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Abstract
Located on the continental margins and in permafrost regions, natural gas
hydrates (NGHs) are considered as a prospective energy source that may contain
enough reserves of natural gas (predominately methane (CH4)) to meet the global
energy demand for centuries. A carbon neutral approach to harness the energy
content of these compounds is the injection of carbon dioxide (CO2). Through this
method, referred to as ‘CH4−CO2 Exchange’, it is possible to replace the natural
gas molecules contained in gas hydrates with CO2 molecules. Thereby, the CO2 is
sequestered in hydrate formations whilst natural gas is recovered. However, the
commercial viability of this technique is hampered due to the low CH4 recovery
rates imposed by the mass transfer constraints during the molecular exchange
process. Despite numerous scientific efforts devoted to investigating such
limitations, a detailed understanding of the replacement process is still elusive.
To further study the CH4−CO2 exchange mechanism, this thesis work was
directed towards the implementation of nuclear magnetic resonance (NMR) and
magnetic resonance imaging (MRI) techniques. NMR-based measurements are
inherently non-invasive, and widely proven to be a valuable tool for the
elucidation of fluid behaviour in porous materials. In the oil and gas industry,
NMR methods have been demonstrated to provide reliable information for
reservoir characterization (e.g., porosity, permeability, pore size distribution). In
the case of MRI, this permits fluids in a porous system (e.g. water and
hydrocarbons) to be directly measured in a spatially resolved manner. Hence, the
ultimate objective of this research was to study the heat and mass transfer
phenomena of the CH4−CO2 exchange in a host porous medium.
The initial stage of this research was focused on the conceptual design,
manufacture, and testing of an NMR-compatible sediment holder. This holder
facilitates gas hydrate growth in porous media, as it is able to accommodate
elevated pressures, while allowing for controlled thermal stimulation to below 0
°C. The material configuration of the sample holder consists of high-strength
polymers coupled with aerogel-based thermal insulation coating. An important
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characteristic in this holder design is a concentric channel, through which
refrigerative cooling is directly provided to the sample without affecting the
temperature conditions of the NMR/MRI hardware. The mechanical integrity of
the sample holder and its thermal behaviour were assessed via 3D numerical
simulations (i.e., finite element modelling). By way of validation, hydrate
formation and dissociation processes in model porous media were successfully
performed using both a CH4/C2H6 mixture and CO2, respectively.
The second stage corresponds to the CH4−CO2 exchange experiment. Here,
the NMR-compatible holder was proven to enable the execution of this
experiment, while a range of NMR and MRI techniques were employed to
monitor the phase transitions of relevant fluids throughout the following subprocesses: (1) CH4 hydrate formation within a model porous sample, (2)
thermally controlled replacement between CH4 in the hydrate phase and injected
CO2, and (3) gas hydrate dissociation. Regarding the results obtained, CH4
hydrates were successfully formed; based on the NMR signal intensity
measurements, approximately 37% of the pore space in the sample was hydrate
saturated. Following this, the CH4−CO2 replacement was undertaken, during
which the sample temperature was modified from 5 °C to 9.9 °C. As a result of
these thermal stimulations, CH4 recovery increased from 10% to 66%.
Interestingly, a fraction of hydrates in the sample remained stable during the
dissociation procedure, even when the sample temperature was raised up to 20
°C. This phenomenon may be attributed, in principle, to the ‘self-preservation
effect’. Depressurisation was required to dissociate the remaining hydrates.
This thesis work presents the first steps toward the use of low-field NMR
techniques to further investigate the CH4−CO2 exchange method in hydratebearing sediments. Future studies on the current topic may consider the use of
sand-dominated porous media and higher values of CH4 hydrate saturation
(>50%) in order to simulate in-situ reservoir conditions.
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Chapter 1
INTRODUCTION

1.1

Gas hydrates
Gas hydrates, typically referred to as ‘clathrate hydrates’ or simply

‘hydrates’, are ice-like crystalline solids that occur when water and gas molecules
come into contact at combined conditions of high pressure (commonly greater
than 0.6 MPa) and low temperature (commonly less than 300 K) [1]. On a
molecular scale, these compounds consist of hydrogen-bonded network of water
cages (host) that arrange themselves around suitably sized gas molecules (guest),
typically less than 9.0 Å in diameter [2]. In literature, more than 60 different gas
molecules that form hydrates under a wide range of conditions, have been
identified [3]. Of these, the principal hydrate-formers are those prominent
components of natural gas such as methane (CH4), ethane (C2H6), propane
(C3H8), i-butane (i-C4H10), n-butane (n-C4H10), carbon dioxide (CO2), nitrogen
(N2) and hydrogen sulphide (H2S) [4].
Generally, gas hydrates form a variety of crystalline structures that are
divided into three types: cubic structure I (sI), cubic structure II (sII) and
hexagonal structure (sH). Figure 1.1 shows a schematic of these structures. To
describe the water cages that form clathrate hydrates, the nomenclature
suggested by Jeffrey [5] is conventionally used (nm), which is based on the
1
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number of edges in a face (n) and the total number of faces (m). For instance, the
notation 512 describes the basic cage for all the structures, which is geometrically
a pentagonal dodecahedron consisting of twelve faces with five edges on each
face. A unit cell of sI hydrate requires 46 water molecules and contains two 512
and six 51262 cages. The larger sII unit cell needs 136 water molecules arranged in
sixteen 512 and eight 51264 cages. Lastly, the sH hydrate unit cell is formed by 34
water molecules organised in three small 512 cages, two medium-size 435663 cages,
and a large-size 51268 cage.

Figure 1.1. Crystalline structures observed in gas hydrates: Structures I, II, and H, along with
their constitutive water cages. Modified from [3, 6].

The size and shape of the guest molecules essentially determine the overall
hydrate structure and its thermodynamic properties. Nonetheless, enclosed gases
in hydrates may retain their inherent properties, as no chemical bonding takes
place between them and host-cage structures [7] . In fact, clathrate hydrates can
be approximated as solid solutions, where guest molecules and water molecules
interact by van der Waals attraction forces (physical bonding) [8]. Another
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important characteristic of gas hydrates is their ability to concentrate 150−180
equivalent volumes of suitable gases at standard conditions [9], leading to a
number of industry and energy applications for these compounds.

1.2 Energy Applications of Gas Hydrate
After being discovered by Sir Humphry Davy in 1811 [10], and for many
years remaining as a scientific curiosity, gas hydrate investigations are presently
directed towards three major purposes.
Firstly, hydrocarbon flow assurance, which has been extensively studied
since gas hydrates were found clogging a gas pipeline in the 1930s [11]. Due to the
risk gas hydrates represent in oil and gas production and transportation systems,
particularly in subsea environments, numerous studies are actively focused on
avoiding or controlling gas-hydrate occurrence in order to improve the reliability,
safety and profitability of primarily offshore developments [12-14].
Secondly, clathrate hydrates are regarded as a potential technology enabler
for novel applications such as cold storage, desalination, gas separation and CO2
capture and sequestration [15-18]. In particular, various investigations have
assessed the capacity to store multi-fold volumes of natural gas and hydrogen in
hydrate form [19-21]. This technology can offer significant advantages in terms of
transportation and storage requirements. For example, a compact mode of
storage, high energy content per unit volume, and moderate operating pressures
and temperatures with a low safety risk [21].
Finally, gas hydrates are being intensively studied as an unconventional
energy resource. The enormous volumes of natural gas in hydrate deposits have
significantly attracted interest from academia, governmental institutions and
energy companies [22]. As the world moves from using liquid and solid fuels to
Abraham Rojas Zuniga
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using natural gas, the attractiveness of natural gas hydrates (NGHs) is enhanced
as a prospective resource for the world’s future energy mix [23]. Nonetheless, the
realisation

of

vast

amounts

of

energy

requires further

research

to

comprehensively evaluate the feasibility of NGH production; specifically, looking
at its technological needs, and possible environmental implications [24]. The
main objective that drives this thesis work relies on studying the potential
viability of sustainable methods for harnessing NGHs.

1.3 Gas Hydrates as Unconventional Energy Resources
1.3.1 Natural Gas Hydrates
Since their discovery in Messoyakha, Russia in 1965 [25], research on
naturally occurring hydrates has been an ongoing activity, as they are widely
recognised as a vast hydrocarbon source that might store an energy magnitude
greater than that contained in all known fossil fuels [1]. In nature, gas hydrates
form vast repositories of natural gas in deep ocean sediment and shallow strata
in Artic regions. This occurs at depths ranging from 300 to 4000 m, where
relevant pressure and temperature conditions combine with the high-density
fluxes of biogenic and thermogenic gases [26]. Figure 1.2 shows two examples to
illustrate the gas hydrate stability zones (GHSZ) in the natural systems
mentioned above.
Figure 1.2a and 1.2b, show that naturally occurring hydrates may form and
remain stable inside the region delineated by both the hydrate phase equilibrium
envelope and the geothermal gradients in permafrost and oceanic environments,
respectively. At pressure–temperature (p,T) conditions outside the stability
region, relevant gases will no longer be bound in hydrates and will exist only as
free gas, or dissolved gas in water [27]. Other factors may restrict the hydrate
Abraham Rojas Zuniga
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formation in these zones, for instance, insufficient gas sources, limited water
availability, high salinity concentrations and low-permeability sediment [28].

Figure 1.2. Gas hydrate stability zone (GHSZ) in (a) permafrost and (b) oceanic
environments. As a function of depth, phase equilibrium for methane hydrate (blue line)
compared against geothermal gradients (dashed red line) of 5 °C/100 m in oceanic sediment,
and commonly 1.9 °C/100 m and 3.2 °C/100 m in permafrost region. Modified from [8, 9].

Even when gas hydrates occur as entities or lenses in fractured rocks, they
are typically distributed within the porous space of the sediment layers [29].
Often referred to as ‘hydrate-bearing sediment’, these predominately form in
medium to fine-grained porous media (e.g., sandstone, sands, clay or silt). They
also exhibit various morphologies such as thin veins, nodules, mounds or porefilling unconsolidated sediments [30]. To date, more than 89 locations of NGH
reservoirs have been identified worldwide during offshore research expeditions.
In many of these field investigations, technological improvements in seismic,
imaging, and coring techniques were required to effectively confirm the existence
of hydrate accumulations [24]. A global map summarising the sites of gas
hydrates deposits is presented in Figure 1.3.
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Figure 1.3. Worldwide locations of naturally occurring gas hydrates. Hydrate
accumulations identified by drilling expeditions, in which hydrate samples were recovered,
or inferred by seismic signatures. GMGS: Guangzhou Marine Geological Survey; IODP:
Integrated Ocean Drilling Program; JIP: Joint Industry Project supported by the US DOE
Methane Hydrate Program; METI: Ministry of International Trade and Industry of Japan;
NGHP: National Gas Hydrate Program of India; ODP: Ocean Drilling Program; UBGH:
Ulleung Basin Gas Hydrate. Modified from [8, 24].

In terms of composition, low-molecular alkanes and carbon dioxide
principally stabilise gas hydrate accumulations in natural environments.
However, CH4 is the predominant constituent of NGHs and may potentially reach
more than 90% of the total occupancy [31]. The presence of hydrogen sulphide
has nonetheless been reported in concentrations ranging from 5% to 15% in
marine hydrates, where these sulphide amounts are associated with volcanic
activity [32, 33]. While NGHs are mainly comprised by crystals sI and sII,
complex sH crystals have been found to exist in gas hydrates located in Canada
and the Gulf of Mexico [34, 35]. The development of sH structures in these
locations is attributed to the presence of higher molecular weight alkanes (e.g.,
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n-heptane and n-hexane), which might have originated from thermogenic gas
sources.
Although Figure 1.3 shows a relative abundance of NGH geological settings,
only a limited number of gas hydrate reservoirs have been investigated in detail.
These are: (1) the Nankai Trough on the eastern coast of Japan, (2) the Cascadia
continental margin of the Pacific coast of Canada, (3) the Blake Ridge on the
eastern coast of the United States, (4) the Mackenzie River Delta of northern
Canada, (5) the North Slope of Alaska, and recently (6) the Shenhu area on the
south-eastern coast of the China Sea. Research conducted in these locations has
largely been focused on describing the geologic parameters that control hydrate
formation and the thermodynamic stability of the NGHs. Such information is
used to improve the assessment of natural gas reserves within hydrate
accumulations, as well as to appraise the optimal conditions for their
exploitation. Furthermore, the role that gas hydrates may play as a geologic
hazard, and as an agent in climate change, is also being analysed [24, 30, 36].

1.3.2 Estimates of Natural Gas Hydrates
1.3.2.1 Total gas in place
Multiple models have been proposed to quantify the total gas in place (GIP)
in gas hydrate deposits. However, the results obtained have varied over several
orders of magnitude ranging from 104 to 106 trillion cubic meters (tcm) [37] , with
no clear convergence. To exemplify this, Figure 1.4 summarises different
estimates of gas hydrate resources from literature. The discrepancies among
these estimates are, in principle, associated with the diverse parameters in their
respective evaluation criteria. Examples of such parameters are a wide
assortment of geological settings, diverse modes of CH4 hydrate formation, and
Abraham Rojas Zuniga
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more importantly, distinct values of hydrate saturation (Shyd) in the porous
medium [38].

Figure 1.4 Resource estimations in natural gas hydrates. (a) Trofimuk et al. [39], (b)
Dobrynin et al. from [40],(c) Kvenvolden [41], (d) McDonald et al. [42], (e) Gronitz and Fung
[43], (f) Kvenvolden [44], (g) Milkov [40], (h) Klauda and Sandler [45], (i) Archer et al. [46]
(j) Boswell and Collett [37], (k) Wood and Jung [47] , (l) Johnson [48]. *TRR: Technically
Recoverable Resources, obtained from [37]. Modified from [49].

However, the estimates of global gas hydrates GIP, viewed chronologically,
indicate significant improvements as data of hydrate systems and their
assimilation have rapidly increased throughout the last two decades [26]. As an
example of this, Trofimuk et al. [39] reported that 3 × 106 tcm of CH4 might be
stored in naturally-occurring hydrates. Published in 1973, this analysis assumed
that gas hydrates could saturate a substantial portion of oceans sediments, at
water depths greater than 500 m, where satisfactory conditions may possibly
exist. Comparatively, the widely cited study conducted by Klauda and Sandler
[45] in 2005, suggested that the global volume of hydrate-bound gas might reach
120,000 tcm. In this work, a fugacity-based model revised key assumptions based
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on geological information. Principally, a small range of hydrate saturations
(3.4%–5.0%) were employed to successfully predict the hydrate content of 68 out
of the 71 direct observations of NGH accumulations.
Later estimates have presented a downward trend, as they have shifted their
global focus to potentially producible gas hydrate systems 1 [37, 40, 47, 48]. Based
on geologic components as well as the required processes to generate and store
hydrocarbons, the primary parameters in these analyses are: (1) adequate p, T
conditions for gas hydrate stability, (2) water availability, (3) a combination of
gas sources and migration pathways, as well as (4) suitable reservoir lithology
[50]. The latter is mainly associated with sand-rich sedimentary systems due both
to their higher values of permeability and hydrate saturation (Shyd ≈ 50-85%)
[51]. The mean GIP estimated from these models is close to 3000 tcm.

1.3.2.2 Technically and Economically Recoverable Resources
It is important to differentiate those technically recoverable resources
(TRR) from the total GIP in gas hydrates. At present, technical recoverability is
limited to those hydrate accumulations in sand-dominated reservoirs [22, 52]. In
this respect, these sedimentary systems possess favourable characteristics, which
enable the CH4 extraction using established technologies to produce conventional
oil and gas [53, 54].
On the basis of prior resource assessments in hydrate-bearing sand
formations, the study published by Boswell and Collet [37] postulated a TRR

1. This approach is usually associated to the concept of ‘NGH petroleum system’, which has
the main objective to provide a geology-based methodology for studying the hydrocarbon
concentrations in NGHs. The studies published by both Collet et al. [9] and Max et al. [50]
review in detail the application of this concept to systematically assess the occurrence,
distribution, and richness of gas hydrate deposits.
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value of 300 tcm. In Figure 1.4, this value is used conventionally to demonstrate
the substantial difference between the estimated resources in NGHs, and those
potentially producible at present. Nonetheless, the authors emphasised that such
estimation is not a fixed value, and as technology and hydrate research advance
with time, TRR will tend to increase.
By all accounts, the general consensus is that the hydrocarbon content is
abundant in NGHs, and a significant part of that can technically be exploited. As
illustrated in Figure 1.5, the prospective natural gas resources in NGHs would
easily surpass conventional gas reserves (430 tcm), and other unconventional
resources (209 − 454 tcm) such as shales gas, tight gas or coal bed methane
(CBM) [55, 56]. Even the most conservative estimate indicates a recoverable
potential of 1229 tcm [48].

Figure 1.5. Comparison of global natural gas resources. (a) NGH resource pyramid from
[57], and (b) prospective reserves of CH4 stored in conventional and unconventional gas
resources, volumes in trillion cubic meter (tcm). Reproduced from [38, 48, 49, 55].
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The subset of TRR that can be produced at a profit are termed economic
recoverable resources (ERR). These include the costs derived from recovering
and delivering gas, as well as the energy market conditions [37]. Since little of this
information is available for gas hydrates, economic evaluations are considered as
highly speculative [58]. However, preliminary studies have indicated that
economic viability is conceivable with current production technology applied to
onshore hydrate deposits in Artic regions [54]. Apart from that, the field
development in these zones is primarily considered as an opportunity to gain
valuable experience and test new technologies that can improve the TRR, and
hence ERR.
1.4 Recovery Techniques for Natural Gas Hydrates
Four different techniques have been researched and developed targeting
natural gas production from NGHs: (1) thermal stimulation, (2) depressurisation,
(3) chemical inhibitor injection, and (4) CH4−CO2 exchange; Figure 1.6 shows a
schematic of these four methods. The first three alternatives extract natural gas
through hydrate dissociation in-situ. Since clathrate hydrates depend
fundamentally on the pressure, temperature and the chemical potential of the
systems [59], these production schemes alter, physically or chemically, the
hydrate reservoir conditions. Diametrically opposed to that, CH4−CO2 exchange
method substitutes CH4 molecules originally trapped within NGHs with CO2
molecules. Thereby, this production approach simultaneously accomplishes
energy recovery and CO2 sequestration. Next, we will give and overview on each
of the four recovery methods with an emphasis on the research work done on the
CH4−CO2 exchange method, as its viability, and carbon-neutral approach for
producing NGHs are primary interests in this thesis work.
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Figure 1.6. Schematic of gas hydrate production methods. Modified from [24].

1.4.1 Depressurisation
Depressurisation is considered as the most effective method, in the shortterm, to produce natural gas from hydrate reservoirs, as this technique is the least
energy intensive and the most economically viable [60]. In principle, the
depressurisation method achieves CH4 extraction by isothermally reducing the
pressure of hydrate reservoirs to below the equilibrium pressure, which provokes
hydrates to dissociate into water and free gas. However, this technique is sensitive
to heat transfer phenomena derived from the dissociation process within porous
media [61]. Generally, the endothermic reaction of hydrate dissociation combines
with the Joule-Thompson effect caused by the gas release, which tends to
generate significant temperature drops close to the hydrate stability zone [62].
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Thus, hydrate reformation and water freezing can easily be stimulated inside the
reservoir. Consequently, the production wellbore might become plugged due to
agglomeration of reformed hydrate particles [22].
1.4.2 Thermal Stimulation
In this method hydrate reservoirs are locally heated beyond their
equilibrium temperatures in order to dissociate hydrate-bearing sediments and,
as a result, to liberate CH4. To this end, diverse means can be used to supply the
required energy, such as hot fluid circulation (e.g., water, steam or brine),
electrical heating, microwave radiation and in situ combustion [63-69]. However,
in common with thermal stimulation of conventional oil and gas reservoirs, the
main disadvantages of this method are associated with low heat conduction
through sediment structures, and the high energy requirements to slightly elevate
reservoir temperatures [22]. Despite the difficulties of this production approach,
its utilisation could be necessary to exploit NGHs in conjunction with
depressurisation or CO2 injection [70].

1.4.3 Inhibitor Injection
This chemical stimulation method generally includes the use of
thermodynamic or kinetic inhibitors to assist the hydrate dissociation in NGHs
production. Specifically, whereas thermodynamic inhibitors (e.g., methanol,
ethanol glycol and salt solutions) shift the phase equilibria of natural hydrate
systems to higher pressures and lower temperatures [71], kinetic inhibitors slow
down the rate of gas hydrate formation [60]. In this method, injected inhibitors
must be in direct contact with hydrates to work effectively. Therefore, the critical
factor in chemical stimulation is associated with mass transfer rates and their
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diffusion through hydrate reservoirs [72]. In addition, this hydrate production
alternative presents significant obstacles such as the high cost of chemicals,
inhibitor dilution by water from dissociated hydrates and permeability reductions
by inhibitor precipitation [22].
By using an arbitrary CH4 hydrate system, Figure 1.7 illustrates the working
principles of the three NGH production techniques discussed above. Among these
dissociation-based production methods, chemical stimulation is however
suggested as unviable due to economic and environmental considerations. In
contrast, since it is relatively easy to control pressure and temperature conditions
at reservoir scale [73], depressurisation and thermal stimulation show potential
as methods to recover CH4 from NGHs.

Figure 1.7 Schematic diagram of production methods based on hydrates dissociation.
Reproduced from [60]. Red arrow: depressurisation and thermal stimulation; blue arrow:
inhibitor injection.
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1.4.4 CH4 − CO2 Exchange – Literature Review
1.4.4.1 Fundamentals of CH4 − CO2 Exchange
CH4−CO2 exchange is regarded as a promising method to harness the energy
content of NGHs. It offers the possibility to recover natural gas from hydrate
reservoirs with significant implications for CO2 sequestration [74]. This
production approach consists of injecting highly pressured CO2 through hydrate
reservoirs in order to induce a ‘replacement reaction’, such that CH4 can be
exchanged by CO2 as the hydrate guest molecule. However, the viability of the
CH4−CO2 exchange method is called into a question on account of the limited CO2
injectivity, which results in low CH4 recovery rates [75].
First discussed by Ohgaki et al. [76-78], the concept of CO2 replacement of
CH4 in the hydrate cages derives from the favourable thermodynamic stability of
hydrates formed with CO2, over those formed with CH4. As shown in Figure 1.8,
CO2 can form hydrates below 2 MPa, whereas CH4 is unable to exist as a hydrate
at these conditions. Moreover, the exothermic nature of CO2 hydrate formation is
another factor that may contribute to molecular replacement, as the heat
liberated during this reaction (-57.98 kJ/mol) is more than the heat required for
the endothermic CH4 dissociation (54.49 kJ/mol ) [78].
Given the thermodynamic characteristics of CO2 as a hydrate, this exchange
approach may prevent environmental and safety concerns in gas hydrate
production. Naturally occurring hydrates constitute part of the stability and
stiffness in sedimentary structures [79]. Hence, the use of dissociation-based
recovery techniques can entail environmental hazards (e.g., excessive gas and
water release), and geomechanical instability (e.g., collapse of production
wellbore, subsidence or landslides) during their execution [80].
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Conversely, the CH4−CO2 exchange allows for the hydrate-sediment
integrity to be relatively maintained. It has been shown experimentally that
hydrate-host porous media present marginal changes in their mechanical
properties whilst CO2 replacement of CH4 is taking place [81, 82]. Furthermore,
the water production is reduced significantly, as this is taken up for CO2 hydrate
formation. In this respect, Kvamme et al. [83] argued that the formation of
secondary CO2 hydrates may actually provide a self-sealing mechanism to prevent
possible leakage problems.

Figure 1.8 Phase Equilibria of (blue line) CO2 + H2O and (red line) CH4 + H2O. Phase
boundaries for Ice-Hydrate-Vapour (I-H-V), Ice-Liquid water-Hydrate (I-Lw-H), HydrateLiquid water-Vapour (H-Lw-V), and Hydrate-Liquid water-Liquid CO2 (H-Lw-LCO2).
Modified From [84].

In the laboratory, numerous studies have demonstrated the thermodynamic
feasibility of CO2 replacement using bulk gas hydrates and hydrate-bearing
sediments. Table 1.1 summarises the results obtained by selected studies on the
CH4−CO2 exchange process. The experimental conditions in these investigations
vary in terms of procedure, monitoring methods, and the phase and composition
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of the replacement fluid. Thus, the CH4 recovery presents deviations in the range
of 10%–90%. Despite the exchange of CH4 with CO2 in the hydrate phase is
repeatedly corroborated in literature, a detailed molecular understanding of the
replacement mechanism is still somewhat elusive.

Table 1.1. Comparison of experimental conditions and CH4 recovery via CH4-CO2 exchange.

Publication
Lee et al. [85]
Yoon et al. [86]
Ota et al. [87]
Ota et al. [88]
Lee et al. [89]
Falenty et al. [90]
Schicks et al. [91]
Park et al. [92]
Zhou et al. [93]
Deusner et al. [94]
Cha et al. [95]
Gambelli et al. [96]
Stanwix et al. [97]

CH4
Hydrate
Phase
Bulk
Bulk
Bulk
Bulk
Bulk
Bulk
Bulk
Bulk
Hyd/Sand
Hyd/Sand
Hyd/Silica
Gel
Hyd/Sand
Hyd/Sand

Injected CO2
Phase

p
[MPa]

Gas
Gas
Gas
Liquid
Liquid
Gas
Gas
Gas (CO2 + N2)
Emulsion
Supercritical

8
3
3.2-6
8.2
10.3
3.8
3.2
3.5
3
7.5-1.3

Gas (CO2 + N2)

10

Gas
Gas

4.1 4.5
3

T
[K]
270
278
273
277
263-272
277
274
274.15
285.2
275-283
276
280-281
271.5-278

Reaction
Time
[hour]
150
64-285
120
24.31
115
7-12
44-76
60
220
10-100

Recovery
[%]
64.0
60.0
25.0
35.0
40.3
7.6
50.0
85.0
25.5
40.7
42.0
85.9
82.2

1.4.4.2 Kinetics of the CO2 Replacement Process
The CH4–CO2 exchange is often conceptualised as a reaction/diffusion
process (Figure 1.9), meaning that it proceeds in two stages. In this regard, the
Avrami and shrinking core models have been used to described the different
kinetic trends of these stages, respectively [89, 90]. At the beginning of the
process, a rapid exchange reaction occurs and is dominated by a limited heattransfer surface. Here, CO2 molecules thermodynamically disrupt the surface
stability of CH4 hydrates and reform them into mixed-hydrate crystals. The latter
stage corresponds to a restricted molecular diffusion through the hydrate
crystals, with a slower exchange rate. As the reaction proceeds, the mixed-hydrate
layer that has formed acts as a barrier, blocking or slowing down the mass
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transfer of CO2 molecules, and therefore, the exchange reaction rate progressively
diminishes. Hence, it is critical to overcome these mass transfer constraints to
enable CO2 injection as a viable method for producing NGHs.

Figure 1.9. Schematic illustration of the CH4 / CO2 exchange process. (1) In the initial
reaction CO2 disturb the thermodynamic stability of CH4 hydrate surface. Following this, (2)
CO2 molecules penetrate the CH4 hydrate layers; some of CO2 molecules will replace the CH4
in the hydrate cavities, while others form mixed-hydrate shells. (3) Whilst the CO2 exchange
proceeds, mixed and CO2 hydrates are being formed, which will progressively hinder the CO2
diffusion through CH4 hydrate layers.

1.4.4.3 Alternatives to Enhance the CO2 Replacement
Investigations have increasingly focused on finding optimal methods and
conditions to maximize CH4 extraction via CO2 replacement. For instance, the use
of denser phases of CO2 (e.g., liquid, and supercritical CO2) has proven to enhance
the CH4 recovery compared to gaseous CO2, which is attributed to a higher
concentration of CO2 molecules on the surface of CH4 hydrates, and the elevated
temperatures involved [88, 94]. Alternatively, the use of gas mixtures to replace
CH4 molecules, such as CO2 + N2 or CO2 + Air, have been reported to increase
CH4 recovery ratios. Basically, this approach increases the substitution reaction
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as N2 tends to destabilise the smallest hydrate cages where CO2 cannot
comfortably fit [92, 95, 98].
Higher recovery ratios can however be achieved by using the CO2 injection
with additional thermal stimulation. The work conducted by both Stanwix et al.
[97] and Gambelli et al. [96] provided significant evidence that gradual hydrate
dissociation, caused by slightly perturbing the thermal equilibrium, increases the
CO2 diffusion through the hydrate cavities. In addition, recent studies have
suggested that the use of chemical stimulation—such as mixtures of CO2 + N2 and
low molecular-weight surfactants—can also enhance CO2 replacement [99].
According to Kvamme et al. [100] surfactants are capable of marginally shifting
NGH stability to higher pressures, as well as retarding the rate at which new CO2
hydrates are formed. In this manner, whilst CH4 hydrates are gradually
dissociated, the CO2 diffusion and subsequent hydrate conversion is enhanced.
1.4.4.4 Pilot Trial of CH4–CO2 exchange
At a reservoir scale, the first trial of the CH4–CO2 exchange was conducted
by ConocoPhillips in partnership with energy sectors from Japanese and U.S.
governments, in 2012. This took place in the Ignik Sikumi Field, Alaska North
Slope. In this test approximately 24,210 standard cubic meters (scm) of CH4 were
produced after a mixture of CO2 + N2 was injected [53]. However, excessive water
production indicated that part of the CH4 was recovered through hydrate
dissociation [101]. The recovered volume of CH4 was considerably less than that
obtained through depressurisation trials (see Table 1.2). However, the Ignik
Sikumi test was a limited-scale scientific experiment designed only to evaluate
the ‘exchange’ concept at reservoir conditions. Therefore, to thoroughly assess
the commercial viability of the CH4–CO2 exchange and the required technology
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for its execution, further research is required. This would include experiments in
the laboratory as well as more complex field trials in a range of heterogenous
hydrate-sediment systems [75].

Table 1.2. Summary of NGHs production trials in the field up to date. Adapted from [38].

Hydrate Reservoir
Site
Mallik (permafrost)

Date

Shenhu Area (marine)

Duration
[day]

Rate
[m3/d]

Total CH4
Recovery
[m3]

Thermal
Stimulation
Depressurisation
Depressurisation
CH4-CO2
exchange

5

94

468

1
5.5

830
2,400

830
13,200

38

637

24,210

Jan 2013

Depressurisation

6

20,000

120,000

Apr 2017
June 2017
May 2017

Depressurisation
Depressurisation
Depressurisation

12
24
60

2,917
8,333
5,000

35,000
200,000
300,000

Mar 2002
Apr 2007
Mar 2008

Ignik Sikumi
(permafrost)
Nankai Through
(marine)

Production
Method

May 2012

Other significant difficulties facing CH4 extraction via CO2 injection are
associated to the transport conditions throughout hydrate-bearing reservoirs
[84]. It is still unclear how the mass and heat transfer are affected by pore-scale
factors such as hydrate distribution, permeability, and porosity, as well as the
pore-space heterogeneity and wettability of the host sediments. Without this
knowledge, it is difficult to assess the degree to which various production
strategies (e.g., well configuration, injection method, gas chemistry) could
improve the efficiency of the CH4–CO2 replacement method [49]. The lack of a
thorough understanding of the underlying reaction kinetics regarding the CH4
production and CO2 capture, in the context of heterogeneous porous media,
restricts ultimately the capability to assess CH4-CO2 exchange in terms of both
reservoir productivity and hydrate-sediment stability [75].
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1.5 Outline of this thesis
This research aims to enhance our understanding, and to ultimately enable
the evaluation of the viability of the CH4–CO2 exchange method for producing
hydrate reservoirs. Here, we focused on the behaviours of hydrate-bearing porous
media as a function of different process conditions using NMR and MRI as noninvasive measurement probes.
To this end the outline of the thesis chapters is as follows:
Chapter 2 presents a brief fundamental background to nuclear magnetic
resonance (NMR) and magnetic resonance imaging (MRI), which uniquely
provide non-invasive measurements for various relevant pore-scale parameters
of hydrate sediments such as porosity and permeability. Furthermore, a literature
review of the use of NMR/MRI techniques for NGH research is provided.
Chapter 3 details the design of a new NMR compatible hydrate-forming
cell, and the associated experimental apparatus for this research. Additionally,
initial studies of hydrate formation/dissociation experiments in model porous
media are presented using CH4/C2H6 and CO2, respectively.
Chapter 4 describes the NMR non-invasive characterisation of CH4 hydrate
formation reactions in porous media, and the subsequent CO2 replacement. Here,
NMR signal intensities are used to determine the saturation of different phases
and the CH4 recovery in the hydrate system. Furthermore, fluids coexisting with
hydrates in the porous medium are spatially resolved via 1-D MRI profiles.
Chapter 5 summarises the results obtained, and the major conclusions in
this thesis work regarding CH4 recovery and CO2 capture; recommendations for
future work are also provided.
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Chapter 2
NUCLEAR MAGNETIC RESONANCE

2.1 Introduction
Nuclear magnetic resonance (NMR) is a physical phenomenon, which
describes the response when atomic nuclei are placed in a static magnetic field
(B0) and exposed to an oscillating magnetic field (B1) [1]. Firstly observed by
Bloch and Purcell in 1946 [2, 3], this physical observation is routinely utilised for
the analysis of matter with numerous applications in medicine, chemistry,
materials science, and geophysics [4]. The NMR techniques provide chemically
selective and non-invasive measurements, which have extensively been used in
investigations of microscopic interactions in materials at the molecular and
atomic levels [5].
To date, a wide variety of NMR devices have been tailored to the
requirements of specific applications, which can be classified according to the
field strength of associated magnets using the terms: high-field, intermediatefield and low-field. It is pertinent here to mention that the exact values of B0 for
each of these terms are not strictly defined; however, Mitchell et al. [6] provided
ranges that correspond with the most common experiments conducted in each of
the categories mentioned above. Figure 2.1 summarises the classification of NMR
instruments.
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Figure 2.1. Summary of magnetic field strengths and their applications. Reproduced from
[6]. The ranges of B0 encompassed by the terms low-field (B0 < 1 T), intermediate-field (1 T
< B0 < 3 T), and high-field (B0 > 3 T). NMR devices: (left) an Oxford Instruments Geospec2
(B0 = 50 mT) benchtop permanent magnet, (middle) a Magnex horizontal bore,
superconducting imaging magnet (B0 = 2 T), and (right) a Bruker superconducting magnet
(B0 = 7 T).

As illustrated in Figure 2.1, high-field magnets are employed in NMR
spectroscopic investigations for both solid and liquid state. The spectrometers for
these analyses require a field strength that varies from 3T to 22T2, which
facilitates the acquisition of microscopic structural data relevant to complex
molecules such as proteins. Widely utilised as a tool in medical diagnosis,
magnetic resonance imaging (MRI) employs intermediate-field magnets that
encompass a range of 1T < B0 < 3T. However, recent innovations in full-body

2. Tesla is the unit of magnetic induction or magnetic flux density, which is equal to kg A-1 s2 or N A-1 m-1
Abraham Rojas Zuniga
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MRI scanners have required stronger fields up to 7 T [7]. Low-field NMR magnets
are used to investigate fluid-saturated porous media, where the usable range of
magnetic fields is typically 1 mT < B0 < 1 T. In this NMR approach, the
petrophysical characterization of hydrocarbon-rich reservoirs has been the
primary interest in the implementation of NMR well-logging tools. Since that
NMR measurements can yield valuable information of both rock and fluid
properties, the application of these techniques plays a significant role in the
exploration and development of oil and gas resources [8].
Low-field NMR methods have also been directed towards the study of
crude-oil chemistry. For instance, NMR measurements have enabled the analysis
of droplet size distributions in water-in-crude emulsions [9, 10], as well as oil
contamination of produced water [11, 12]. In addition, advanced flow metering
technology has incorporated ultra-low-field NMR (Earth’s field NMR) methods
in order to provide an enhanced description of multiphase flow [13, 14]; critical
for production monitoring and flow assurance purposes.
For the development of this thesis work, NMR and MRI techniques were
exploited to non-invasively study gas hydrates in porous media. Thus, a relevant
NMR and MRI background will be provided in the following sections, where a
notable emphasis is placed on low-field NMR techniques.

Abraham Rojas Zuniga
The University of Western Australia

31

Chapter 2

NMR Fundamentals

2.2 NMR Fundamentals
2.2.1 Nuclear Spin
The principle of NMR is based on quantum mechanics and Newtonian
physics, where the intrinsic angular momentum, often referred to as ‘spin’, is the
fundamental property that describes particles rotating around their own axis [1517]. The net spin of NMR-active nuclei generates spin angular momentum, I,
whose magnitude is quantised according to

|I| = ħ √I (I +1)

(2.1)

where ħ = h/2𝜋 is the reduced form of the Planck’s constant (h = 6.626 ×10-34 J
s), and I is the spin quantum number. Every atomic nucleus is characterised by a
spin quantum number, which may take only integer or half-integer values. For
NMR applications, the most commonly studied nuclei, 13C and 1H, possess a spin
quantum number of I = ½. The sense of rotation associated with the nuclear spin
angular momentum leads to the existence of a magnetic (dipole) moment, μ, in
the nucleus. For non-zero spin nuclei, this is defined by

𝝁= 𝛾𝐈

(2.2)

Here, γ represents the gyromagnetic ratio, which is a measure of the strength of
the nuclear magnetism. Moreover, each nucleus with I > 0 has a characteristic
value of γ, while nuclei with I = 0 are magnetically inactive [18]. In this thesis,
NMR analyses are focused exclusively on the 1H nucleus, for which |I| =

√3
2

ħ, and

γ = 267.522 ×106 rad s−1 T−1.
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2.2.2 Zeeman interaction
The basic interaction necessary to understand NMR is the so-called
‘Zeeman interaction’, which occurs between a magnetic dipole moment and
magnetic fields. According to the quantum mechanical theory, in an external
magnetic field a nucleus may take any of 2I + I spin-states. Each of the spin-states
is characterised by a magnetic quantum number (mI) that may adopt values of I, -I + 1, -I + 2, …, +I. In the case of an I= ½ nucleus such as 1H, two spin-states
will occur: a low energy state (α) with mI = + ½, and a high energy state (β) with
mI = - ½. These describe the possible orientations of the nuclear magnetic
moment as parallel or anti-parallel to the external magnetic field, respectively
[17]. Each nuclear spin state has an energy (E) that quantifies the Zeeman
interaction. For a field of magnitude B0, E is given by

𝐸 = −𝑚𝐼 ħ 𝛾 𝐵0

(2.3)

NMR arises when the spin state of a nucleus changes. In this case, the
required energy for a nucleus to undergo the transition from α to β can be
induced by electromagnetic radiation [19], and it is quantified as follows

∆E= ħ γ B0

𝑜𝑟 ∆E = ħ 𝜔0

(2.4)

here, ω0 is typically known as the ‘Larmor frequency’, which is then given by

𝜔0 = −𝛾 𝐵0 (𝑟𝑎𝑑 𝑠 −1 ) or 𝜐0 =

−𝛾 𝐵0
(𝐻𝑧)
2𝜋

(2.5)

Essentially, ω0 is the angular frequency of photons required to induce the
transitions between energy states α
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illustration of the nuclear Zeeman interaction, including the energy level
difference ∆E. Chemical Shift

Figure 2.2. Zeeman diagram for a 1H nucleus when applying an external magnetic
field, B0.Here, the energy level separation, between α and β spin-states, is also known as the
nuclear Zeeman splitting. Adapted from [15].

For an ensemble of identical protons in thermal equilibrium, the relative
population of spins in each energy level is described by the ‘Boltzmann
Distribution’ [1]:

Nβ
∆E
= exp (−
)
Nα
κB T

(2.6)

Here, Nα and Nβ are the number of spins in the α and β states, respectively; 𝜅𝐵 is
the Boltzman constant (1.38×10-23 J K-1) and T is the absolute temperature. The
Boltzmann distribution results in a surplus of spins in the low energy state α,
leading to the overall polarisation of the sample along the direction of the static
magnetic field (conventionally the z-direction), as shown in Figure 2.3. Thereby,
these spins contribute to generate a net magnetic moment which is detectable in
NMR experiments.
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Figure 2.3. (a) In the absence of an external magnetic field, magnetic moments of the nuclei
are randomly orientated. (b) On applying an external magnetic field B0, the nuclei will orient
their spins either parallel (in the low energy state α) or antiparallel (in the high energy state
β) to the direction of the applied field; this induce the net magnetisation moment M. Adapted
from [21].

The net magnetic moment is represented by a magnetisation vector (M).
This interpretation is usually termed the ‘Bloch vector model’ [2] and indicates
the macroscopic magnetisation of a spin ensemble per unit volume. Under
thermal equilibrium conditions, the magnetisation vector will align with the
direction of the applied field B0 (Figure 2.3b). For N nuclear spins, its magnitude
is denoted by M0 and is defined by Curie’s Law [22]:

𝐌𝟎 = 𝐵0

𝑁 𝛾 2 ℎ2 𝐼 (𝐼+1)
3 (4𝜋2 ) 𝜅𝐵 𝑇

(2.7)

2.2.3 Vector Model and Rotating Frame of Reference
During the polarisation of magnetic nuclei, the magnetic static field exerts
a microscopic torque, resulting in the precession of 𝝁 about B0. However, if the
net magnetisation vector M is tipped away from equilibrium through an external
excitation, the vector is then observed to precess about the z-axis. This motion is
often described using a classical angular momentum analogy [2]

𝑑𝐌
= 𝐌 × 𝛾 B0
𝑑𝑡
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From examination of Eq. 2.5, the rate of precession is given by the Larmor
frequency. Given that ω0 is directly proportional to the net strength of the static
magnetic field, the stronger the magnetic field is, faster the spins will precess [22].
This particular behaviour is known as the ‘Larmor precession’, which is
illustrated in Figure 2.4.

Figure 2.4. Larmor precession. (a) The nuclear magnetic moments, 𝝁, precess about B0.
Here, the net magnetisation vector is generated. In (b) M is tipped away from the direction
of B0 (z-axis), resulting in the precession of M about the B0 at the Larmor frequency, 𝜔0 .
Adapted from [23].

In NMR experiments, it is required to precess the net magnetisation vector,
M, in the x-y plane so as to detect a measurable signal, which can be induced
through a secondary oscillating field B1. This excitation pulse must be applied
orthogonally to the direction of B0, and in resonance with the spins oscillating
around B0. As a result of that, the magnetisation vector will simultaneously
precess about B0 and B1 (Figure 2.5a–2.5b). Furthermore, the length and
amplitude of excitation pulses are employed to effectively manipulate the position
of M with respect B0.
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The resonant behaviour of the magnetisation vector is conventionally
simplified by assuming a rotating reference frame with rotating axes x' y' z'. This
reference system rotates with an angular frequency 𝜔0 about z in the original
reference frame. Hence, B1 will be static in the rotating frame and M will simply
precesses with respect B1 (Figure 2.5c). Thereby, it is easier to determine the angle
of rotation (or flip angle), θ, through which the M is tilted [24].

𝜃 = 𝜔1 𝑡𝑝 = 𝛾𝐵1 𝑡𝑝

(2.9)

Here, tp is the time over which the oscillating field B1 is applied. In NMR pulse
sequences, two pulses are usually employed: (1) 90° pulse which rotate M into x'y' plane and (2) 180° pulse by which M in fully inverted so that it will be aligned
along z' axis in the negative direction. When performing NMR experiments, it
typical to use a single magnitude for B1. Therefore, different flip angles could
effectively be achieved through the variation of the pulse duration tp [25].

Figure 2.5. Illustration of the net magnetization vector and the rotating frame. (a) At
equilibrium, 𝐌𝟎 precess solely about B0 at the Larmor frequency 𝜔0. (b) Due to the
application of B1, M is then precessing about B0 and B1. (c) Precession of M when observed
in the rotating frame of reference. Modified from [23, 26].
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2.2.4 NMR Experiment
In practice, upon alignment of the nuclei in a sample with the static field B0,
the resultant vector, M, can be tipped away from its equilibrium position through
radio-frequency (RF) pulses. Such excitation energy is provided by a
transmitter/receiver coil system. As the name implies, it is also used to collect the
produced signals. The coil surrounds the target sample and must be aligned in
the transverse plane relative to the direction of the static field Bo. When an electric
current is passed through this coil, the oscillating magnetic field B1 is produced.
In NMR measurements, the orientation of M is actually controlled via pulse
sequences, during which the coil is switched between transmitting RF pulses and
receiving the resultant signals. The precession of M induces an electromotive
force (EMF) in the coil and an observable signal is then generated; this is usually
known as the free induction decay (FID). A simple pulse-sequence diagram is
used to illustrate the FID measurement in Figure 2.6. Here, the timing
parameters are: the RF pulse length (tp), the acquisition delay or ‘dead time’ (td),
and the time of acquisition (ta).

Figure 2.6. Pulse-sequence schematic to measure a free induction decay. The timing
parameters are indicated. Reproduced from [13].
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As shown in Figure 2.6, a RF pulse is transmitted (at the Larmor frequency)
via the coil in order to rotate M by 90°. Thereafter, due to residual energy is stored
in the coil, a short acquisition delay is necessary to dissipate unwanted
oscillations of voltage [27]. Subsequently, the FID of the excited sample induces
an EMF in the coil which is amplified and collected. The FID decreases
exponentially as the sample loses energy and returns to its equilibrium.
2.2.5 Chemical Shift
The chemical shift (δ) is the term employed to describe the change in the
resonant frequency experienced by NMR active nuclei. This phenomenon is
attributed to the electron clouds surrounding or ‘shielding’ the nucleus of an
atom. The interaction between the static magnetic field B0 and electronic
structure of a molecule gives rise to a secondary field that opposes B0. Thus, NMR
active nuclei experience an effective magnetic field (Beff), which is proportional to
the magnitude of the static field B0 by a factor σ, therefore

𝐵𝑒𝑓𝑓 = 𝐵0 (1 − 𝜎)

(2.10)

Since the chemical shift varies depending on B0, it is convenient defining it
relative to a reference compound. In the case of 1H, tetramethyl silane (TMS) is
typically used. The chemical shift is reported in the units of parts per million
(ppm), and it is defined by

𝛿=

𝜈 − 𝜐𝑟𝑒𝑓
× 106 (𝑝𝑝𝑚)
𝜐𝑟𝑒𝑓

(2.11)

herein, ν is the resonant frequency of the nucleus of interest, while νref is the
resonant frequency of the reference compound. Chemical shift is responsible for
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the occurrence of multiple peaks in Fourier transformed NMR signals [28]. This is
exploited in NMR spectroscopy for both distinguishing specific chemical groups

and elucidating chemical structure. In respect to gas hydrate research, the
chemical shift of guest molecules is cage-dependent, which enable the
examination of hydrate structure and cage occupancy [29].
2.3 NMR Relaxation
Following the RF pulse excitation, the nuclear spins in a sample return to
their thermodynamic equilibrium [17]. This process is known as ‘nuclear spin
relaxation’. Two dominant mechanisms of relaxation are longitudinal (or ‘spinlattice’) and transverse (or ‘spin-spin’), which are characterised by the relaxation
times T1 and T2, respectively. These will be discussed in the following sections.

2.3.1 Longitudinal relaxation
Longitudinal relaxation is the process whereby, after an excitation pulse, the
magnetisation vector returns to its equilibrium position along the direction of the
static field B0. Throughout the re-alignment, hydrogen protons yield all their
excess energy to the surrounding molecular environment (termed the lattice) in
order to restore thermal equilibrium [24]. However, such process does not occur
immediately, but it grows with a time constant T1. An inversion recovery pulse
sequence is normally used to determine T1 for a system of interest, as shown in
Figure 2.7a.
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Figure 2.7. Illustration of the inversion recovery method (a) Inversion recovery pulse
sequence. (b) Longitudinal magnetization during the inversion recovery pulse method.
Experimental data (●) that is fitted (dashed line) to determine T1.

The sequence requires an initial 180° RF pulse in order to invert the net
magnetization vector, placing it onto the negative z-axis. The magnetization
vector is then allowed to relax longitudinally for a delay time (τ). Thereafter, a
90° excitation pulse is applied to return the magnetization into the x-y plane,
where the FID signal is acquired. The sequence is systematically repeated with
increased τ, and the resultant signal intensities are plotted against the delay time
(Figure 2.7b). Thus, T1 is determined by fitting the dataset according to

𝐌𝑧 (τ) = 𝐌𝟎 (1 − 2 𝑒

−

𝜏
𝑇1

)

(2.12)

Here, the longitudinal magnetization is denoted by Mz, while its maximum value
under equilibrium conditions is M0; τ is the required time between the RF
excitations. In the inversion pulse sequence, the time interval τ is typically varied
from 1 ms to at least 5 T1 [30].
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2.3.2 Transverse relaxation
Transverse relaxation is the process by which the transverse components of
individual spins in a sample come to thermal equilibrium with each other. In this
process, the spins lose phase coherence with one another, as they experience
slightly different precession frequencies due to random interactions with
magnetic fields of neighbouring spins [21]. The evolution of the transverse
component of the magnetisation vector (Mxy) with respect the time is described
as follows:

𝐌𝑥𝑦 (𝑡) = 𝐌𝑥𝑦,0 (𝑒

−

𝑡
𝑇2

)

(2.13)

Here, the transverse relaxation time T2, is the characteristic time constant
governing the decay of the net magnetization in the transverse plane, while Mxy,0
is initial magnetisation in the x-y plane.
In reality, the spin-spin relaxation process is additionally affected by
inhomogeneities in the magnetic static field B0. The presence of such
irregularities results in spins experiencing different resonant frequencies.
Consequently, the transverse magnetisation is prone to decaying more rapidly
than given by Eq. 2.13. The apparent transverse relaxation time T2* is then defined
by

1
1
+ 𝛾∆𝐵0
∗ =
𝑇2 𝑇2

(2.14)

where the term ΔB0 describes the total inhomogeneity of the static field. The
effect of field inhomogeneities also manifests in the frequency-domain NMR
spectra, where the linewidth of the observed signals is broadened by T2*. In this
regard, the Fourier transformed FID in the frequency domain results in a
Abraham Rojas Zuniga
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Lorentzian line shape (Figure 2.8), whose full-width at half-maximum (FWHM)
is inversely related to T2*. The frequency bandwidth (Δν) is often measured as the
FWHM and is given by

∆𝜈 =

1
𝜋𝑇2 ∗

(2.15)

In the case of homogeneous systems such as liquids (with a single resonance
frequency), the value T2* tends to approach T2. However, in heterogeneous
systems such as fluids confined in pore spaces, the difference of magnetic
susceptibilities at the phases boundaries leads to small magnetic field gradients
[31]. This yields local magnetic field inhomogeneities such that T2* < T2.

Figure 2.8. Absorption Lorentzian line obtained from the Fourier transform of an FID in
the frequency domain.

As explained earlier, magnetic inhomogeneity causes additional dephasing
of the transverse magnetisation. This additional dephasing can, however, be
reversed using a pulse sequence referred to as the ‘spin-echo’. First demonstrated
by Hahn [32], a coherent signal can be obtained when the transverse
magnetisation is inverted via a 180° RF pulse following the initial spin excitation
(at 90°). In this manner, the spin-echo causes the spins to rephase (and thus
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reversing the loss of phase coherence) resulting in what is called an echo. This
sequence is shown in Figure 2.9a.
In practice, the traverse relaxation time T2 is typically determined via the
Carr-Purcell-Meiboom-Grill (CPMG) pulse sequence. This sequence is based on
applying multiple 180° RF pulses with an echo-spacing time (TE) equal to 2τ [33,
34]. Figure 2.9b provides a schematic of the CPMG sequence along with the
measured spin-echo train. Here, the resultant echo-amplitude curve (blue line) is
ultimately fit with Eq. 2.13 so as to obtain T2.

Figure 2.9. Spin-echo and CPMG pulse sequence. (a) Spin-echo consists of both a 90° RF
pulse and 180° excitation pulse, the latter is applied at an spacing time τ. (b) In the CPMG,
after the initial 90° excitation pulse, a train of 180° pulses at TE = 2τ, is systematically
applied. The spin-echo train shows how the echoes dephase and refocus according to T2* (red
line), whilst the amplitudes of the spin-echoes yield an exponentially decaying curve (blue
line) with time constant T2. Reproduced from [4, 21].
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2.4 Relaxation in Porous Media
NMR relaxation measurements have widely been implemented in the
investigation of porous materials. As these non-invasive techniques are sensitive
to molecular motion in fluids and pore morphology [35], their utilisation facilitate
the characterisation of transport properties in porous systems [36-38]. In fluidsaturated porous media, the relationship between the dimension of the pores and
NMR relaxation times processes (T1 and T2) are established by Brownstein and
Tarr equations as follows [39]

1
1
𝑆
=
+ 𝜌1 ( )
𝑇1 𝑇1𝐵
𝑉

(2.16)

1
1
𝑆
𝐷
=
+ 𝜌2 ( ) +
(𝛾𝐺 𝑇𝐸)2
𝑇2 𝑇2𝐵
𝑉
12

(2.17)

Here, T1B and T2B are the bulk relaxation times of relevant fluids in nonrestricted
environments, while 𝜌1 and 𝜌2 are the corresponding pore-surface relaxivity (μm
s-1). S/V represents the surface-to-volume ratio of the pores (m-1). D is the
diffusion coefficient (m-2 s-1), γ is the gyromagnetic ratio (MHz T-1), G is the
magnetic field gradient strength measured in (T m-1) and TE is the echo time (s).
In both Eq. 2.16 and 2.17, the first two terms characterise ‘bulk fluid
relaxation’ and ‘surface relaxation’, respectively. Furthermore, in Eq. 2.17, the
molecular diffusion through internal magnetic field gradients is incorporated into
the transverse relaxation rate T2. As mentioned earlier, these gradients are
generated by the susceptibility contrast between particle surfaces and fluids in
the pore space [31].
In particular, the derived probability distributions of T2, P (T2), are
commonly utilised to estimate petro-physical properties such as porosity,
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permeability, pore size distribution and wettability [21, 40]. After acquiring the
NMR signal intensity using a standard CPMG pulse sequence [41], P (T2) is
determined through following expression

𝐌𝑥𝑦 (𝑡)
𝑡
= ∫ 𝑃(𝑇2 ) 𝑒𝑥𝑝 (− ) 𝑑𝑇2
𝐌𝑥𝑦,0
𝑇2

(2.18)

In the absence of significant diffusion through gradients in the magnetic field, the
measured value of T2 can be expressed as follows [42]:

1
1
𝑆
=
+ 𝜌2 ( )
𝑇 2 𝑇2 𝐵
𝑉

(2.19)

The bulk relaxation time may be neglected, as it is frequently much longer than
the surface relaxation [6], meaning that T2 is predominately dominated by the
surface relaxion mechanism. Evidently, fluids within small pores will relax faster
than in larger pores. In the Eq. 2.19, T2 can therefore be simplified as follows

1
𝑆
= 𝜌2 ( )
𝑇2
𝑉

(2.20)

A relationship can then be established between pore size and T2 assuming the
confining geometry to be perfectly spherical with a radius, r in the form

1
3
≈ 𝜌2 ( )
𝑇2
𝑟
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2.5 Magnetic Resonance Imaging
NMR can be adapted to examine the spatial position of emitting nuclei
through the application of magnetic field gradients (G). These serve to render the
Larmor frequency spatially-dependent, and thereby to obtain a response from
spatially separated regions across a sample. From Eq. 2.5, we know that the ω0 is
directly proportional to the strength of the applied magnetic field, B0. However,
when imposing a constant gradient G = dB/dr, ω0 can be encoded as function of
the position vector r = (x,y,z) in the following manner:

𝜔0 (𝒓) = 𝛾(𝐵0 + 𝐆 ∙ 𝒓)

(2.22)

This principle in MRI is illustrated in Figure 2.10, where the linear variation
of ω0 is shown in the presence of a magnetic field gradient. Moreover, the signal
intensity is proportional to the number of spins, in the absence of spin-spin and
spin-lattice relaxation.

Figure 2.10. (a) Representation of two partially filled tubes (sample) and the corresponding
(b) NMR spectrum in the presence of a magnetic gradient in the x-direction, Gx. In (c), a
single (Lorentzian) peak in the absence magnetic gradients.
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If we consider a volume element (dV), the detected NMR signal (dS) is then
proportional to the local spin density ρ (r), which can be written as

𝑑𝑆 (𝐺, 𝑡) = 𝜌 (𝒓) 𝑑𝑉 𝑒𝑥𝑝 [𝑖 𝜔0 (𝒓) 𝑡] 𝑑𝑉

(2.23)

In a rotating frame of reference, the NMR signal is heterodyned at the Larmor
frequency, leading to a signal that oscillates at

𝜔 (𝒓) = 𝛾 𝐆 ∙ 𝒓

(2.24)

When integrated over the sample volume, the signal amplitude becomes

𝑆(𝑡) = ∭ 𝜌(𝒓) 𝑒𝑥𝑝 [𝑖 𝛾𝐆 ∙ 𝒓 𝑡] 𝑑𝒓

(2.25)

Here, rather than considering the experimental signal as a function of time,
reciprocal space vector k is considered instead [43]. This concept is typically
known as ‘k-space’ and represents the spatial frequencies of the real-space image:

𝐤=

𝛾𝐆𝑡
2𝜋

(2.26)

Therefore, Eq. 2.25 can be rewritten as follows:

𝑆(𝐤) = ∭ 𝜌(𝒓) 𝑒𝑥𝑝 [𝑖 2𝜋𝐤 ∙ 𝒓] 𝑑𝒓

(2.27)

which is the Fourier conjugate of:

𝜌(𝒓) = ∭ 𝑆(𝐤) 𝑒𝑥𝑝 [−𝑖 2𝜋𝐤 ∙ 𝒓] 𝑑𝐤
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Hence, the objective in MRI experiments is detecting a reciprocal space
signal S (k) by experimental manipulation of k. The sampling of this signal in kspace allows for ρ(r), i.e. an image, to be obtained by the Fourier transformation
of S(k). Apart from that, it is required to sample the entire k-space in order to
reconstruct an image onto a real-space grid. In this regard, several trajectory
patterns can be found in literature for sampling k-space [44-48]. However, since
the images mapped are usually displayed on a Cartesian grid, k-space is often
sampled rectilinearly. The dimensions of both the k- and real-space images are
related by the following equations:

𝐹𝑂𝑉 =
∆𝒓 =

1
∆𝐤
1
𝐤 𝑟𝑎𝑛𝑔𝑒

(2.29)
(2.30)

where FOV is the field-of-view of the image (i.e. sample real space); Δk is the
distance between k-space points, Δr is the distance between real-space points
(i.e., image resolution), and krange is the range of k-space sample. These
parameters are schematically shown in Figure 2.11.

Figure 2.11. (a) real space (or image) and (b) k-space
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2.5.1 Frequency and Phase Encoding
It is pertinent here to note that, the definition of the reciprocal space vector,
k, indicates that it may vary either as a function of time or due to magnetic field
gradient. In the first approach, also known as ‘frequency encoding’, a constant
magnetic field gradient (herein denoted as Gr) is used, whilst the signal is
sampled continuously during the formation and decay of a spin echo. Therefore,
the k-space position as a function of time is given by:
𝐤 (𝑡) =

𝛾 𝐆r 𝑡
2𝜋

(2.31)

In general, frequency encoding is useful for fast acquisitions, in which
various k-space points can be sampled in a single acquisition. Nevertheless, given
that this sampling method is dependent on the acquisition time, it is susceptible
to artefacts from relaxation, chemical shift effects, and magnetic susceptibility.
In the second approach, or ‘phase encoding’, the magnitude of the magnetic
field gradient (denoted as Gph) is modulated for specified constant time intervals
(tph). The phase encoding allows for one k-space point to be sampled per
excitation; however, successive points of the k-space can be acquired by
increasing systematically the strength of magnetic field gradient Gph.

𝐤 (𝐆𝒑𝒉 ) =

𝛾 𝐆𝒑𝒉 𝑡𝑝ℎ
2𝜋

(2.32)

Phase encoding is a slow sampling method, albeit the advantage of this
approach is that every point is acquired at a constant time after excitation.
Therefore, it removes many distortions due to motion or relaxation.
For this thesis, in order to follow dynamic processes occurring between
fluids contained within a porous medium, one-dimensional (1D) MRI
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measurements or axial profiles have been employed. In the following section we
introduce the SPRITE imaging technique used in this work.
2.5.2 Single Point Imagine Methods -SPI and SPRITE
Single Point Imaging (SPI) [49] is a phase encoding method in which the kspace point is sampled at a constant time following signal excitation using a
combination of phase gradients. In SPI, the only interaction that contributes to
the signal distribution is the magnetic field gradient, regardless of the time
evolution of magnetisation. Consequently, the acquired images are less prone to
distortions stemming from field inhomogeneity, chemical shift and susceptibility
variations. The signal intensity, S, from an SPI experiment is given by [50]:

𝑡𝑒𝑛
1 − 𝑒𝑥𝑝 (−𝑇𝑅/ 𝑇1 )
𝑆 = 𝐌0 𝑒𝑥𝑝 ( ∗ ) [
] sin 𝜃
𝑇2
1 − cos 𝜃 𝑒𝑥𝑝 (−𝑇𝑅/ 𝑇1 )

(2.33)

where, TR is the repetition time between RF pulses, ten is the fixed encoding time
(after an RF pulse), while θ is the RF flip angle. However, SPI is time-consuming,
as it requires a certain number of pulse-acquire repetitions in order to achieve an
acceptable signal [51].
Single point ramped imaging with T1 enhancement (SPRITE) [50] is an
improved version of the SPI, which comparatively permits a significant reduction
in the sampling duration. To scan the k-space, this technique consists of ramping
the magnetic field gradient in discrete steps, whilst applying small flip-angle RF
pulses. The signal intensity in the SPRITE method is identical to Eq. 2.33,
although with short T1 values, and thus short TR. Figure 2.12 shows the pulse
sequence for both the SPI and SPRITE pulse sequences.

Abraham Rojas Zuniga
The University of Western Australia

51

Chapter 2

NMR Studies of Hydrate Bearing Porous Media

Figure 2.12. Pulse sequence schematics for (a) SPI and (b) SPRITE. The RF pulses are: In
(a) 90°, whilst in (b) small tip angle θ (where θ < 90°). In the SPI, the phase gradients are
ramped each excitation. For the SPRITE, the gradients are incremented on each cycle so as
to sample n k-space points during a single scan. Modified from [6].

2.6 NMR Studies of Hydrate Bearing Porous Media
2.6.1 Molecular Level Investigations
Most NMR studies of gas hydrates in the literature employ high field NMR
equipment. Solid-state NMR spectroscopy has been used to determine hydrate
structure type and relative cage occupancies of various hydrate-former molecules
[52]. Solid-state

13C

NMR spectra measurements were used to determine the

phase equilibria of gas hydrates formed with CO2 and CH4 within heterogeneous
porous materials [53, 54]. These studies showed that the hydrate phase
equilibrium was shifted to larger pressure values due to capillary effects. Lee et
al. [55] conducted CO2 replacement experiments through silica gel samples and
developed a method based on solid-state 13C NMR spectroscopy to estimate the
expected CH4 recovery and CO2 concentrations in the hydrate phase after the
substitution process. Cha et al. [56] employed both in situ 1H and

13C

NMR

spectroscopy to monitor the replacement kinetics in methane hydrates when
subjected to mixtures of CO2 and N2 (Figure 2.13). A spontaneous exchange
reaction was suggested, as there was no evidence of increased 1H NMR signal due
to the formation of free water molecules. Additionally, the replacement ratio was
Abraham Rojas Zuniga
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observed to slightly increase for the smallest hydrate cages, which may be
attributed to the presence of N2. The replacement process for mixed hydrate
crystals (sII and sH) using CO2 has also been systematically studied using a
combination of 13C NMR and various other metrology modalities [57-59].

Figure 2.13. CH4 hydrate replacement with CO2 /N2 in silica gel. (a) Evolution of 1H NMR
spectra. As the number of CH4 molecules in the cages of sI hydrate decreases, the peak
intensity of CH4 molecules in the 1H NMR spectra also decreases. (b) Evolution of 13C NMR
spectra. Whilst the molecular exchange is occurring, the change in peak intensities from CH4
signal indicates the CH4 molecules remaining in hydrates cages (small and large).
Reproduced from [56].

2.6.2 MRI Observations
The application of MRI methods for the study of visually opaque hydrates
systems is comparatively less mature. Baldwin et al. [60] imaged the spatial
distribution of THF hydrates in rock cores during hydrate formation/dissociation
experiments. Using MRI measurements, Bagherzadeh et al. [61] found that
hydrate formation occurs at a uniform rate within unconsolidated sediment
independent of grain size employed. By analysing the variations in the MRI signal
intensity, Husebø et al. [62] investigated the effects of salinity on the
thermodynamic stability of CH4 hydrates in rock cores. It was observed that CH4
hydrate saturation was controlled by the total brine salinity rather than brine
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distribution within the pore network. Focused on CO2 storage in NGH deposits,
Kvamme et al. [63, 64] employed MRI to monitor free water and hence
permeability reduction while CO2 hydrates were formed in various sandstones.
Ersland et al. [65, 66] provided tomographic evidence regards the conversion of
CH4 hydrates into CO2 hydrates within a Bentheimer sandstone core plug (Figure
2.14). These tomographic images resolved the liquid water distribution and
indicated that little hydrate dissociation was occurring during the CH4-CO2
exchange process. Song et al. [67] imaged water distributions in a porous medium
during NGH dissociation as pressure was decreased and temperature was
increased.

Figure 2.14. CH4 / CO2 exchange experiment monitored with MRI. (a) The CH4 hydrate
formation process started with the CH4 core flooding. (b) Subsequently, water was injected
and allowed to imbibe. (c) After reducing the temperature up to 4°C, the CH4 hydrate
formation commenced, resulting in the gradually loss of MRI signal. (d) Complete CH4
hydrate formation in the rock core finished after 195 hours. Here, the signal was provided by
free CH4 and residual water. (e) The CO2 replacement began, although the change in the
signal was not considerable. In (f) and (g), the MRI signal intensity increased, as the
molecular replacement of CH4 with CO2 proceeded; however, no significant water
production was seen. (h) The image corresponds to CH4 being recovered from the rock core
after 315 hours of experiment. Reproduced from [65]
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2.6.3 Low-Field NMR Studies
In addition to NMR spectroscopy and MRI, the use of NMR relaxometry has
also been applied in various studies of hydrate systems relevant to CO2-CH4
exchange. Kleinberg et al. [42, 68] for example, showed the applicability of NMR
relaxometry in permafrost and deep ocean sediments to evaluate various petrophysical properties such as pore size, permeability and phase saturations
(hydrate, water, free gas). Minagawa et al. [69, 70] estimated both the pore size
distribution and permeability of hydrate-bearing sandstones whilst Komai et al.
[71] assessed the reduction in porosity and permeability as methane hydrate
formed in various sandstones (Figure 2.15). Recently, 2D T1-T2 NMR
measurements have been conducted to resolve different phase compositions in a
variety of porous media during hydrate generation and dissociation in porous
media [72, 73]. Figure 2.15 shows the evolution of T2 distributions typically
observed for CH4 hydrates

Figure 2.15. Transverse relaxation time (T2) distributions observed during CH4 hydrate
formation and dissociation within sandstones. (a) The values of NMR intensity gradually
decrease, as water content in pore spaces becomes smaller with the hydrate growth. (b)
Conversely, NMR intensity increases as hydrate dissociates into water and free gas. Adapted
from Minagawa et al. [71].
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Chapter 3
NMR-COMPATIBLE SAMPLE
HOLDER DESIGN

3.1 Introduction
NMR/MRI techniques have been widely applied across porous media
studies, in particular with respect to petro-physics. In order to facilitate such
studies at relevant reservoir conditions, the use of a variety of rock core holders
which are compatible with NMR/MRI hardware has been reported [1-5]. Located
within NMR/MRI magnet systems, these holders are generally required to be
constructed from non-metallic materials. In this regard, high-strength polymers
(e.g. PTFE, PEEK and Polyimide) are typically employed [2, 3, 5]. For this
research project, the need for sub-zero sample cooling is significant in order for
the required hydrates to form within a given porous media. This must be achieved
whilst ensuring the surrounding magnet’s temperature is tightly controlled at the
required operational set point of, in our case, 35 °C.
In this chapter, the design and construction of a new NMR-compatible
sample holder is presented. This is suitable for low-field benchtop NMR hardware
as is widely used in the context of rock core characterisation. Given the required
formation of hydrates within a sediment bed, refrigerative cooling is provided to
the sample from a central cylindrical channel, which when coupled with silica
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aerogel insulation minimises any thermal influence on the surrounding magnets
in the NMR/MRI system. The mechanical design of the (predominately PEEK)
sample holder as a function of temperature is interrogated using 3-D finite
element method (FEM) simulations [6, 7]. By way of validation, hydrate
formation and dissociation processes are subsequently studied using both a
CH4/C2H6 mixture and CO2. MRI 1D profiles are shown to be able to track the
temporal evolution in the free water content through these processes, whilst NMR
T2 measurements are used to probe the evolution in the pore size distribution
occupied by this free residual water. These collectively facilitate the application
of this hydrate sample holder to CH4−CO2 hydrate exchange experiments.

3.2 Materials and Methods
3.2.1 Materials
Figure 3.1 shows the NMR-compatible hydrate sample holder designed and
constructed in this work. This cylindrical sample holder has a 46 mm outer
diameter, 34 mm inner diameter, and a length of 163 mm. This cell readily fits
inside desktop NMR spectrometers that are routinely used for rock core analysis,
and can accommodate a sample volume of 56 ml. In the current application, it
was accommodated within a benchtop Oxford Maran Ultra 12.9 MHz rock core
analyser from Oxford Instruments, UK.
The hydrate sample holder requires two end-caps to seal the sample, these
include three connections which provide access for the process fluid inlet/outlet,
safety pressure relief and the inner coolant fluid respectively (Figure 3.1a). The
core holder body and the end-caps were constructed using Polyether-etherketone (PEEK) (E-Plas, Western Australia, Australia), which is NMR compatible,
as well as reasonably wear and chemical resistant.
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Figure 3.1. NMR-compatible hydrate sample holder. (a) Cross-sectional schematic of the
sample holder assembly, showing the assembly of the middle chilling tube and the fluid flow
channels through the end-caps (b) Photograph of the hydrate sample holder without thermal
insulation, and (c) complete assembly with an aerogel coating for thermal insulation.

Internal to the core holder is a chilling tube with the following dimensions:
9.53 mm OD, 4.76 mm ID, and 90.55 mm length (Figure 3.1b). This connects
concentrically to both end-caps and it is made from a reinforced PEEK matrix
(Ensinger, Nufringen, Germany), which is a composite of PEEK, carbon fibre
(CF), (PTFE) and graphite. This modified PEEK composite was selected as it has
an improved thermal conductivity (0.82 W m-1 K-1) relative to standard PEEK
(0.28 W m-1 K-1). The chilling tube allows for coolant at atmospheric pressure to
be circulated through the core holder and thus for the provision of cooling from
its central region. The coolant mixture used consisted of an equal volume of water
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and ethylene-glycol3 (Chem-Supply, SA, Australia) dosed with 1.68 wt%
Manganese chloride (MnCl2), which served as a paramagnetic agent to eliminate
the 1H NMR signal from the mixture. (MnCl2 decreased the 1H NMR T2 of the
mixture from 1 s to 0.0008 s at which point it is practically undetectable in the
experiments conducted). The physical interfaces between the cooling tubing and
the end-caps, as well as the seal between the main core holder body and the endcaps used Kalrez O-rings (Dupont, TN, USA) which are CO2 compatible as
required. The final assembly is able to accommodate sample pressures up to at
least 100 bar.
The outside of the core holder is treated and coated with thermally
insulating silica aerogel (Tec Corporation LTD, Korea) to an average thickness of
2.5 mm (Figure 3.1c) The provision of internal cooling coupled with this thermal
insulation allowed for adequate temperature control of the surrounding magnet
assembly at the required temperature of 35 °C. The aerogel coating also serves to
reduce condensation on the core holder, this was further reduced by a continuous
flow of dry air over the aerogel layer during experiments – this also served to
assist in magnet temperature regulation.
To form gas hydrates in the sample holder, deionized water was used along
with two different gas hydrate formers: (1) a mixture of methane and ethane
(molar fractions: 𝑥𝐶𝐻4 = 0.68 and 𝑥𝐶2𝐻6 = 0.32); and (2) CO2 (both supplied by
Coregas at purities of 99.995%). The model host porous media used was a random
packing of spherical glass ballotini, comprising a grain size distribution from 500
μm to 850 μm (with a mean diameter of 660 μm) and a gravimetrically

3. In traditional core flooding a per-fluorinated compound is usually employed, however a
water-MEG mixture was selected in this case as it presents an approximately 10-fold increase
in thermal conductivity (~ 0.40 W m-1 K-1, [8] versus ~0.057 W m-1 K-1, [9, 10]).
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determined porosity of 36%. It had a density of ~ 2.4 g cm-3, and a thermal
conductivity of 1.09 Wm-1K-1 [11].

3.2.2 Experimental Setup
The complete experimental apparatus is schematically shown in Figure 3.2.
This system involves two flow loops:
(1) The high-pressure sample fluid, which enables the direct injection of
relevant fluids to the sample using the end-cap injection ports. The porous media
sample (glass ballotini packing) was placed in the core holder around the central
chilling tubing. Following this, sample fluids (water, CO2 or CH4/C2H6 mixture)
were circulated through the core holder under high pressure using two syringe
pumps (Teledyne ISCO Pump 260D, USA). Two pressure relief valves were
included in the high-pressure flow loop such that a maximum working pressure
of 100 bar was not exceeded.
(2) The atmospheric pressure coolant mixture via the central chilling tube.
The coolant mixture was pumped through the chilling tubing using a thermostatic
bath (Lauda Alpha RA8, Germany) at a flowrate of 15 L/min.
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Figure 3.2. Schematic of the complete experimental apparatus for gas hydrate
formation/dissociation monitored by NMR and MRI measurements. Two distinct flow loops
are used for the sample fluid (high pressure) and the cooling fluid (atmospheric pressure)
respectively.

3.2.3 Thermomechanical Analysis of the new Sample Holder
Given the use of different materials of construction and the use of high
pressures and low temperatures, the following mechanical analysis of the sample
holder was completed. A geometrically consistent 3D model for the sample holder
was developed in Solidworks™ (Dassault Systems, France). Subsequently, the
thermal and mechanical response of the core holder to high pressure and low
temperature regimes was numerically simulated using ANSYS Multiphysics™
(ANSYS, USA). The required material mechanical and thermal properties are
listed in Table 3.1 In the FEM analysis, a coupled mechanical and heat transfer
model allowed for the induced stresses and deformations of the core holder to be
interrogated whilst also considering the variation in sample temperature across
the azimuthal sample volume. The p, T conditions considered in the simulations
covered a range of 40 to 100 bar and 10 to -25 °C, respectively.
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Table 3.1. Principal properties of materials employed in the 3D FEM Model.

Density
[g/cm3]

Thermal
Conductivity
[W/ m K]

0.16

0.04421

-

-

-

Core Holder Body PEEK

1.32

0.28

4400

110

20

End-Caps

PEEK

1.32

0.28

4400

110

20

Sample

Glass

(Porous Medium)

Ballotini

2.23

0.2 - 0.362

-

-

-

1.44

0.82

5500

102

3

Component
Thermal
Insulation

Chilling Tubing

Material

Silica Aerogel

PEEK
Composite

Young's Tensile Yield Elongation
Modulus Strength
at Break
[MPa]
[MPa]
[%]

1. The thermal conductivity of the aerogel estimated for a layer with 2.5 mm of thickness.
2. This range corresponds to the sample volume being fully saturated with air or water. The
temperature profile was relatively insensitive to this range (< 0.9 °C)

Temperature distribution results are shown in Figure 3.3 . A 3D simulation
of the temperature distribution through the sample space is shown in Figure 3.3
(a) for the case when the coolant mixture is at -25 °C and the sample is fully watersaturated. The external temperature of the sample holder is consistently above 20
°C, which is adequate for temperature control of the surrounding magnet. The
sample can readily reach temperatures down to –5 °C. Figure 3.3(b) shows the
mean sample temperature, as predicted by the simulation platform, as a function
of the coolant temperature recorded at the glycol bath. (Note that the coolant
temperature will rise prior to entering the sampler holder cooling tube – this is
minimised to less than 5 °C via extensive insulation on the supply line.) Validation
measurements of the sample temperature were also performed as a function of
coolant temperature using a RS PRO Digital Thermometer inserted into the
sample volume of the holder through one of the injection ports (this was done
outside of the magnet environment). The corresponding data are also plotted in
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Figure 3.3(b) – there is excellent agreement with the simulation predictions
across the temperature range considered with a maximum discrepancy of 0.8 °C.

Figure 3.3. (a) Thermal simulation using 3D FEM model of the sample holder using a
coolant temperature of -25 °C. (b). Sample temperature versus coolant temperature – both
as predicted by the simulation and via measurement with a thermocouple located in the
sample volume.

Figure 3.4 presents the results obtained from the mechanical simulation.
Figure 3.4(a) shows the equivalent stress in the holder (in 3D) for the maximum
working conditions (pore fluid pressure 100 bar, coolant fluid temperature -25
°C) - the highest equivalent stress generated is 47.8 MPa. To assess the
mechanical integrity, the ratio between the tensile yield strength of the relevant
material (reported in Table 3.1) and the equivalent stress was calculated
(hereafter referred to as the ‘safety factor’). The mean safety factor for the various
sample holder components is reported in Figure 3.4 (b) as a function of pressure
for a cooling fluid temperature of -25 °C. In all cases and at all locations the safety
factor exceeded a value of 2.5. In terms of elastic properties, PEEK and its
composites are regarded as being comparatively susceptible [12, 13] . Using the
3D analysis, the resultant elastic strain in the sample holder assembly were
compared against the elongation-at-break parameter for each material (as
reported in Table 3.1) - this property reflects the ability of polymers to resist
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changes of shape without crack initiation [14] . The 3D equivalent elastic strain
distribution is shown in Figure 3.4 (c) for the maximum working conditions (100
bar, -25 °C) – the maximum strain value was 0.011 mm mm-1 which occurs in the
contact zone between the main holder body and the end-caps. The mean value of
elastic strain is expressed as a % in Figure 3.4 (d) as a function of pressure for the
various holder components – these are consistently lower than the elongation-atbreak parameters listed in Table 3.1.

Figure 3.4. Structural analysis of the sample holder assembly using the 3D FEM model. (a)
Equivalent stresses, according to Von Misses yield formulae. The maximum stress developed
is 47.8 MPa at -25°C and 100 bar. (b) Safety factor as a function of pressures for the various
components. (c) Equivalent elastic strains of the sample holder. The maximum strain was
0.011 mm mm-1, which represents a structural deformation of 0.1mm. (d) Equivalent elastic
strain of the sample holder components as a function of pressure.
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3.2.4 NMR Methods Used
A variety of NMR and MRI methodologies were employed to systematically
monitor gas hydrate formation and dissociation processes in the glass ballotini
packing contained within the new hydrate sample holder:
(i)

Standard simple free induction decay (FID) measurements were used to
determine the saturations of the different phases (water, hydrocarbon gas,
and hydrate) in the ballotini packing as well as the mean value of T2* for the
NMR signal bearing species.

(ii)

A standard CPMG pulse sequence was used to periodically determine the
total signal intensity (from all 1H containing fluids in the ballotini packing)
as well as the probability distribution of T2 relaxation times in the sample
(which is related to the pore size distribution).

(iii) MRI measurements, specifically those using the Single Point Ramped
Imaging with T1 Enhanced (SPRITE) [15] pulse sequence, were applied in
1D along the sample axis to determine the fluid content profile as hydrate
formation and dissociation proceeded
The experimental parameters employed in the CPMG and SPRITE
acquisitions are summarised in Table 3.2.
Table 3.2. NMR and MRI measurement parameters.

CPMG PULSE SEQUENCE
90° pulse length (μs)
180° pulse length (μs)
Relaxation delay (s)
1D MRI SPRITE
RF pulse length (μs)
RF pulse flip angle (deg)
Encoding time (μs)
Field of view (cm)
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14.4
29.5
15

Number of averages
Echo time (μs)
Number of echoes

1.5
9
94
10.7

Total number of pixel in profile
Resolution (mm)
Repetition delay (s)
Number of averages

16
2000
4096
64
1.7
3
64
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3.2.5 Experimental Campaign
Initial testing of the assembled equipment utilised the formation and
subsequent thawing of ice at atmospheric pressure in the water-saturated
ballotini packing in the sample holder (the water content of the packing was
gravimetrically determined to be 20 ml) whilst sequentially executing the NMR
measurements detailed above. Average sample temperatures of 20, 4.0, 0.5, and
-2.5 °C were systematically studied by varying the temperature of the coolant
mixture. Ice thawing was then realised by increasing the sample temperature
back to 20 °C.
Hydrate formation was then monitored in the water-saturated glass
ballotini in two subsequent series of experiments using (i) CO2 and (ii) a mixture
of 0.68 CH4 + 0.32 C2H6 (mole fraction basis). Water was displaced from the
saturated glass ballotini packing by flowing the relevant hydrate former fluid at
low pressure from above, with water allowed to freely drain from the bottom of
the sample holder. In both cases, this resulted in a reduction of the water
saturation from 100% to 44% (9.0 ml of water retained). In the case of the CO2
displacement, the pressure was then increased to 40 bar and maintained at this
value throughout the experiment. Whilst repeatedly executing the series of
NMR/MRI measurements detailed above, the mean sample temperature was
gradually changed according to the following profile: 20 °C, 3.5 °C, 0 °C, -2.2 °C,
3.5 °C and 20 °C, respectively. This entire measurement campaign was then
repeated using the CH4 + C2H6 mixture as the hydrate former at a pressure of 60
bar with the following temperature profile: 20 °C, 3.5 °C, -2.2 °C, 3.5 °C and 20
°C. For both experiments, temperature conditions were determined through FEM
simulations (as shown in Figure 3.3b), whilst the gas inflow and constant-
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pressure levels were systematically controlled via the injection pumps in our
experimental apparatus. The conditions of these various measurement points are
summarised in Figure 3.5 relative to their respective hydrate phase envelopes:
the low temperature measurements are all comfortably within the hydrate
forming region.

Figure 3.5. Hydrate phase equilibrium diagrams for a mixture of CH4 /C2H6 (molar
fractions 𝑥𝐶𝐻4 = 0.68 and 𝑥𝐶2 𝐻6 = 0.32) and for pure CO2, as calculated using Multiflash™
(KBC Advanced Technologies, UK). Experimental measurement points for both CH4 /C2H6
(◊) and CO2 (□) are also shown.

3.2.6 Calculation method for phase saturations
Phase saturations (water (Sw), gas (Sg), and hydrate (Shyd)) were directly
determined in situ using the following series of mass balance equations:

𝐻𝐼𝑤 𝑆𝑤 + 𝐻𝐼𝑔 𝑆𝑔 = 𝐼𝑁𝑀𝑅

(3.1)

𝑡=0
(𝑛𝑤
− 𝑛𝑤 ) − 𝑁𝑛ℎ = 0

(3.2)

𝑆𝑤 + 𝑆𝑔 + 𝑆ℎ𝑦𝑑 = 1

(3.3)
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where HI is the hydrogen index of the phase denoted by the subscript. INMR is the
NMR signal intensity normalised to the signal intensity for the fully water
saturated glass ballotini sample (Sw=1), corrected for the influence of sample
t=0
temperature. 𝑛w
is the initial number of moles of water when t = 0, prior to gas

hydrate formation; 𝑛w and 𝑛h are the numbers of moles of water and hydrate,
respectively. N is the hydration number, whose value depends on the hydrate
former molecule. The value reported by Subramanian et al.[16], N = 6.62, is used
for the CH4/C2H6 hydrate whilst a value of N = 6.0 is used for the CO2 hydrate
[17].
3.3 Results and Discussion
3.3.1 Ice validation measurements.
Figure 3.6 shows the FID and CPMG NMR signal intensities (normalised to
the intensity at the point of ice nucleation) for a fully saturated glass ballotini
sample, as well as the mean T2* and T2 relaxation times, as a function of time
through the full freeze-thaw cycle. The corresponding mean sample temperature
is also shown. In both cases the increase in NMR signal up to 7 hours can be
attributed to the Boltzmann effect [18] as the temperature is progressively
decreased. Ice nucleation is clearly evident at 7 hours (after approximately two
hours of supercooling – note NMR signal is received only from the liquid water
phase) leading to rapid ice growth and consequential loss of NMR signal via both
measurement protocols (CPMG and FID). Ice formation is complete after
approximately 4-5 hours. Residual signal is evident but is less than 2% of the
original signal intensity – this will be discussed below. Increasing the
temperature back to 20 °C restored the expected NMR signal intensities.
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The mean T2* is constant until the onset of nucleation at which point it
increases substantially before decreasing precipitously as ice formation nears
completion. T2* is very sensitive to background magnetic field gradients due to
susceptibility differences: these are greater for water-silica as opposed to waterice. In contrast, the mean T2 is observed to marginally decrease as temperature is
sequentially lowered before deceasing significantly and more rapidly as ice
growth occurs.

Figure 3.6. Ice generation and thawing test. Evolution of the (a) FID and (b) CPMG signal
intensity and the mean values of the transverse relaxation times, T2* and T2, respectively.

More instructive, however, is to consider the evolution in the distribution of
T2 relaxation times. These are shown in Figure 3.7(a) as a function of time. Two
distinct populations are evident– these are converted to an approximate pore size
using Eq. (4) and a ρ2 value of 28.5 μm s-1 [19, 20] . The rate of ice formation (loss
of signal) in both populations is approximately the same with the larger peak
trending to slightly smaller T2 values (greater confinement due to ice formation
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albeit the effect is minor). The small amount of residual water (< 2 wt%) present
once ice formation is complete is located in both peaks. The distributions were
restored once the ice thawed. Figure 3.7 (b) shows the signal distribution from
the liquid water phase as a function of axial position and time. This distinctly
shows that the residual water (once ice formation is complete) is located at both
extremities of the ballotini packing in contact with the end caps. This very small
amount of fluid is presumably not below 0 °C in this specific location – its
relatively small size is however reassuring. The data in Figure 3.6 and Figure 3.7
provide a reasonable reference against which to compare the hydrate formation
experiments that are now detailed.

Figure 3.7. (a) Evolution of T2 relaxation time distributions (and estimated pore size
distribution) and (b) 1-D SPRITE profiles during ice generation and thawing in glass beads
in the core holder Approximately 98% of the available water turned into ice. Ice formation
and thawing process occurred similarly in all pores within the ballotini packing.
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3.3.2 CO2 Hydrate Formation and Dissociation
After these ice validation experiments, the equivalent NMR and MRI
measurements were conducted to monitor CO2 hydrate formation and
dissociation. The phase saturations as a function of time, calculated using Eqns
3.1—3.3, are show in Figure 3.8. The pressure was kept at 40 bar throughout the
CO2 hydrate formation and dissociation process. In this experiment, the NMR
signal is solely provided by the liquid water content.

Figure 3.8. Phase saturations during the CO2 hydrate formation/dissociation experiment.
The Shyd increased to 50.4% when the temperature decreased to 3.5 °C at 20 hour. Fluid
saturations, Sw and SCO2, were 1.9% and 47.7% respectively. From 0.9 to 22.8 hour, the
hydrate phase volume increased by an average rate of 0.008 ml min-1.

Following a reduction in temperature from 20°C to 3.5 °C, the initial water
content rapidly decreased as the hydrate formation proceeded – this reached
completion in 20 hours and shows two distinct kinetic regimes (more rapidly
between 0.9 and 2 hours and then comparatively slowly between 2 and 20 hours).
These observations are consistent with those reported by, for example, Yang et
al. [21] who observed CO2 hydrate formation in ballotini packings at similar
conditions. The rapid initial formation establishes a hydrate layer around the
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residual water, after which further hydrate formation becomes mass-transfer
limited, thus slowing the formation rate. From the water saturation value Sw,
approximately 25% of the water is converted to hydrate during the initial growth
phase (up to 2 hours), and approximately 95% overall (after 20 hours). The initial
hydrate growth rate up to 2 hours was 0.022 ml/min, which corresponds to a
fractional rate of 1.1×10-3 min-1 in terms of hydrate saturation. This then reduced
to 0.006 ml/min (3×10-4 min-1 in terms of hydrate saturation). Cheng et al.[22]
observed a fractional rate of 1.6 ×10-3 min-1 when performing a similar
measurement; this more rapid rate is consistent with their use of 100 μm ballotini
relative to the 660 μm ballotini (mean diameters) used in our work. Yang et
al.[23] observed an average fractional rate of 3.2 ×10-3 min-1 for CO2 hydrate
formation in partially saturated 100 μm ballotini whilst Yang et al.[24] observed
an average fractional rate of 2×10-4 min-1 averaged over thirty hours of hydrate
formation for a full saturated sand sample; again these are broadly consistent
with our results.
The Sw value of 1.9% after this initial stage of hydrate formation was subtly
reduced to 0.83% and 0.2% when the temperature was reduced to 0 and -2.2 °C,
respectively. However this is likely to reflect the formation of ice in the residual
water as the Sw value is restored upon elevation of the temperature back to 3.5 °C.
Note the algorithm used to allocate phase saturations from the NMR signals
acquired would result in ice being erroneously allocated to the hydrate phase, as
is evident in Figure 3.8. After approximately 115 hours the sample was warmed
and the hydrate was observed to dissociate through the return of the water
saturation signal. Due to temperature gradients within the cell during warming it
was not possible to compare the dissociation temperature with the expected
hydrate equilibrium.
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Figure 3.9(a) shows the time-resolved T2 (and estimated pore size)
distribution for the residual water. The corresponding 1D axial profiles of residual
water saturation are shown in Figure 3.9(b). It is important to mention that both
hydrate growth and ice formation lead to a reduction of liquid-filled pore size in
the ballotini packing, which therefore results in the decrease of T2 relaxation time
according to Eq. 2.20 (in Section 2.4). In addition to this, the evaluation of T2
relaxation constant becomes complex, as the surface relaxivity will vary between
the ice, hydrate and the glass beads. In our case, the signal intensity from liquid
water was very low after hydrate formation such that the resultant CPMG signal
could not provide reliable T2 relaxation time data.
In Figure 3.9(a), consistent with the ice formation experiment, two peaks
are evident, albeit that they are less distinct. Preferential earlier CO2 hydrate
formation is clearly evident in the larger pore; the distribution is fully restored
upon hydrate dissociation. With respect to Figure 3.9(b), the effect of the initial
drainage process prior to sample cooling is immediately obvious in that it has
resulted in greater water accumulation in the lower portion of the ballotini
packing. The rate of hydrate formation is observed to be slightly more rapid in
this lower section. Residual water is observed to be evenly distributed through
the ballotini packing upon the completion of hydrate formation (~25 hours). The
residual water left at sub-zero temperatures (commencing after 67 hours) is again
observed to form at the axial edges of the sample volume, consistent with the ice
validation experiments discussed above.
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Figure 3.9. (a) Evolution of T2 relaxation time (and approximate pore size) distributions
and (b) 1-D SPRITE MRI profiles of residual water saturation during the CO2 hydrate
formation/dissociation experiment.

3.3.3 CH4 + C2H6 Hydrate Formation and Dissociation
Figure 3.10 shows the phase saturations (water, gas and hydrate) through
the hydrate formation /dissociation experiment conducted using a mixture of
0.68 CH4 + 0.32 C2H6 (mol fraction) in the partially water saturated glass ballotini
packing as a function of time. The temperature profile in the sample is
superimposed. The pressure was kept at 60 bar throughout the experiment. In
contrast to the previous experiments discussed above, it is important to highlight
that NMR signal in these measurements arises both from the water and the
gaseous hydrocarbon content. In this case hydrate formation commenced at a
temperature of approximately 11 ℃, which is approximately 5 ℃ of subcooling.
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The mean hydrate formation rate was 0.0004 ml/min (2.05×10-4 min-1 in terms
of hydrate saturation with an initial rate of 1.17×10-4 min-1 and a maximum rate
of 6.67×10-4 min-1) – this rate is within the ranges observed by Zhang et al.[25]
(6.6×10-5 - 7×10-4 min-1) and Zhang et al.[26] (1.31×10-4 min-1) albeit both used
pure methane but for a similar particle size porous media host and initial water
saturation. The hydration formation curve presents a number of complex
transitions, most prominently a comparatively slow initial period for which we
currently do not have an explanation. Residual water was found to freeze upon
the imposition of sub-zero temperatures. After approximately 115 hours the
sample was heated and the initial water saturation signal returned fully.

Figure 3.10. Phase saturations during the hydrate formation/dissociation experiment using
methane and ethane (molar fractions 𝑥𝐶𝐻4 = 0.68 and 𝑥𝐶2 𝐻6 = 0.32).

Figure 3.11 shows the corresponding T2 relaxation time distributions as well
as 1-D MRI SPRITE profiles for hydrate formation and dissociation as a function
of time from this methane + ethane mixture. In agreement with the CO2 hydrate
data presented above, two distinct T2 populations are evident – however these are
a combination of the original pore size distribution convoluted with the different
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fluids providing signal: residual water and the hydrocarbon gas. Consequentially
allocation to a specific pore size is not possible although the following
observations can however be made. Once hydrate formation commenced, signal
loss occurred from both peaks whose mean T2 values remained essentially
unchanged. A single peak was left when hydrate formation was complete – this
was evenly distributed through the packing and resulted from the hydrocarbon
gas content. Preferential formation of hydrate in the lower region of the packing
is evident and results in a comparatively flat signal profile that gradually
decreases.

Figure 3.11. (a) Evolution of T2 relaxation time distributions and (b) 1-D SPRITE profiles
during the gas hydrate formation/dissociation experiment using a methane and ethane
mixture (molar fractions 𝑥𝐶𝐻4 = 0.68 and 𝑥𝐶2 𝐻6 = 0.32).
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3.4 Conclusions
A novel hydrate sample holder has been constructed that is compatible with
benchtop NMR/MRI hardware typically applied for rock core analysis. The
unique central cooling channel operating at ambient pressure allows temperature
to be controlled without affecting the operation of the magnet system. Mechanical
integrity and the temperature distribution through the sample holder was
investigated using 3D FEM and found to be satisfactory over the process
conditions required.

By way of demonstration, hydrate formation and

dissociation in a partially saturated random packing of glass ballotini was
successfully performed using both CO2 and a mixture of CH4 and C2H6 as the
hydrate formers. In these experiments phase saturations (liquid water, gas,
hydrate), pore size distributions and axial concentration profiles (both of the
residual unsolidified water) were quantified through a hydrate formationdissociation cycle. Future work will consider the use of more sophisticated multidimensional T2-D measurements to better resolve the signal contribution from
the residual water and the hydrocarbon gas/fluid phase, and detail a series of
experiments using these techniques together with the hardware developed to
monitor the gradual replacement of CH4 hydrates by CO2 in a range of porous
media support structures.
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Chapter 4
THERMALLY CONTROLLED
CH4−CO2 EXCHANGE

4.1 Introduction
Injection of CO2 into the NGH reservoirs to perform CH4−CO2 exchange is
a highly attractive method of energy recovery in a carbon-neutral manner.
Nonetheless, the deployment of this NGH production approach is hampered
partially due to the limitations of experimental techniques capable of providing
in situ pore scale fluid and hydrate information in sediments.
This chapter focuses on the implementation of low-field NMR/MRI
methods for characterising the CH4−CO2 hydrate exchange in model porous
media. The realisation of this experiment was enabled via the NMR-compatible
sample holder (reported in Chapter 3), whose mechanical and thermal properties
facilitated both the development of a CH4 hydrate system and the subsequent CO2
injection process. A variety of NMR and MRI measurements were employed in
order to monitor the processes of CH4 hydrate generation, CH4−CO2 hydrate
exchange, and the dissociation of CH4−CO2 hydrate. Furthermore, the quantities
of liquid, gas, and hydrate phases were estimated based on the NMR and MRI
signal intensities; the pore scale fluid and hydrate behaviours were evaluated
according to the NMR relaxation time measurements.
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4.2 Experimental Methodology
4.2.1 Materials and Experimental Setup
Deionized water was used for hydrate generation. High purity CH4
(≥99.995%) and CO2 (≥99.995%) were supplied by Coregas Pty Ltd (Western
Australia, Australia). Glass beads, with diameters of 0.5–0.8 mm, were
compacted in a hydrate cell as a model porous media. A mixture of deionized
water (50% volume) and ethylene glycol (Chem-Supply, South Australia,
Australia) was employed as a chilling fluid. This was also doped with MnCl2 (1.68
wt%) (Sigma-Aldrich, Missouri, USA) to diminish the fluid’s contribution to the
NMR signals. Continuous compressed air flow was used to avoid possible water
vapour condensation on the outside surface of the hydrate cell.
Figure 4.1 shows a schematic of experimental setup in this work. A 0.3 Tesla
Maran Ultra permanent magnet spectrometer (Oxford Instruments, U.K.)
operating at 12.9 MHz 1H resonance frequency was employed to measure liquid
water and CH4 gas. The designed sample cell (Chapter 3) was utilised to hold fluid
and hydrate samples. Two relief valves, set at 100 bar, were connected to the
hydrate cell in order to relieve possible high pressures in the experiments. The
cell was coated by the silica aerogel for better thermal insulation during hydrate
experiments. To control sample temperature, a chiller (RA8 Lauda, Germany)
was used to cycle the chilling fluid through the central tube of the hydrate cell.
Two syringe pumps (260D Teledyne ISCO, NE, USA), pumps 1 and 2, were
used for CH4 and CO2 injection, respectively. A vacuum pump (949-9315 Agilent
Tech., Torino, Italy) was required to evacuate the glass bead pack. Another
syringe pump (pump 3, 260D Teledyne ISCO) was connected to the end of the
flooding system to provide back pressure control. More details regarding the
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design, pressure and temperature tests of the new NMR compatible hydrate cell
can be find in [1].

Figure 4.1. Schematic of experimental setup employed for the NMR and MRI
measurements of fluids and hydrates in porous media.

4.2.2 NMR and MRI Measurements
Five NMR and MRI methodologies were employed to monitor the processes
of CH4 hydrate generation, CH4−CO2 replacement and hydrate dissociation.
Table 4.1 lists the NMR and MRI parameters.
(i)

The bulk free induction decay (FID) was employed to measure the signal
intensity (SFID) and T2* of liquid water and CH4 gas in the glass bead pack.

(ii)

The Carr–Purcell–Meiboom–Gill (CPMG) method [2] was utilised to
determine the T2 relaxation time distribution. When a short echo space is
used in a low static field measurement, as in this work, the T2 of pore fluids
is affected by two mechanisms, with rates additive as the reciprocal of the
lifetimes [3]
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(4.1)

where T2,bulk is the bulk transverse relaxation time and T2,surf is the surface
transverse relaxation time.
The surface relaxation rate (1/T2,surf) of fluid in a single pore in the fastdiffusion limit is provided by [4]

1
𝑇2,Surf

𝑆
= 𝜌2 ( )
𝑉

(4.2)

where ρ2 is surface relaxitivity, S contact area of fluid and pore surface, and
V, fluid volume. A T2 logarithmic mean (T2LM) was calculated based on the
T2 distribution according to [5].
(iii) The inversion-recovery method was used to measure the sample T1
relaxation times. An inverse Laplace transform (ILT) was used to convert
the inversion-recovery NMR raw data into the corresponding T1
distribution; this was achieved using Tikonov regularisation as is widely
used for the inversion of NMR relaxation data [e.g. [6]] employing the
method of Wilson [7]; to determine the optimum regularisation parameter.
The application of this methodology to determine T1 distributions has been
demonstrated for complex porous media [8]. Subsequently, the T1
logarithmic mean (T1LM) was calculated. The T1LM to T2LM ratios were
calculated to qualitatively evaluate the contribution of liquid water and CH4
gas to the NMR signals.
(iv) The double half k-space single point ramped imaging with T1 enhancement
(DHK SPRITE) MRI method [9] was employed to measure in situ fluid
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saturation profiles along the glass bead pack. The image intensity, SMRI,
which is proportional to the fluid quantity, for this SPRITE method is given
by

𝑆MRI = 𝑆MRI0 exp (

−𝑡p
) sin𝛼
𝑇2∗

(4.3)

where SMRI0 is the initial signal intensity, tp encoding time, T2* relaxation
time determined based on FID measurements, and α the flip angle of the
radio frequency pulse; tp and α are constant in this work.
(v)

An alternating pulsed gradient stimulated echo (APGSTE) NMR diffusion
method [10] was employed to measure the fluid diffusion coefficients to help
distinguish NMR signals from liquid water and CH4 gas.

Table 4.1 Parameters of NMR and MRI measurements.

FID

CPMG

DHK
SPRITE

Inversion
Recovery
T1

APGSTE
Diffusion

90˚ pulse length (µs)
Relaxation delay (s)
Number of averages
90˚ pulse length (µs)
180˚ pulse length (µs)
Relaxation delay (s)
RF pulse length (µs)
RF pulse flip angle (˚)
Encoding time (µs)
Field of view (cm)
Pixel number
90˚ pulse length (µs)
Relaxation delay (s)
Number of averages
90˚ pulse length (µs)
180˚ pulse length (µs)
Small delta (ms)
Observation time (ms)
Time between RF pulses (ms)

14.9
91
16
14.9
29.8
161
3
18
94
10.5
64
14.9
71
4
14.9
29.8
1.5
100
2.995

Number of averages
Echo time (µs)
Number of echoes
Relaxation delay (s)
Number of averages
Gradient (G cm-1)
Imaging time (min)

16
800
25602
41
128
12.1
17.1

Number of inversion time

22
0.25 to
8000

Inversion time (ms)
Number of averages
Relaxation delay (s)
Number of gradient steps
Gradient ( G cm-1)

256
101
25 to 35
0 to 32

Note: (1) RD values and (2) a larger number of echoes were used for pure water inside glass
bead pack.
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4.2.3 Estimate of Phase Saturations
In this work, there were up to five different phases in the glass bead pack
during the process of CH4 hydrate generation, CH4−CO2 hydrate exchange, and
hydrate dissociation. These five phases are liquid water, CH4 gas, CH4 hydrate,
CO2 liquid, and CO2 hydrate. As NMR signal was exclusively contributed by the
1H

in liquid water and CH4, Eq. 4.4 can be obtained:

𝐻𝐼𝑤 𝑆𝑤 + 𝐻𝐼𝑚 𝑆𝑚 = 𝑆𝑁𝑀𝑅

(4.4)

where HI is hydrogen index, S is phase saturation, SNMR is NMR signal intensity
normalised to the signal intensity for the fully water saturated glass bead pack,
the subscripts, ‘w’ and ‘m’, represent liquid water and CH4 gas, respectively.
Considering a constant total pore volume of the glass bead (Vglass) during the
experiments, Eq. 4.5 can be obtained

𝑆𝑤 + 𝑆𝑚 + 𝑆𝑚ℎ + 𝑆𝑐 + 𝑆𝑐ℎ = 1

(4.5)

where S is phase saturation, the subscripts, ‘w’, ‘m’, ‘mh’, ‘c’, and ‘ch’ denote liquid
water, CH4 gas, CH4 hydrate, liquid CO2, and CO2 hydrate, respectively.
Assuming that the hydration number (N) for both CH4 hydrate and CO2
hydrate is N=6. [11-13], a mass balance principle provides Eq.4.6.1 and Eq. 4.6.2:

initial
𝑛w
− 𝑛w − 6𝑛mh − 6𝑛ch = 0

(4.6.1)

where n is the number of moles, the superscript, ‘initial’, means before CH4
hydrate generation, and the subscripts are used as per Eq. 4.5.

𝑛=

𝜌(𝑆𝑉pore )
𝑀
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where ρ is density, M is molar mass, S is phase saturation, Vpore ≈ 18.51 cm3, is the
total pore volume of the glass beads.
The diffusion coefficient of CH4 gas is generally higher than that of water by
orders of magnitude, therefore a fluid diffusion measurement distinguishes the
liquid water and CH4 gas, giving Eq.4.7
w
HIw 𝑆w
𝑆NMR
= m
HIm 𝑆m
𝑆NMR

(4.7)

w
m
where 𝑆NMR
and 𝑆NMR
are the NMR signal intensities of liquid water and CH4

gas, respectively.
The volumes of injected fluid and the receiving fluid in Pumps 2 and 3
(Figure 4.1) during CO2 flooding for the CH4−CO2 hydrate exchange were
recorded, providing Eq. 4.8.1 and Eq.4.8.2

{

last
[(𝑛c − 𝑛clast ) + (𝑛ch − 𝑛ch
)]𝑀c
pump

𝜌c

}+{

last
last
[(𝑛m − 𝑛m
) + (𝑛mh − 𝑛mh
)]𝑀m
pump

𝜌m

last
last
∆𝑉pumps = (𝑉injecting − 𝑉receiving ) − (𝑉injecting
− 𝑉receiving
)

} ≈ ∆𝑉pumps (4.8.1)

(4.8.2)

where n is the number of moles, the superscript, ‘last’, means the last phase state
before the current measurement, M is molar mass, ρ is density, superscript,
‘pump’, means pump pressure and temperature condition (e.g., 45 bar and 20
℃), 𝑉injecting and 𝑉receiving are the volumes of fluids flowing out from the injecting
pump and flowing into the receiving pump, respectively, the subscripts, ‘m’, ‘mh’,
‘c’, and ‘ch’ denote CH4 gas, CH4 hydrate, liquid CO2, and CO2 hydrate,
respectively.
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The CH4 recovery (R) from the hydrate is calculated as:

𝑅=

initial
𝑛mh
− 𝑛mh
initial
𝑛mh

× 100%

(4.9)

initial
where 𝑛mh
and 𝑛mh are the numbers of moles of CH4 hydrate before and after

CO2 flooding, respectively.
During CH4 hydrate generation, Eqs. 4.4 to 4.6 are used to calculate the
three unknown phase saturations, Sw, Sm, and Smh, when there is no CO2 or CO2
hydrate in the glass beads (both Sc and Sch are 0). During CH4−CO2 hydrate
exchange, all five phase saturations are unknown, hence Eqs. 4.4 to 4.8 are
employed to determine them. Table 4.2 lists all parameters considered for
determining the phase saturations in these experiments.

Table 4.2. Physical parameters.

Characteristics of glass beads pack
Length

(cm)

6.7

Diameter (cm)

3.40 (Out), 0.48 (Inner)
3

Glass bead volume (cm )

59.59

Total pore volume (cm3)
Porosity
Fluid Properties
H2O hydrogen index

18.51
0.31

CH4 hydrogen index

1
0.072 ̶ 0.1541

(45 to 80 bar, 1 to 20 °C)

CH4 density (kg m-3)
(45 to 80 bar, 1 to 20 °C)
CO2 density (kg m-3)
(45 bar, 5 to 20 °C)

32.19 ̶ 68.451
116.88 ̶ 902.101

CO2 hydrate density (kg m-3)

11172

CH4 hydrate density (kg m-3)

9162

∆Vpumps (ml)
65.17 (5 °C), 2.42 (7.4 °C), -3.23 (9.9 °C)
-1
Molar mass of CH4∙6H2O (g mol )
124.13
-1
Molar mass of CO2∙6H2O (g mol )
152.1
Note: (1) data from REFPROP; (2) data from Multiflash
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4.2.4 Experimental Procedure
The NMR signals of pure fluid (no hydrate) in glass beads were firstly
measured, followed by measurements of CH4 hydrate generation, CO2 flooding
for CH4−CO2 hydrate exchange, and then hydrate dissociation. The NMR and
MRI methods listed in section 4.2.2 were employed. The glass beads were dried
at 80 ℃ for 2 days and then filled into the PEEK hydrate cell. The cell was placed
in the NMR magnet chamber and connected to the pumps, chiller, and
compressed air source using pipelines.

4.2.4.1 Measurements of CH4 Gas, H2O Liquid, and Their Mixture in Porous
Media
The chiller was started at 20 ℃ to pump chilling fluid through the hydrate
cell. The air in the glass bead pack was removed with the vacuum pump. CH4 gas
was filled in the glass bead pack using pump 1 and pressure was gradually
elevated to 45 bar at room temperature (20℃). The NMR and MRI
measurements of CH4 in the cell were then conducted. After this, the compressed
air flow was started and the chiller temperature was decreased to -3 ℃ and then
to -11 ℃, providing nominal sample temperatures of 7.4 ℃ and 3 ℃, respectively.
NMR and MRI measurements of CH4 in the glass beads at 45 bar and 7.4 ℃ and
3 ℃ were then conducted.
The CH4 was released from the cell and the glass bead pack was vacuumed.
Water was fully saturated in the glass bead pack with a pump and the volume of
filled water was recorded as Vpore. NMR and MRI measurements of water in the
cell were conducted at atmospheric pressure and three sample temperatures: 3
℃, 7.4 ℃, and 20 ℃. After this, the pump piston was retracted resulting in a
reduction in the water saturation to 0.48 at atmospheric pressure.
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The CH4 was then gradually filled in the partially water saturated glass bead
pack from the top and pore fluid pressure was increased. More water was
displaced by the CH4 during CH4 filling. The mixture of CH4 gas and H2O liquid
was then measured with NMR and MRI at 45 bar and 60 bar and also at three
sample temperatures: 3 °C, 7.4 °C, and 20 ℃.

4.2.4.2 Measurements of CH4 Hydrate Generation
Figure 4.2 shows the equilibrium pressure and temperature of the CH4
hydrate and CO2 hydrate. The mixture of CH4 and water was under 60 bar and 3
℃ to generate CH4 hydrate and this process was monitored by NMR and MRI for
more than 3 days. No NMR signal reduction was observed, suggesting no hydrate
generation under this p, T condition. The pressure was increased to 80 bar and
the sample temperature was decreased to approximately -5 ℃ to form ice, then
increased to 1 ℃ to melt the ice and trigger the CH4 hydrate generation. When
the NMR signals suggested hydrate generation at 1 ℃ and 80 bar condition, the
sample temperature was increased to 3 ℃ and pressure gradually decreased to
60 bar and then 45 bar. This ‘temperature cycle’ [11, 14] hydrate generation
process was monitored by NMR and MRI measurements.
4.2.4.3 CO2 Injection and CH4-CO2 Hydrate Exchange
After CH4 hydrate generation, the sample temperature was increased from
3 ℃ to 5 ℃ at 45 bar and CO2 injected into the glass beads under this p,T
condition to perform CH4-CO2 hydrate exchange. Such p,T condition is at the
boundary of the CH4 hydrate phase equilibrium (45 bar and 5.4 ℃), as shown in
Figure 4.2, but the dissociation of CH4 hydrate was not observed. When pressure
was kept at 45 bar, the sample temperature was increased to 7.4 ℃ and then to
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9.9 ℃ to perform the CH4-CO2 replacement experiments. All the CO2 flooding and
CH4-CO2 hydrate exchange processes were monitored by NMR and MRI
measurements as listed in Section 4.2.2
4.2.4.4 Hydrate Dissociation
After CH4−CO2 hydrate exchange experiment, the sample temperature was
raised to 15 ℃ and then 20 ℃ at 45 bar to dissociate the hydrate. The sample
pressure was then gradually reduced to an atmospheric pressure at 20 ℃ to
further dissociate the hydrate. The whole hydrate dissociation process was
measured by NMR and MRI.

100

Pressure (bar)

80

60

40

20

0
-5

0

5
10
Temperature ( C)

15

Figure 4.2. Phase equilibrium diagram for CH4 hydrate („), CO2 hydrate (o), and the p,T
conditions (▲) at which CH4-CO2 exchange experiments were performed.
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4.3 Results and Discussion
4.3.1 CH4, Water, and Their Mixture in Glass Bead Pack
Figure 4.3 shows the T1 and T2 relaxation time distributions of methane (Sm
=1, 45 bar), water (Sw =1), partially saturated water with atmosphere air (Sw ≈
0.48), and a mixture of CH4 and water in the glass bead pack at a temperature of
3 ℃. The values of logarithmic means of T1 and T2 are included to calculate the
T1/T2 ratio. The water in the glass beads had two T1 components, with a longer
component at ~798 ms and a shorter one at ~113 ms when Sw =1. Once the water
saturation was reduced to 0.48, the signal intensity of the longer T1 component
decreased significantly such that the longer T1 value reduced from ~798 ms to
~704 ms, while the shorter T1 component was still at ~113 ms. Figure 4.3b shows
the water T2 distributions, which also presented two components, locating at
~547 ms and ~34 ms, respectively, when the value of Sw was 1. The longer T2
relaxation time reduced to ~425 ms, while the shorter one did not change when
Sw decreased to 0.48. For both T1 and T2, the longer and shorter relaxation time
components may be assigned to larger pores and smaller pores in the glass bead
pack. The signal intensity decreases for the longer components for both T1 and T2
suggest that water flowed out from larger pores when water saturation decreased
from 1 to 0.48. Since the glass beads are water wet, it is expected that the residual
water was left both on larger pore surface and in smaller pores when Sw was 0.48.
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Figure 4.3. The NMR T1 and T2 relaxation time distributions of pure methane (Sm =1, 45 bar), pure water
(Sw =1), partially saturated water (Sw ≈ 0.48 with atmosphere air), and a mixture of methane and water in
the glass bead pack. The logarithmic mean of T1 and T2 are shown in the legends. The signal amplitudes
were normalised based on the area under the T2 distribution of water saturated glass beads (Sw =1).

Figure 4.3 shows that the T1 distributions of water and CH4 in the glass
beads overlapped completely, and their T2 distributions also largely overlapped.
For a mixture of CH4 and water (Sm≈ 0.59, Sw≈0.41), three T1 components can be
observed locating at 850, 190, and 44 ms, respectively. For this fluid mixture, T2
distribution had two components, the longer component at 330 ms and a shorter
at 28 ms, and both these two components shifted to the left (relaxation time
decreased) as compared to the T2 distribution of water when Sw was 0.48 (were
425 ms and 34 ms). It is interesting to find that the signal intensity of the shorter
component (~30 ms) was lower for the water and CH4 mixture than for that of
water saturated glass beads. This might be due to a portion of water in the smaller
pores being replaced with CH4, although most CH4 gas occupied the centre of
larger pores.
Although it does not seem possible to distinguish water and methane from
T1 and T2 relaxation distributions, the T1/T2 ratio can provide a qualitatively
determination of the relative contributions of water and methane to the NMR
signals. For water in the glass beads, the T1/T2 ratios were 1.4 and 1.5, when the
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value of Sw was 1 and 0.48, respectively. These two T1/T2 ratio values are very
broadly consistent with commonly reported values, 1-2, for water in glass beads
[15, 16]. However, for methane gas, the T1/T2 ratio is 5.2 which is much higher
than that of water. The higher T1/T2 ratio for methane in porous media has been
attributed to the T2 signal diffusion attenuation due to the comparatively much
larger gas diffusion coefficient [17]. In this work, we will use T1/T2 ratios to
qualitatively analyse liquid water and methane gas, which may coexist with
hydrate in porous media during hydrate generation, CO2-CH4 hydrate exchange,
and hydrate dissociation processes.
4.3.2 CH4 Hydrate Generation
4.3.2.1 Phase Quantification
A ‘temperature-cycled’ method [11, 14] was employed to generate CH4
hydrate starting from the mixture of water and CH4 in the glass bead pack. Figure
4.4a shows that the sample pressure was increased from 60 to 80 bar and
temperature was decreased from 3 ℃ to -5 ℃ starting at 0 hour to form ice, and
then increased to approximately 1 ℃ to trigger hydrate generation. Figure 4.4b
shows NMR signal intensity (mean of FID, CPMG, and SPRITE MRI signal
intensities) which has been normalised by the signal intensity of fully saturated
water in the glass bead pack. The saturations of each phase (Sphase, liquid water –
Sw, CH4 gas – Sm, and CH4 hydrate – Smh) and the corresponding numbers of
moles (n), calculated with Eqns 4.4 – 4. 6, are shown in Figure 4.4c and 4.4d. The
NMR signal intensity was constant at 0.42 (before 0 hour) and then rapidly
decreased to approximately 0.19 when liquid water froze, which was NMR
invisible in this work. Increasing the temperature above the water freezing point
to 1 ℃ melted ice and lifted up the NMR signal intensity to about 0.32. The signal
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intensity, however, began to rapidly decrease from 0.32 at 9.59 hour to about 0.12
at 36.5 hour even though the sample temperature was maintained at 1 ℃,
indicating CH4 hydrate had commenced to generate.

Figure 4.4. During CH4 hydrate generation with a ‘temperature cycled method’, (a) sample
pressure and nominal sample temperature, (b) variation of NMR signal intensity (mean of
FID, CPMG, and SPRITE signal intensities, normalised to the signal intensity for the fully
saturated water in glass bead pack), (c) saturations of three phases (liquid water - Sw, CH4
gas - Sm, CH4 hydrate - Smh), (d) number of moles (n) of these three phases, and (e) NMR
relaxation times (T1LM, T2LM) and the ratio of T1LM to T2LM. No data shown in some time
intervals such as 84 hour to 98 hour due to NMR diffusion measurements during these
periods.
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Figure 4.4c shows that the estimated phase saturations were Sw ≈ 0.21, Sm ≈
0.68, and Smh ≈ 0.11, respectively, at 9.59 hour. The values of Sw and Sm decreased
to 0.01 and 0.63, respectively, but Smh increased to 0.36 during CH4 hydrate
generation (see data between 50 and 70 hour). Correspondingly, the numbers of
moles of liquid water (nw), CH4 gas (nm) and CH4 hydrate (nmh), changed from
0.220, 0.054, and 0.015 moles, at 9.59 hour, to 0.011, 0.049, and 0.050 moles at
70 hour, respectively (Figure 4.4d).
When sample pressure decreased from 80 bar to 60 bar at a constant
temperature of 3 ℃ at about 72 hour, an NMR signal intensity decreased from
0.11 to 0.08. The saturations of the three phases did not change but nm dropped
from 0.049 to 0.035, indicating the volumes of these three phases did not vary
but the density of CH4 gas decreased during pressure reduction. The NMR signal
intensity, 0.11, and the number of moles of CH4 gas, 0.049, were re-gained when
the pressure returned from 60 to 80 bar at about 81 hour. The observations
during the process of the ‘pressure pulses’ (80 bar to 60 bar then to 80 bar)
mentioned above indicate that the CH4 hydrate had been definitely formed and
was not interfered by the quick 20 bar pressure reduction (60 vs. 80 bar).
The sample pressure was again reduced to 60 bar and then 45 bar because
the following CO2-CH4 hydrate exchange experiment was designed to be
conducted at 45 bar. The NMR signal intensity quickly increased from 0.09 at
122 hour to 0.17 at 125 hour when the sample pressure decreased from 60 bar to
45 bar, suggesting a small portion of CH4 hydrate dissociation. During this threehour period, a small raise of Sw and a small decrease of Smh were observed.
Following this rapid signal raise, the signal intensity started to decrease at 125
hour at a very slow speed at 45 bar and 3 ℃ conditions, until reaching a constant
level of about 0.06 (see data during 200 to 240 hour). This lower signal intensity,
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0.06 compared to values of 0.11 at 80 bar and 0.08 at 60 bar, was due to a lower
CH4 gas density at a lower pressure, 45 bar. At the end of CH4 hydrate generation
(280 hour), the values of the three phase saturations were estimated as Sw ≈ 0.01,
Sm ≈ 0.62 and Smh ≈ 0.37 according to Eq.4.4 to Eq.4.6. These three phase
saturation values were equal to their values when the pressure was 80 bar (70
hour) and 60 bar (77 hour), indicating that the hydrate phase was not
dramatically affected by the pressure decrease from 80 bar to 45 bar. At this
moment, the numbers of moles of liquid water and CH4 hydrate were identical
compared to that at 80 bar and 60 bar, but the value of nCH4 decreased to about
0.025 due to a lower density of CH4 gas at 45 bar.
Figure 4.4e shows the log means of NMR T1 and T2 relaxation times (T1LM,
T2LM) and their ratio during the CH4 hydrate generation process. T1LM (~490 ms),
T2LM (~230 ms) and their ratio (~2.1) had been constant for hours before ice
generation starting at 0 hour, suggesting that there was no new phase such as
hydrate generated at 60 bar and 3 ℃ condition. This T1LM/T2LM ratio, 2.1, is
higher than the ratio for the pure water (~1.5) but lower than that for the pure
CH4 (~5.2) in the glass beads because both water and methane contributed to the
NMR signal. The T1LM/T2LM ratio increased from 2.1 before hydrate generation,
to a higher values (e.g., 5.1 at 70 hour and 4.6 at 240 hour) when most water was
converted to hydrate, suggesting relatively high CH4 contribution (relatively low
water contribution) to the 1H NMR signal intensity when hydrate formed. This
conclusion is consistent with the relative amounts of CH4 and water in glass bead
pack as shown in Figure 4.4d before and after hydrate generation. The two
methods to determine the relative contributions of CH4 and water to the 1H NMR
signals (one based on Eq. 4.4 to Eq. 4.6, and the other based on the T1LM/T2LM
ratio) are independent. The pore scale occupations of different phases (water,
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CH4, and CH4 hydrate) during hydrate generation process can be evaluated using
the NMR relaxation time distribution. This is addressed in the following section.

4.3.2.2 Pore Scale Phase (Fluids and Hydrate) Behaviours
It is pertinent to mention that the relaxation time constants, T1 and T2, are
sensitive to temperature changes due to the Boltzmann effect. This effect was
appropriately corrected for using Eq. 2.6 with respect to the acquired raw data
and thus the relaxation data are corrected for any such sources of error.
Figure 4.5 shows some sample data of the T2 distributions during the CH4
hydrate generation from a mixture of CH4 and water. The time data presented in
the legends of Figure 4.5 correspond to the x-axis data of Figure 4.4. Figure 4.5a
shows that for water and gas mixture at 80 bar and 3 ℃ (0 hour) in the glass
beads, two T2 populations, at 352 ms and 32 ms, were observed. As water was the
wetting phase and water significantly dominated the NMR signal compared to
methane, the longer and shorter T2 populations may be assigned to fluids in larger
and smaller pores, respectively. When the temperature decreased to form ice, the
amplitude of the T2 distribution declined as liquid water saturation decreased and
ice was NMR invisible. Although a decrease of NMR relaxation time is expected
when ice filled the pore space decreasing the pore size, the observation is that the
longer T2 component relaxation time increased from 399 ms (0 hour) to 453 ms
at 8.2 hour (80 bar, -5 ℃). This might be related to a smaller surface relaxivity
of ice than that of glass beads. When the sample temperature began to increase
from -5 ℃ to 1 ℃ at about 8.77 hour to melt ice, an increase of signal amplitude
was observed over the whole range of T2 distribution (10 ms to 1.5 s), but the T2
relaxation time (x-axis) seems to change little at 9.7 hour.

Abraham Rojas Zuniga
The University of Western Australia

102

Chapter 4

Results and Discussion

Figure 4.5b shows that during CH4 hydrate generation at 80 bar and 1 °C,
the amplitude of the longer T2 component (>150 ms) quickly decreased but the
amplitude of the shorter T2 component (< 150 ms) varied little from 9.7 to 27.0
hours, suggesting that the gas hydrate commenced to generate in larger pores,
which is consistent with previous studies in literature [3, 18, 19].
Figure 4.5c show that after 27.0 hour, the longer T2 relaxation time
component gradually reduced from ~547 ms to ~352 ms at 46.2 hour while the
signal amplitude did not change. The amplitude of the shorter T2 component had
started a continuous decline from 27.0 hour to 46.2 hour and the relaxation time
gradually decreased as well (peak shifted to left) from ~60 ms to 21 ms. This
shorter T2 component change suggests that the hydrate also formed in smaller
pores after generating in larger pores in the glass bead pack.
After generating CH4 hydrate at 80 bar and 1 ℃ condition, the temperature
was increased to 3 ℃ and pressure was gradually decreased to 45 bar as this was
the designed p,T condition for the following CH4-CO2 hydrate exchange
experiments. Figure 4.5d shows the amplitude of the T2 distribution decreased
when the pressure reduced from 80 to 60 bar which can be attributed to a fact
that the CH4 density was 67.5 and 48.3 kg m-3, at 80 bar and 60 bar (at 3 ℃)
respectively. When the pressure decreased to 45 bar, the signal amplitude firstly
increased (124.10 hour) and then decreased (241.8 hour) to a level lower than that
at the 60 bar condition. This may be assigned to instant hydrate dissociation and
re-generation and a lower CH4 density at 45 bar pressure than at 60 bar, as
discussed above for Figure 4.4b. At the end of the CH4 hydrate generation (241.8
hour) at 45 bar and 3 ℃, a unimodal T2 population was observed at ~154 ms. For
comparison, Figure 4.3b shows that for the pure methane in the glass beads (Sm
=1) at 45 bar and 3 ℃, the T2 relaxation time peaked at 146 ms. Figure 4.4c and
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4.4d show that the liquid water amount was very low at the end of hydrate
generation period (Sw ≈ 0.01 but Sm ≈ 0.62). Therefore, the T2 signal is dominated
by the 1H in the CH4 gas after hydrate generation at 241.8 hour. The diffusion
results detailed in Figure 4.14 confirmed the CH4 gas dominated NMR signal.
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Figure 4.5. T2 relaxation time distribution during CH4 hydrate generation with a
‘temperature cycled’ method, (a) temperature decreased to -5 ℃ to form ice and then
increased to 1 ℃ to melt ice, (b) 9.73 to 27.03 hour at 80 bar and 1 ℃, (c) 27.03 to 46.24 hour
at 80 bar and 1 ℃, (d) 46.24 to 71.22 hour at 80 bar with temperature increased to 3 ℃ and
pressure reduced to 45 bar. The amplitude (y-axis) is normalised based on the signal
intensity of fully water saturated glass bead pack.

4.3.2.3 Spatially Resolved Phase Distribution along The Glass Beads
Figure 4.6 shows a few samples of the spatially resolved MRI profiles of the
fluids (liquid water and CH4 gas) in the glass beads during CH4 hydrate
generation. Before hydrate generation at 0 hour, a higher signal amplitude was
observed for the bottom section compared to the top section of the glass bead
pack because higher water quantity was present at the bottom due to gravity. The
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signal amplitude decreased faster at the bottom section compared to the top
section during both ice generation (2.0 vs. 8.1 hour) and hydrate generation (9.64
hour). The profiles show homogenous signal distribution when hydrate had been
generated (78.8 hour to 241.7 hour), indicating higher hydrate saturation at the
bottom section than in the top section.

Figure 4.6. Sample data showing 1D SPRITE MRI profiles along the glass bead pack during
‘temperature cycled’ hydrate generation. The amplitude (y-axis) has been normalised based
on the signal intensity of fully water saturated glass bead pack.
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4.3.3 CH4−CO2 Hydrate Exchange
4.3.3.1 Phase Quantification
The CO2 injection into the hydrate cell commenced at 45 bar and 3 ℃, but
the hydrate blocked the inlet pipeline, hence the temperature was raised to 5 ℃
for the CO2-CH4 hydrate exchange experiments. After CO2 injection at 45 bar and
5 ℃, the pressure was kept constant while the temperature was increased to 7.4
℃, and then to 9.9 ℃ to examine the influence of temperature on the CO2−CH4
hydrate exchanges. Figure 4.2 shows that the equilibrium temperatures were 5.4
°C and 10.2 °C, respectively, at 45 bar for bulk CH4 hydrate and bulk CO2 hydrate
[20]. Therefore, the first CO2 flooding process at 45 bar and 5 ℃ was conducted
in the bulk CH4 hydrate equilibrium region while the second and third CO2
flooding processes were undertaken outside the CH4 hydrate equilibrium region
but still inside the bulk CO2 hydrate equilibrium region.
Figure 4.7 shows the NMR signal intensity, the T1LM, T2LM, and T1LM to T2LM
ratio, as well as the fluid volumes in the pumps during CO2 flooding to replace
CH4 in the hydrate. The signal intensity was normalised based on the signal
intensity of fully water saturated glass bead pack. Before CO2 injection, the signal
intensity was almost constant at 0.064 which was equal to the value at the end of
CH4 hydrate generation (Figure 4.4b), although the temperature was raised from
3 ℃ to 5 ℃, demonstrating this temperature increase did not dissociate the CH4
hydrate. Before CO2 injection, the values of T1LM and T2LM were stable at ~620 ms
and ~150 ms, respectively, so was their ratio at ~4.1. The high T1LM/T2LM ratio,
4.1, indicates the CH4 gas dominated NMR signal before CO2 flooding.
Figure 4.7b shows that when CO2 flooding commenced, the signal intensity
rapidly decreased from 0.06 to 0.02 in the first six hours due to the displacement
of free CH4 gas in the glass beads. At the same time, the T1LM slightly decreased
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while the T2LM slightly increased, rendering a smaller ratio, ~2.7, compared to a
previous value 4.1, qualitatively suggesting a lower CH4 gas contribution to the
NMR signal as compared to that before CO2 flooding (Figure 4.7c). The CO2
flooding continued at 45 bar and 5 ℃ and the NMR signal intensity was in a quasistable level at about 0.017 to 0.019 from 6 hour to 85 hour. The NMR diffusion
measurements were conducted when the sample was at a stable state (85.0 to
114.8 hour), and then the temperature was raised to the CH4 hydrate dissociation
level, 7.4 ℃, in order to thermally stimulate the CO2−CH4 exchange (114.8 to
247.1 hour). When the temperature was 7.4 ℃, it is found that the NMR signal
intensity slightly increased from ~0.017 to ~0.022, the T1LM decreased, the T2LM
firstly slightly decreased and then slightly increased, the T1LM to T2LM ratio
decreased from ~2.1 to ~1. The dissociation of CH4 hydrate at 45 bar and 7.4 ℃
is expected because this p,T condition is below the CH4 hydration
generation/dissociation boundary (Figure 4.3). After temperature was increased
to 9.9 ℃, the signal intensity significantly increased from ~0.022 to ~0.055 (216.2
hour to 339 hour) with a few fluctuations, indicating more water and/or more
CH4 gas was released from the hydrate. The signal intensity fluctuations may
suggest complex phase transitions such as a temporary hydrate dissociation and
re-generation. When the temperature was 9.9 ℃ after 251.9 hour, both the T1LM
and T2LM firstly decreased before 256 hour and then kept quasi-constant, and the
T1LM to T2LM ratio changed to ~1.8 at 339.0 hour. This ratio value is slightly higher
than that for pure water, ~1.5, and much lower than that for CH4, ~5.2, suggesting
water dominated NMR signal in the glass bead pack at this moment; this
suggestion is demonstrated by the diffusion measurement result (Figure 4.14g
shows that the water contributed to ~95% of the NMR signal while CH4 gas ~4%)
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Figure 4.7d shows the accumulated volume of CO2 (Vinjecting) flowing out
from the injecting pump to the hydrate cell and the accumulated volume of
effluent (Vreceiving) received by the other pump. The difference (dV) between
Vinjecting and Vreceiving is shown. The value of dV quickly increased to 95 ml in the
first 32.8 hours when the CO2 flooding started, indicating a large amount of CO2
residing in the glass bead pack in the cell. As the CO2 injecting pump was at 20
℃, the CO2 (~45 bar) in the pump was a gas phase with a density of 116.88 kg m3,

while the CO2 in the hydrate cell (~45 bar, 5.0 ℃) was at liquid phase with a

density, 902.10 kg m-3 [21]. Therefore, the residence of CO2 in the hydrate cell is
correlated to CO2 phase transition from gas to liquid. However, calculation shows
that the mass of the liquid CO2 in the cell is approximately 10.35 grams but the
mass of CO2 gas corresponding to a dV value of 95 ml is about 11.10 grams.
Therefore, approximately 0.75 g CO2 had reacted with water (liquid water or
water in the previous CH4 hydrate) to generate CO2 hydrate. The sudden decline
of dV at 32.8 hour is related to an instant high quantity of CO2 flowing through
the hydrate cell. At the early period of the CO2 flooding, the injecting pump was
running at a constant flow rate, 0.1 ml min-1, and the receiving pump was running
at a constant 45 bar. The CO2 flowing was temporarily blocked by hydrate in the
pipeline, increasing the pump pressure to ~51 bar. When the hydrate in the
pipeline suddenly decomposed, the high pressure difference between the two
pumps resulted in a suddenly high CO2 flow through the hydrate cell, dissociated
some hydrate and released CO2 to the receiving pump. Figure 4.7b also shows an
instant signal intensity increase from 0.017 to 0.024 which then reduced to 0.017
again (at ~32 hour). The values of dV were nearly constant (with small
fluctuations) when the signal intensity was constant at ~0.017, from 74.9 hour to
~124.7 hour. When the sample temperature increased from 5.0 ℃ to 7.4 ℃, dV
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firstly decreased from 74 ml to 58 ml then raised to ~85 ml, and then almost kept
at this value, suggesting methane was firstly release from the hydrate and then
more CO2 was consumed during CO2 hydrate generation. When the temperature
increased from 7.4 ℃ to 9.9 ℃ (~251 hour), dV rapidly reduced from 81 ml to 40
ml and then increased to ~75 ml at 367.3 hour with a few fluctuations which are
comparable with the signal intensity fluctuations in Figure 4.7b, which also
suggests some gas released from hydrate followed by more CO2 consumption for
more CO2 hydrate generation.
Compared to the previous three phases (liquid water, CH4 gas, and CH4
hydrate) in the glass beads, the phase compositions became more complex after
CO2 flooding. Two additional phases including liquid CO2 and CO2 hydrate might
have been added after CO2 entered the hydrate cell. The possible miscibility
between the liquid CO2 (at 45 bar and 5 ℃) and the CH4 gas released from the
CH4 hydrate can change the CO2/CH4 mixture to gas phase. REFPROP [21] shows
that at 45 bar and 5 ℃, the mixture of CO2 and CH4 is at gas phase when the CO2
mole fraction is 0.91, and the ‘mixture’ shows two phases when the CO2 mole
fraction is 0.92 to 0.98. In this work, it is likely that two phases, CO2 liquid and
CH4 gas, coexisted in the glass beads during CO2-CH4 exchange in the hydrate
because the CH4 may release from hydrate in a very slow rate and the ‘escaped’
CH4 was continuously pushed out of the cell by the CO2 flooding. The mixture or
possible ‘miscibility’ between CH4 hydrate and CO2 hydrate increased the
complexity.
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Figure 4.7. During CO2 flooding to exchange the CH4 in the CH4 hydrate at ~45 bar, (a)
nominal sample temperature (5.0, 7.4, and 9.9 °C), (b) variation of NMR signal intensities
(normalised based on the signal intensity of 100% water in the glass bead pack), (c) NMR
relaxation times, T1LM, T2LM, and the ratio of T1LM to T2LM, (d) volumes of gases flowing from
the injecting pump to the hydrate cell (Injecting) and then from the hydrate cell to the
receiving pump (Receiving). No NMR data shown in some time intervals such as 85 hour to
115 hour due to diffusion measurements being performed during these periods.

Figure 4.8 shows the estimated saturations and numbers of moles of the five
phases estimated based on Eq. 4.4 to Eq. 4.8. After CO2 flooding at 45 bar and 5
℃, the CH4 gas saturation significantly declined as it was displaced by the CO2.
The saturation and number of moles of CO2 liquid in the glass beads were
estimated as 0.53 and 0.203 mol, respectively. The CH4 hydrate saturation
decreased from 0.37 to 0.33 while the CO2 hydrate saturation increased from zero
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to 0.03. Elevating the temperature to 7.4 ℃ and then 9.9 ℃ at 45 bar further
decreased the CH4 hydrate quantity and increased the CO2 hydrate quantity in
the glass beads. The estimated water saturation increased from 0.01 at 5 ℃ to
0.05 at 9.9 ℃. It is noticed that the estimated CH4 hydrate saturation was 0.12
which is much higher than zero even though the CO2 flooding had been conducted
at 9.9 ℃ and 45 bar, this being outside of the CH4 hydrate stability regime (Figure
4.2). This is confirmed by further diffusion measurements after hydrate
dissociation and will be discussed further in Section 4.3.5.
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Figure 4.8. Estimated saturations (S) of phases (H2O, CH4, CO2, CH4 hydrate, and CO2

hydrate) (a), and number of moles (n) of these phases at five experimental stages shown
with arrows.
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Figure 4.9 shows the CH4 recovery from hydrate calculated with Eq. 4.9.
The estimated CH4 recovery was about 10% when the CO2 flooding was conducted
at 5 ℃, and increased to approximately 16% when the temperature was 7.4 ℃.
The CH4 recovery increased significantly to 66% after the CO2-CH4 exchange at
9.9 ℃ and 45 bar. Based on this estimate, there was still 34% CH4 remaining in
the hydrate, due plausibly to the hydrate self-preservation effect which means
that gas hydrate remains even in the unstable p,T equilibrium regime [22, 23].

CH4 recovery (%)

70
60
50
40
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20
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7.4
T ( C)
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Figure 4.9. Estimated CH4 recovery efficiency from hydrate from CO2 exchange at
approximately 45 bar and three temperature conditions.

4.3.3.2 Pore Scale Phase Behaviours
Figure 4.10 shows the T2 relaxation time distributions during CO2-CH4
exchange. Figure 4.10a shows the free CH4 gas in the glass beads which was
displaced by CO2 before CO2-CH4 hydrate exchange, resulting in decreased signal
amplitudes, and simultaneously, the unimodal T2 distribution peaked at 155 ms
changed to a bimodal T2 distribution with a longer and a shorter T2 components
locating at 310 and 36 ms, respectively (5.29 hour). It is not straightforward to
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accurately assign these two T2 populations to water or CH4 gas as their T2
relaxation lifetimes overlap. Presumably, both longer and shorter T2 populations
were contributed to by both water and CH4 because the current T2 distribution is
comparable with that of the water and CH4 mixture (Figure 4.3b, T2 peaked at 310
ms and 28 ms, respectively).
The CO2 flooding continued at 45 bar and 5 °C for the CO2-CH4 hydrate
exchange in the glass bead pack. Figure 4.10b shows that from 5.29 to 26.45 hour,
the signal amplitude corresponding to T2 ranging from 36 ms to 310 ms decreased
significantly, while the amplitudes correspondingly to T2 less than 36 ms and
more than 310 ms changed little. At 26.45 hour, the longer T2 peak increased
from 310 ms to 399 ms but the shorter T2 peak was still at 36 ms. These new T2
components are comparable with that of partial water in glass beads (Sw = 0.48,
T2 were 425 ms and 38 ms, respectively, as shown in Figure 4.3b), suggesting that
the longer and shorter T2 components may be correlated with water in larger and
smaller pores, respectively. After 26.45 hour, little variations were found for the
longer T2 component at 399 ms. For the shorter T2 component (~36 ms), it
appears that its amplitude decreased gradually from 26.45 hour to 124.70 hour,
which may advise that a little more liquid water in smaller pores were changed to
CO2 hydrate. When the sample temperature increased from 5 ℃ to 7.4 ℃ (Figure
4.10c) for a continuous CO2 flooding process, the longer and shorter T2
component relaxation times did not change, keeping constant at ~399 ms and
~36 ms, respectively, and the amplitudes of these two T2 components changed to
a very minor degree. This almost constant T2 relaxation indicates that there were
very minor NMR visible phase changes in the pore scale in the glass beads even
at 45 bar and 7.4 ℃ which is outside the CH4 hydrate stable zone. An amount of
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CH4 hydrate remained in pores due possibly to the hydrate ‘self-preservation
effect’ [22, 23].
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Figure 4.10. Sample data showing T2 relaxation time distributions during CO2 flooding to
exchange CH4 at approximately 45 bar and 5.0 °C, 7.4 °C, and 9.9 °C. (a) A unimodal T2
distribution changed to a bimodal mode with a longer and a shorter T2 components at 311
and 36 ms, respectively (5.29 hour). Its amplitude declined significantly due to the
displacement of free CH4 gas in the glass beads. (b) Longest T2 relaxation time increase from
310 to 299 ms before 26.45 hour, and after this moment, little T2 distribution changes were
observed, (c) temperature was increased to 7.4 ℃ with no obvious T2 distribution changes,
and (d) temperature was increased to 9.9 ℃, the amplitudes of the T2 components (roughly
<400 ms) increased with a few fluctuations and a bimodal T2 distribution changed to a
unimodal distribution.
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Figure 4.10d shows that when the sample temperature increased from 7.4
℃ to 9.9 ℃, significant T2 distribution changes were observed. The amplitude of
the T2 distribution increased, which may be related to an increment water
saturation from ~0.02 to ~0.05 (Figure 4.8).

In addition, the bimodal T2

distribution gradually changed to a unimodal with a wider (not shaped) peak at
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146 ms when the time was 314.65 hour, indicating that the solid hydrates may
have changed the pore size populations in the glass beads. Another possible
reason for this T2 distribution change may be correlated to a possible variation of
the surface relaxivity (ρ2 in Eq. 4.2) for glass beads as compared to that for the
mixture of glass beads and hydrates. However, it appears no data about the
hydrate surface relaxivity available in literature. No change was observed for the
T2 components approximately ranging from 500 ms to 1100 ms, suggesting a
small amount of water in the glass beads might be still in its intact state during
the whole CO2 flooding and CO2-CH4 hydrate exchange process.
4.3.4 Hydrate Dissociation
After CH4-CO2 hydrate exchange at 45 bar and 9.9 ℃, the sample
temperature was raised to 15 ℃ and then 20 ℃ at 45 bar to dissociate the hydrate.
After thermal dissociation, a new CO2 flooding was conducted at 20 ℃ and 45 bar
to displace possible remaining CH4 gas, as suggested by a diffusion measurement
(detailed in Figure 4.14), and then the sample pressure was gradually reduced to
an atmospheric pressure to further dissociate the hydrate. Figure 4.11 shows the
NMR signal intensity and log mean of relaxation times (T1LM, T2LM) during the
hydrate dissociation process. The signal intensity rapidly increased from 0.058
to 0.376 which is less than the intensity, 0.424, before CH4 hydrate generation
(Figure 4.4b), when the sample temperature increased to 15 ℃, indicating water
was released from hydrate. Little variation for the signal intensity was observed
when sample temperature was increased from 15 to 20 ℃ at 45 bar. At the same
period, both T1LM and T2LM quickly increased, as more liquid water was NMR
visible in the pore space. A high T1LM/T2LM ratio, 3.5, was found at 1.32 hour,
which might suggest CH4 gas dominated NMR signal in an instant when CH4 was
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released from the hydrate. The T1LM to T2LM ratio quickly dropped to ~2.4
indicating water dominated signal, presumably due to a fact that the CH4 flowed
out from the cell. During CO2 flooding, the T2LM did not vary but the T1LM firstly
decreased (~73 hour) and then quickly increased to the previous value, rendering
variable T1LM to T2LM ratios. When the system was depressurised to atmospheric
pressure, the signal intensity increased from 0.348 to 0.403, indicating that there
was still remaining hydrate in the glass beads at 45 bar even the temperature had
been at 15 or 20 ℃ for more than 4 days. This remaining hydrate may possibly
be attributed to the hydrate ‘self-preservation effect’ [22, 23]. It is noticed that
the T1LM/T2LM ratio, ~2.8, after thermal and depressurized dissociation, is still
higher than that for the pure water in glass beads, ~1.5 (Figure 4.3), which might
be related to the influence of CO2 on the interaction of water and pores.

Figure 4.11. During thermal stimulated dissociation (9.9 °C to 15.0 °C, 20.0 °C), CO2
flooding at 45 bar and 20 °C, and depressurized dissociation, (a) sample pressure and
temperature, (b) variation of normalized NMR signal intensity, (c) NMR relaxation times
(T1LM, T2LM) and the ratio of T1LM to T2LM.
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Figure 4.12 shows the T2 relaxation time distribution during hydrate
dissociation process. The amplitudes of the T2 distribution increased significantly
and the single T2 component changed to a bimodal T2 distribution during
thermally stimulated dissociation when the water released from hydrate and
further increased with depressurized dissociation, indicating hydrate was
dissociated in both larger pores and smaller pores. After 4.37 hour, it is
interesting to find that the dominated T2 distribution shifted to the left
corresponding to shorter T2 lifetimes (69.93 and 99.30 hour). This may be
correlated with the enhanced T2 surface relaxivity from hydrate relative to glass
beads. Depressurization from 45 bar to 0 bar at 20 °C (99.30 hour to 133.89 hour)
increased the T2 signal amplitude but seems not to change the T2 relaxation time.

Normalized amplitude

0.02
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2.43 h, 14.3 °C, 45 bar
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Figure 4.12. Sample data showing the T2 relaxation times during thermal stimulated
dissociation (9.9 °C to 15.0 °C, 20.0 °C), during CO2 flooding at 45 bar and 20 °C, and during
depressurized dissociation. The T2 signal amplitude increased significantly and bimodal T2
distributions were observed during hydrate dissociation.

The 1D MRI measurements were conducted to monitor the hydrate
dissociation process and the result is shown in Figure 4.13. Fluid distribution
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along the glass bead pack was homogeneous before dissociation (0 hour, 9.9 ℃,
45 bar) and a higher signal intensity was observed at the bottom section after
dissociation relating to a higher water saturation due to gravity effect. The
amplitude for the position 2 to 5 cm was constant at approximately 0.46 from
4.05 hour to 98.97 hour when the pressure was kept at 45 bar but temperature
increased from 15 ℃ to 20 ℃. The signal intensity for this section commenced to
increase during depressurization (115.32 hour to 133.57 hour). This indicates that
the remaining hydrate at 45 bar and 20 ℃ was located at the bottom section,
which had higher hydrate saturation before dissociation compared to the top
section.
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2.11 h, 13.9 °C, 45 bar
69.60 h, 15.0 °C, 45 bar
115.32 h, 20.0 °C, 12 bar
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Figure 4.13. Sample data showing the 1D SPRITE profiles during thermal stimulated
dissociation (9.9 °C to 15.0 °C, 20.0 °C), during CO2 flooding at 45 bar and 20 °C, and during
further depressurized dissociation.

4.3.5 Diffusion measurements
As the relaxation time times of water and CH4 gas largely overlapped in the
porous media (glass beads and solid hydrate), the fluid molecular diffusion
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measurements were undertaken to distinguish these two phases. Figure 4.14
shows the diffusion measurement signal attenuation in the glass bead pack at
nine phase states. The values of diffusion coefficients (D) based on exponential
fitting of the experimental data are shown. The diffusion coefficient of pure
methane at 45 bar is determined as 2.26×10-7 m2 s-1 and the value for water in the
glass beads is 1.26×10-9 m2 s-1 which is two orders of magnitude lower than
methane. Figure 4.14c shows that the diffusion measurement can completely
distinguish liquid water and CH4 gas and the double diffusion components,
2.10×10-7 and 1.71×10-9 m2 s-1, are comparable with the results in Figure 4.14a and
4.14b. After CH4 hydrate generation (Figure 4.14d), the diffusion result was
2.28×10-7 m2 s-1 and 1.76×10-9 m2 s-1 and the CH4 fast component dominated the
signal intensity (0.82 vs 0.14). This is consistent with the results shown in Figure
4.14c, and 4.14d. After CO2 flooding at 45 bar and three temperatures (Figure
4.14e, 4.14f and 4.14g), the diffusion results appear to be complex due partially to
the low SNR of the measurements. However, multiple diffusion components can
still be observed and the slower component and faster component were
presumably assigned to liquid water and CH4 gas, respectively. The faster
diffusion coefficients, 3.14×10-8, 3.02×10-8, and 1.85×10-8 m2 s-1, are lower by an
order of magnitude as compared to the value of 10-7 m2 s-1, suggesting that CH4
gas diffusion was restricted in the porous media (including glass beads and solid
hydrate). Figure 4.14h shows that after sample temperature increased to 20 ℃ at
45 bar for more than 3 days, a fast diffusion component is observed, 2.09×10-7 m2
s-1, suggesting a possibility that there was CH4 hydrate remaining at 20 ℃. This
suggestion is consistent with the observation in the profiles (in Figure 4.13). This
faster diffusion component disappeared after CO2 flooding at 45 bar and 20 ℃
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and depressurization, providing a single diffusion component, 2.14×10-9 m2 s-1,
which may be assigned to water in the glass bead pack (Figure 4.14i).

Figure 4.14. Diffusion measurement signal attenuation of fluids in the glass bead pack (a)
methane (Sm = 1) at 45 bar and 7.4 °C, (b) Water (Sw ≈ 0.42) at an atmospheric pressure and
7.4 °C, (c) Water (Sw ≈ 0.41) and methane (Sm ≈ 0.59) at 45 bar and 20 °C, (d) Water (Sw ≈
0.01), methane, (Sm ≈ 0.62 ), and methane hydrate (Smh ≈ 0.37) at 45 bar and 5 °C, (e) After
CO2 flooding at 45 bar and 5.0 °C, (f) After CO2 flooding at 45 bar and 7.4 °C, (g) After CO2
flooding at 45 bar and 9.9 °C, (h) After sample temperature increased to 20 °C at 45 bar, (i)
After CO2 flooding at 45 bar and 20 °C and then decreasing of pressure to an atmospheric
pressure. The values of diffusion coefficients (D) are shown with a unit of m2 s-1 and the
values in the brackets show the relative weights of multiple diffusion populations.
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4.4 Conclusions
A variety of NMR and MRI measurements were conducted to monitor the
CH4 hydrate generation, CH4-CO2 hydrate exchange, and hydrate dissociation
processes. A newly designed NMR compatible hydrate cell was used to
accommodate the hydrate samples. The quantities (saturation, number of moles)
of all phases (liquid water, CH4 gas, CH4 hydrate, CO2 liquid, and CO2 hydrate)
were estimated based on the NMR and MRI results.

The results of NMR

relaxation times suggest the hydrate firstly generated in larger pores then in
smaller pores. The estimated CH4 recovery from hydrate was 66%, potentially
34% CH4 remained in the hydrate, even though the sample was at 9.9 ℃ and 45
bar condition, due possibly to the hydrate preservation effect. Thermal
stimulation at 45 bar and 20 ℃ did not completely dissociate hydrate in porous
media. Depressurization fully dissociated the remaining hydrate after thermal
stimulation
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Chapter 5
CONCLUSIONS AND FUTURE WORK
The work presented in this thesis was primarily aimed at implementing
NMR and MRI techniques to investigate the production of CH4 from hydrate
deposits through molecular replacement with CO2. These non-invasive methods
were exploited during this research project to uniquely monitor and visualise
hydrate formation/dissociation processes, as well as controlled CO2 replacement
reactions. In this chapter, a summary of key findings stemming from this project
is presented, followed by recommendations for future work as a continuation of
this project.

5.1 Concluding remarks
Gas hydrate research has continued to be an area of increasing interest due
to its importance in diverse scientific and industrial contexts such as flow
assurance for the oil and gas industry, applications in sustainable technologies
(e.g., gas storage, gas separation and water desalination), and as a prospective
natural gas resource. The latter was the central focus in this research project. As
discussed in Chapter 1, CH4 trapped in ocean and arctic sediment as hydrates
represents an immense energy source, and a significant fraction of this may be
producible. With regards to its magnitude, it is estimated that recoverable
resources from NGH deposits would readily overtake that contained in
conventional and unconventional natural gas resources at present. Even though
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the viable development of NGH reservoirs is technically and economically
challenging, as technology and research advance with time, the accessibility and
profitability of such resources are anticipated to increase.

The CH4−CO2 exchange production method is highly attractive from an
environmental perspective. The replacement reaction between CH4 and CO2
involves the storage of CO2 in the pre-existing structure of CH4 hydrates.
Furthermore, this approach may also prevent geomechanical instability, a critical
safety concern in gas hydrate production. Nevertheless, the mass-transfer
limitations in the exchange method, which are in turn associated with the
diffusion of injected CO2 through the hydrate-bearing layers, result in insufficient
CH4 production rates. To overcome such constraints, a comprehensive evaluation
of the mass and heat transfer processes occurring throughout the molecular
exchange reaction is required, in which a range of properties of the host porous
medium (e.g., porosity, permeability, grain size distribution, wettability) must
also be correlated. Thereby, it will be possible to examine different methods and
conditions that optimise both CH4 extraction and CO2 capture.

NMR-based techniques, such as (NMR) spectroscopy and MRI, have been
frequently employed to non-invasively study CH4−CO2 replacement experiments
in the laboratory, providing quantitative data on phase concentrations and visual
evidence of the hydrate conversion process, respectively. In this work, we focused
on utilising NMR and MRI techniques at low static magnetic field. As detailed in
Chapter 2, relaxation time measurements (T1 and T2) are sensitive to the local
physical environment of target nuclei. Hence, they can provide an insight into
microstructures of host porous media, being thus convenient for analysing
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hydrate-bearing sediment systems. For this work, T2 relaxation time
measurements permitted the interrogation of pores sizes occupied by
unconverted water in our experiments with gas hydrates. As far as MRI is
concerned, 1D SPRITE MRI measurements enable visualisation of the temporal
evolution of fluid saturation profiles in the porous media. These were of
importance to spatially resolve the water content in the sample during both
hydrate formation/dissociation processes and the CO2 replacement experiment.
A fundamental part of this study was the design and construction of a novel
NMR-compatible hydrate sample holder. As detailed in Chapter 3, finite element
modelling was required to thoroughly interrogate both the mechanical integrity
and thermal response of the holder, which were both found to be satisfactory in
withstanding the pressure-temperature conditions relevant to gas hydrate
systems. An important characteristic of this holder design is a centralised cooling
channel, whereby the sample is thermally stimulated without affecting the
operating magnet’s temperature. With the adaptation of a low-field NMR
spectrometer with this new holder, it was possible to uniquely monitor and
visualise hydrate formation/dissociation processes in a partially saturated
sample (glass beads). The selected hydrate formers for these experiments were a
CH4 / C2H6 mixture and CO2; in both, similar hydrate saturations were achieved
at around 50%. Moreover, hydrate formation rates were broadly consistent with
earlier studies that used analogous porous media and relatively similar pressure
and temperature conditions. From these results, the functionality of NMRsample holder was therefore validated.
The realisation of experiments focused on CH4 hydrates generation in a
simple porous system (glass beads), and their production by CO2 replacement
were described in Chapter 4. Here, the designed sample holder for this project
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enabled accommodation of the required pressure-temperature conditions, whilst
a range of NMR and MRI methodologies were employed to monitor the processes
of CH4 hydrate formation, CH4−CO2 replacement, and hydrate dissociation. To
stimulate CH4 hydrate growth, a temperature cycled method was executed during
which the sample temperature was manipulated in a range from -5 °C to 3 °C.
Pressure modifications, ranging from 45 bar to 80 bar, were also necessitated to
enhance hydrate stability. Thereby, the resultant CH4 hydrate phase occupied
approximately 37% of the porous space in the sample.

Subsequently, the molecular replacement of CH4 with CO2 was undertaken,
requiring more than 350 hours of operation to complete. According to the
thermodynamic conditions in our system, at least five different phases should
have coexisted during the exchange process, such as liquid water, liquid CO2,
gaseous CH4, CO2 hydrate, and CH4 hydrate. These were determined based on the
observed NMR signal intensity; the occurrence of mixed hydrate shells were
neglected in our calculations. Turning now to the results obtained, the initial CH4
recovery at 5°C was 10%; however, two subsequent thermal stimulations at 7.4°C
and 9.9°C allowed a further recovery of 16% and 66%, respectively. Evidently, the
CH4−CO2 exchange increased as a function of temperature. Due to the selfpreservation effect, a part of the hydrate phase continued to be stable after raising
the sample temperature to 20 °C. Thus, depressurisation was required in order to
fully dissociate the remaining hydrate phase.
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5.2 Future work and Recommendations
This thesis work presents the first steps toward the use of low-field NMR
measurements to further investigate the CO2 replacement method in hydrate
bearing sediments. However, our results were acquired using a spherical glass
ballotini packing, which served as an ideal porous system. A more realistic
approach would be the execution of CH4−CO2 exchange experiments in hydratebearing sand systems. In most of the reviewed literature, such hydrate production
has been experimented with using unconsolidated sands and sandstone cores in
order to mimic in-situ reservoir conditions. For future NMR studies, it will be
necessary to utilise a range of sand-dominated porous media, containing a CH4
hydrate saturation greater than 50% [1].

In addition, the particle size of hydrate-host sediments is typically cited as
one of the main factors affecting the CH4 recovery by CO2 injection. Therefore, it
will be of interest to investigate the underlying reaction kinetics of the CH4−CO2
exchange as function of diverse particle size distributions. In hydrate-bearing
sand reservoirs, the grain size distribution may vary from 50 μm to 1 mm [2]; this
range can initially be considered for further research.

Of significant importance will be the systematic study of the permeability of
hydrate-bearing porous media, and its variation whilst replacing CH4 with CO2.
It is well-known that the spatial distribution of hydrates can alter the pore size,
shape and interconnectivity, and accordingly the permeability of sediments.
NMR methods employed in this project have facilitated a detailed examination of
hydrate phase transitions under pressure- and temperature-controlled
conditions. Further studies should target the utilisation of such estimates in
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numerical models aimed at assessing the relationship between the permeability
evolution and dynamics of naturally occurring hydrates [3] [4].

Much of this thesis has been devoted to investigating the CH4-CO2 exchange
production method via low-field NMR techniques. However, our experimental
apparatus is yet to be optimised to improve its overall performance. The inclusion
of additional technologies such as gas chromatography or Raman spectroscopy
should be considered for future research to evaluate the evolving exit gas
concentration. In this work, NMR measurements together with PVT-data
provided sufficient information for quantifying the mass transfer processes
occurring in our system. However, the effluent stream during the CH4-CO2
exchange must be analysed in detail to accurately determine the mass balance
and CH4 recovery rate.
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