expected to decrease with increasing salinity, evthie induction time is expected to increase.

The energy potential in natural gas hydrates i$, &l several different production schemes
are referred to as possible production schemdseititerature. Two production methods will
be investigated and compared in this study. Depresdion induced gas production from gas
hydrates is by many considered the most cost effi@as production method. This study will
investigate gas recovery by pressure depletion tngdrate deposits in Bentheim sandstone.
Production of associated water is considered a madigadvantage with this production
scheme, and is expected to be observed duringettperiment. High CH production is
expected through pressure depletion.

Injection of CQ into gas hydrates is predicted to induce an exghgrocess, upon which
CH, is released and GQOmaintains stability of the hydrate. This is a fesf favorable
thermodynamic stability offered by GOThis production method has the additional beroéfit
sequestrating a greenhouse gas. In this studyefteet of CQ injection into a Bentheim
sandstone will be investigated. The core has bestuied along the longitudinal direction of
the core to increase the contact area betweenh@ttrate and injected GOThis is expected
to increase the gas recovery.

Relative gas permeability will be measured in atBeimn core partly saturated with free
water and partly saturated with gas hydrates, @£l then be injected at constant rate to
observe how the free water responds to presenae aflditional guest molecule. g@ydrate
formation in the free water is expected, with sitanéous exchange process between the
established Clihydrate. Endpoint gas permeability will be meaduace all the free water
has been converted into gas hydrates.

The content of this thesis is divided into two paRart | (Chapter 1 and 2) introduces some
theory and basic concepts of gas hydrates. MRI wgesl to monitoiin situ gas hydrate
progression in some experiments and a basic inttmauof this imaging method is provided
in Chapter 2. Part Il (Chapter 3, 4 and 5) focusesxperimental descriptions, where the
experimental setups are described in detail in @neg Experimental results and discussion
are presented in Chapter 4, while main conclusiwaegprovided in Chapter 5.
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Theory



1.1 Gas Hydrates

Chapter 1

Fundamental Principles

1.1 Gas Hydrates

Gas hydrates consist of water molecules that iaterect in an open structural lattice, which
encapsulates a hydrophobic guest molecule in domegprovide stability to the clathrate
structure. Water molecules are the main compomegas hydrates, and in order to interpret
the properties of liquid water, ice and gas hydraié is essential to have some basic
knowledge about the water molecule.

1.1.1 The water molecule

Water is the most abundant liquid found on earth lz@cause no enzyme would be functional
without water, it is the very foundation for existe of life. The water molecule consists of
one oxygen atom and two hydrogen atoms. The oxygem has electronic configuration
1s25°2p* with a total of eight electrons and is missing tfectrons to complete its valence
shell. These are provided through covalent bondimgy two hydrogen atoms that are
separated by a 104.45° angle and thus the valdredeis completed for all components.
However, due to differences @tectronegativitywhich is defined as the ability of an atom in
a molecule to attract shared electrons (Zumdald5gthis covalent bond becomes a polar
covalent bond, where the oxygen has a strongeritgffior the electrons. The oxygen atom
has an electronegativity of 3.44, while the hydrogéeom has an electronegativity of 2.20 on
the Pauling scale. This causes the water molecust as a dipole, with a negative charge
close to the oxygend(-), while the hydrogen becomes slightly positivehaged ¢ +).
Because of dipole-dipole attraction, or so calgdrogen bondingeach water molecule is
attracted to other water molecules as well, astiliaed in Figure 1.1. This bond, which is a
result of thevan der Waals-Keesom fords weaker than the covalent bond, but is stitrsg
enough to keep the molecules together. The vaW@als-Keesom force influences some of
the important properties of water, including itdateely high enthalpy of fusion and
vaporization, because more energy is needed tdk ltea hydrogen bonds between the
molecules.



Chapter 1 — Fundamental Principles

Figure 1.1 — Water molecules attracting each otlwed attaching through hydrogen bonding. The centre
molecule has two positively charged hydrogen atdihese attract two negatively charged oxygen atems at
the same time the negatively charged oxygen atdheatentre attracts two positively charged hydrogeoms.

Water can be present as gas, liquid or solid, ddipgron temperature and pressure, as shown
in Figure 1.2. Each solid line represents a phasendary, and a slight temperature or
pressure change may cause abrupt change betweephysical states. The three phase
boundaries converge into a unified triple point véhesmall changes in pressure or
temperature could result in any of the phases. hdpl.3 focuses on ice and its similarities
to hydrate, due to the fact that this state of weltesely resembles hydrate and its structures.
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Figure 1.2 — Phase diagram for ice lh, water anpma(Travesset, 2008).



1.1 Gas Hydrates

1.1.2 Water properties

Because of its polar nature water molecules inidigur solid state will strongly interact and

be surrounded by numerous other water molecules.tiMo lone pairs and two hydrogen

atoms cause the water molecule to bond with upto éther water molecules, as shown in
Figure 1.1. The water molecule will therefore beaaged at the centre of a tetrahedron
formed by four other water molecules approxima®B2 A away (at 25 °C) and at angles of
109.47° (Chaplin, 2008). The length of this bondies with temperature and pressure
(Eisenberg and Kauzmann, 1969), and at high terypesathe orientation of the water

molecules are not fully tetrahedral. In simple idguthe number of surrounding molecules is
rather high, but due to the directional hydrogemdan water the number of neighboring

water molecules is restricted.

Water has a range of anomalous properties, mamshich are directly or indirectly related to
the hydrogen bonding between water molecules. dp fathe strength of the hydrogen bond
had differed by only a few percents large changethe physical properties of water would
occur (Figure 1.3), which would result in signifitaconsequences for life on earth. Among
some of the anomalous properties are its large d¢egadcity and high thermal conductivity,
which combined with water’s relatively high enthalpf fusion and vaporization, allow for
moderation of the climate by buffering large fluations in temperature. The polar nature of
the water molecule is also the reason why watesush a good solvent. Hydrophilic
substances will be surrounded by the relatively lsmater molecules where the positive
dipole of the water molecule attracts negativelsirged components of the solvent. A typical
example found in nature is NaCl, which consistshef Nd cation and the Clnion. These
ions are easily transported away from their criisglattice into solution with water.
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Figure 1.3 — Small percentage change in strengtmydfogen bond give rise to large changes in playsic
properties such as melting point, boiling pointnsgigy and viscosity (Chaplin, 2008).
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One curiosity of water is the fact that in vapoagéi it is one of the lightest gases known, as a
liquid it is much denser than expected and at sstiidie it is lighter than expected. Just like
any other liquid at room temperature, water becordesser with lower temperature;
however, at 3.98 °C the water reaches a densityinmgx, and further lowering of
temperature results in decreased density. In otfeds both increase and decrease in
temperature at this point reduces the density qdidi water. This is a result of atom
rearrangement in an ordered fashion where the shfagpe water molecule and the hydrogen
bond cause the molecules in the crystal to occupyernspace in solid state than in liquid
(Carrol, 2003). The length of the hydrogen bonadtually shorter than above 3.98 °C, but
each molecule has fewer neighbors, resulting inredsed density (Franks, 1972). This
property, although not unique for water, is of gre@aportance in nature as it prevents lakes
and rivers from freezing solid. This property atsmises convection currents where cooled
water at the surface circulates to the bottom efltke until the whole lake has a temperature
of 3.98 °C and further cooling will eventually résin freezing of the surface layers. The
surface layers will eventually freeze and form i€lis normally occurs at 0 °C, however,
supercooling allows for liquid state until almo42-°C (Chaplin, 2008).

1.1.3 Hydrate and its similarities to ice

Ice has thirteéh different crystalline phases which exist at differ temperatures and
pressures (Travesset, 2008). Hexagonalim 1) is the most common solid form of water,
and due to tetrahydral bonded waters, it has s@semblance to gas hydrates. Ice Ih forms
by freezing water at atmospheric pressure ancaldesto 150 K. At temperatures lower than
150 K and at high pressures other phases of iddamih, as shown in Figure 1.4. Figure 1.5
illustrates the molecular structural lattice of lbedeveloped by Pauling in 1935, where none
of the interconnected water molecules have the shraetional orientation.

4 Some literature refers to higher number of icespsaAmongst these are Chaplin who refers to sixtbases
of ice (CHAPLIN, M."Water structure and sciencetittp://www.lsbu.ac.uk/water/index2.ht2008).
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Figure 1.4 — Phase diagram illustrating stabilitggions for the different phases of ice. (Eisenlzarg

Kauzmann, 1969). This figure does not include ladiges of ice, only the first nine.

The oxygen atoms are separated by a hydrogen atenpmton in both ice Ih and hydrates,

and the hydrogen bond is only 1% longer in the &tgrin ice there is a tetrahedral O-O-O

angle (109.5°) between the oxygen atoms connelktedgh hydrogen bonding, which results

in almost no geometrical distortion. In hydrateis #ingle only differs by a few degrees, 3.7°
for structure | and 3.0° for structure II, whichléss deviation than for the high pressure ices
I, Ill, V and VI (Davidson, 1973). The angle bewvethe two hydrogen atoms in the water
molecule is similar as well for ice Ih and gas latds.

Figure 1.5 — Crystal structure of ice, where thepgircles illustrate oxygen atoms and the darkles
represent the hydrogen atoms (Travesset, 2008).
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A structural feature that distinguishes clathratdrhates from the different ice structures is the
predominance of planar five-membered rings in stimecll and almost planar five-membered
rings in structure I. Gas hydrates, on the otherdhdorm non-planar puckered hexagonal
rings (Sloan and Koh, 2008). Comparisons of somegities among ice Ih and the two most
common hydrate structures are shown in Table 1.1.

Table 1.1.Comparison of some properties of ice and hydra®ésan and Koh, 2008).

Property Ice Structure | Structure I
Number of water molecules 4 46 136
a=4.52,

Lattice parameters (at 273 K) [A] c=7.36 12.0 17.30
Dielectric constant at 273 K 94 58 58
H20O reorientation time [us] 21 10 10
H20 diffusion jump time [us] 2.70 >200 >200
Thermal conductivity Wm™K™] 2.23 0.49+/-0.02 0.51+/-0.02
Density [g/cm’] 0.91 0.94° 1.291°

1.1.4 Hydrate structures

Hydrates are formed by hydrogen bonded water mtdscthat interconnect to form a
polyhedral cavity, which is capable of encapsutatnforeign hydrophobic molecule. These
cavities are often built up by pentagonal and heragfaces, and studies have shown that the
pentamer is the most likely structure to spontasoarise in water at different temperatures,
closely followed by hexamers (Stillinger and Rahmaf74). These geometric shapes are
therefore important when considering hydrates. different faces combine to form different
polyhedrons, shown in Figure 1.6, which contribiotéorm different hydrate structures.

® Based on methane hydrate density in large polghedr
¢ Calculated for 2,2-dimethylpentane 5(Xght34H0, SLOAN, E. D. & KOH, C. A. Clathrate Hydrates of
Natural Gases"3rd edition. Boca Raton, CRC Press, 2008
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Figure 1.6 — Five different polyhedral cavities fioLin some of the most common hydrate structuegs: (
pentagonal dodecahedron'fh (b) tetrakaidecahedron 1%°2), (c) hexakaidecahedron(6*), (d) irregular
dodecahedron @°6°), and (e) icosahedron %°). Modified from (Hester, 2009).

The pentagonal dodecahedron, which consists ofvenvpentagonal faces, is a common
polyhedron found in most hydrate structur&ructure lis made up by two pentagonal
dodecahedra and six tetrakaidecahedra, a totalgbt eolyhedra per crystal cell. In this
structure, the vertices are linked together (SId&991), and a total of 46 water molecules
make up the structuréstructure Ilis made up by 16 pentagonal dodecahedra and eight
hexakaidecahedra, where the faces of tHecavities are interconnected, and a total of 136
water molecules constitute the crystal cell strieetin addition to the small*5cavity and a
large cavitystructure Huses an intermediate sized cavity and is thereforsidered a bit
more complex. It is made up by three pentagonakdaldedra, two irregular dodecahedra,
and one icosahedron, and a total of 34 water midemake up a unit cell of structure H.
Some properties of these structures are listecbierl.2.

Table 1.2. Main properties of the different hydrate structui®®an and Koh, 2008).

Hydrate crystal structures I Il H

Cavity Small Large Small Large Small Medium Large
Description 5 5% 52 5%t 5P 4%°%°  5%6°
Number of cavities per unit cell 2 6 16 8 3 2 1
Average cavity radius (&) 395 433 391 473 394  4.04° 5.79"
Number of waters per unit cell 46 136 34

4 From the atomic coordinates measured using sigktal x-ray diffraction on 2,2-dimethylpentane -
5(Xe,H,S)-34H,0 at 173 K.
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Figure 1.7 — Some common gas hydrate structurg@st(acture |, (b) structure I, and (c) structuke (Sloan
and Koh, 2008)

Several different structures have been observddrto hydrates so far, but structure | and

structure Il are considered to be the most imporsémictures. Structure H was just recently
discovered (Ripmeester et al., 1987), but is nasitered that important due to the fact that it
does not occur very frequently in nature (Lu et 2007, Hester, 2007). Structure | and

structure 1l are both cubic structures, which carsben from Figure 1.7, where each side of
the cube is 12 A for structure | and 17.3 A fousture Il. In order to stabilize a cavity a guest

molecule is needed, and guest molecules will biaéurdiscussed in the following section.

1.1.5 Guest Molecules

In order to stabilize the cavity, a guest moledhigt does not compete or interfere with the
already existing hydrogen bonding is needed (Jefft884). The preferred ratio of molecular
to cavity diameter for the molecule to be abletab#ize the cavity is at least 0.76, however,
this rule does not always apply. The cavity sizd sinucture is dependent on the size of the
guest molecule, and Figure 1.8 illustrates whick gwlecules are able to stabilize the
different hydrate structures. Structure | is siabd by molecules with diameters between 4.2-
6 A in simple hydrate systems with only one guestetule per crystal cell. Structure Il is
stabilized by molecules less than 4.2 A and betwge@nA. For these structures, the shape of
the guest molecule does not represent a majoreinclel on the hydrate structure, whereas the
shape of the guest molecule has a great impadructige H, and it is of great importance to
fill the large cavity in an efficient manner. Asnlp as certain shape restrictions are obeyed,
guest molecules of 7.1 to 9 A can stabilize stmectd. From Appendix Al it is easily
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observed that CHcan stabilize the pentagonal dodecahedra in easbtiwe and also the
tetrakaidecahedron in structure |, but for largarittes larger molecules are needed.

Small and simple guests, such as;@Hd hydrogen sulfide ¢$), can stabilize both the small
and large cavities of structure I. Other naturad gamponents which form structure | as
simple hydrates are ethane{g) and carbon dioxide (CQ Nitrogen (N), propane (gHs),
and iso-butane ({El10) all form structure 1l, but some of these guestiaunoles can only fit
into the larger cavity and consequently structuiaften exists of mixtures of different gases.
If smaller gas molecules are not available, hydrateght not be able to form. This is the case
for benzene (6Hs) and cyclohexane @E;2), which are dependent upon a help gas, such as
CH,4 or xenon (Xe) (Sloan and Koh, 2008). Large molesutan only occupy the larger
cavities, leaving the smaller cavities vacant.his thesis, for simplicity, mainly one type of
gas will be used during hydrate formation. Becabi has the ability to stabilize both the
small and the large cavity of structure I, thishe gas that will be used during experiments in
this thesis. This is also by far the most commannad gas found in gas hydrate reservoirs.

No hydrates
Ar
Kr 1
4 F— NQ-DQ - 5 ‘2_}"_; ......

CO, CH,

Xe, H.$ : 5 3/4
5
E S+ -~
£ CO, aw
;6.-]," - s
= ethane, ethylene ELL
= g
~ B

=
z 72/3 =
_E-d 6 I— cyclopropane [orll TSR g
;:5 cyclobutane =)
2 ; &
hg cyclopentane 11 |7 o
= propane
-
= 7 - isobutane
=, n-butane(g), neopentane
; benzene, cyclohexane
5
%ﬂ adamantane
— cyclooctane, methyl No hydrates
8 I butanes
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methyleyelohexane
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Figure 1.8 — Correlation between guest size, stmectind hydration number for single guest molecules
(Ripmeester, 2000). There are several more guektcmies than presented in this figure and thesebmafound
in Appendix Al.

10



Chapter 1 — Fundamental Principles

1.1.6 Hydrate formation kinetics

Kinetics of hydrate formation and dissociation ansidered one of the most intriguing and

challenging questions concerning hydrates. Knowdedg hydrate nucleation is especially

imperative when maintaining flow assurance in potiden and transportation pipelines, but

also for experimentalists investigating hydrateparties. Despite the fact that vast amounts
of data are available through multiple experimeritfias been hard to find any correlation

that gives information on when hydrate growth atgs. Experiments have shown that the
length of the metastable state of the system (tedtion time) is dependent on the apparatus
setup, the presence of substrate material, theriist the water, water and gas composition,
pressure and temperature, cooling rate, and sfa dynamic or static condition (Makogon et

al., 1999). However, even though the variables system are kept constant the induction
time may vary. As a result the induction time isréfore considered a stochastic process,
even though increased interface between the twatitoents increase the probability of

nucleation.

Rate of
consumption !
) I Frs
attime t @) 1 C)
- i Final rate of
2 I consumption
=1 I
=
= |
¥ ]
§ Gas co nsumption
w at time
3
2 Initial rale of
consumption
Induction
time ,
2
O
]
! Time

Figure 1.9 — Gas consumption during formation adiayes. As the induction time comes to an end gadate
growth has initiated the CHconsumption follows an exponential pattern withhhinitial consumption.
Modified by (Sloan and Koh, 2008) from (Lederhosalgt1995)

Nucleation, which is when a hydrate crystal stéotsning, happens at the left corner of
Figure 1.9. This is a random micro scale procesd,a@n not be detected macroscopically.
Once labile clusters have formed they will staragiglomerate by sharing faces, but until the
crystal reaches a critical size,(Figure 1.10), formation and dissociation occuasdomly.
After critical size has been reached steady hydyateth period has initiated.
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1.1 Gas Hydrates

AGg = 4nris

A Gcm

Cluster size, r —

Classic theory

Gibbs free energy (AG)

Figure 1.10 — Gibbs free energy as a function o$ir size (Sloan and Koh, 2008).

Two different types of nucleation are referredridhe literature, depending on the condition
of the phases present. Homogeneous nucleation (H®N)ot very common, but is a
solidification process that occurs in the absencanpurities. For such a process to occur
there has to be huge amounts of gas dissolvedeinw#ter, which is unusual for non-polar
gases like Ckl This would also result in a positive Gibbs freemrgy, which is unfavorable.
Aqueous solutions used in the laboratory contaimemban 18 particles per cih(Mullin,
1993), so avoiding impurities is considered neairlypossible, even in laboratories.
Heterogeneous nucleation (HEN), on the other hawcdurs at the interface between two
different phases, as shown in Figure 1.11, whepiities like dust or surfaces are likely to
be involved.

The induction time starts by the formation of thrstfcrystal nuclei, and concludes by the
appearance of a detectable hydrate volume. As oredj it is a stochastic process, and may
take only a few nanoseconds or up to several mpuysending on the system. This time
delay is caused by:

* Rearrangement of hydrate interfaces
* Rearrangement throughout the hydrate
» Effects of the solid surface

« For the HEN case presence of a hydrate®*fanthe interface between the two phases
will also increase the (macroscopic) induction time

Considering free energy it is less likely to growyalrate nucleus in a free volume of gas and
water than in the presence of micro-particles @udace. A substrate is likely to have a
wettability preference for one of the phases, tesyin a contact anglé. For the HON case
where no surface or substrate is present we hamtieal Gibbs free energy for hydrate
growth given by

*According to KVAMME, B., Personal communication ()

12
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AG,,., =41or? /3. (1.1)

critical
For the HEN case the contact angle has to be cemsidas well, and equation (1.1) is
therefore modified to

AG'critical,HEN = @Gcritical ) (12)

where
9=|(2+cosb)1-coso)’ /4. (1.3)

If the contact anglé = 180° the substrate has no wetting preferenceéhfoiphase and the
critical Gibbs free energy will thus be the sametfie HON and HEN case. On the other
hand, if the contact angle = 0°, which corresponds to complete wetting of shbstrate,
AGcriicat = 0, and the critical radius required for catgsiio growth has been lowered
effectively. In this study, gas hydrates has beeméd in Bentheim sandstone, which has a
strong water-wet preference (Graue, 2009),and teffdg lowers the critical radius and
induction time. Experiments (Long and Sloan, 1986ye shown that hydrate growth is
initiated most frequently at the water-gas integfabown in Figure 1.11. This makes sense
when considering the fact that the concentratiorbath constituents is higher here than
elsewhere. According to Chaplin (Chaplin, 2008) araized clusters of water will occur
within about 250 nm of the interface where smal gaolecules will bond to these surface
clusters because of several van der Waals interectiin a CH and water system the
nucleation usually occurs on the gas side of tkerface because of the high amount of gas
that is needed (15%). Such high concentrationsuatally not found dissolved in water.
Additionally, Gibbs free energy of nucleation isvier here.

Hydrocarbon-Water Thin Porous Thick Porous Thick Dense
Interface Hydrate Film Hydrate Film Hydrate Film

Figure 1.11 — Hydrate growth is more likely to ocatithe interface between gas and water, wheré bot
constituents can easily be accessed. At firstrmdahid porous film forms that grows into the watkage. The
end result is a thick and dense hydrate film. (@agt al., 2007)

Results from simulations on molecular level supploid as well, and it is often explained by
the significant concentration gradient at the ifisee with subsequent decrease in Gibbs free
energy of nucleation. Once the growth period hasated hydrate growth occurs very
rapidly, and gas is being concentrated in hydrateties where the density of gas molecules
actually is higher than in the gas phase. With tilme consumption rate will decrease, as
shown in Figure 1.9, and eventually the consumptade will stop, due to lack of either gas
or water molecules.
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1.1 Gas Hydrates

1.1.7 Conditions for hydrate formation

The gas hydrate stability region is restrictedhe keft of curve CD (Figure 1.12), where the
nucleation driving force is very high and nucleatimccurs easily. In the metastable region
nucleation may also occur, but will probably haveiracreased induction time relative to the
stable region. The driving force, as most processabermodynamics, is related to Gibbs
free energy. Assuming an isothermal and isobacess Gibbs free energy for a vapor and
water system will be given as

AG driving - AG reactants __ AG products = AG Water + AGVapor _ AG Hydrate (14)

AGYe =x" ! -p!,)=v, (PP -P') (1.5)

R TETELD ws)

AGHydratezxw,ll (uw,u _“u,|)+zx:-|,u (“iH,II _p-iH'l):VH(Pl _ Peq). (1.7)

Combining these equations leads to the followingression for the nucleation driving force:

AGH™ =y, (P - P' )+ RTY X! |n[:‘i_l'lJ +v, (P -P). (1.8)

Labile region

region

Pressure

Temperature

Figure 1.12 — Stability region for hydrate nuclemsti(Sloan and Koh, 2008).
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From equation (1.8) it is easily observed thateddéhces in Gibbs free energy may occur as
changes in chemical potential, fugacity, pressunel @emperature. By varying these
parameters hydrate formation or dissociation carcdrdrolled. Makogon (Makogon et al.,
1999) summarized the following conditions for hytdriormation:

1. It has to be thermodynamically favorab3 < 0)
2. Availability of hydrate constituents (water and hgid former)
3. Heat transport during hydrate formation to rematerit heat of fusion.

1.1.8 Theories on hydrate nucleation

Several different hypotheses have been presenteduoleation, whereas three different
theories mainly are considered in today’s literatdihe only way to verify either one of these
theories is through experimental work, but duggctochastic and microscopic nature this is
very challenging.

In the labile cluster nucleation hypothesis, ilfagéd in Figure 1.13, pure water occur in
clustered structures but without guest moleculesipging the cavities (A). Dissolved guest
molecules will be surrounded by labile clustersvater which combine to form different unit
cells (B). Depending on the amount of water molesudvailable different polyhedra will
form. Some labile clusters will agglomerate by simrfaces and thereby increasing the
disorder (C). Once the critical radius has beenhred steady growth will commence (D).

Figure 1.13 — Labile cluster nucleation hypotheMsdified from (Sloan and Koh, 2008). A) Clustered
structures of water with no guest molecules endapsdi in the clusters. B) Guest molecules are surded by
labile clusters of water forming different unit IselC) Agglomeration of labile clusters. D) Critlaadius has
been reached and steady growth commenced.

Another theory is the nucleation at the interfagpdthesis suggested by both Long (1994)
and Kvamme (2000).This hypothesis has been slightlydified in later publications
(Kvamme, 2002b), and is illustrated by Figure 1.Adcording to this theory gas molecules
are transported to the interface between watergasd(A), where the gas adsorbs on the
aqueous surface. The gas will then migrate to talshei location for adsorption through
surface diffusion (B), whereby the water molecuhals form first partial and then complete
cages around the adsorbed gas molecules (C). Lelbi¢ers will start agglomerating and
growing on the vapor side of the interface (D) luaticritical size has been reached. The
hydrate growth on the gas side of the interface been estimated to be two magnitudes
higher than on the water side (Kvamme, 2002a), thrdgas side of the interface will thus
dominate the hydrate growth.

15
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A B C D
| :
) e) o) o)

Figure 1.14 — Visualization of nucleation at théeifiace hypothesis. Modified from (Long, 1994)ga3
molecule is transported to the gas/water interf&&eThe gas molecule migrates to suitable adsongtcation.
C) The gas molecule will be encaged in first patti@n complete cages. D) Labile clusters aggloreeaad
start growing on the vapor side.

The third theory often referred to is the localusturing nucleation hypothesis, in which

thermal fluctuations causes a group of guest médsctio be arranged locally in a

configuration similar to the clathrate hydrate ghaBoth large and small clusters are formed
which reassembles the hydrate cages. These clustgrggrow to form hydrate unit cells or

agglomerations of such, or they may shrink andighg$s. Once critical size of the hydrate

cluster has been reached secondary nucleatioragidihrydrate crystal growth may occur.

Nucleation is a stochastic process and considenpdedictable, which is illustrated by the
fact that three slightly different hypothesis exBuring nucleation there are many unknown
mechanisms involved in the hydrate formation precaad without experimental studies it is
hard to verify these theoretical models. This asplor hydrate growth also, where several
different hypotheses exist.
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1.1.9 Hydrate inhibition

Flow assurance in production and transportatiorelips is the main reason for previous
extensive hydrate research by several petroleumpanrmes. High pressure and low
temperature in pipelines, in addition to abundamickoth water and guest molecules, makes
hydrate formation inevitable. If hydrate crystate allowed to agglomerate the hydrate will
eventually form a plug that may prevent flow in thipeline. These hydrate plugs, which
sometimes take months to remove, may cause magomoedc impacts due to downtime in
flowline operations. Dissociation of such plugsrtstaalong the pipe wall, and differential
pressure over the plug can cause the plug to beeonigh velocity projectile with velocities
up to 300 km/hour (Sloan, 2003), thus exposing pctdn facilities and crew at great risk.
The stability region of hydrate is quite predicabhd by using thermodynamic simulators as
guideline the petroleum industry try to maintairogiwction and transportation outside the
labile region of Figure 1.12. However, as most pign occurs at high pressure and low
temperature this can not always be accomplishedhioh case injection of hydrate inhibitors
(chemical additives) or heating of pipe lines labé applied.

Alcohols and glycols are examples of hydrate irtbilsi where differences in
electronegativity cause the inhibitors to compeith the solid hydrate for water molecules.
In addition the hydrocarbon end of the alcohol roole causes the water molecules to form
organized solved clusters. High concentrationsnaeded for the inhibitor to be effective,
which often results in financial penalties duedo high concentration in refinery feedstock.
Extensive research has resulted in new low dosagbitors that prevent hydrate growth or
agglomeration. These are more attractive, both aoaally and environmentally, and
examples are polymer molecules such as PVP (polMpyrrolidone)), VC-713, the
terpolymer of N-vinylpyrrolidone, N-vinylcaprolactaand dimethylaminoethyl methacrylate,
and anti-agglomerants (quaternary ammonium s&is),(2002).

Salt can also be used as a thermodynamic inhitatprevent hydrate formation; however, its
use is a bit different from alcohols or glycols. Mfamolecules usually connect through
hydrogen bonding, but when salt is present thevadltonize and interact with these dipoles
with a much stronger Coulombic bond than both thardgen bond and the van der Waals
forces. Water will therefore be attracted to saitsi rather than to the hydrate structure and
large clusters of water will form around the satilecule. The ion binds the water in a more
efficient manner than alcohol and glycol, but doedrrosion in metal pipes it is usually not
used as a hydrate inhibitor.

In all experiments conducted in this thesis a bsokition was used for saturating the porous
samples, in order to prevent swelling of clay pnéda the sedimentary material. Normal
seawater has an average salinity of approximat&yw8%, dominated by NaCl, and saline
water is also found in offshore reservoirs. NaCbme of the most common salts found on
earth, and consists of the positively charged d&ion and the negatively charged &ion
that are bonded through an ionic bond. Earlieraode experiments have investigated the
impact of different salinities on hydrate growthu@¢bg et al., 2008a), but did not investigate
salinities over 6 wt%.
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1.2 Gas Hydrates as an Energy Resource

The global energy demand is on a rise and is pegjeto increase by 50% from 2005 to 2030
(EIA, 2008). Concurrently, discovery of large contrenal hydrocarbon accumulations is
decreasing. In order to meet the future energy deraternative energy sources may have to
be considered in the near future.

1.2.1 Hydrate distributions worldwide

Gas hydrates are generally found below the seafibocean depths exceeding 300 m and in
arctic permafrost regions, in areas where orgaarban has accumulated rapidly, mainly
beneath the slope of both active and passive camttih margins (Tréhu et al., 2003).
Estimates ofn situ CH,; hydrates vary between 0.2 x'1@n® and 3053 x 1 m® (Appendix
A2), where the most frequently cited estimate isx2@0"°> m® (Kvenvolden, 1988). This
represents over twice the energy found in all catigeal fossil reservoirs combined. Even if
conservative estimates @f situ gas hydrates turn out to be correct and recoverpw,
production from gas hydrate reservoirs will stélvie a great impact as an energy source due
to the sheer size of the resource. In additiongteeis highly concentrated when stored in gas
hydrates, where 1 #rof CH, hydrates corresponds to 164 of gas at standard conditions
(Moridis et al., 2008), so the amount of energyexidn gas hydrates is vast. To recover the
gas stored in gas hydrates energy is needed fodis®ciation process, but modelling
suggests that this energy could be less than 15%tedbtal recovery (Sloan and Koh, 2008).
There are two orders of magnitude more hydratdhéndcean than on land, as indicated in
Figure 1.15.

¢ Known hydrate deposit

Figure 1.15 — Map of more than 90 documented hydoaturrences (Hester and Brewer, 2009). Indirect
hydrate markers, such as seismic reflectors an@-peater freshening in core samples, were usedewtify the
inferred hydrate deposits. Areas where hydrate dasnipave been taken are marked as known hydratesidsp
It is easily observed hydrate deposits are maimjributed in marine environments.

" Number is dependent upon cage filling and hydsatecture. This number assumes 100% cage filling in
structure | methane hydrate.
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1.2.2 Potential role in the energy future

As more and more of the conventional fossil eneegperves are depleted, the focus needs to
be shifted to other potential sources of energy thedfuture demand for cleaner energy is
likely to increase. The advantage with £d#s, compared to other fossil fuels such as @il an
coal, is that it burns relatively clean upon contlmmsand causes fewer pollution problems
and less C@ Figure 1.16 shows a comparison between gas storgals hydrates and in gas
reservoirs, where the more promising aspects ofabervoirs are located at the top, while the
more technically challenging are located at theebat the pyramid. Consequently, the
volume of the challenging locations is in abundaacel dominates the potential of the
resource, but the saturation of these hydrate aglations are low (~10% or less) and current
technology does unfortunately not offer an econaihideasible production scheme for these
accumulations (Moridis and Sloan, 2007). Howeveenethe topmost layer of the hydrate
deposits pyramid offer vast amounts of energy. €urproduction targets include hydrate
accumulations in sandstones and dense hydrate atations with associated fractured
network. In order to provide sufficient producticate the reservoir is dependent on suitable
permeability.

__ Arctic sandstones under
| existing infrastructure (~10’s of Tcf in place)

Arctic sandstones away from infrastructure (100s of Tcf in place)
Deep-water sandstones (~1000Tcf in place)

—— Non-sandstone marine reservoirs with permeability (unknown)

Massive surficial and shallow nodular hydrate (unknown)

___Marine reservoirs with limited permeability

(100,000s Tcf in place)

Reserves (200 Tcf)
+ Reserves growth& undiscovered
B (1,500 Tcf recoverable)

*- - Remaininf]; unrecoverable

(unknown
Figure 1.16 — Gas hydrate resource pyramid to #fednd to the right is an example of a gas reseyngramid
for all non-gas hydrate resources (Boswell and €l12006). The shear size of the gas hydrate pigramakes
gas hydrates an attractive energy resource, eveagh the majority of the reserves are located acoessible
reservoirs partly due to limited permeability.
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1.3 Gas Hydrates in Porous Rock

Typically, gas hydrates are deposited in porousrvesrs and to simulate hydrate reservoir
conditions outcrop rocks which closely resemblesinesir conditions will be used for this
study. This section will introduce some basic canalysis terminology which are essential
for further studies, especially permeability, whiehll be experimentally investigated in
Chapter 4.

1.3.1 Porosity

Sedimentary rocks consist of grains of differemesiand shapes that have been consolidated
into a rock. Despite cementation there is still sornid space inside the rock not filled with
sediments and this void constitute therosity The porosity is a fraction and therefore a
dimension-less parameter, which is defined asdtie of pore volume to bulk volume

(p:

(1.9)

where ¢ is the porosity, Y is the pore volume andy\fs the bulk volume. Because porosity
influences the hydrocarbon potential in a resenibiis an essential and important reservoir
rock quality. The literature differs between effeetand ineffective porosity. Catenary and
cul-de-sac pores (Figure 1.17) are connected thr@ugetwork of pores and constitute the
effective porosity, while closed pores are isoldredn the rest of the pore-network and thus
result in ineffective porosity.

r
Catenary y- Y
Effective
porosity i S
Absolute
porosity Cul-de-sac C—
Ineffective
porosity ‘ Closad
L L

Figure 1.17 — lllustration of the different porewsttures found in a sedimentary rock. Modified frBeiley
(1998).
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1.3.2 Permeability
Absolute permeability

Permeabilitymay in some cases be related to porosity andrdetes the fluid flow capacity
through the porous medium. Permeability is a roatameter and refers to the capability of
the rock to transport fluids through its pores gmte throats. Darcy's law, in which
permeability is defined, is an empirical law whidmn be written as

Q=——, (1.10)

where Q is the flow rate [ffs], K is the permeability [D], A [fi] is the cross-sectional area of
flow, AP[Pa] is the differential pressure over the corthvwength L [m], andu [Pa-s] is the
viscosity of the fluid. In order to be able to Usarcy’s law, the porous medium has to be
100% saturated with a single fluid that flows inaminar manner without inducing any
chemical reactions with the porous media. Accordingdarcy’s law, the permeability is
considered a scalar, but considering the inhomageneature of the sedimentary rock it is
intuitive that the permeability will differ in spaand direction of flow. The permeability can
therefore be treated as a tensor and is often higbdazontally than vertically due to
sedimentation induced by gravity, which governsgran arrangement.

Relative permeability

If the porous medium is saturated with non-miscihléls, each fluid will constrict the flow
area of the others and obstruct flow throughout gheous medium. This will result in a
reduction in the effective permeability for eactidl compared to the absolute permeability.
Darcy’s law may be modified to express the curedfective permeability for each fluid:

Ki s =GB (1.11)
A AP -

where i is a specific fluid, in most cases eithatewv, oil or gas. The relative permeability is
defined as the ratio between the effective ancabsolute permeability:

k, =—2L, (1.12)

wherek ; is relative permeability for fluid ik ; is effective permeability for fluid i, and K

is the absolute permeability. Because the flow imt@bstructed the relative permeability will

always be less than the absolute permeability,ltregun a fraction less than one for each
fluid present. The relative permeability is greatlgpendent on the fluid saturation of the
porous medium, as illustrated in Figure 1.18, whHagher saturation results in subsequent
increase in relative permeability.
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Figure 1.18 — Example of relative permeability aifer a porous media saturated with both oil andexaS,
represents the irreducible water saturation whilgiSthe residual oil saturation,kis the relative permeability
for water and | is the relative permeability for oil.

Gas permeability

Darcy’s law is only applicable during slow and wss flow, which results in a linear
relationship between flow rate and pressure dropemVgas is used for permeability
measurements, the fluid flow may not always beha Darcy flow regime. The fluid flow is
often in the Forchheimer flow regime, which is laan flow with inertia effects, and Darcy’s
law will consequently have to be modified to acdotor this added resistance. Reynolds
number, which is the ratio of inertial forces tesaaus forces, is used to determine if the flow
is laminar or not and can be calculated using

_ pvd,

e H

u

R (1.13)

where p is fluid density, v is the specific discharge, id a variable representing grain
diameter for the porous medium, ands the viscosity. As long as Reynolds number ss le
than 10 the flow regime is considered Darcianh# tlow rate is sufficiently high, Reynolds
number will surpass 10 and the Dupuit and Forchbeimodification of Darcy’s law has to
be applied to describe the nonlinear flow. The Rbetmer equation is given as
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~op=Ev+ppv?, (1.14)
K
where V is the flow velocity anfl is the inertia resistance factor that has to derdened
experimentally from the slope of the Forchheimepgr (Huang and Ayoub, 2008), which is
given as the relationship betweeng}jland pV /1, where the apparent permeability is given
as

1 ——@:£+

sV
k uv ok oo

app

(1.15)

The added resistance occurs as a combination ot@apressibility and alternating pore
sizes, where gas is compressed and adds residgtarbe flow in smaller pores and pore
throats. In order to produce a Forchheimer plottipia flow rates have to be applied during
the permeability measurements.
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1.4 Gas Production from Hydrate Reservoirs

1.4.1 Gas production scenarios based on destabilian of hydrate

Current literature refers to two different groudsgas production schemes, where the first
group is based on dissociation of hydrates by cingripe reservoir conditions so that the gas
hydrate is moved outside the stability region shawnFigure 1.19. In this group three
different production methods are considered:

1. Hydrate dissociation through depressurization
2. Hydrate dissociation through thermal injection
3. Hydrate dissociation through inhibitor injection.

If the reservoir pressure is decreased into theabteshydrate region, which is below or to the
right of the phase boundary illustrated in Figurg&9l the gas hydrate will start dissociating.
This method is by many considered the most costiefit production method, because the
added energy during production is kept at a minimdiermal stimulation is another
production method, where steam or hot water is Isegbppo the reservoir in order to move it
outside its stability region. This production math@quires a lot of energy, because liquid
must be heated and then transported into the heydestervoir. In addition, hydrates do not
conduct heat very well, and subsequently this ntethitl not be very efficient. Injection of
different inhibitors has also been considered, wlibe phase boundary shown in Figure 1.19
will be shifted to the left, thereby reducing thgdrate stability region. Other production
methods have been considered as well, for exarplédoding, burial of nuclear waste, use
of electromagnetic heating and solar and geotheemaigy (Ning et al., 2008).

Both thermal injection and depressurization havenbapplied on field scales to assist
production from gas hydrate deposits at Mallik (Mamzie Delta, Canada) and the early
production test in 2002 based on thermal injecttlowed a recovery of 470 Sngas
(Yamamoto and Dallimore, 2008). A new productiost twas conducted in 2007 based on
depressurization, where production was maintaimed® hours, but was then shut in due to
sand production. During the more successful pedomtal of 830 Sthgas was produced. In
2008 the pumping system was modified with additiG@ad control devices, which resulted
in continuous production for almost six days. Dgrthis period stable gas flow and bottom
hole pressure conditions were measured and thdlgaswvas ranging from 2000 to 4000
Snt/day, resulting in a cumulative gas volume of agpmately 13,000 Sth In order to
provide economical feasibility, it has been indézhthat rates larger than 500,000°Gtay
are needed (Sloan, 2003).

Messoyaka, located in the eastern Siberian perstafio® another example of a gas hydrate
reservoir produced through depressurization, wittlitaonal injection of a hydrate inhibitor

(methanol). The reservoir mainly consisted of fgas, with assumed hydrate deposits acting
as a cap rock. Production of the field was initlate 1967 (Makogon, 1997). The Messoyaka
field was in the metastable region with very lovb@aoling and a small pressure drop was
sufficient to induce hydrate dissociation, whicltsuked in additional gas release to the
reservoir. Consequently, 30% of the produced gassamed contributed from gas hydrates.
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Figure 1.19 — Thermodynamic stability region fosdeydrate with different guest molecules (Sloan ok,
2008). The area above the phase boundary linealsphe stability region for the hydrate. | denates L
denotes liquid, V denotes vapor and H denotes tigd&ubscripts W and HC are used to differentiatevben
water and hydro carbon fluids.

1.4.2 Gas production through replacement of guest ofecule

The second group of production schemes is basedhjention of a gas that provides
thermodynamically more stable gas hydrates tharegisting guest molecule does. £8
one such gas and extensive experimental work stgppossibility of replacing CHwith CO,
(Ohgaki et al., 1996). COprovides increased stability of the gas hydrasejllastrated in
Figure 1.20. The extent of the exchange is depdndpon the state of the GOwhere
gaseous C®is more effective than liquid (Hester and Brew&d09). Several experiments
have shown that exposing ¢Hydrates to CQwill lead to an exchange process where the
hydrates prefers occupation by £@us an exchange process takes place (Lee &08l3,
Graue et al.,, 2006a, Jadhawar et al., 2005, Ofal.e2005). This is also supported by
simulations (Phale et al., 2006). Reasons for ¥obange process is the mentioned difference
in thermodynamic stability, but also due to thetBromic nature of C®hydrate formation,
which induces heat that may accelerate the excheatgethrough rapid CHhydrate micro
scale dissociation. In fact, the released heautiraCQ hydrate formation (-57.98kJ/mol) is
higher than the heat required for £Hydrate dissociation (54.49kJ/mol), which will
accelerate the exchange process (Goel, 2006).diti@dto provide increased support and
stability, sequestration of GOnto hydrate stable regions also offers a favarapproach
when looking at long-term storage of @hich may halt the possible anthropogenic global
warming.
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1.5 Environmental Concerns during Utilization of Hydrates

There are several concerns and conceivable hazarddved when considering gas

production from gas hydrates. GHvhich is the most common gas found in hydrates, i
considered a potential threat to the environmend, this alone raise concern due to potential
release during production. Other problems involess|of geomechanical stability during

production and dissociation.

1.5.1 Loss of geomechanical stability

Gas hydrates form in the middle of the porous spéati®out cementing or coating the grains
(Murray et al., 2006) and because they can stage amounts of stress, they give support to
the matrix and overlying sediments. In some calBesmatrix would be under-consolidated
sediments of low shear strength if not for the gnes of gas hydrates, which are 20 times
stronger than ice Ih (Durham et al., 2003) and gl support to the overlying matrix. ¢H
hydrates are usually formed by migration of Gitbng unstable fracture systems, which turns
into solid gas hydrates once contacting water enrtydrate stable region. If the gas hydrates
are removed by decomposition it can trigger cadasiic uncontrolled pore-collapse and plate
shifting with additional liberation of CHthat has a significant effect on the global clienat
(Gunn et al., 2002). In the production scenarioggssted in Chapter 1.4.1, production is
based on dissociation of the gas hydrate which imiluce free water and free gas. The gas
density in hydrate is higher than in free gas, issatiation will increase the gas volume with
a subsequent increase in pore pressure. If thépoessure exceeds the pressure provided by
overlying sediments, fractures may occur and tieigaented out from the previous hydrate
site. The hydrate no longer provides stabilityite tinder-consolidated sediment and massive
landslides may occur, as illustrated in Figure 1.PhAis represents a threat to production
facilities and pipelines close to existing hydrdeposits; however, the geohazards involved
would be far more substantial in an actual gasdtgdoroduction scenario.

Slope failure

Initial sliding

Debris flow

Deposits
Turbidites

pu—

Figure 1.21 — Schematic illustration of the diffetrstages during a landslide (Bryn et al., 2005)e hydrate
maintains the stability of the sediment, but onissatiated initial slide occurs and unconsolidatitris is
picked up during the slide resulting in displacetafwater and possible creation of a subsequentami.
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1.5.2 Climate challenges

CH, absorbs infrared radiation approximately 25 timese efficient than C@(Lelieveld et

al., 1998) and consequently has a more aggresffizet en the climate than GOCurrent
concerns and focus are mainly directed on anthrapicgCQ emissions; and according to
Etheridge and coworkers (1998) the {tdncentration in the atmosphere has increased from
700 ppb in 1800 to 1700 ppb today. Measures arédqed in order to reduce greenhouse gas
emissions; however, current emission budgets docoasider geologically-sourced GH
seepage. The estimated total contribution from ggoll sources to the atmosphere is
approximately 45 Tg Ciiyear (Kvenvolden and Rogers, 2005). The actual #uCH, from

the earth is a lot higher, but microbial oxidatimmcesses intercept and remove more than
50% of the CH before it reaches the atmosphere, thus loweriagatal flux.

Seepage of CHfrom gas hydrates along with Gfom swamps and volcanic eruptions are
considered natural macro seeps; however, the botith from gas hydrates into the
atmosphere is still unaccounted for. Neverthelesspirical experiments, theoretical
considerations and geological reasoning sugges$tGhla from such systems may in fact
reach the atmosphere. Hansen (2004) suggeststhattion in CH emissions may outweigh
the negative influence of GGemissions. By sequestrating £€to CH, hydrate deposits
CO.-hydrates form, which are less susceptible to teatpee fluctuations (Figure 1.20). In
this manner the C{content in the atmosphere is lowered while,@khy be made accessible
for production. Due to the gas hydrate stabilityr@ase the risk of dissociation and associated
pore collapse is reduced. One of the productionaes investigated in this thesis is based
on exchange between liquid ¢@nd CH hydrate and the additional environmental benefits
achieved during this production scenario shoulccdeasidered as well. However, if GG
sequestrated into gas hydrates, this represent@ngther threat due to potential leakage. At
sufficiently high pressure CQs in liquid state, where CChydrate formation may occur at
lower temperature than those where ,Gtydrate dissociates (Goel, 2006). If Chiydrates
dissociate and are not replaced by guest molectiesgeomechanical stability may be
compromised, resulting in release of £athd CQ.

During its lifetime the earth has experienced salvextreme global environmental changes.
During the Latest Paleocene Thermal Maximum (LPTadproximately 55.5 million years
ago the water temperature was increased by 4 °@(Batz et al., 1999, Dickens et al., 1995,
Bin, 2007). Dissociation of gas hydrates has beggeasted as an important factor during
extreme temperatures, where small temperature elattgthe oceans resulted in massive
dissociation of gas hydrates and consequent releaseH, with subsequent additional
temperature increases. According to the controaie@liathrate Gun Hypothesis (Kennett et
al.,, 2005), CH hydrates stabilized and accumulated during coligrwals in the late
Quaternary. Later temperature changes in the theathme circulation resulted in warming of
water at intermediate depths, causing hydrate bilgjaand subsequent catastrophic release
of CH, into the ocean and atmosphere. As the gas hydisgeciated sediment stability was
compromised, resulting in sediment disruption omparpcontinental slopes. The release of
CH, contributed to further warming of the atmosphand aceans, again resulting in further
CH, hydrate dissociation. Even though the hypothestkd general support (Hester and
Brewer, 2009), the negative environmental influelméeCH, should carry weight during
decisions concerning gas production from gas hgdralue to the fact that massive gas
hydrate dissociation and consequent ,(hix to the atmosphere may cause severe and
irreversible damage to the environment.
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2.1 Fundamentals of NMR

Chapter 2

Imaging Techniques

2.1 Fundamentals of NMR

Nuclear Magnetic Resonance (NMR) was discoveredpgaddently by Felix Bloch (Bloch,
1946) and Edward Mills Purcell (Purcell, 1946) dmas a wide range of applications in
today’s industrial and scientific societies. In fhetroleum industry NMR is used as the basis
of a suite of logging tools. The principle of NMR based on quantum mechanics and
Newtonian physics. Intrinsic angular momentum, rofteferred to as spin, is a fundamental
property in quantum mechanics where the classicalogy describes particles rotating
around their own axis. This creates an electromagfield, where the magnetic component
of this field causes some nuclei to act as bar mi@grarge parts of the molecules found in
the human body and hydrocarbons are comprised arolggn, which consists of one single
positively charged proton that has a spin of S=THe energy states for such a particle will
be -% and %, where denotes the lower energy state (¥2) &denotes the higher energy

state (-¥2) (Figure 2.1).

Figure 2.1 — Two different energy states for a pmoin an external magnetic field (Lien, 2004).
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Nuclei with unpaired protons will have an angulasmentumJ, and a net magnetic field or a
magnetic dipole moment given by

H=vJ, (2.1)

wherey is the gyromagnetic ratio. Spinning unpaired pmston the presence of an external

magnetic field with fluxB will line up along the vector with the majority dipole moments
directed in positive flux direction of this fiel@he torque experienced by the magnetic dipole
moment is

f:ﬂxé, (22)

and as long gs is parallel toB, which is the preferred state if, the torque will be zero.
The magnetization will then be the sum of the ifdlial magnetic dipole moments

Mo =Y. (2.3)

and the magnetic flux at this state is referredsd, =B,. As long as no external force is

applied the particles will stay at the lower eneegyilibrium, andM 0= M ,. If an external

force is applied andi is rotated outside its state of equilibrium theepdial energy to the
system is increased according to

U=-iB. (2.4)
If a 180 pulse has been applied and the magnetizagctor is tipped 180°, from its direction
at equilibrium, the energy difference between the tspin orientations for one proton
becomes

AE = 2uB. (2.5)
When photons of energ@E irradiate the hydrogen atoms, some of the nucidi make
transitions from the lowera -state to the highef-state by resonance absorption. The

frequency of these photons are given through Planaw

AE = hf = yiB, . (2.6)

Nuclei in a magnetic field will rotate around th&atg& magnetic fieldl§O according to

Newtonian physics. This precessing frequency ikedahe Larmor-frequency, and is given
by

f=-Ypg 2.7)
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which is the same frequency as the photons, giyeBduation (2.6). Therefore, in order to
get an image by NMR, a new magnetic fiddd is introduced which is orthogonal to both the

angular momentum) and B,. In addition, it is critical that this new magrefield rotates

around |§0 with the Larmor-frequency. If the frequency doest match the precessing
frequency, no resonance will occur and no energy ke added to the protons. By

transmitting an electromagnetic radio frequency)(R@ve J is flipped into the xy-plane
where the individual spins will start precessinguanrd the external magnetic field axis.

2.2 Relaxation Time

Nature tends to seek the lowest energy level, armk dhe RF pulse that has tipped the
protons to a higher energy state is turned off sihias will start relaxing back to equilibrium

state. The protons will try to realign with the ginal I§0 magnetic field by giving up their

excess energy. During this process two differetéxegion times, T and §, may be
measured, where; Ts the spin-lattice relaxation time; the timeakes for the spins to realign
along the z-axis. The magnetization during thipss is given by

M, (t)=M,L-e*'™) (2.8)

for a 90° pulse, and it can be seen that the miagitien will increase with time in z-direction
(Figure 2.2). 3 is the spin-spin relaxation time, and is a measdirthe decay of the M

component once the RF pulse is turned off. OM:@ is flipped into the X'y -plane (the

rotational frame), which is parallel or equal tce tky-plane (the laboratory frame), the
magnetization will start dephasing, spreading ow fan shape, as shown in Figure 2.3. This
happens due to field inhomogeneities and interastioetween spins. The decay ofyNb
given by

M, (t)=Me™"'™ (2.9)

and with time the magnetization decreases.

T
! Growth of magnetization
T2 in z axis

Decay of magnetization . j
in x-y plane e

a) b)

Figure 2.2 — Relaxation of the magnetic signalufega) is taken from (Hashemi and Bradley, 199T)enb) is
modified from Vlaardingerbroek and den Boer (1998}je z-component of the magnetic field increases w
time, while the planar component decreases. b3tilites how the magnetization progresses in a kpidion
with time.
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2.2.1 The spin echo pulse sequence

The spin echo sequence (Hahn, 1950) is the magpidrely used sequence. First a 90° pulse
tips the net magnetization gMnto the xy plane, and at this pointyVFE Mo. The signal will
start dephasing as shown in Figure 2.3, due tonmdgeneities and spin interactions. The
spins will precess with different frequencies dwe ihhomogeneities, and the different
magnetic dipole moments will spread out in a faspsh Eventually they will be totally out of
phase and cancel each other out, resulting in@restirmagnetization vector in the x-y-plane.
By applying a refocusing 180° pulse over the x-adme timet after the 90° pulse, the
magnetic dipole moments that were lagging behired raow leading the group, while the
magnetic dipole moments that were moving fastestamw lagging behind. At tim@t the
magnetic dipoles are gathered again into one maatien M, and the echo time can be
measured. However, the magnetization is smaller tha original M, due to the fact that the
signal has been decaying in z-direction as wellyingp upwards as a spiral as shown in
Figure 2.2. This process will be repeated until?MMy, when a new 90° pulse is applied to tip
the magnetization down in the x-y plane. Becausersé echoes are recorded between each
90° pulse multiple I7decays are measured for eaghmieasurement.

180°

TR
TR = Repetition time
TE = Echo time

Repeat

180
| pulse
spm ‘
echo
S|gnal

Figure 2.3 — lllustration of a 90° spin echo putsgjuence. (PhillipsMedicalSystems, 1984).
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2.3 Applications of MRI in Hydrate Experiments

MRI is an imaging tool based on the same principediMR. MRI is a useful tool that can
give three types of information (Coates et al., 999

* Information about the quantities of the fluids e rock
* Information about the properties of these fluids
« Information about the sizes of the pores that dariteese fluids

In this thesis a high field superconducting magetied by liquid nitrogen is used. The MRI,
a Unity/Inova-Imaging 85/310 spectrometer, is opega at a frequency of 85.7 Hz,
corresponding to a the magnetic flux density ofrappnately 2 Tesla. The MRI has been
used to look at 1D intensity profiles over the carel 3D images. These 3D images formed
the basis for analysis done in this thesis. Thaai¢p noise ratio (SNR) increases with the
time scan period, and during this thesis scan tivae®d between 1 to 18 hours, where 2,4,
and 9 hour scans were the most common. Initialdyid water and Cllgas saturated the
pores, which both contain hydrogen and therefoeevegible in the MRI. The relaxation time
for liquid and vapour is relatively fast. For gaglhate and ice the relaxation time is very fast,
and can therefore not be detected using standaadinm sequences. Some free gas is still
present in the pores, however, this is often inbéekground signal range, and is not detected.
Changes in MRI intensity will therefore make it yds discern the progression of hydrate
formation throughout the core (Baldwin et al., 2D03
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3.Properties of Porous Media

Chapter 3

Experimental Setups and Procedures

Several different types of gas hydrate experiménaige been conducted in this study, where
the main objective was improved basic understandihghe processes involved during
hydrate formation and gas production from gas hgddposits. Salinity has been shown to
impact hydrate growth and induction time and hasnbimvestigated through six different
experiments, using a range of salinities betweemt% and 10%. In addition, experiments
looking at depressurization induced £production and injection of GOnto CH, hydrate
deposits have been conducted to observe the prodymbtential of each production method
and to compare these results. In all experimenk$, Kydrates were formed in a porous
Bentheim sandstone core at high pressure (8.37 MifhJow temperature (4 °C). For these
experiments an already existing experimental setuthe University of Bergen was used.
However, due to repeated problems with the experiaiesetup at the University of Bergen,
two new setups were designed and built as a majdrqgé this work and were based on a
different design to reduce these problems. In adiexperiments were conducted using an
experimental setup provided by ConocoPhillips intBaville, USA. The following chapter
will describe the experimental setups and procesdldueing these experiments.

3.1 Properties of Porous Media

Core samples from hydrate reservoirs are rare &et corrupted during coring procedure
due to the lack of pressure maintenance duringpran to the surface and other core retrieval
challenges. Coring is also very expensive. Usingoattrop analogue as reservoir rock is
therefore a good alternative. Sandstone is a clastlimentary rock, a typical reservoir rock
usually composed of quartz and feldspar with gdlyefagh porosity and permeability.
Bentheim sandstone has been used for all expersmenhis study, and provides an ideal
starting point for experiments on hydrate productszenarios. Bentheim sandstone has a
grain density of 2.65 g/ctnand the mineralogy is 99% quartz, with small antswf the clay
mineral kaolonite (Graue et al., 2006a). This stonsis consolidated fairly homogeneous,
with a porosity of 22-23% and permeability of 1.1This seems to be in accordance with the
porosity reported by others (Klein and Reuschlé)30The cores were acquired from a
Bentheim quarry in Lower Saxony, Germany, and tnangly water-wet (Graue, 2009). The
pore geometry is relatively uniform, with a poramieter of 125 microns. Typical core size
used in the experiments presented here is 5.15admimeter and 10 cm in length. Further
details on core properties such as weight, lengthdsameter can be found in Appendix B1.

36



Chapter 3 — Experimental Setups and Procedures

3.2 Experimental Setups

3.2.1 Experimental setup based on open cooling bafketup I)

Previous extensive gas hydrate research has bewuaded at the University of Bergen
(Husebg, 2008, Ersland, 2008). An existing gas digdexperimental setup (Figure 3.1) was
therefore available, but several modifications weeeded due to major leaks and limited
experimental possibilities. These modificationduded a bypass that provided simultaneous
gas injection at both ends of the core to prevatendisplacements from the core into tubing
during increase of pore pressure. Additional vaked a Validyne DP 303 bi-directional wet-
wet differential pressure transducer were instalfed permeability measurements. The
voltage from the Validyne transducer was convetigda Validyne UPC 2100 acquisition
card from analog to digital signal. To allow forsgaroduction from Chklhydrates during CO
injection, a vacuum pump was added to remove exCe¢sprior to CQ injection, and
several valves and additional lines were also addidalinity experiments conducted in this
thesis was performed using setup 1.

Figure 3.2 shows a detailed cross-sectional ilt&tn of the high pressure Hassler core
holder used for these experiments, which was cdadeto two Quizix C-5000-10K-SS

pumps that provided confining pressure by injectigh viscosity oil into the core holder.

Two Quizix C-5000-2.5K-HC pumps were used for LiHjection to the core, and PVT

(pressure volume temperature) data was used totomohiydrate formation. The gas

concentration in gas hydrates is higher than ia as, and during hydrate formation gas will
therefore be delivered from the pumps in order t@intain constant pressure. This gas
consumption is logged and gives information on wlimgarate growth initiates and the

number of moles of gas consumed during hydrate tirxowhe core holder (Figure 3.2) was
fully submerged into an open external bath, wheféermo Neslab RTE-17 refrigerated bath
was circulating cooled antifreeze. The flux of &etze from the refrigerated bath was
controlled through two valves, one on the inlet am# on the outlet. These were highly
sensitive, and small adjustments to these sometiesedted in flooding of the open bath. In
some cases experiments were lost due to loss @ihgotn addition, this setup often resulted
in a mess due to problems with flooding.
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Figure 3.1 — lllustration of experimental setupripdified from Husebg (2008). The blue core holder i
submerged in an open cooling bath (the grey red&@rand due to the sensitive nature of the valegsgrolling
the flux of circulating antifreeze the open batrs\vii@quently flooded.
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Figure 3.2 — Detailed cross-sectional illustratiohcore holder used in experimental setups | anéilisebg,
2008).
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3.2.2 Experimental setup with cylindrical cooling acket (setup I1)

To avoid the reported flooding problems, an addaicexperimental setup (Figure 3.3) was
designed and built as a major part of the workgmted in this thesis. In addition to resolving
the flooding problem it would also allow for simateous gas hydrate experiments. To
prevent flooding, a cylindrical closed cooling jatkvas designed and fitted to a standard
Hassler RCH series core holder (Appendix B2), wheméfreeze could circulate without
causing any flooding. The cylindrical cooling jatkiees not cover the whole core holder, but
provides sufficient cooling to the Bentheim samlpleated in the middle of the core holder.
This setup was also prepared for permeability nreasents and CQinjection, and much of
the setup was therefore designed based on the iswdi€tup I. For confining and GH
pressure two Isco D-series pumps were used (100ab¥260 D), and a Thermo Neslab
RTE-17 refrigerated bath circulated cooled antéee@to the cooling jacket. This setup was
not completed until the very end of this study aodexperimental results from this setup are
therefore presented in this thesis.

| & é; Computer used for logging

| ] Bo @ s <4mm Relief valve

J

/

Methane
Cylinder

Refrigerated bath Thermocouple
"‘ Measuring

1 Temperature

Cooling jacket

_______

Circulating Antifreeze mmmp

—_— Confining Pressure

Figure 3.3 — Experimental setup I, where antife@as circulated in a cylindrical closed coolinglet instead
of in an unstable open bath.
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3.2.3 Experimental setup with resistivity core holdr (setup Il)

Hydrate saturation is determined using PVT dataalin setups; however, it would be
advantageous to have additional monitoring possésiduring hydrate growth. A third setup
was therefore designed and built as a major parthef work presented in this study,
implementing an additional mean for confirmation loydrate saturation. This setup was
installed with a Temco EHCH resistivity core holdarhich allows forin situ electrical
resistivity measurements. An electrical current@®0 KHz is connected to the inlet line and
two metal rings (electrodes) that are situatechengleeve with 2.54 cm spacing measure the
voltage drop over the core. When the electricakenir and voltage drop is known, the
resistivity can easily be calculated. The resistivé converted into water saturation through
Archie’s law. Pure water is a perfect insulatort &uen deionized water is not completely free
of ions, and is therefore not fit as an insulathn impurity such as salt results in high
electrical conductivity due to ion separation oft sa the aqueous solution and allows
electrical current to flow freely. In a 50% brinatgrated Bentheim sandstone the brine will
therefore act as an electrical conductor, while gedimentary rock essentially acts as an
insulator. Upon hydrate formation, water saturatitatreases as water and gas combine to
form hydrate. Hydrate is an insulator too, and éased resistivity may therefore indicate
hydrate formation. This allows for an additional asere of hydrate formation. However,
upon hydrate formation impurities such as saltrerteincluded in the hydrate crystal, and the
salinity of the remaining pore water will be elea@t thus reducing the resistivity. The
tortuosity, on the other hand, is going to increasel result in increased resistivity. In
accordance with this, Liu et al. (2008) reportechiaor decrease in resistivity as long as the
hydrate saturation was below 20%. For gas hydraterations above 20% the resistivity
increased.

Gas flow in hydrate deposits is often limited amdtricted to diffusion through excess water.
Resistivity and gas permeability are both affedigdhe amount of free water, and this setup
was therefore also installed with a Validyne DP 3fierential pressure transducer, to
establish how the two parameters correlate. To igeoeonfining pressure, an air driven
hydraulic Haskel MS-188 pump was used to injechhigscosity mineral oil, and for pore
pressure an Isco D-series pump was used. The goolgchanism is identical to setup II,
where a Thermo Neslab RTE-17 refrigerated bathuldtes cooled antifreeze into the cooling
jacket.

3.2.4 Experimental setup with MRI

The second part of the experimental schedule wesrpgd using an experimental setup at
the ConocoPhillips Technology Center in BartlegyilDklahoma, USA. This experimental
setup has the advantage of an MRI that can be faseahonitoring dynamian situ phase
saturation development. Due to the strong magrfegid of the MRI only non-magnetic
components can be used. This poses a challeng®e due high pressure conditions needed to
form gas hydrates, and standard core holders cahenaosed due to their magnetic property.
A Hassler core holder with fiber glass housing basn designed and constructed by Temco
Inc©, Tulsa, OK, that is compatible with the higlagmetic field. Details from the core holder
can be seen from Figure 3.4. In Figure 3.5 thegefated bath, confining pressure pump and
the pore pressure pumps are placed in a safe désteom the MRI, where the equipment is
not sensitive to the magnetic field. A Quizix QXE®HC-1-0-C-L-0 high pressure pump was
used to provide confining pressure, while QuiziX6@0-10K-HC-HT was used for injection
of both CH, and CQ. During permeability measurements a Quizix C-6@@8 filled with N,
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and a Quizix SP-5200 pump was used to remove exceksin the system prior to N
permeability measurement.

Fluorinert FC-40 was used as confining fluid dueitsolack of hydrogen atoms and does
therefore not reveal a signal to the MRI (cf. Cleap2). In addition, the low dielectric
properties of the Fluorinert minimize the radioguency loss. The system temperature was
held constant at 4.0 = 0.1 °C by circulating coatifreeze fluid in an insulated PVC tube
using Thermo Neslab RTE-17 refrigerated bath. Fh&st was circulating in the inner tube
and antifreeze in the outer tube (Appendix B3). Aizix QX-6000 pump was set to deliver
Fluorinert at approximately 10.79 MPa and a re@ptimg pump was ensuring circulation of
the pressurized Fluorinert.

Processing of raw data from the MRI

The MRI provides large amounts of unprocessed datatructure and analyze these data an
in-house IDL-based software, ROI v.2.01, was usttks€bg et al., 2007). This software uses
several algorithms to identify intensity averagesl &@orrects the acquired signal for noise.
However, to visualize the data T3D v.1.1.3 (FortResearch, LLC) was used, which displays
the data in a useful interface, and was used tmliike the MRI-acquisitions.
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Figure 3.4 — Detailed illustration of the speciatlgsigned Hassler core holder (Husebg, 2008). Thsihg of
the core holder is made of fiberglass and resin Bnchpable of handling pressures used for theperaxents.
Due to micro porosity of the housing, an Aflasleeve is required as well. Titanium end capsadrached to

the housing by non-magnetic cobalt screws.

41



3.2 Experimental Setups

MRI High Pressure Cell

}

Pore Pressure Pumps Pore Pressure Core Plug

PVC insulated
-—— lines
+ for heat
exchange

Computer Control
&
Monitoring r i
Confining [ 1 -
Pressure | I }:=*:|
Pump I :c U
Reciprocating Refrigerated
Pump bath

Figure 3.5 — Experimental setup used at Conocoipkilh Bartlesville (Husebg, 2008). All magnetitigment
is located in safe distance from the MRI. Confiramgl cooling is provided by Fluorinert FC-40, whiish
circulated through the system by the reciprocapngp.
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3.3 Experimental Procedures

3.3.1 Experimental procedure on salinity experimers

Hydrate formation and induction time is expectedb® influenced by salinity. Salt is a
hydrate inhibitor, and if the salinity is sufficigy high hydrate formation will be prevented.
Salt therefore has a major impact on both thermanlya stability of the gas hydrates and on
hydrate growth, and experimental studies on impaé€tsalinity on hydrate formation are
considered important. Previous experiments haw ttb establish the effect of salt on
hydrate growth (Husebg, 2008). A study is presehtgd using a range of salinities between
1 wt% and 10 wt%, investigating impacts of diffarealinities on Chthydrate formation. A
predetermined amount of NaCl was added to deioniza@r to make the appropriate brine
solution. The strongly water-wet core was then iplyt saturated with brine through
spontaneous imbibition by submerging the core itlie brine solution. This method
distributes water fairly uniformly in the core at § 50%, which was confirmed by 3D MRI
images (Ersland, 2009). When a brine saturaticappfoximately 50% was reached, the core
was placed into the core holder, where confiningspure and CHpressure were applied.
These pressures were incrementally increased tnatilconfining pressure was 10.44 MPa
(1500 psig) and ClHpressure was 8.37 MPa (1200 psig). Once the syis&ehstabilized, an
estimate was made on the gas leakage rate. Atgrggsure, small gas leaks are inevitable
due to the low viscosity of the gas. The leaks weoastantly monitored and always
maintained at a low level. Once the system had lpeessurized, it was brought to 4.0 £ 0.1
°C, by circulating cooled antifreeze through thstesn. All hydrate experiments are based on
material balance, and PVT data was therefore cotigtenonitored. Ch-hydrates are stable
at these conditions and hydrate growth was obseaged sudden increase in Céelivery
rate from the pumps due to increased,@dncentration in hydrate phase. The initial CH
consumption rate was very high due to large interfaetween the two constituents and
decreased as a function of time. Once the growthdtabilized the data was analyzed and
corrected for leaks.

3.3.2 Experimental procedure during gas productiorby depressurization

Depressurization induced gas production from gagdigs is by many considered the most
economical feasible production method (Sloan antl,K®08). In this study gas production
from CHs-hydrates was investigated through a depressuwizatest, based on constant
pressure, to investigate the feasibility of thiedqarction method. When gas hydrate is brought
outside its stability region, hydrate dissociatiaill occur and continues until a new
equilibrium has been established. The productiothate was therefore based on stepwise
pressure reduction once no gas production was wbeA 14 cm long Bentheim sandstone
core was positioned between twBolyoxymethylene(POM) end spacers and two
PolyetheretherketondPEEK) end pieces. Teflon shrink tubing was wrap@gound to
prevent the Chklfrom contacting the confining liquid. A predeterrad amount of 0.1 wt%
brine solution was injected at each end to satutaecore, and vacuum was pulled on the
inlet and outlet to distribute the water. A 1D pi®fvas taken by the MRI to confirm that the
brine distribution was relatively homogeneous. fitian end caps were then placed at each
end, and non-magnetic cobalt screws were usedckothe core holder to the end caps. The
MRI high-pressure cell was centered inside the MRd connected to the confining pump
system and the pore pressure pumps. The confinimdj @ore pressure were then
incrementally increased to 10.44 MPa and 8.37 MRd,a 3D MRI image was taken at room
temperature. The system was then cooled, and afteuple of hours the temperature at the
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core surface was at 4.0 + 0.1 °C, well within thé,@ydrate stability region. Hydrate growth
was now initiated, and both pump logs andsitu MRI images were used to monitor the
hydrate formation. Once the growth had stabilizead ao CH consumption was observed,
the pressure was reduced to 4.24 MPa (600 psighdaremental steps, and at current
temperature this was still well within the hydratability zone. No hydrate dissociation was
observed at this pressure. After the system hadileated, the pressure was reduced to 3.96
MPa (560 psig). Once equilibrated, the pressure fudbBer reduced in incremental steps of
~0.07 MPa (10 psi) until all the GHhad been recovered. The pumps were set to maintain
constant pressure during the production period,thadpumps therefore retracted during the
dissociation of hydrate due to the higher concéioimaof CH, in gas hydrate state.

3.3.3 Procedure during CQ injection into two longitudinal POM spacers

Injection of CQ into gas hydrate deposits has been suggestedpasdaction alternative,
where CQ provides thermodynamically more stable gas hydeag induces an exchange
process upon which CHs released and made accessible for productioafteh 1.4.2). To
increase the interface between Aitydrate and C@ previous experiments have used single
longitudinal mechanically fractured cores, where fitacture was kept open by a POM spacer
(Husebg, 2008). This is an efficient way to inceedse contact area between the two
constituents. In this study two experiments weradoeted, using the same 10 cm long
Bentheim sandstone after comprehensive cleaning.cbine had two longitudinal spacings
(manufactured fractures), which were kept opervlny POM spacers, as shown in Figure 3.6
(spacer information in Appendix B4). With an adulital fracture, the contact area between
CH,4 hydrate and C@is infectively increased. This was done to ing if the exchange
rate between COand CH could be increased, which would indicate that saithe limit
within this production scheme lies within diffusiaf CO, through the established GH
hydrate. Each of the core pieces were saturategpgooximately 57% using a 0.1 wt% and 3
wt% brine solution respectively for the two expegims. The pieces were then assembled
with the longitudinal POM spacers and positionetivieen two POM end spacers and two
PEEK end pieces. Teflon shrink tubing was wrappedirad these parts in order to prevent
the CH, from contacting the confining liquid. At this timreelD profile was taken to confirm
approximately homogeneous brine saturation. Titanand caps were then placed at each
end, and non-magnetic cobalt screws were usedckothe core holder to the end caps. The
MRI high-pressure cell was centered inside the MRd connected to the confining pump
system and the pore pressure pumps. The confinimdj @ore pressure were then
incrementally increased to 10.44 MPa and 8.37 MRd,a 3D MRI image was taken at room
temperature. The cooling system was then turndde: 0.1 °C in order to bring the core into
the hydrate stability region. Hydrate formation wasnitored both through CHdelivery
from the pumps and by loss of MRI intensity, asesuft of free water converting into gas
hydrates. Once the growth had stabilized and ng €@iHsumption was observed; blas was
flushed through the spacers to remove excess Tt system was then flushed with liquid
CO,, after which CQ was used to maintain 8.37 MPa pore pressure. Ahagge process
now occurred, induced by the increased thermodynatability offered by Cg where CH-
hydrate dissociated on micro-scale and was leftesgible for production, while GO
stabilized the empty water cavities and maintaiserdcture | hydrate. CHdiffused and
accumulated into the POM spacer, where it was ramttas increase in MRI intensity. Once
no change in MRI intensity was observed the fractuas flushed once more with g@nd
continued CH production was observed.
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Figure 3.6 — Bentheim sandstone with two longitatlspacings, where each spacing was kept open lmpan
POM spacer. a) shows how the core was assemblete whillustrates the accumulation volume of thet
POM spacers.

3.3.4 Procedure with core partially saturated withhydrate and free water

Access to free gas is often the limiting comporguning hydrate formation in gas hydrate
reservoirs. Initially, the reservoir is completsigturated with water, but due to gas migration
from underlying sediments, gas is introduced tordeervoir. Gas hydrates will form if the
pressure is sufficiently high and temperature i, lbut due to limited amount of guest
molecules the hydrates will never completely satuthe porous reservoir. A typical gas
hydrate reservoir will thus be partially saturat@dh gas hydrate and partially with free
water. Chapter 1.4.2 discussed injection of,@@o CH;-hydrate as a possible production
scheme. Free water, in addition to gas hydrates,baund to be adjacent to the injection
wellbore where C®is introduced to the reservoir. This study wasdtmted to investigate
how free water would respond to presence of, @@d how the permeability will evolve
during injection of C@. CO, can stabilize structure | hydrates, and it wasetioee expected
that the free water would convert into gas hydraes<CQ was injected. Two 10 cm long
Bentheim cores with 3.73 cm diameter were usedhduthis research. Teflon shrink tubing
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was recently discovered to be permeable to,@0d the core was therefore wrapped in Saran
heavy duty plastic wrapping. The core was thenrabkel between one POM spacer at the
producing end of the core and two PEEK end pieEagufe 3.7). Teflon shrink tubing was
then wrapped around these parts in two layers &vemt the Chkl from contacting the
confining liquid. A specific amount of brine withlDwt% was then injected at the injection
end of the core, and water was distributed in e doth through spontaneous imbibition
and by applying a vacuum pump. A 1D profile of toee saturated with brine was acquired
to assure a relatively homogeneous saturationnilima end caps were then mounted at each
end, and non-magnetic cobalt screws were usedctothe core holder to the end caps. The
high-pressure cell was centered inside the MRI@mhected to the confining pump system
and the pore pressure pumps. The pressure wasisectén incremental steps to respectively
10.44MPa and 8.37MPa. A 3D MRI image was takeroatrr temperature to get an initial
intensity estimate. Cooling was then set to 4.Q1%C, which is sufficiently cold to provide
hydrate stable conditions at 8.37 MPa. Hydrate &iom was monitored by PVT data from
pump logs and corroborated by MRI data. Water hgh Hdensity of hydrogen atoms and
therefore reveals a strong signal in the MRI. La$sMRI intensity indicates hydrate
formation.

Before hydrate formation was initiated, calculatiamere made to ensure that at least 25% of
the injected water did not convert into hydratelse§e calculations were based on data from
previous experiments and indicated consumption.0098 moles of Cldfor each ml of
water present. Once target hydrate saturation kad beached, the end spacers were flushed
with N, to remove excess GHrom the spacers, thus limiting further hydratevgth. Soon
afterwards, N was injected through the core while a Validyne BB differential pressure
transducer was providing pressure data for perrigabieasurements. One pore volume of
CO, was flushed through the core at constant rate®h@/hour, during which COhydrate
formed. Once one pore volume had been injected, W3 injected at several different rates
to provide endpoint permeability readings. Ofas used to maintain pressure at the end of
the test, where an intensity build-up was obseimgtie POM spacer, indicating an exchange
process between the initial GHydrate and C®

POM spacer
at producing end

Sealing O-ring

PEEK end piece Cors Injection lines

Figure 3.7 — Core assembled between two PEEK erdepj wrapped in Teflon shrink tubing. The core
displayed in the figure is being saturated withnleri where the water is imbibing towards the leftesi
(producing end) of the core.
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4.1 Salinity Impacts on Hydrate Growth and Indt Time

Chapter 4

Experimental Results and Discussion

A series of experiments have been performed tostiyate properties of gas hydrates and
hydrate formation, as well as different productsmihemes of gas hydrates in porous media.
Salinity impacts on hydrate growth pattern and otun time has been a major part of the
experimental work presented in this thesis.,Gioduction from Chthydrates has been
studied through both depressurization and injectib@0O, to establish the feasibility of the
production methods. Research on gas productionnsghdrom hydrates is important to
establish the resource potential of gas hydratéss Thapter will cover the results and
discussion of the experiments.

4.1 Salinity Impacts on Hydrate Growth and Induction Time

Salt affects the thermodynamic stability of gas rayels (Chapter 1.1.9), where water of
sufficiently high salinity will prevent hydrate fioration. Salinity is therefore an important
parameter when estimating the amount of natural lgaksate available. For lower brine
salinity, the extent of inhibition is reduced buillwstill affect the hydrate growth and
induction time. During hydrate formation only wat@nd gas is consumed in the hydrate
crystal, resulting in displacement of salt previgusound to the water. A salinity gradient
will therefore be present at the hydrate formatimont, where the salt concentration will
increase as gas hydrates form. Further hydratetgromil be inhibited once the salinity is
sufficiently high and the thermodynamic conditidos hydrate formation have been altered.
According to calculations with CSMGem (Sloan andhK@008), the brine salinity that
prevents hydrate from forming is 14 wt% for sodiahtoride (NacCl) solution. CiHhydrates
were formed on several occasions in this study wifferent brine solutions to investigate
how differences in salt concentration influencedhbitne induction time and the amount of
hydrate formed during the growth peridelll fraction was used to classify hydrate growth,
and was defined as the amount of /Rl the hydrate relative to the theoretical amooint
structural cages capable of holding a,Ghblecule, if all of the accessible water was [pért
the hydrate structure. The fill factor for stru&uris reported as eight gas molecules per 46
water molecules, but the gas hydrates are nonstongtric and may have some vacant
cavities. In other words, 8/46 is not a fixed canst Variations in this constant will
compromise the calculations used during this datdyais, where a lower hydrate number
would result in a fill fraction lower than 1.0. this study 100% cage filling was assumed,
with consumption of 8 gas molecules per 46 watelemdes. Previous experimental results at
the experimental conditions used in this thesisehstvyown a cage-filling of approximately
90%, thus reducing the gas to water ratio to 7.ZE6land, 2009). Circone et al. (2005)
conducted a series of experiments on cage fillomgGH, hydrates and reported a hydrate
stoichiometry of p = 5.81-6.10 HO, with an average composition ¢B.99(+0.07)HO. This
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corresponds to 7.7/46, and is not too far fromdksumed 8/46 gas/water molecular ratio.
Previous results and work have been presented bglituet al. (2008a).

4.1.1 Salinity impacts on hydrate growth

Hydrate growth period in these experiments is defias the period during which detectable
hydrate formations is observed. It has been estadddi in previous experiments (Husebg et
al., 2008a) that salinity impacts the growth pattesf gas hydrates; however, these
experiments did not consider the effect of high@mgies. Six different cores were used for
the experiments conducted in this thesis (H15-H2@) core data are given in Appendix B5.
All cores were prepared according to the procedliseussed in Chapter 3.3.1. Once the
system had been pressurized and cooled to hydisike sconditions, gas hydrate formation
initiated. Figure 4.1 illustrates a typical pum lourve for this process. At 0 hours the core
was at room temperature and had already been pesto 8.37 MPa. At a) the system was
kept at room temperature to allow for an estimdtéhe leakage rate. At b) cooling was
initiated, which resulted in increased gas densiith subsequent CHinjection from the
pump to maintain constant pressure. This is ilatett in Figure 4.1 by the GHonsumption
increase from 0 to 5 ml. After hydrate stable ctinds were reached no additional £H
consumption was observed due to the induction diniie system. At c) the induction time
concluded and steady growth was initiated, whictulted in exponential consumption of
CH,. The last 24 hours of the experiment were usethake an additional estimate of the
leakage rate. A number of salinities were inveséigaand the difference in hydrate formation
rate can be seen in Figure 4.2. The induction tisnexcluded from this plot and will be
discussed in detail later in Chapter 4.1.3.
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Figure 4.1 — CH consumption during various stages of hydrate fdioma To the left of the figure the system
has already been pressurized to 8.37 MPa, and@esgents the pre-cooling period that allows theesysto
stabilize. This period is used to make a prelimynastimate of the leakage rate. At b) the systansstooling,
resulting in increased gas density, and the purhpeefore deliver gas to the system to maintain teons
pressure. At ¢) the induction time comes to an(eratked with a red circle), and at d) steady grovetkes
place and continues until lack of available hostenales (water) or guest molecules (H
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Hydrate growth, corrected for leakage

B0.00

50.00 g

40.00 4

30.00 4

20000

Methane Consumption [ml]

*H15 - 2wt % salinity
mH1E - 8 wit% salinity
& H17 - 2 wit% salinity
H15 - 4 w3 salinity
= H19 - 10 wit% salinity
& H20 - 1 wi% salinity

J
10,00

oo § : : : : : .
0 50 100 150 200 250 300

Time [Hours]

Figure 4.2 — CH consumed during hydrate growth. The experimemisllts presented in this figure do not
consider small differences in core length and bsaguration. This figure merely considers aténsumption
during the growth period for the different experite

Most curves in Figure 4.2 followed the same exptimempattern with high initial CH
consumption which decreased with time, and it @lgabserved that the total consumed,CH
was higher for the lower salinities. When 1 wt%rst was used, 50 ml CHvas consumed
(at 8.37 MPa and 4 °C), while for the 10 wt% s&jimxperiment only 16 ml was consumed.
Salinity impacts on fill fraction will be discuss@d Chapter 4.1.2, where differences in core
length or differences in moles of water present ndlemphasized.

Variations in hydrate growth pattern

Sample H20 constituted an anomaly to the other memital hydrate growth patterns in
Figure 4.2. This core was saturated to nearly 80Btch is higher than the other cores, and as
such the difference in growth pattern might indéctliat the hydrate growth is affected by
initial water saturation. Higher water saturati@sults in less surface area between water and
gas. It also leaves less pore space availablénéo€H, to occupy with a subsequent reduction
in relative gas permeability. These two factors ntaptribute to the reduction in initial
hydrate formation rate. It is interesting to ndiattthe CH consumption rate is reduced after
only 6 hours, but increase again after approxinge@8l hours. At 57 hours, the consumption
rate suddenly leveled out. During the experiment, Giffuses through the core, resulting in a
more even distribution, which may help explain therease in Cllconsumption due to the
increased interface between gas and water.
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4.1.2 Variations in fill fraction as a function ofsalinity

In structure | hydrates the gas/water moleculeor&ti 8/46, meaning that there are eight
cavities within the lattice of 46 water moleculegpable of encapsulating a gas molecule. The
fill factor is defined as the ratio of filled cavities in tsteucture, so if all of the cavities on the
structure are occupied by a hydrate former, thefrdction will be 1.0. The experiments
presented here are performed without angitu imaging, so the fill fraction is calculated
under the assumption that all of the water has edad to hydrate and the consumed,@H
occupying hydrate structural cavities. These caleal fill fractions are presented in
Appendix B5 and visualized in Figure 4.3, wherefilidractions are plotted as a function of
salinity. The distribution of fill fraction followsa clear decreasing trend with increased
salinity and seems to align along the theoretiedllme based on theoretical calculated values
using CSMGem. All experimental values align witle tred line within a 14% deviation;
however, most values are within +7% of the theoattvalue. The fill fraction therefore
shows a clear dependency on the salinity of thesstlsle brine. Salinity is important when
estimating available CHn hydrate reservoirs, where salinity measuremehtsine adjacent

to gas hydrate deposits may help identify the sefzbe gas hydrate deposit.

Several points are located above the theoretichline, which could indicate that the gas
leaks adjusted for during calculations are moreersitze than first assumed. An initial gas
leak estimate is made prior to hydrate formatiod emmpared with a gas leak estimate from
the last 24 hours after hydrate formation. The éagsimate is often what makes the foundation
for the gas leak estimate. If the gas leakage wai® to evolve and fluctuate during hydrate
formation, it would be impossible to detect. Thisikd help explain why some of the data are
above the red line. The final gas leak estimate hrye been compromised due to the fact
that gas hydrates are solids which obstruct gasg, flious reducing the leakage rate during the
time of the experiment. However, the accordancevéen the theoretical red line and the
experimental values is still good, and the overaficlusion is that there is a clear dependency
between fill fraction of Clhydrates and salinity.
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Figure 4.3 — Fill fractions from the different salep plotted as a function of salinity. The bluea®gs are

previous data (Husebg, 2008, Ersland, 2008), whigered line is based on simulated results from G8M.

The pink open circles are data acquired during thissis, and the data seem to align along the sitadlline.
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There is a theoretical limitation to the assumpti@sis for calculating the fill fraction for
these experiments. The assumption is that all theemis included in the hydrate structure.
This means that a fill fraction of one is impossilbd reach if there is residual water in the
core after hydrate formation. The Bentheim sandsiera strongly water wet porous media
(Graue, 2009). Experiments have shown that hydi@mation in highly water wet cores
occurs in the middle of the porous media (Kleinbetal., 2003), and capillary forces will
prevent hydrate formation in capillary bound wai@tennell et al., 1999). Hydrate growth
will therefore never occur in small pores due tteaesive capillary forces, and water in these
pores will not contribute to form cavities that epsulate the gas molecules. As a result of
this, the calculated fill fraction will never be01 Even for low salinities, between 0.1 and 4.0
wt% salinity, the fill fraction never exceeded Ot remained stable between 0.8 and 0.9.
This may indicate that the fill fraction is reduclkey approximately 0.1 due to the capillary
nature of the core. Another interesting observai®ithe lack of salinity impacts of low
salinities. Only after the salinity concentratioashexceeded 4 wt% does the salt seem to
inhibit gas hydrate formation. A plausible reasan this could be that the effect of the
capillary forces outweighs the negative influenédgh@ salt for lower salinities, and during
hydrate formation the salt is displaced and elev#te salinity of the remaining water. At
higher salinities, the thermodynamic stability ésluced and the influence of salt on hydrate
growth is inevitable. The effect causing this daseein fill fraction is only speculation and is
not quantifiable in either of the setups used ia study.

During hydrate formation, gas permeability is regtlicn an effective manner, thus reducing
the gas flux to parts of the core. In some casesgas hydrate may block pore-throats, and
gas can only access the blocked area by diffugioough the limited water layers between
mineral surfaces and the gas hydrate (Kvamme, 200&se occlusions may reduce £H
consumption if gas is restricted from accessing fkater due to extensive hydrate blocking
of pores.

The fill fraction results show clear dependencytbe salinity of the accessible brine and
results acquired through this study corroboratesipus work (Husebg et al., 2008a). Husebg
et al. (2008a) usenh situ MRl on some experiments to monitor the progressibhydrate
formation, and concluded that the hydrate formatae was more affected by initial brine
distribution than salinity. This was not quantifiéd this study due to lack of imaging
possibilities; however, the results show consisteransidering the fact that experiments have
been conducted using different setups. Some ofddta on Figure 4.3 seem ambiguous,
especially values for 2, 3 and 4 wt% salinity. Hoese the deviation from the average value
for these data is less than +4%. The deviatiorhefthree data points at 5 wt% is +0.15%,
indicating excellent reproducibility.
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4.1.3 Salinity impacts on induction time

Salt ions change the chemical potential of liquater and therefore act as a hydrate inhibitor
(Chapter 1.1.8). Even though the induction tima stochastic variable (Chapter 1.1.9), it is
expected to increase with increasing NaCl concBatralue to its hydrate inhibitor effect. In
this work, induction time is defined as the periaaim hydrate stable conditions were reached
until stable hydrate growth was initiated. This veasily observed from PVT data. Figure 4.4
visualizes the induction time for experiments castdd in this study, and the added
exponential trend line provides a fit witlf R 99.53%. It is unlikely that the fit would be
maintained if several data points were added. THaplgonly contains values from the six
experiments from this study, which is not adequateonclude with scientific precision;
however, it clearly indicates that increased splimicreases the induction time. Previous
researchers report very stochastic behavior ofamoln time (Husebg, 2009). It would have
been interesting to run experiments using evendmighlinities to investigate at what salinity
hydrate formation was prevented. On the other hénthe added trend line should in fact
provide a sufficient fit, the expected time for hgt formation to occur using 14 wt% salinity
would be nearly 5000 hours. The induction time spanthese experiments was from
approximately 1 hour at 1 wt% salinity to 371 hoatr4d0 wt% salinity.
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Figure 4.4 — Induction time as a function of salmiwvhere the two data points at 2 wt% salinitynoide. The

added trend line provides a great fit, but the daténts are too few to decide on an exponentiati@hship
between induction time and salinity.
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4.2 Production from CH, Hydrates through Depressurization

Production through depressurization is considenganbny the most economically feasible
gas hydrate production method (Chapter 1.4.1) amdives pressure reduction to a pressure
below the hydrate dissociation threshold at thevailieg local temperature (Zhou et al.,
2009). In particular, this production method ismprsing inClass 1deposits, containing either
gas hydrates and free wat&lgdss 1W or gas hydrates and free g&ass 1G. In these
classes, depressurization-induced dissociationrasligted to result in production of large
volumes of gas at high rates over a long periotiroé (Moridis et al., 2007, Moridis and
Kowalsky, 2006). Depressurization tests and gadlymtion by pressure depletion has been
conducted on several hydrate deposits to deterthi@ie resource potential (Moridis et al.,
2008). Gas production through depressurization weasstigated in this study on Class 1G
hydrate deposits, where all the water was assumedected into gas hydrates with only free
water and CHl hydrate left in the core. This represents an itigdrate production scenario,
where free gas will provide additional recoverythe released CHfrom gas hydrates. The
depletion was based on constant pressure, whessyreewas decreased in incremental steps
once no dissociation was observed. This procesgepesated until no further production was
observed. Experimental data from this experimentatao be found in a previous publication
(Husebg et al., 2008b).

4.2.1 CH, hydrate formation

CO; injection into CH-hydrates, taking advantage of the implicit £f2questration, has been
the main focus on gas production from hydratehatniversity of Bergen. To compare the
gas production efficiency it is beneficial to hadtber production methods to compare to. The
efficiency of gas production from hydrates througtessure depletion was tested in a
depressurization experiment. ¢Hydrates were formed in a 14 cm long whole Bemthei
core, which was saturated to approximately 50%amsgmbled as described in Chapter 3.3.2.
Hydrate formation was monitored by PVT data in aoefion within situ MRI images.
Figure 4.5 compares normalized inverted data froemNIRI with normalized data from the
pump logs. The correlation between the two cunadions the advantage of using MRI to
monitor changes in hydrate saturation in the poroadia.
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Nommalized methane consumption and MRI intensity
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Figure 4.5 — Comparison between normalized,@dnsumption (material balance) and normalized iteck
MRI intensity of free water during hydrate formatioThe spike in the CHlata is due to loss of confining
pressure.

Confining pressure was temporarily lost after 8Lirsodue to problems with the confining
pump, which resulted in a pressure drop in confjrpnessure to just below 8.37 MPa. This
could have resulted in gas leaking into the confifiquid, considering that the pore pressure
was maintained at 8.37 MPa. However, the Affasleeve stayed in place, and once confining
pressure was increased the {&dnsumption stabilized at expected value. Theespikrigure
4.5 was a result of confining liquid no longer pidirg pressure on the sleeve, thus allowing
gas to accumulate between the core and the sgaespite the addition of gas to the system
the MRI intensity did not seem to change notably.pkeviously mentioned, CHyas is less
hydrogen dense compared to water and does noeirdiuthe MRI intensity as effectively as
water. The bulk gas mainly accumulated betweenctire and the spacer. This area was
therefore not included as a region of intereshemROI software.

Once hydrate had stopped forming (at 8.37 MPa), gbee pressure was reduced in
incremental steps to 4.24 MPa (600 psig). At curtemperature, 4 °C, this was still within
the hydrate stability region. After the system teaplilibrated, the pressure was reduced to
3.96 MPa (560 psig), and at this point some ofttyerate did dissociate (Figure 4.6). Upon
equilibration, the pressure was decreased once tod3e89 MPa (550 psig), resulting in far
more substantial production. At 3.82 MPa (540 p&ggn more gas was produced. The
production is also visualized in Figure 4.7, wheresitu MRI images revealed increased
intensity from free water as the gas hydrate dissed.
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Methane production during depressurization
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Figure 4.6 — CH production from the gas hydrate during depressiian at different pressures. Production
was converted into moles to consider differenceslansity at different pressures and then plottedmade
fraction by normalizing to moles of Gldriginally converted into hydrates.
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0 Hours 163 Hours

285 Hours 453 Hours

Figure 4.7 — Visualization of changes in MRI inignduring hydrate formation and dissociation using
T3DOFortner Research, LLC: a) 2 hour 3D image takeior to cooling and hydrate formation, b) 2 HoBID
image taken after hydrate formation, c) 2 hour 8tage at 3.89 MPa, d) 2 hour 3D image at 3.82 MHee T
water signal reappears as hydrate dissociates.

4.2.2 Gas production through depressurization at agstant pressure

No gas hydrate dissociation was observed at 4.24 Ml pressure depletion was continued
to 3.96 MPa. The pressure gradient and gas pradueti this point was low due to high
hydrate saturation (61.7%) with subsequent lowtikedagas permeability. Only 9% of the
CH, hydrate dissociated during the time the systemkegs at 3.96 MPa, which is illustrated
in Figure 4.6. When no further gas hydrate disgmrawas observed, the pressure was
reduced to 3.89 MPa. 20 hours through productio3.89 MPa the gas production rate
seemed to be leveling out; however, at 25 hoursiddlen increase was observed in the
production rate. Gas hydrate is a solid state nahi@nd will restrict fluid flow throughout the
media. Almost 20% of the gas hydrate had dissatiate25 hours, which apparently was
sufficient to increase the relative permeabilityGH,. Production at 3.89 MPa was continued
for approximately 70 hours. During that period, thesociation reached a maximum after 80
hours, with a mole fraction of 0.4, but steadilyc@m®msed and equilibrated at 0.38 after 96
hours. At this point 47% of the hydrate had disated. The reduced hydrate saturation
resulted in efficient recovery at 3.82 MPa, whehe tadditional 53% gas hydrate was
dissociated. Full recovery was achieved approxim&@&0 hours post hydrate formation.
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Hydrate formation is an exothermic reaction, whilgrate dissociation is an endothermic
reaction. Heat is required in an endothermic reactiand gas production by pressure
depletion will induce cooling of the hydrate res@rv The rate of hydrate dissociation is
therefore controlled by the conductive heat flovhene lack of conductivity may result in
regained hydrate stability. If the reservoir isfigntly cooled, free water may even turn into
ice, thus complicating the production severely3&9 MPa the curve did not equilibrate once
maximum dissociation was reached, and the, Qb$s could be explained by hydrate
reformation due to lack of heat conductivity. Temgtere readings at the core surface were
provided by a single thermocouple and did not iaicany temperature below 3.8 °C.
Presence of a temperature gradient over the cdheiefore the only possible explanation to
support hydrate reformation. However, confirmatafnsuch is not possible due to a single
thermocouple providing temperature readings. Omglsamounts of Cllwere produced at
3.96 MPa, despite the fact that the gas hydrateoutside its stability region. At 4.24 MPa
the system was still within the hydrate stabiliggion, and the pressure drop to 3.96 MPa is
not significant. It is therefore likely to assuntet the CH hydrate is within the metastable
region at 3.96 MPa and the ¢Hydrate is therefore more susceptible to minor RWanges.

A small temperature drop induced by the dissoamatiay provide temporary stability, thus
altering the dissociation. These results are alssgmted by Husebg (2008), where an
additional depressurization test was run using dame conditions as in this test. It is
interesting to note that for 3.89 MPa the {Moduction curve experienced the same drop in
production from a maximum at approximately 0.4 (endtaction) to a lower endpoint
maximum. The reason for this is still unaccounted but due to the reproducibility of the
result it would be interesting to run yet anothest twith additional thermocouples.

Gas production through depressurization inducedraigd dissociation may result in
production of associated water (Chapter 1.4.1)s Thione of the major problems with this
production scenario. Water was detected in prodoclines post depressurization in this
experiment, but due to limitations in the expemtaé¢ setup there was no way to quantify the
amount of produced water. Loss of geomechanic#lilgyais another limitation with this
production method. Bentheim is a consolidated dandsnot likely to be compacted or
deformed, despite of large differential pressuresr ahe core. This may not be the case for
other porous rocks saturated with gas hydrateslikvizis been subject to extensive research
and several gas production tests have been peroanthis site. Production from this field
seems promising, however, problems with sand pitmlutave been reported (Numasawa et
al., 2008). This is a frequent problem during prithn, and to simulate this in a future
experimental production scenario it could be irggng to produce from gas hydrate formed
in sand packs or other unconsolidated rocks.

Gas production through pressure depletion is censdlan effective production method of
gas hydrates. In this test, full recovery was acddde after a short period of time
(approximately 280 hours). Depressurization indugad production from CHhydrates
therefore provides promising results. Some assatiawvater was experienced during
production and is considered one of the major @misl with this production method.
Simulations of large scale production over a lorqggriod of time reported a recovery of 54%
from the gas hydrate itself, with additional protioic from free gas in the reservoir (Moridis
et al., 2007). In a large scale reservoir ;Cptoduction from gas hydrate will evolve
differently than compared to small experimentales@and providing a pressure drop over the
whole reservoir is more challenging. However, esdlgcClass 1G hydrate deposits with low
supercooling in metastable hydrate region may kh@oaising production target for this
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production scheme. The time frame for the simutati@s 30 years, while the production in
the experiment only lasted for approximately 280rso
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4.3 Results from CQ Injection into Core with Open Fractures

CO, provides thermodynamically more stable gas hydthtsn CH at the experimental
conditions used in this thesis (Chapter 1.4.2edtpn of CQ into established CHhydrates
will therefore induce an exchange process wherg iSHeleased and made accessible for
production, while CQ@ maintains the stability of the structure | hydraturrently, no
reservoir scale production tests with £i@jection are known, but several experiments give
support to the production method (Lee et al., 2008)ng a greenhouse gas for sequestration
offers an attractive potential for GOstorage in addition to gas production. The
thermodynamic stability of the gas hydrate is atgweased, thus preventing possible massive
hydrate dissociation with subsequent slope fail@®veral CQ injection experiments have
been conducted at the University of Bergen and @toCoPhillips’ Research Center in
Bartlesville, looking at possibilities for GHproduction through C@sequestration. The
results have generally been good, and total regdvas been estimated to 50-85% (Husebg,
2008). It is assumed that some of the limitatiothimi this production method lies within
kinetics and/or the diffusion rate of G@rough the established GHydrate. In this study,
the contact area between Chiydrate and C®was effectively increased, and increased gas
recovery may indicate limitations within diffusiorate. Two similar experiments were
conducted on this matter and are presented inctlapter. However, the experimental work
was not a part of this thesis, only the analysis.

4.3.1 Hydrate formation in a fractured core

Previous gas production from gas hydrates by imgeatf CQ, have used either whole cores
(Ersland, 2009) or single fractured cores (Graual.et2006b), where the fracture was kept
open by a POM spacer. For this study, a Bentheimdstane core was mechanically fractured
twice in the longitudinal direction, separating ttwe into three different pieces (Figure 3.6).
Each fracture was kept open by a POM spacer, aaddition cylindrical POM spacers were
located at the two ends of the core. The purposhefPOM spacers is to provide efficient
fluid flow through the core, while increasing thatarface between CHhydrate and C®
during CQ injection. Increased contact area between Bydirate and C®may speed up the
exchange process. The POM spacers also providednadation volume for the released £H
and were monitoreth situ by MRI. MRI intensity is proportional to CHconcentration, and
the data can be quantified to give information be produced mole fraction. Through this
experiment it will be possible to investigate to awhextent diffusion of C® limits the
exchange rate.

4.3.2 Monitoring hydrate formation and the exchangerocess

CH,4 hydrates were formed in a 10 cm long whole Bemtheore, which was saturated to

approximately 57% and assembled as described ipt€&h&.3.3. Hydrate formation was

monitored by PVT data in conjunction wiih situ MRI images. Figure 4.8 compares

normalized inverted data from the MRI with normatizCH, consumption (material balance).

The correlation between PVT data and MRI inteniyn free water confirms the advantage
of using MRI to monitor changes in hydrate satarain the porous media, and also confirms
the reliability of PVT data.
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Figure 4.8 — Gas hydrate formation data from twifedtent experiments using different brine salirsbjutions

on a fractured Bentheim core. Normalized {ténsumption data is corroborated by normalizeceited MRI
intensities from free water.

4.3.3 CH, production during CO, injection

The CH, hydrate formation and CCexchange process is visualized in Figure 4.9, asd
expected the free water MRI intensity decreasetth@sample was cooled and hydrate stable
conditions were reached. At 0 hours the core iigllgrsaturated with brine and pressurized
to 8.37 MPa by Cllat room temperature (20 °C). At 238 hours allwlater was confirmed
converted into Chlhydrate, and at 273 hours Was flushed through the spacers to remove
excess Chl CO, was then introduced to the system. The immedisalr was loss of MRI
signal because GQontains no hydrogen and is therefore insensitivenagnetic resonance.
CO, provides thermodynamically more stable gas hydrated induces a micro scale £H
hydrate dissociation with subsequent stable G@irate and free CHgas that is accessible
for production. This Chl mainly accumulated in the designated POM space628 hours
CH,4 had accumulated into the spacer due to the exehpruress between the established
CH,4 hydrate and the injected GQAt 645 hours C@had been flushed through once more to
remove produced CHand at 957 hours additional produced ,Gtdd accumulated in the
spacer. Previous experiments within the group Isdnevn a linear relationship between £H
concentration and MRI intensity (Appendix B6), thuk compared to an image 100%
saturated with CHl it is possible to quantify the molar fraction oHg in the spacer.
Substantial ClHl production into the POM spacer was observed fdh xperiments. No
intensity increase is observed from matrix, whiodicates a direct conversion from ¢H
hydrate to CQ@ hydrate without detectable hydrate dissociatiomm& small hydrate
dissociation is likely to occur, but the generalbglity of the gas hydrate is maintained. The
CH,4 accumulation in the spacer was significant; howepeesence of a spacer does not
guarantee accumulation specifically here. During éichange, it is likely that GHliffuse
into the injection line. The injection line is cawted to an “infinite” reservoir of C{that
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provides constant pressure and some, @iy actually diffuse into the pump cylinder.
However, it is likely to assume that there will 8eCH, gradient in the line and the mole
fraction of CH, in the pump cylinder is therefore highly restrettén addition, there is a
temperature gradient in the line resulting in dasesl gas density adjacent to the pumps. The
CH, concentration gradient is not known and the esmgbunt of produced gas during the
exchange process is therefore unknown. In addittenfree CH present in the porous media
prior to the CQ flush will contribute to increased recovery, themmpromising the actual
recovery. In order to determine the actual,Gifadient several gas chromatography (GC)
samples would have to be taken from different pafthe setup. This was not done and it is
therefore not possible to quantify the amount of;@Hfused into the lines. Results acquired
during the exchange process are therefore solaslgthan CH accumulation in the spacer.
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0 Hours } 238 Hours

273 Hours 629 Hours

645 Hours 957 Hours

Figure 4.9 — Visualization of MRI signal from 0.1%vsalinity test using T3D©Fortner Research, LLE9a
hour 3D image prior to cooling and hydrate formatjavhere water and CHvas present at 8.37 MPa in the
porous media and in the POM spacer, b) 9 hour 3Bgenafter hydrate formation. The only visible sigeé
from the core is gas present in the spacers imifdglle and at the end of the core, indicating G, hydrate
had successfully been formed in the porous meg)i&, hour 3D image post GAlush, which should have
removed all excess GHrom the spacers. Some signal is still visiblerfrilhve end spacer, which may be some
CH, left in the system or GHbroduced during the time period of the image, @ipar 3D image post CO
exchange with Cldhydrate resulting in produced Ghhto the spacers, €) 9 hour 3D image post yetlaarot
CO,; flush removing all produced GHrom the spacers, f) 9 hour 3D image showing n@ig produced during
CO, exchange.
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Figure 4.10 shows the development of &dcumulation in the spacer. The intensity increase
during the first hours is substantial, but the #ddal contribution decrease with time. This is
due to decreasing chemical potential as ,C&ncentration is decreasing and CH
concentration is increasing. The effect of thetfitash is more comprehensive than the
second. The concentration of CHydrate is higher at the initial flush, which witlake the
flush more effective. During the second flush th@,@as to diffuse through established £O
hydrate in order to access the LHydrate. However, the effect of the second flush i
significant as well, which may indicate high resitsi. It is therefore likely to assume that
some CH may have been released and displaced into thevieg@ump cylinder during the
CO; flush itself. If this is true, the mass balancethe system is not maintained, and the
actual production recovery is higher than illustcain Figure 4.10.

N2 was injected prior to the GOnjection to remove excess GHn Chapter 4.4 it will be
established that Nalters the equilibrium of the GHydrate, thus resulting in preliminary
CH, hydrate dissociation. Considering the effect ef iNis likely to assume that some ¢H
hydrate dissociated and free gas accumulated irP@igl spacer before the G@lush was
initiated. CQ was then flushed through the system to remoye but due to hydrate
dissociation, some CHs likely to have been displaced in this flushwadl. The mass balance
is therefore altered and the current moles of, @Hhydrates are less than initially. Mole
fraction was used to determine the efficiency & pmoduction method and due to less,CH
available the recovery will never be 100%.

Methane production into spacer
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Figure 4.10 — CH build-up in the POM spacer due to the exchange@ss with C@resulting in increase of
MRI intensity for the two experiments. The MRInsty is an average from the longitudinal spacexsd is
normalized to a spacer 100% filled with @H he intensity increase during the first hoursubstantial, but the
rate slowly decreases. The first €flush results in higher intensity buildup, yet sexond flush is very effective
as well. The actual recovery is most likely highet is not measureable due to diffusion into pened lines. In
addition some Climay be produced during the @@ush which is accumulated in a receiving cylinderd
therefore not detected by the MRI.
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Salinity impact on recovery

Figure 4.10 compares the result acquired for the éwperiments, and it is evident that the
recovery is higher for the high salinity (3 wt%)peximent. The salt affects the hydrate
stability, where higher concentrations will resuit more rapid recovery and higher total
recovery due to the accelerated dissociation dmution from salt. This may indicate that
some of the limitation with this production schemies within kinetics as well. Another
explanation could also be that the fill fractionhgfdrate was lower in this experiment due to
the higher salinity and CQcould therefore move more freely in the core arddiit from
diffusion in the aqueous solution. More free watglf also increase the interface between
CH, hydrate and C@ In Chapter 4.1 it was established that the dglimpact for 4 wt%
NaCl and less was insignificant on fill fractiom this study, 3 wt% was used and it is
therefore questionable if this would affect thd filaction. Considering these results and
economic aspects in a future production scenarioould be beneficial to produce from a
high saline area where the salt itself would cbuotie to increasing the recovery. A
thoroughly investigation on salinity impacts on £ptoduction during C@sequestration is
therefore considered highly interesting.

4.3.4 Comparison with previous single spacer COnjection experiments

The main objective with these experiments was testigate if an additional fracture and
spacer would increase the exchange rate. A finedbvwery of 70%, when normalized to
intensity of the spacer 100% filled with GHhas been reported in previous single spacer
experiments (Ersland, 2008). The two double spagperiments only offered 58% and 51%
recovery when normalized to the intensity of a spa®0% filled with CH (Figure 4.11).
However, the spacer volume in these two experimargssignificantly larger, approximately
twice the size of the spacer used in the singleapeaxperiment, and the total gas recovery
must subsequently be corrected for the larger freme in which CH is produced.
Increasing the interface between the,Ghidrate and C@does therefore seem to affect the
recovery of CH, and it is possible to conclude that diffusionaidimiting factor. These
experiments indicate that increased contact aaases the gas recovery.
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Figure 4.11 — CHbuild-up in the POM spacer due to exchange proeggsCQ,, which results in increased
MRI intensity. The MRI signal is average intenfityn the spacer, normalized to a spacer 100% filletth

CH,;. The figure includes data from two gflushes for each of the curves and compares efdn the double
spacer experiments with results from a previouglsispacer experiment presented by Ersland (2008)se
results are not normalized to the amount of;€bnsumed during hydrate formation and are theefost an
estimate of total recovery. The spacer volume éndibuble spacer experiment is approximately twieesize of
the accumulation volume in the single spacer aedétovery will thus be higher.

During the free water experiment (Chapter 4.4) @swdiscovered that Ndoes affect the
existing CH hydrate equilibrium, where higher,Moncentrations alters the equilibrium more
effectively. Using two spacers did not only incredlse interface between the two phases, it
also increased the G@o CH, hydrate ratio. The existing hydrate equilibrium|wherefore

be altered more effectively. Ideally, the two spacgould constitute the same volume if only
limitation in diffusion was to be investigated.

The observed recovery was 32% for the low salitest (0.1 wt%) and 49% for the high
salinity test (3 wt%) based on MRI intensity frotmetPOM-spacer. However, the mole
fraction considers the amount of gHhiitially consumed during CHhydrate formation. Due

to dissociation by Nthe actual amount of CHs less, thus the actual recovery is higher. The
results do not account for GHdiffused into lines, contribution from free Gkhat may diffuse
into the core, or Cidthat has been produced during the ,Cldsh. Considering these
uncertainties, it is difficult to make an accuratimate on recovery. Previous experiments
(Husebg, 2008) have concluded in a total recovéry0e85%, which seems likely to apply
here as well.
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4.3.5 Comparison of depressurization and C&data

A comparison of the two gas hydrate production swe investigated in this study is
presented in Figure 4.12. Depressurization indwgzesl production resulted in full recovery
over a short period of time, as discussed in Chap® The Bentheim sandstone core used
for this experiment is supposed to be an analogusohditions in a gas hydrate reservoir.
However, due to the small size of the core, thereemore is forced below hydrate stable
conditions during pressure depletion. This is napli@able on reservoir scale, where the
pressure depletion mainly affects the area adjamethe wellbore. It is therefore likely to
assume that the recovery would not be as effi@arda larger scale. In addition, production of
associated water was detected. ,gdloduction through C@injection showed promising
results. The efficiency was not as high as for pnessure depletion, which is the main
disadvantage with this production scheme. Howererhydrate dissociation was observed
and the structural integrity of the sandstone vi@sefore maintained. This is not crucial for
consolidated rocks like Bentheim, but for uncorgatied rocks it is important to maintain
structural integrity during production. The therngndmic stability of the gas hydrate will
also be increased when g®&tabilizes structure | hydrates. To evaluate the production
schemes in a non-biased manner, more realistisymeslepletion conditions would have to
be applied. Additionally, it would be beneficial tmonitor the exchange process between CO
and CH hydrate in a whole core, ideally on a larger s¢hdn what a 10-14 cm long core
provides. Experiments on a larger scale is desrabl
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Figure 4.12 — Comparison of recovery results gaittedugh depressurization and injection of £ double
spacer. The figure clearly illustrates the effiggrof the depressurization experiment comparetaédGQ
sequestration. However, it is questionable if sagressure drawdown is applicable on reservoir scttlhas
also been mentioned that the total recovery throd@h sequestration is expected to be higher than iitust
in this figure.
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4.3.6 Comparison with previous results

Lee et al. (2003) concluded that at least 64%, @Ha CH, hydrate reservoir should be
theoretically recoverable through injection of £@n structure |, the larger cages'¥®)
outnumber the smaller ) by a factor of three, so three times as muchngag be stored in
the larger cages. Additionally, the smaller cagestiucture | are occupied to a smaller degree
compared to the larger cages, so sorfecGges may not be occupied by guest molecules.
Major parts of the CHlis therefore bound to be stored in the larger s4§%6%), where CQ

is preferred when looking at both kinetics and klojuum thermodynamics. C£has a larger
diameter than Ckl which makes it hard for GQo act as a guest molecule in the small cages.
In fact, the molecular to cavity diameter ratioli®0 for CQ, so the chances are low for
swapping in these polyhedra and subsequently €apping is limited to affect the larger
cages. In later experiments Park et al. (2008)rteda possible recovery of 85%, which was
achieved by using a binary mixture of Bind CQ. While CGQ was too large to occupy the
smaller cages, Nproved thermodynamically more stable than,Gitl the temperature and
pressure conditions used in their experiments, thadncreased recovery was explained by
presence of N It is worth noting that the paper never mentitwwsv much gas the CH
hydrate was exposed to during the exchange precesg also fails to mention the size of the
gas hydrate sample. This is critical, especiallyemwitonsidering how the alteration of the
hydrate equilibrium in the free water experimensuteed in dissociation (Chapter 4.4).
However, the paper does provide some interestisigjteethat are worth further investigation.

Previous CQ@ sequestration experiments done in Bartlesvillensdtba total recovery of 50-
85% (Husebg, 2008), which seems likely when contpémethe experiments of Lee et al.
(2003). In this study, it has been established tbetvery was increased by using two spacers
instead of one, thus increasing the contact arehilae total recovery is therefore expected to
be in the upper region of this estimate.

4.3.7 Future development and improvement of the piduction scheme

Production of gas hydrates through £@jection shows promising results, but compared to
depressurization induced gas production the regoigetow. Limitations in the exchange
process probably lie within both kinetics and dffin, as indicated by these experiments.
Measures should therefore be made to reduce thme#ations and make the production
scheme more effective. Lyon (2004) has suggestadlsineous injection of liquid CQand
SG; or HCI or other reagents, which easily dissolveniater and liquid C@ The injected
solute will result in destabilization of GHhydrate and consequent melting, leaving dissolved
gas available for production while the interfacéwsen water and C{Onhas been increased
and CQ hydrate formation will be initiated. McGrail et.gP007) have suggested another
production method with injection of a G&@ater microemulsion. The results seem promising,
however, CQ is injected at 25 °C, which results in subsequisdociation of Chl hydrate
due to heat transfer, and there is no way to sep#ra effect of thermal injection from that of
the micro emulsion. In experimental work presentedhis thesis the injected GQwvas
partially cooled before contacting the core in ortle investigate only the effect of the
favorable thermodynamic stability offered by £@njection of heated COis one possible
production scenario, but formation of g@ydrates release sufficient heat to dissolve, CH
hydrates. To validate the effect of the micro enaunlslone, it would have been interesting to
see results where the injected micro emulsion wassarvoir temperature.
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4.4 Production from Hydrate Reservoir with Free Water

In a hydrate reservoir, the gas hydrate will nes@mpletely saturate the pore system. The
occurrence of gas hydrates are often divided iotw 8ifferent groups; 1) finely disseminated
hydrate that may dissociate rapidly, 2) nodularrbatel of up to 5 cm bulk hydrate, 3) layered
hydrates separated by thin layers of sediment4amdassive hydrates as thick as 3-4 m with
95% hydrate saturation (Sloan and Koh, 2008). Tlstrasual occurrence of hydrate is as
finely disseminated with subsequent low hydratersdion, in some cases only a few percent,
where the additional fluids present in the poroweiia will typically be water and different
gases. In previous experiments, no excess watebéas left in the porous medium after
hydrate formation and the influence of excess wates therefore not been investigated.
During hydrate formation, availability of guest raolles is most often the limiting factor. In
a production scenario based on L£&&questration, it is essential to be aware of whikt
happen to the free water surrounding the well lmree CQ is injected and how the gas
permeability adjacent to the wellbore is affectéithis experiment therefore aims at
investigating how presence of @inpacts a porous medium saturated with both B¥dirate
and free water. There was some free, @t in the system as well at the initiation of £0
sequestration.

4.4.1 CH, hydrate formation

CH4 hydrate was formed in a Bentheim core, and to igeowexcess water the hydrate
formation was stopped prior to completion. The doad been saturated with 13.56 ml brine
solution ($,;=50.9%), and with a CHmole consumption of 0.00958 per ml of water and a
total CH; mole consumption of 0.05891 during hydrate fororatithe corresponding excess
water prior N injection was 7.4 ml ($27.8%). The Chlhydrate formation is illustrated in
Figure 4.13, comparing pump log data with MRI geofntensities.

14

0.9

= o
~ =)

=
m

Normalized Methane consumption and MRI intensity
) ) )
w = mn
5

=
[N

=

—— Methane Consumption
—=— |nverted MRI intensity

0 1' 2 3 s 5 5 7 5 5 10

Time [Hours]
Figure 4.13 — Comparison between normalized ine@&l, data from the pump logs and normalized inverted
MRI intensity during hydrate formation. In this ea30 second profiles were taken every 5 minutesalvaspid

hydrate formation. The SNR for these profiles istno good, and the fluctuations of the curve tiage the
quality of the data, however, the trend is stiédan.
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Due to rapid hydrate formation, 30 second profilesre used to acquired MRI data.

Subsequently, the SNR is a lot weaker than imagjentover a longer period of time. This is
reflected in the fluctuations of the MRI intensitythe figure, which indicates that the data is
less reliable. However, the data clearly indicdigdrate formation and therefore corroborates
the PVT data.

4.4.2 Intensity changes during the experiment

The presence of free water in the core and galerPOM spacer was constantly monitored
during the experiment by looking at intensity pidkgp by the MRI. The data from the MRI
was converted into average intensity signals ctecedor noise by using the ROI v.2.01
program. Figure 4.14 shows variations in averagd®l Mtensities from the whole core at
different times of the experiment. The first image0 hours was taken prior to hydrate
formation, where both free water and free gas wasegnt in the porous media, and the other
intensity data are normalized to this intensity.
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Figure 4.14 — Normalized MRI intensity for the wahobre as a function of time. The image at 0 ha@ies9
hour 3D image with higher SNR compared to the reingidata points, which are 4 hour 3D images. Iteall
images should have had the same time span, butwardimages were acquired prior to hydrate forroati
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Average intensity variations over the whole core

Prior to this experiment, the common knowledge initine group had been that injection of
N2 into a CH hydrate system would pose no risk to the existeficeH, hydrates because,N
is not a stable hydrate former at the applied erpartal conditions. However, Figure 4.14
leaves no doubt thatMNaffects the stability of the hydrate. 14.5 houtsrahe completion of
the first 9 hour MRI image, Nwas injected into the lines at both ends and théospacer at
the outlet end of the core to remove excesg fodin the system, thus limiting further hydrate
growth. A pump connected to the outlet end of thwe grovided an “infinite” reservoir of N
by maintaining constant pressure at 8.37 MPa. H¥ehours after this event, at 28 hours, the
MRI intensity for the whole core shows no sign ofstciation. Gas permeability
measurements at,S27.8% was initiated after 32 hours, wherg Was injected at constant
rate. Consequently, Nwas not only introduced to the spacer but the whwre, thus
increasing the interface between Liydrate and N The next 4 hour 3D image taken after
40 hours clearly indicates rather substantial dissimn of CH-hydrate, as the normalized
intensity is increased by approximately 0.2 oveegy short period of time. Calculations were
conducted with CSMGem (Sloan and Koh, 2008) anadraagly, presence of Nwill result

in dissociation of hydrate. The extent of hydratesdciation is dependent on the moles of N
present. The system was at equilibrium as longrdyg ©@H, and CH hydrate was present.
However, once another gas is introduced the equifib is altered and may result in
dissociation of the gas hydrate if the, Moncentration is sufficiently high. During the
permeability measurements 42.7 ml of (dt 8.37 MPa and 4 °C) were injected, equivalent t
1.6 pore volumes, which was allowed to destabilthe existing CH hydrate. The
experimental data acquired through this experinadmg with the calculated data leave no
doubt that N does alter the CHhydrate equilibrium.

After 56 hours, injection of COwas initiated at constant rate of 0.00833 ml/mis.
expected, sequestration of g@sulted in a loss of MRI intensity as the freetewavas
converted into gas hydrates (Figure 4.15). It kelyi to assume that an exchange process
between CH hydrates and C£xook place as well during the flush; however, gasples for
GC were not acquired and it is therefore not pdsgibevaluate the exchanged volume. After
one pore volume of C{had been flushed through the core permeabilitysomesents were
conducted by injecting CQOat very low rate. After approximately 125 hourge@ressure
was lost and a substantial amount of gas leaked@aulting in dissociation of some hydrate.
This was confirmed by the 4 hour 3D image completeti29 hours (Figure 4.14), showing a
sudden intensity increase. However, the systemygasgain pressurized with GOwhich
converted the water back to gas hydrate. Figur® #igualizes the growth sequence by
showing a selection of four 3D images taken atotegitimes throughout the experiment.
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0 Hours 18 Hours.

&8 Hours

Figure 4.15 — Visualization of hydrate formatioringsT3D: a) 9 hour 3D image taken prior to cooliagd
hydrate formation, b) 4 hour 3D image taken after tirst N flush that removed excess £irtbm the lines, c) 9
hour 3D image taken after,Nvas flushed through the core, resulting in disatioh of some of the gas hydrate
with subsequent intensity increase due to morevisgter, d) 4 hour 3D image taken after £i@ydrate

formation. The only signal left at this time was®owater present at the inlet end of the core (et the red
circle) and some produced Glih the spacer located at the outlet (marked bydie blue circle). In order to
visualize the Cilaccumulation in the spacer, which was confirmedhgyROlI, the threshold of the T3D images
had to be adjusted to allow higher noise ratio. flisavhy there is a lot of noise in the imagesgesdly in b).
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Intensity variations along the length of the core

While Figure 4.14 was looking at average intengter the whole core, Figure 4.16
visualizes variations in the MRI intensity alonge tlength of the core during the time span
that N, was present in the system. During the first thnegges (after 19, 24 and 28 hours) in
Figure 4.16, M was mainly present in the lines at both ends antthe spacer due to the N
flush. At this time, N had not been flushed through the core, and limd#gflision rate
prevented N from accessing the middle part of the core. Durhig period, an overall
decrease in MRI intensity was observed in Figul& 4which seems to correlate with Figure
4.16 when considering the loss of MRI signal frdre tiddle of the core due to continued
hydrate formation. Bl had not been flushed through the core and, G#s therefore still
present in major parts of the core. It is likelyassume that the GHoncentration was at its
highest in the middle of the core, thus making ta@d hydrate formation possible. ¢ias
most likely present in the end parts of the corewal, but due to alteration of the
equilibrium, detectable hydrate formation did notar here. It is likely that some small scale
dissociation took place at both ends, but with siameous small scale hydrate formation by
excess water and GHhe dissociation was not detectable. At 32 hotimee permeability
measurements were initiated, injecting a totalz¥4ml of N, (at 8.37 MPa and 4 °C) through
the core. By injecting Nat constant rate throughout the core, excesswis displaced and
the interface between,Nind CH hydrate was increased. The next 3D image compktdd
hours revealed rather substantial dissociationniyalose to the inlet and outlet end of the
core, where the availability of the,Nvas higher. At the middle of the core the hydrate
dissociation was less extensive, probably duewetd\, concentration. It is likely to assume
that the free CHl concentration was higher here, thus temporary liegum may be
established faster than at the ends of the coregghwhay have limited the negative effect of
N>.
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Variations in MRl intensity when exposed to nitrogen
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Figure 4.16 — MRI intensity variations over the edength normalized by the average intensity froeinage
completed at 19 hours. The first image at 19 heahmwvs a rather inhomogeneous distribution of gakdige
where the saturation of such is higher at the dutfaéhe core. At 14.5 hours,Mas introduced to the system
and was used to maintain pressure. No substantill iMtensity changes occurred within the next 9rhpu
however, at 32 hours the first [dermeability measurement was conducted by injgdtirthrough the core at
constant rate. This exposed more of the, @ytrate to N, resulting in the substantial dissociation obsered
40 hours.
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Saturation distribution

Another interesting point from Figure 4.16 is thehamogeneous distribution of GH
hydrates. The MRI intensity is far higher to th& kde, indicating presence of more free
water. This is visible from Figure 4.15 b) as weafld it therefore seems likely to assume
inhomogeneous growth of hydrate. In Figure 4.17 MRénsity is also displayed, but here
the inhomogeneous distribution of the signal is vexty well detected, probably due to low
SNR in the 1D profiles. A plausible reason for thbeomogeneous hydrate growth will be
further discussed in Chapter 4.4.3.
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Figure 4.17 — 1D MRI profiles displaying intensityanges over the core. The blue points show thialimiater
distribution, and it is easily seen that the satioa is higher at the ends of the core. The intynsteadily
decreased as hydrate was formed. SNR in the psasileery low, which is reflected in the fluctugtisignal.
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Intensity variations observed in the spacer

At the producing end of the core, a POM spacer masinted to enable accumulation of
produced CH during the exchange process with £®his process did not occur until the
very end of the test, but changes in MRI intensitythe spacer throughout the whole
experiment is shown in Figure 4.18. At 0 hours, spacer was filled with Ckl resulting in
high intensity. After the Blflush, the intensity started out low but increassdsome CHl
diffused into the spacer, most likely as a restitree gas diffusion and some ¢Hydrate
dissociation induced by the,NAfter the N permeability measurements, ¢£ias displaced
from the spacer, resulting in low intensity (40 l)uAt the initiation of the C®flush the
intensity was back to approximately the same leasl before the N permeability
measurements, indicating further hydrate dissamatbut decreased steadily as LO@as
injected. At the very end of the test, between 428 147 hours, CQwvas providing constant
pressure from the inlet of the core and the vatviha outlet end was shut in to prevent,CO
from flushing through the core, thus allowing raled CH to accumulate in the spacer.
During this period the intensity was steadily iragiag, indicating an exchange process
between the COgas and the CHhydrate, where swapping of the gases resultedOa C
hydrate and free CHyas that diffused into the spacer and resulteddreased MRI intensity.
Ideally, the exchange process would have been atdow progress over a longer period of
time, however, the effect of the exchange procassieen confirmed in previous experiments
and was never the main objective of this experiment
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Figure 4.18 — Normalized MRI intensity in the POpAser as a function of time. Presence of,@tHthe spacer
results in increased MRI intensity. The first imagia 9 hour 3D image which has higher SNR comptodbe
remaining data points (4 hour 3D images). Idedtigyt would all have the same SNR because they are
normalized to each other. The figure illustrates kbss or gain of intensity in the spacer during Warious
stages of the experiment.
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4.4.3 Relative permeability measurements

To be able to produce gas from gas hydrates,dassential to confirm flow capacity through
the porous media saturated with gas hydrates. @tigeamain purposes of this experiment
was to investigate progression of permeability migitiydrate formation, and to achieve this a
differential pressure transducer was measuringlifierential pressure while different gases
were injected at constant rate over a short pesiotdme. This was done both with some
excess water still present in the core and aftethal water had converted into hydrate.
Ideally, an in line gas chromatograph should hagenbused to make sure that the gas
obtained at the outlet end of the core equaledytiseat the inlet end. This was not done for
this experiment, so there is no way to assureth®tnjected gas does not turn in to hydrates
during the injection or mix with another gas to g@omise the assumed gas viscosity.
However, N is not known to form hydrates at the experimem@hditions, but it will
influence the amount of free water present, asudsed in the previous section. Cill
form hydrate at this pressure, but was only useg&meability measurements after all the
free water had converted into hydrate and wouldefioee not compromise the pressure
measurements by forming gas hydrate during injactithe results from the permeability
measurements are presented in Table 4.1.

Table 4.1 —Permeability measurements usingad CQ at different flow rates.

Permeability measurements

With excess water Without excess water
Rate [m"3/s] 3.3E-07 8.3E-07 1.3E-09 1.3E-09
Pressure [Pa] 62742.5 125485.0 79979.4 68947.8
Hydrate saturation ~0.32 ~0.32 0.63 0.63
Water saturation ~0.28° ~0.28° 0 0

Permeability [mD] 2.3+0.1" 2.9+0.1 0.040+0.002 0.046+0.002

Two publications have agreed on grain diameteBfmtheim sandstone between 50 and 500-
550 pm (Klein and Reuschlé, 2003, Schutjens et al., 1,98b6d even for the higher grain
diameter Reynolds number for these rates does moeed 10 Consequently, no
consideration of the inertia resistance factor wagded, and Darcy’'s law was applied
because the flow was considered within the Daraw flregime. Usually when gas
permeability is measured, high rates are neededuse noticeable differential pressure over
the core. In this experiment, however, the flow amgy throughout the experiment was
limited, which restricted the injection rate duriggermeability measurements. Reynolds
number is proportional to the flow rate and consedly low rates impacts the Reynolds
number and causes it to be less than 10. Highengsdility values were expected, as
permeability measurements with higher values, rapdietween 1 and 25 mD, have been
presented in previous publications (Ersland et a0D08, Stevens et al., 2007). The
permeability presented in this thesis would dediyitrestrict the feasibility of production

9 Due to presence of Nvith subsequent hydrate dissociation the actyab&s probably higher.

_h Uncertainties were calculated based on equatidr) éhd uncertainties provided by manufacturer.

" For CQ a density of 951.045 kgfwas used based on calculations, which resultedReynolds number of
6.16*10° for the higher grain diameter, and the flow wadl within Darcian flow regime. For Ncalculations
suggested a density of 101.794 k@y/mhich resulted in Reynolds number 2.29 for thghbr grain size.
However, at current PVT conditions the i within supercritical state and this value isnmymeans the
absolute value. It is still assumed that the floaswot in the Forchheimer flow regime.
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from gas hydrates for high hydrate concentratiod kv free water concentration, but the
previously reported values may provide sufficierdduction conditions.

Presence of water in lines

After assembling and saturating the core it wasmtenlinside the MRI and a profile was run.
The profile showed some presence of water in thes|iwhich was redistributed during the
pressurization process. Most of the water was aégal into the core, but a low intensity
signal could still be observed from the lines, aading presence of some water. Figure 4.15d)
clearly shows some signal from the inlet end ofdbee (marked by the red circle) at the end
of the experiment. In Figure 4.19 this is more lgadbserved, and water presence can clearly
be detected in the red circles at the left endhefdore.

Figure 4.19 — Presence of water in lines during aafter hydrate formation. In a) hydrate formatios i
progressing, and in b) the formation has stopped)l the water has been redistributed comparedéabove
picture, and the discontinuity may be a resultad @jection and subsequent hydrate formation @nlithes.
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As mentioned in Chapter 4.4.2 the distribution di;Chydrate was inhomogeneous, even
though CH was injected from both ends. This may also prowddpport to the theory of
hydrate formation in the left line. Presence ofydrate plug would effectively lower the GH
delivery to the left end of the core, thus consirag hydrate formation. During permeability
measurements it is likely that presence of gasdtgdn the line constricted the gas flow, and
when higher flow rates were used the differentigspure diverged. The flow rate was very
limited, and it was not possible to make measurasneith multiple higher flow rates, thus
the foundation for the inertia resistance fagtovas limited.

4.4.4 Dissociation of hydrate by injection of Fluanert

During the first experiment, a small imperfectian the Teflon shrink tubing resulted in
confining liquid (Fluorinert FC-40) leaking into éhporous sample. Despite the leakage of
confining liquid pressure was not lost, on the camyt, pore pressure was actually increased to
10.44 MPa, and no temperature changes were repditedever, once Fluorinert contacted
the hydrate it resulted in massive dissociatiom #re original objective of the test was not
fulfilled. According to the manufacturer 3M™, Fluoert FC-40 consists of perfluoro
compounds, primarily compounds with 12 carbons, i@ndot considered to react with any
material because it is chemically stable (3M, 20@¥Hcause the hydrate stability was not
altered through temperature or pressure changeartlyealternative left was for Fluorinert to
act as a hydrate inhibitor. Considering the faett thluorinert is non-toxic and non-reactive
this was found intriguing and very interesting, &idorinert was therefore injected at the end
of the last test to see if the dissociation coudd rbproduced. This time no dissociation
occurred, and the reason for the previous dissooi# still unknown.
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4.5 Designing and Building new Experimental Setups

4.5.1 Challenges during designing and building

The already existing experimental setup was matlified in addition two new experimental
setups were designed and built as a part of tleisisthThis was done in order to improve the
existing setup and to provide additional experiraksetups for new master students and
further gas hydrate investigation. The two new petwere based on cooling mechanisms
described in other papers (Seol et al., 2006). faéeballenges were encountered during the
process, most of which were related to the pumpsiged for the new setups. Three Isco D-
series pumps were available and intended for tlegerimental setups, however, these
lacked logging possibilities. To resolve this, prgming in Labview was initiated. Several
data files were acquired from ConocoPhillips angr@gram was developed based on these.
The final program made it possible to control thienps from a computer and to log pressure
and volume data over time.

In the first setup the core holder was totally sebged in circulating antifreeze and due to
large reserves of circulating antifreeze no tempeeagradient was observed over the core. In
the new experimental setups the antifreeze is dotest to flow in a cooling jacket, and the
amount of surrounding antifreeze is limited. Itherefore likely that there exist a temperature
gradient over the core, but it is yet to be esshiald.

4.5.2 Testing of the new experimental setups

One of the main concerns of these experimentapsetuas if their conductive heat transport
was able to provide low and stable temperatures Whs tested on several occasions, and by
reducing the temperature of the Thermo Neslab RTEefrigerated bath to between 2-3 °C
the core temperature was maintained constant at 4.4 °C. In order to confirm that the
setups were fully functional experiments were rartleese setups. This was done at the very
end of the work included in this thesis, and thsuits from these tests are therefore not
included. Setup Il with the resistivity core hotde shown in Figure 4.20.
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Figure 4.20 — Experimental setup with resistivityecholder. The first setup that was built (Apper8R) used a
regular Temco core holder where the cooling jaakely covered parts of the length of the core halddre

resistivity core holder was shorter, and a new gesvas therefore applied to provide sufficient aoml where

the cooling jacket covered the whole length ofcihre.

81



4.6 Uncertainties

4.6 Uncertainties

During the experiments conducted in this thesies®dwncertainties have to be considered.
Errors often differ by several orders of magnitubkgving some insignificant while others

can not be ignored. Some uncertainties are exdtte wthers are results of conditions that
can not be controlled, and estimates of these taioges are therefore very approximate.
Exact uncertainties include measurements of wedgiat length, where the uncertainty for

each apparatus is stated by the manufacturer. ibertainty e.g. for the slide caliper used to
measure length and diameter of the core, is s&ge@l02 mm. However, inhomogeneities in
the core results in errors far higher than thahefslide caliper. It is therefore important to be
conscious when considering uncertainties. The exactrtainties stated by the manufacturer
are often insignificant when compared to the expental uncertainties.

4.6.1 Uncertainties applying for all experimental stups

High pressure systems were used in this studycansidering the low viscosity of gas this is
what affects the uncertainty the most. At high puess, even small imperfections in the
experimental setup will result in leaks that makiearrd to determine the exact amount of,CH
that has contributed to hydrate growth. Leaks aegitable, and it is therefore crucial to get a
correct estimate on the leakage rate. At the Usityenf Bergen this is especially critical, as
the experimental data are acquired only as PVT fdata pump logs and the calculations are
based on conservation of mass. In order to cofoedeaks, the Chldelivery logs from the
Quizix pumps are used, looking at CHelivery pre and post hydrate formation and
comparing these (Figure 4.21). Due to temperatuiuations at the University of Bergen,
these data are taken over a 24 hour period to ancolate temperature fluctuations, which
affect gas density and subsequent gas delivery.edery the leakage rate may alternate
during the time span of the experiment and in stages it is impossible to correct for errors.
In these experiments the leakage rate was meabothdefore and after hydrate formation,
and did not seem to change significantly. The lgakaate varied from 0.0001 ml/h to 0.05
mi/h in the different experiments, but seemed tmai@ constant during each experiment.
This leak is a small for such a high pressure systeessurized with gas. The gas leakage
estimate has generally been good, as confirmedkperanents where PVT data has been
corroborated byn situMRI images.

Differences from core to core are bound to occugnethough Bentheim is considered a
homogeneous rock. The initial water saturation @mtsequent hydrate growth pattern will be
affected by differences in pore structure and gbreats. The Clgradients throughout the
hydrate may also be affected by differences inratitin, which will affect the hydrate growth
pattern. Ideally, the same sample should have bessed for all experiments after
comprehensive cleaning to minimize the variablegh\Weduced variables it would have been
easier to make definite conclusions
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Leakage before hydrate growth Leakage after hydrate growth
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Figure 4.21 — Comparison of GHlux pre and post hydrate formation. Due to terapeane fluctuations, data
points for 24 hour periods are used, which formfthndation for estimating average leakage fluxe Tihxes in
this figure seem to correlate with a rate of 0.00413CH, per hour prior to hydrate formation and 0.001 niC
per hour post hydrate formation.

4.6.2 Specific uncertainties during salinity expements

Temperature fluctuation is another factor that dbaotes to uncertainties, due to the PVT
sensitivity of gas. At ConocoPhillips Research @enh Bartlesville a Thermo Scientific
NESLAB HX recirculating chiller was maintaining cgtant room temperature 24/7. In
Bergen the laboratory was not equipped with suchilier, and the laboratory is located in a
room with several windows, leaving the lab moreasqu to outside temperature fluctuations.
The gas density is very sensitive to temperatuaages, where reduced temperature increases
the gas density. The Ghbumps are set to maintain constant system pres§u8e37 MPa,
and when gas density increases, the volume ofysters has to be decreased to maintain the
pore pressure. The piston movement, with subseqlisptacement of ClHfrom the pump
cylinder, results in additional CHdelivery from the pumps. Over time, this will caus
fluctuations in the Chiconsumption graph. This cycle is illustrated igue 4.22, where the
24 hour periods seem to align with the local maximualues of the curve. Another limitation
in Bergen is the lack of imaging possibilities, whéhere are no means for measuring hydrate
distribution throughout the core. However, the Pd¥&ta has been corroborated by MRI on
several occasions. It can therefore be concludadRNT data is useful when determining
hydrate growth.
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Influence of temperature fluctuations
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Figure 4.22 — CHdelivery log over a 70 hour period. The room terapee is affected by variations in outside
temperature, resulting in fluctuations in the CHelivery log. The vertical lines represents a gfjiedime
(15:51). The 24 hour period seem to align with peaks, but the last peak is somewhat off. Outsithpérature
variations from day to day was not recorded, sis ihard to say what shifted the peak. It seemdylitteat the
last day was colder than the previous one, resgllimshifting of the peak, but without outside teragure logs

it is impossible to draw any conclusions.

In order to get an estimate on the fill fractionvesal calculations were performed.
Uncertainties are related to the assumption ofl wdaversion of water into hydrates, the
leakage rate that was applied and also the fattpileaious experiments have concluded in
only 90% cage filling (Ersland, 2009), which medhat on average only 7.2 cavities are
formed per 46 water molecules. The fill fractiorcartainty was calculated using

00,0 =)| 2] (o o 2| e o 2wy

1 0x, 0X,

and the uncertainties are presented along witliiltHeaction values in Appendix B5. Where
applicable, this equation was used to make an asinon the absolute error in other
experiments as well.
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4.6.3 Specific uncertainties during depressurizatio experiment

Data from the MRI were compared to the Lebnsumption curve, and the correlation
between the two curves was very good, indicatiray the uncertainty throughout hydrate
growth was limited. As mentioned in Chapter 4.2Zdnfining pressure was lost for a short
period of time; however, no leak was detected dutins period. The test was therefore not
assumed compromised. Small uncertainties in the 8&iRloccur, but it is calibrated for each
run and the uncertainties are considered rathegniiiicant. The magnetization of the MRI is
dependent on temperature, where fluctuations in rttwan temperature will affect the
experienced magnetization. However, the room c¢hiltevides constant temperature, and no
temperature fluctuations therefore affect the MRlring depressurization 100% of the £H
was recovered. During experimental work severaletaities are encountered and no
experimental value presented in this work will #fere be an exact value. However, the
Quizix pumps used during the experiment are higitipion pumps, where the delivered and
received volumes are considered exact values. Nertainty estimate will be made on the
recovery.

4.6.4 Specific uncertainties during double spacexperiment

The experimental data during the exchange procese wcquired by the MRI, and the
accuracy of the MRI is therefore crucial for theuk. It has already been established that the
certainty of the MRI is satisfactory and uncertaiffom the MRI is therefore considered
insignificant compared to others. The main unceti@s were mentioned in Chapter 4.3 and
include alteration of existing equilibrium once WNas introduced to the system, free kit
diffuses and accumulates in the spacer and cotésbto increased MRI intensity, and
diffusion of produced Ciinto the porous media and injection lines. Thesgresent the
major uncertainties in this experiment and duehi® magnitude of these uncertainties and
lack of monitoring possibilities no uncertainty igsite will be made. Previous single spacer
experiments have estimated 50-85% recovery (Hus2®@8, Ersland, 2008). It is likely that
the results acquired in the double spacer testoasged in this recovery span as well, but it
was confirmed that the recovery using two spacexs igher than for a single spacer. It is
therefore likely that the recovery in these expenis is located in the upper region of the
estimate.

4.6.5 Specific uncertainties during free water expenent

During this experiment Nwas injected in relation with permeability measoeats. Presence
of N, resulted in hydrate dissociation, as discussdchiapter 4.4.2. The main purpose of this
experiment was not to investigate the exchangeessbetween CQand CH hydrate, and
the associated dissociation was therefore notrétavant. The main purpose was to examine
progression of permeability during hydrate formatiand an estimate on the uncertainty was
established using Equation (4.1). Due to ,Chydrate dissociation during permeability
measurements, the corresponding water saturatienkisown and only an estimate. The flow
capacity of the core was expected to be at leasrders of magnitude higher, but was most
likely limited due to hydrate plugging. The relaipermeability is therefore mainly affected
by experimental uncertainties, which exceed theutaled uncertainty.
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Chapter 5

Conclusions and Future Work

Natural gas hydrates are distributed in numerogations worldwide and represent a yet
untapped energy resource. Current technical huriflelside accurate assessment of the
location of gas hydrate deposits and preliminafgative production methods that provide
adequate economic incentives for further develogroképroduction technology.

CH, hydrates have been successfully formed on sewecalsions in this study to investigate
processes involved during GHiydrate formation and CHoroduction from CH hydrates.
Through these studies PVT data was used to comtbtine value ah situ MRI monitoring,
where MRI intensity was proportional to concentrasi of both Ch and water. MRI was
used to monitor hydrate progression in all expenitsexcept for the salinity experiments.

Salinity impacts on induction time and hydrate gitoyattern has been investigated through
six different experiments, looking at the effectgaflinities ranging between 1 wt% and 10
wt%. The fill fraction results show clear dependewoa the salinity of the accessible brine,
where higher salinities restricted the hydrate ghowrhe induction time was significantly
affected by increased salinity, where higher sliresulted in increased induction time. Salt
alters the thermodynamic stability of hydrate, ahdufficient concentration further growth is
inhibited. CSMGem calculated this value to 14 wtéhd the experimental results were
compared with the calculated values. Most of thpeexnental data was within 7% of the
theoretical expected values. Continued work shandilide studies of how differences in
saturation and initial brine distribution influenlegdrate growth.

CH, production was implemented through depressurizatmd full recovery was achieved
after a short period of time (280 hours). The gasneability was limited until 20% of the gas
hydrate had dissociated, after which the,Qitfbduction rate increased. The current hydrate
saturation at that point was approximately 50%. &@wsociated free water was produced,
which is one of the major disadvantages with thimdpction method. Additionally, there is
the loss of structural integrity in cases where lggdrates provide stability to the sediment.
No pressure gradient is present in this experimenever, in a reservoir a pressure gradient
would be present. This is an up-scaling issue,iamauld therefore be beneficial to further
investigate this production scheme on a largeresttabbserve how pressure and production
evolve with time. During the period the system waaintained at 3.96 MPa the system was
outside hydrate stability region, and in theory fayed dissociation and subsequent gas
production should have been higher. Limited proidumcis explained by progression of a
temperature gradient. Future depressurization esushiould investigate if production at 3.96
MPa continues once the conductive heat flow hagellethe core back to 4.0 °C. In
correlation with this test, it would be interestitgadd multiple thermocouples at different
locations on the core to investigate if a tempemfgradient evolves during dissociation.
Substantial sand production has been reported BikNldumasawa et al., 2008), and to study
this in a future depressurization test hydratesikhibe formed in unconsolidated sand packs.
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Increased contact area between,@hidrate and C®may contribute to increased recovery
over a shorter period of time, as indicated byr#mults from CQinjection into a core with
two longitudinal fractures. CHproduction during C@injection was high, and no hydrate
dissociation was detected by the MRI. It is themefassumed that GQOmaintained the
stability of structure | hydrate, and the stabibifythe sedimentary rock was not compromised.
The thermodynamic stability of the hydrate is ims®ed with CQas a guest molecule, and an
additional benefit is sequestration of a green ba@as. The observed recovery increase could
also be a result of increased £CH, hydrate volume ratio, and in a future experiment i
would therefore be interesting to investigate wingpact two longitudinal fractures would
have on the exchange process if the accumulatidumme of the two spacers equaled the
volume of a single spacer. Another discovery wasf#itt that the higher salinity experiment
provided faster and higher recovery than the loWnisa experiment. Salt is a hydrate
inhibitor and alters the thermodynamic stabilitytioé hydrate deposit. In addition, increased
salinity impacts fill fraction at sufficiently higltoncentration with subsequent increased
amount of free water. This may serve as transploangcels for CQ and CH (Liu and
Flemings, 2006, Kvamme, 2006). Further researchhis matter should be conducted to
evaluate the implications salinity have on gas potidn from hydrates. This may help to
establish the economic feasibility of different gdsydrate deposits. Currently,
depressurization tests using different salinitiagehbeen initiated at the University of Bergen
to investigate salinity impacts on depressurizatimuced CH production. Future research
should also focus on further development of pradadby CQ injection, where simultaneous
injection with other solvents or gases may incréhsegroduction potential.

In this study, CQ@ sequestration into a core saturated with hydraig free water was
conducted to investigate how @@ill impact free water close to a wellbore. £ydrate
formed and a small scale exchange between alrestdplished Chl hydrate and C®was
detected, as expected. Permeability measuremevesleel limited flow capacity over the
core, however, these results may have been comgedny presence of hydrate plugs in the
injection line, and the validity of the results déuerefore be questioned. Future experiments
should investigate the progression of permeabibtydifferent hydrate saturations. This is
essential in order to determine the economic fdégilof gas production from hydrates. A
resistivity setup has been designed and built is thesis, which will make it possible to
determine how permeability correlates to resistjvand a study on this matter is about to be
initiated. The resistivity well also provides and@atnal manner to monitor hydrate growth.
Production from high-saturated gas hydrate accutonk and hydrate deposits adjacent to
gas reservoirs are considered the most economidaelgible production targets. The
permeability is expected to be limited when gasratal saturation is high, and future
experiments should investigate production poteritialdifferent permeabilities and possible
methods for manipulation of permeability.

In this thesis hydrate properties and productiohestes have been investigated on a
relatively small scale, where the total core volumeger exceeded 300 &nTo acquire more
representative data it would be beneficial to ulestize experimental work. A new pressure
vessel will be acquired shortly, which will be alite provide experimental conditions for
larger cores. Continued experimental work wouldo abenefit from implementation of
experimental data into a simulator.
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Appendix

Nomenclature

AG = Gibbs free energy

o = surface tension

re = critical radius

X = mole fraction

M = chemical potential

Vm = molar volume

R = the ideal gas constant
T = temperature

f = fugacity

P9 = equilibrium pressure

¢ = porosity

Vp = pore volume

Vp = bulk volume

Q = total flow

K = permeability

A = areal

u = Vviscosity

AP = pressure difference

L = length

g = flow rate vector

Keft = effective permeability
Kr = relative permeability

Re = Reynolds number

P = density

% = specific discharge (rate per area)
dp = grain diameter of the porous medium
aop = pressure gradient

B = inertia resistance factor
Kapp = apparent permeability
vl = magnetic dipole moment
y = gyromagnetic ratio

J = angular momentum

T = torque

B = magnetic field

M = magnetization

U = potential energy

AE = energy difference

h = Planck’s constant

h = Planck’s constant divided byt 2
fL = the Larmor frequency
w, = angular frequency
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Appendix A:  Supplementary tables and figures for P4 |

Appendix Al: Summary of guest molecules and their molecularatdtg diameter ratio (Sloan and

Koh, 2008).

Molecular and cavity diameter ratio

Guest Hydrate Former Structure | Structure 1l

Molecule Diameter (A) 5% 5%6° 5% 56"
He 2.28 0.447 0.389 0.454 0.342
H, 2.72 0.533 0.464 0.542 0.408
Ne 2.97 0.582 0.507 0.592 0.446
Ar 3.8 0.745 0.648 0.757 0.571
Kr 4.0 0.784 0.683 0.797 0.601
N, 4.1 0.804 0.700 0.817 0.616
0O, 4.2 0.824 0.818 0.837 0.631
CH, 4.36 0.855 0.744 0.868 0.655
Xe 4.58 0.898 0.782 0.912 0.687
H,S 4.58 0.898 0.782 0.912 0.687
CO, 5.12 1.00 0.834 1.02 0.769
C,Hs 5.5 1.08 0.939 1.10 0.826
c-C3He 5.8 1.14 0.990 1.16 0.871
(CH,);0? 6.1 1.20 1.04 1.22 0.916
CsHg 6.28 1.23 1.07 1.25 0.943
i-C4H10 6.5 1.27 1.11 1.29 0.976
n-C4Hio 7.1 1.39 1.21 141 1.07

96



Appendix

Appendix A2: Summary of estimates made Gl contained inn situgas hydrates.

Estimates of In Situ Methane Hydrates

Year CH, amount 10 B m3sTP Citations
1973 3053 Trofimuk et al.
1977 1135 Trofimuk et al.
1982 1573 Cherskiy et al.
1981 120 Trofimuk et al.
1981 301 Mclver
1974/1981 15 Makogon
1982 15 Trofimuk et al.
Kvenvolden and
1988 40 Claypool
1988 20 Kvenvolden
1990 20 MacDonald
1994 26.4 Gornitz and Fung
1995 45.4 Harvey and Huang
1995 1 Ginsburg and Soloviev
1996 6.8 Holbrook et al.
1997 15 Makogon
2002 0.2 Soloviev
2004 2.5 Milkov
2005 120 Klauda and Sandler
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Appendix B:  Supplementary tables and figures for Pe |l

Appendix B1: Summary of properties for cores used during eérpants in this thesis.

Core Weight [g] Length [cm] Width [cm] saturation Salinity [wt%]
H15 441.92 10.26 5.16 0.51 2.0
H16 438.62 10.22 5.16 0.51 8.0
H17 427.19 10.22 5.15 0.49 2.0
H18 433.14 10.20 5.15 0.46 4.0
H19 426.57 10.20 5.15 0.41 10.0
H20 421.43 9.82 5.17 0.59 1.0
HDP1/ 596.72 14.02 5.18 0.49 0.1
BH-3P-01 A 56.37 10.08 1.13 0.57 3.0
BH-3P-01 B 78.98 10.10 1.06 0.57 3.0
BH-3P-01 C 53.76 10.07 1.10 0.57 3.0
BH-3P-01 A 56.31 10.08 1.13 0.57 0.1
BH-3P-01 B 78.91 10.10 1.06 0.58 0.1
BH-3P-01 C 53.70 10.07 1.10 0.57 0.1
BHWO1' 218.38 9.95 3.74 0.52 0.1
BHWO08 218.16 10.00 3.73 0.51 0.1

"'Whole core used for depressurization test.

K Core fractured into three pieces, A, B and C. Usediouble spacer experiment. The core was cleafted
the first experiment and used once more for thersexperiment.

"'Whole cores used for experiment with excess water.
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New experimental setup designed aitichioring this thesis.

Appendix B2
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Appendix B3 — Illustration of tube in tube wheredtinert is circulating in the inner tube, and
antifreeze is circulating in the outer PVC tube amdintaining low temperature of Fluorinert.

Free Water Spacer

1.11rpm
+
= $3.1mm
3.8cm Thickness
4N -
3.11mm
Double Spacer =42.25mm
Measurements for both spacers Thickness
| 10cm |
I — % 5.8mm
"1
3530m | [ 420m —| [— d.1cm — ————— 1.1mm Thickness
¢ For all three
J_, | | —_ % 5.8mm
5.2mm 6.3mm

Appendix B4 — POM spacer volumes.
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Appendix B5: Details on cores used during salinity experiments

o _ CH.in Amount_ of _

CHginjected  Expansion 4 water in  Estimated

during hydrate of hydrate hydrate  amount of hydrate Fill
Core formation [ml] [ml] [mol] brine [g] [mol] Fraction  Uncertainty
H15 41.74 6.32 0.192 24.81 1.35 0.82 0.09
H16 21.69 6.33 0.113 26.2 1.34 0.49 0.06
H17 48.16 6.63 0.218 26.01 1.41 0.89 0.10
H18 37.32 5.83 0.172 23.34 1.24 0.8 0.09
H19 16.45 5.46 0.089 26.92 1.34 0.38 0.12
H20 49.93 7.18 0.228 27.91 1.53 0.85 0.10
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Appendix B6 — Linear relationship between MRI istgnandCH, concentration (Ersland, 2009).
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