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ABSTRACT

In the last few decades, there has been a great interest in the hydrate refeerenes)y storage and

source purposes. It has been proven that hydrates can contribute to ocean carbon cycling, global climate
change, and coastal sediment stability. TAer@afrost and offshore environmemtsntain @ormous
guantities of methane in therm of gadydratesin addition the natural gas has been recently produced
worldwide including in Alaska, Siberia, Japan, and North West Territories of Canada. Howegas th
hydrates formation may lead to various forms of blockages in oil/gas prowlwid transportation

processes, resulting in high capital and operating costs.

Detailed experimental and modeling investigations of hydrate formation and decompositaasisan

to better understand the mechanisms involved in gas production from Bydiats, it is important to
determine the equilibrium hydraterming conditions so that a systematic parametric sensitivity
analysis is conducted to identify the vital pges and thermodynamic parameters affecting this
occurrence. This project focuses thie hydrate formation/dissociation conditions where equations of
state and molecular dynamic (MD) simulations are used. Giving further information, this study provides
a rdiable model to determine the gas hydrate formation and decomposition conditpure dbinary,

and ternary systems of hydrate gases where the van der Waals Platteuvs miildedd by combining

with extended UNIQUAC model and PEAFT equation of statdn addition MD simulations are
conducted to investigate the microscopic mecmasigshenomena and intermolecular forces involved

in gas (pure and mixture) hydrate decomposition, where the molecular interactions, structures, and
behaviours of hydrate syshs need to be appropriately explored. Through a systematic design of
simulation runs, the impacts of temperature, pressure, cage occupancy, and inhibitors on the hydrate
dissociation are studied. Furthermore, the diffusion coefficient, density, and dpeatitg of gas

hydrates with different structures and compositions of methanarcditixide, propane, and isobutane



are determinedhrough employing MD strategyA very good agreement is noticed between the
modeling results and the experimental datdhabthe value of AADT% for PGAFT equation of state

is lower, compared to the plieus EOS/thermodynamic models. The binary interaction parameters for
different binary components are investigated by using experimental hydrate data, leading to better
outcane compared with results obtained through fitting the VLE déta.trend of the ha capacity

and density of methane hydrate obtained from the MD simulations shows a good matfitie veitth

data. The hydrate decompositiois not achievedat the equilibrium temperature at 100% cage
occupancy; however, the decomposition of the methadeatey lattice isobservedwhen the cage
occupancy reduces from 100% to 87.5% or 75% because of low stability and high diffusion coefficient
of the methane olecules at low cage occupancies where the temperature and pressure are constant.
The lattice paranter for the methane/water and methane/isobutane systems is calculated at a variety of
pressures and temperatures. A good agreement between the expedatardad simulation results is
noticed. The relative importance of inhibitors in terms of gas hgddacomposition duration is
assessed. Based on this criterion, the inhibitors are ordered as follows: methanol > ethanol >glycerol.
The physical propertiesuch as density and lattice parameter for different composiiomethane +

carbon dioxide are oained which are in agreement with thadeterminedby experimental and
theoretical techniqueé.ccording to the MD results, the structure witlethane (25%} carbon dioxide

(75%) composition is almost stable under 300 K at 5 MPa; it means the best i@idigto have a

stable structure is when carbon dioxide and methane molecules are in large and small cavities,
respectivelyMD technique is used to inveagite the bubble formation and evolution of carbon dioxide

and methane after dissociatigdnalysingthe outcome of the present and previous waitks current

study provides new reliable/useful information and data ontlleemodynamic behaviours and

molecular level of the hydrate dissociation processs kxpectedhat such a research investigation



offers effective tips/guidelines to deal with hydrate formation and dissociation in temmifizaition,

prevention, and processing.
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1.CHAPTERE

| ntroduction and Overview



Currenty, gas hydrates have attracted increasing interests due to their high importance and wide
applications in the future energy sources/stofapeas transportatid], gas separatidd], and wate

treament distillation[4]. Beside the considerable benefits of gas hydrates, they might create serious
problems such as blockage and material/mechanical damage to equipment and pipeline systems in the

oil and gas induges|[5].

Gas hydrates, mainly methane hydrates, form valuable and huge gas resources in permateegt and
ocean areadue to the fact at the standard condition, each cubic meter of natural gas hydrate contains
about 160180 cubt meters of n@ral gas[6]. Natural clathrate hydrates are crystalline-like
compounds in which the guest molecubs® trappedn the polyhedral cedl crea¢d within the
hydrogenbonded water framewofi]. The clathrate hydrates cha formedat high pressures and low
temperatures due to the van der Waals intemastbetween #hguest gas molecules and water lattices,
and the hydrogen bonds between water moledélesDue to the size andharacteristicof guest
molecules in the cagedlifferent hydrate structures namedyructure I, structure Il, andstructure H can

be created6]. These three structures differ in the crystalicture interms of the type and number of
cages. The lattice parameter of culticicture | is 12.05, which consists of two smalf(and six large
(5'%6%) cages. The small (ptagonal dodecahedral) and large catetsakaidekahedral) are composed

of 12 pentagoniavater ringsand 12 pentagonal plus two hexagonal faces, respectively.

The variations of temperature and pressure in process equipment especially in pipelinesinaay lea
desirable conditions for formation of clathrate hydrates. Therafaseessentibto propose effective,
safe, and economical operating strategies in the oil and gas processes that may experience hydrate

formation.

In the past decades, several ezsbershave studied natural gas production by methane hydrate

dissociatimm through expemental (and pilot scale) and modelling/simulation investigation$6[3
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There are three major methods to produce natural gas (mainly methane) from gas hydratgs; name
depressurisation, thermal stimulation, and chemical injecfin In most recent studies, the
depressurisation method hdseen recognisedas the most promisgapproach for hydrate
decompositior{8-11]. The hydrate formation or decomposition can be also affected by chemical or
additive injection [18]. Thus, the role of additives in the dissociation acceleration and the formation
inhibition needgo be studiedomprehensivelyA number of stdies (in the pen sources) investigate
important prospects of additives in terms of improving storage capacity [19], dissociation [20], and
formation rate [21] of gas hydrates.

The monitoring and controlling tiydrate formatiomnd/ordecomposition thragh experimentavorks

at various process conditiorare relatively difficult. In recent years, molecular dynamic (MD)
simulations haveeenutilized as a reliable tool to study the struct[&2], nucleation[13], growth[14],
stability [15], and thermodynamic properti¢$6-18] of gas hydratesin the MD simulations, the
movement of each atom a@ndmoleculeis determinedy usingt h e N elaws and thesmpirical
potential functions ae utilized to describe thénteractionsbetween all components in the simulation
box. Recently we prepared a comprehensive revaawhetheory andapplicationsof MD simulations

and different potential functions, whiare usedn the simulationof gas hydrates gsociation[19].

Wan et al [20] employed MD simulations for methane gas hydrate dissociation in the systems that
contained alohol as aradditive In addition Zhang and Pafi14] obtained the dynamic and structural
properties 6the methane hydrates, foxample, mean square displacement, potential energy, density
profile, and radial distribution function (RDFXhang et al.[21] conducted ND simulations to
demonstrate the watemethane structure in the gas hydrate clathrate and to calculate the diffusion
coefficient of water molecules hysing mean square displacement (MS&I30, Sakamaki et a[22]
studied the thermodynamic and mechanical characteristics of methane hydrate sttinetivi®

technique was employed ihdir research study to calculate the interfacial tension within a wide range



of pressure. Thus, it seemsecessary to investigate tidluenceof different additives on methane
hydrate clathrate decomposition. Althoutpe structural and dynamic propestief clathrate hydrase
have been investigated by a number of researaméne past years, the MD sinatilons have not been
used to calculate the thermophysical or physical properties such as density, thermal conductivity, heat
capacity, and viscosity.ne measuremesibf these parameters in gas hydrate systems at pighsure
and low-temperatureconditions are difficult and expensive. Hence, the MD simulations and
thermodynamic models appear to be suitable wayddtarminatiorof the characteristicsf different
hydrate systems. The density of hydnass measurenh some eperimental studieR3, 24] The MD
tools can be used as an appropraiproach taalculate and monitor the density of gas hydrate over
various stages such as formation, nucleation, and decomposition of clathrate hydnedeslition the
heat capacity of methane hydrate at different temperatures and pressures is@péth} forheat loss
calculations, whichs studiedn this research work.

As the first phase in this research work, the hydrate pigsébrium conditions in different systems
are obtained by employing the van der Waals and Platteuw modpeled withthe perturked-chain
statistical associating fluid theorfPG-SAFT) equation of state andniversal quasichemical
(UNIQUAC) model. The equilibrium hydratierming conditions are determined for several pure and
mixtures of gas systems in the ggaceandbr absence ahhibitors under different thermodynamic and
process conditions. The inhibitors studied in this research project include KC}, ®aCll,, NaCl,
glycerol, ethanol, and methanol. The UNIQUAC model is used to calculate theastitgty in the
aqueous phse of alcohols and salts. Also, the optimal interaction parameters for the components in the
aqueous phase are determined to be used in the UNIQUAC model.

In this project, we also perform a series of molecular dynamic (MD) siimngafor gas hgrate
deconposition atdifferent temperatures, pressures, and cage occupariigthermore different

inhibitors such as methanahdglycerolare selecteds a regular additive in this research work as they

4



are common inhibitors in theloand gas transptation anl the gas hydrate exploration. Thus, the

structural and dynamic properties of gas hydratéh inhibitors are also analysedt different

thermodynamic conditions. The mean square displacement, diffusion coefficient, radialtibstr

function as well @ the thermodynamic properti@$ gas hydrate in mixture of carbondioxide,

methane, propane, and isobutane for structure | and Il at various tempeaatipgsssures, in the

presence and absence of inhibitors (methanol, ethamdglycero), are investigated.

The main contributions/phasesthis research project are given below:

The PGSAFT equation of state is used to calculate the gas hydrate formation temperatures.
The UNIQUAC model and association contributeme comhnedfor differert gaseousystems
in the presence oflifferent alcohols (ethanol, methanahd glycerol) and salts (KCI, NaCl,

CaCb, and MgC}).
The binary interactions parametelr two-componentcasesin the UNIQUAC model (U;) is

determined

The structuraland thermodynamic properties (MSD, RDF, diffusion coefficient, and lattice
parameter) of methane gas hydrate in structure | and Il are studied to investigate the stability
and decomposition proceskhyrates.

The density and heat capacity oétlhane hydites at different conditions are calculated using

MD simulations.

The effects of inhibitors on stability and decomposition phenomenon of hydrates are
investigated by comparing the results of casel aiid without inhibitors.

The ranking of vaous inhibibrs (in terms of time and temperature of gas hydrate
decomposition) for mixtures of methane, propane, and isobutane gas hydrate structure 1l is

determined.



- Different compositions of methane and carbon dioxide are tested to find the mostadalde c
at dfferent temperatures. According to the MD results, the structure mathane (25%) +
carbon dioxide (75%) composition is almost stable under 300 K atd& Mkheans the best
configuration to have a stable structure is when carbon dioxidenatithne macules are in
large and small cavities, respectively.
- The physical properties such as density and lattice parameter for different compadition
methane “carbon dioxide are obtainefihe comparison is made between the modeling results
of thiswork and he outcomes of the studies available in the literature
- MD technique isalso employedo investigate the bubble formation and evolution of carbon
dioxide aml methandubblesafter dissociation.
This thesis consists of a series of manuscripiteepublified or under review for publication, as listed
below:
Chapter Two has been published in doernal & PetroleumScience and Engineerinfihe manuscript
provides a systematic literature review on the hydrate dissociation where various processes such as
depressurization, thermal stimulation, inhibitor atien, and gas swapping are discussed. In addition
the reviev work investigates key features of molecular dynamics simulations including main governing
eguations, assumptions, agootential functiongoncerning the decomposition miethane hydrate
Chapter Three has been published in the industrial & Engineering Chemistry Research Journal, ACS
Publications. The PGAFT equation of state is employed to model tiydrate phase in different
systems. The gas hydeaformation conditions are determined for pure gases, sour gases, and different
mixtures of gases in the uninhibited and inhibited systems. Chapter Four has been published in the Fuel
Journal. A series aholecular dynamisimulations for methane hydrate decomposition at different
temperatues, pressures, and cage occupancies are perfoFFugtiermoe, methanols used as an

appropriateadditivein this research work as it is a commbohibitor in oil and gas transportation and


https://www.sciencedirect.com/science/journal/09204105
https://www.sciencedirect.com/topics/engineering/potential-function
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/methane-hydrate
https://www.sciencedirect.com/topics/chemistry/molecular-dynamics
https://www.sciencedirect.com/topics/chemistry/methanol
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/additive
https://www.sciencedirect.com/topics/engineering/inhibitor

gas hydrate exploration. Chapter Five has haanlishedin the Journal of Chemical Engirragg
Research and Desighhe dynamic and structural grerties of mixturesncluding methane, propane,

and isobutane that appear in structure Il of gas hydrates are studied. The impact of three inhibitors
including methanol, ethanol, and glycerol on tleeamposition phenomenon is demonstrated through
employing MD simulationsChapter Six includes a technical manuscript, whigbuislishedn Journal

of Molecular Liquid In this phase of study, we plan to investigate tabibty and dissociation dEHa

and CQ hydrates at dierent compositions and temperatures. In additioa,ptmysical and dynamic
characteristics of the system are calculated. The dynamic behaviorssan@HCQ bubbles after
hydrate decomposition are discusseéthapter Seven contains a summypaconclusions,and

recommendations for future work.
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2. CHAPTER TWO

Literature Review (A Reviewon Simulation of Methane Productionfrom Gas Hydrate

Reservoirs: Molecular Dynamics Prospctive, Published)
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manuscript and subsequently revised the manuscript based onrdhe toh o r s Oas Wiek asthb a ¢ k
comments received frorthe peer reviewprocess. The ecauthor M Enamul Hossainhelped in
reviewing and revising the manuscript. The-author Sohrab Zendehboudcontributed through
providing the manuscr i pt Oparts ofulte manusrgpt, and ®ahmcalnt s
points/critiques on previous works in the related fieRbhrab Zendehboudi also assisted in reviewing

and evising the manuscript.



Abstract

Hydrate reservoirs have steadily emerged as an important contributor gy est@rage. To better
understand the role of hydraieggas production, it is vital to know the challenges related to the hydrate
dissociation. Tanighlight the main technical challenges, further research and engineering investigations
are needed for intactions between the molecules, phase behavioursdetaded mechanisms of
hydrate formation and dissociation. This review paper describes shbydeate reservoirs, hydrate
dissociation, and previous research works related to gas enginddrimgtud briefly presents the key
theoretical concepts andaivbacks of different techniques/kinetics of decompositcamsisting of
depressurising, thermal stimulation, chemical injection, and gas swapping. This will be followed by the
theory on the molecularydamics simulation and its application in variousataposition methods.
Owing to the limitations of existing experimental aheoretical approaches, development of more
accurate theoretical models and equations of state (EOSSs) is inevitable. The malgoataics
simulation strategy has been used asangtresearch tool with adequately small scales in both space
and time. Thepractical implication of molecular dynamics (MD) simulation in hydrate dissociation
methods is illustrated at the end of thigdst for further clarification. The complex naturelgfdrates
clearly implies that new potential functions for current MD toate required to satisfactorily
comprehend the hydrate molecular structure and mechanisms of hydrate decomposition.
Keywords:Methane Hydrate Reservoir, Hydrate Dissociation, Kisetit Decomposition, Molecular

Dynamics Simulation, Potential Function

2.1. Introduction

Sir Humphry Davy discoverethe hydrate in 1810. He observed that a crystalline seéidcreaed by
an aqueous $ation of chlorine when #vascooled. Then, in early 182 John Faradagonductedsome
experimentsthat confirmed theDav y 6 s resul ts. However, it re

enthusiasmuntil Hammerschmiftl] claimedin 1934that hydrates (as theaim reason) areesponsible
10



for obstructionof gas ad oil trangortation inpipdine systems Since thenthe hydrateinhibition
methods have been persistently teskedughvarious research activitidsy scientistsacross the world
[2-8]. In this field ofresearchapart from thgas hydratéormation conditios, the impact®f inhibitors
ontheequilibrium conditions have beevidely studied The soaring cost of hyale inhibition has been

one of thamportantconcernsn thegas and oienergy sectorsince 1970.

Gas hydrates arsolid icelike substances formed from watethen the natural gas €.g., mainly
methane) combirswvith water undehigh-pressurendlow-temperature condition#\s thegas hydrates
containa vast quantity of methanegas and globally occur profoundwater and permafrostreasthey
can provide a viable (and additionalgnergy resourc§9]. Natural gas hydrates (NGHsre non
stoichiometric compoundshich are madef water moleculeat particular thermdynamic conditions,
depemling on the temperature, pressure, and composksxh standardubic meteiof NGH canresult
in approximately 160180 cubic meters of natural gas under normal condifibjs

The best conditionsequired for gas hydrate formation are usually low tempes{s@00 K) and
high pressure(>0.6 MPa)[11, 12]. Hydrate structureare classified intéthreecategoriesdepending
on the size of guest moleculeandtype and number of cawviisthat causewater molecules to change
theirarrangenens. These threeommonstrucures are called structure (typg)LB], structure (type) Il
[14], and structure (type)[H5]. The mostsignificantstructuraldifferences between various classes of
hydrates are summarized inTable 2-1. Theunit cellof structure | hydrates includestwo types of
cavities, namely,two small pentagonalavities known aslodecahedrons 1§, and six larger cavities

which are nametktrakaidecahedron ¥%2) [16].

11



Table 2-1: Parameters of three popular hydrate structures (modified after reference [11]).

Hydrate crystal structure I Il H
Crystal type Cubic Cubic Hexagonal
Spa& group Pm3n (no. 223) Fd3m (no. 227) P6/mmm (no. 191
. U=12 | U=17.3 U=12 .P210.5A
Lattice parameter . . .
U=b=0=91I U= b=2o=" U= b=90 e,
Number of waters per uniell 46 136 34
Cavity Small Large Small Large Small Medium Large
Number of caities per unit cel 2 6 16 8 3 2 1
Average cavity rdius (A) 3.95 4.33 3.91 4.73 3.91 4.06 5.71
Coordination number 20 24 20 28 20 36

Table2-1 demonstratethat the small cavity is approximately spherical, due to a low amount of change
in the radiusof 3.95 and 3.91 A in tymel and Il of hydrats, repectively[11]. The structure | of
hydrateds usuallycreatedby oneguest moleculewsh as carbon dioxidethane, anthethaneA unit

cell of structurell comprisesl36 water maculeswhich include16 small cavities () and 8 lage
cavities (3%6%) [17] . Structure H containsmall, large,and 4£5%3cages. The formation ofrsctureH
hydrates requirestwo molecules; includinga large organic guest molecylich as neohexang and

a help gagsuch asnethane]18]. Figure2-1 displaysthe detailed informatioon the hydrate crystal

cell structureslin all types of hydratesnaximum me guest moleculgenerallycan beresidedin each
cage.Even forseverecases (e.gextremely high presses), there isa possibility of having mulple-

cage occupancies, withcommorsmall guestéike hydrogen afandxenon[11].
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Figure 2-1. Simple schematic of three common unit crystal structures of the gas hydrates (modified after reference [11]).

More than 27 percent of the larelq.,mainly freezing rocg) and @ percat of the sea heethe potential

to contain ga hydrate reservgd9]. Moreover, the changes of pressure and temperature in longer
distance especially in pipelirsgstemsare more favorable conditisfor hydrate formationTherefore,

it is vital to offer an economical, effectiy@and safe operiain in the gas and oil production sites.
Generally, the phase equilibrium of a gas hydrate is investigated thvatighs operational strategies
such as depressurising and thermal stimulafcoordingto this approachthe exploitatiorprocedures
of a gas hydrate can be arranged as depressurisation, thermal stimulation, chemical ,iajedtgas
swapping[20]. Recent studies illustrateat the depressurisation method (when ghessure of the
deposit is decreased to a valower than the dissodian pressure at thdominanttemperature) is
themost pomising technique for hydrate dissociati¢@1-24]. Although the hydrate formatioand
decomposition conditionsave beeninvestigatedby someresearchers at xiaus conditions, further
experimental and theoreticstudies on the hydrate kinetics agals hydrate decompositi@mould be
carried out to understand the phenomenon mechaniSarsinstance, the hydrate formation and

decomposition have been studied éyaarchers to investigateariety of key aspectscduasormation
13



and decomposition kinetics of hydrates in different solutions (e.g., ionic andbmonliquids),
decomposition enthalpies, formation conditions for tldrigerants in agueous sions, gas
consumption in formations, and induction timethe bentonite clay suspension syst¢28s31].

Molecular dynamics(MD) is an interesihg and efficientcomputersimulationmethod A deep
understanding of microscopic ntemisms can be achieved through MD simulatidfid simulation
techniquehas been proven as a powerful researchttoahalyse the behaviour of complex systems so
that t gives information on striigral and dynamical properties at the molecular leltelnvolves
solving the classical equations of motion in the systdid.simulation studies of NGH have evolved
during the past yeaf82-35].

The present work focuses important aspects (e.g., hydrate dissociation, and methane production) of
gas hydrate reservoirs which have been highlighted in the literatureeoeet years. In fadt provides

a brief review of hydrate dissociation under depressurisation, thetmmailation, inhibitor injection,

and gas swapping. In addition, the article investigates the various features of molecular dynamics
simulations inclding main governingquations, assumptions, and potential functions concerning the

decomposition of metime hydrate.

2.2. Gas Hydrate Reservoirs

Global energy demand is continuing to ri3éere has been ancreased interest in hydrates as an
energysource becausegashydratesare moreavailablethan other resources the world and many
governments/countriesn benefifrom them.In addition the production cogor hydrate reservoirs is
only 10'20% more tharthe cost for the standard (conventionadturalgasproduction techologies
[36]. Knowing the fact thatn the late 2% centurythere will bea sharplydecline in hydrocarbon
resourcedecause ofhe humarpopulaton growth, hydrate reservoirseem to be promising energy
resaurcein the nearfuture. Hydrats can be considerecasa huge source of natural gas, because one

cubic fod of solid gashydratescontainsan amount of gas which i$60to 170 timeshigher, ompared
14



to one cubic foobf the corresponding natural gasthe standard conditias [37]. Hence by altering

gas to the hydrate, massivevolume of gascan be storedunder speial temperature and pssure
conditiors[ 3§].

The volume of gas hydrates and typekastic, and petrophysical properties of the sediments/rocks
appear to be vital tdescribe gas hydrate reservdi@$]. Holbrook et al[39] showed that the lower

limit of gas hydrate stality (e.g., bottomsimulating reflector, BSR) is found in about 450 meter below
theseafloor (mbsf). There are diagenetic carbonates as nodules and lamina in upper and lower limits of
the BSR without the maralogical or sedimentological interruption.elmineralogy and composition

of these diagenetic carbonates in equilibrium statelgdheuused to determine the formation conditions

of gas hydrate$4Q]. In the Blake Ridge, the thickness of diagenetic cargosadiments (nodules
or/and laminae) has been reported to be within the rangd@idillimetreq41]. In addition, there are

some small cubic crystals of sulfide components such as pyrite. Pierre et al. utilized scanning electron
microopy (SEM) and transmission electron microscOpM) tests to characterize the crystals of
smear slidef40]. Based on the $s results, they observed that the hexagdnadtsires in the forms of

single, twinned, and aggregated crystals are smaller tmarcrbmeter[40]. Kvenvolden et al[42]
conducted a research work on the oxygen isotopic compositiotie diagenetic carbonates. They
demonstratethat the gas hydrates formation occurs in the BSR upper limit of all sedimentiopsec
According to the geophysical methods, it has been proved that methane hydrates are available
t hroughout -ceahseprimadly dndh@& £ontinental shelvesy(re 22) [43]. Figure 22
demonstrees that the minimum amount of gas hydrate sources (10 kg/m2) is normally found in the
extended border zones. The estimation of global hydrate resources has been pbllisheay

scientist§44-4§].
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Figure 2-2: Global methane hydrate distribution in the ocean, primarily on the continental sfrebdifed after

reference [43]).

According to the literature, the deposits of hydsateboth shale and sand formations have an economic
potential. Although there is a high likelihood of hydrates in the porous systems with high porosity and
permeability,hydrate production in marine aradctic sediments have always attracted attention of
industrial and academic sectors in terms of technical, economic, and environmental pfd8phdats
example, Makogof49] introduced a methodology to calculate the amousubturface gas hydrates.

In another work, Kvenvolden [50] discussed about all estimations of gas hydrate resources. This
research study predicted 21%3Mm° methane in thaydrate sources0- 52]. The maximum amount of

gas hylrates (above 100 kgAris alsolocated in the continental margins of Alaska, P@apan, Chile,
Argentina, Indonesia, Taiwan, and Gulf of Oman (up to 157 kgtored gas hydrat¢%3]. The ga

hydrate reservoirs are considered as a huge energy source, compared to other hydrocarbon reserves
(Figure 2-3) [43]. The gas hydrate inventory varies considerably according to various reports in the

literature; nonetheless, the amount is still very lafgél.
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Figure 2-3: Approximate global gas hydrate index in the marine zones. The relative apptiorinzeges are tagged in

Giga tones Carbon (GtC) (modified after refereft3]).

2.2.1. Classification of Methane Hydrate Reservoirs

There are three main classes of gas hydrate réseriro terms of geological characteristics,
thermodynamic behaviors, and productsirategies (Figure 4)54, 55]. Class 1 reservoirs are made
of a hydratebearing layeand an underlying twphase zone which contains liquid water and gas. Class
1 (Figue 2-4a) reservoirs are also called hydratpped gas reservoifs6]. The hydrate, liquid, rad

gas are in equilibrium.
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Figure 2-4: Classificationof gashydrate reservoirs [55].

This class of reservoirs can be divided into two categories based on the presence of components in the
hydrate zone: hydrate and gas (CatgglG) and hydrate and water (Category 1\&7]. Class 2
reservoirs are composed of a hyddagaring interval with an underlying wateone where the free gas

is abent (Figure2-4b). As all components in hydrate layer have the same temperatureessdep

(i.e., thermodynamic equilibrium conditions) and there is no free gas in theammigonent system,

the amount of produced gas and production rate are very lihwgikind of gas hydrate reservoj&y].

Class 3 includes a single hydrdttearing zone. This type of gas hydrate reservoirs (e.g., Class 2)
experiences the slow piaction rates during the decomposition process as the temperature and pressure

conditons fall in the stability region (Figurg-4c) [5§].
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Among three different decomposition methods, the depressiam is appropriate for all classes of the
hydrate reservoirs as this techniquesisiple, cheap, and fast. The fast alteration of pressure and
temperature might lead to the secondary hydratadtion in gas reservoif$8-60]. Hence, the warm
water injection (e.g., thermal stimulation method) near the well can be efftoietdstroy the new

hydrates (and ice) andver the possibility of well chocking.

2.2.2. Hydrate Decomposition Kinetics

The produton of hydrate methane meankgcomposingmethanehydrate in thereservoirs and
collecting the resultaniethane gasn wells anddownstream facilitiesThe kinetics of hydrate
decomposition has beenvestigated for dew systems. Yiret al [61] discussed about4 different
kinetic modelsf hydrate dissociatiorlhe most important models since 1980smesented in Table
2-2. The modelsare divided into three different types based dime solution method; namely,

analytical, numerical, ahermpirical methodologie$61].

Table 2-2: Summary of ga hydrate dissociation kinetic models.

Researcher . Heat Mass System In_trinsic Poro_us Solution
ransfer Transfer Kinetics Media Method
Ullerich et al[62] a a Hydrate+ Watetr Methane Gas T T Numerical
Kim-Bishnoi[63] T a Hydrate+ Water+ Methane Gas a T Analytical
Holderet al [92] a a Hydrate+ Water+ Methane Gas T T Numerical
Burshears at aJ20] a a HydrateJrE:/r\]/:rt]zr;nl\giﬁtl(;S;rfel\)ﬂetham a T Numerical
SelimSloan[64] a a Hydrate+Water+ Methane Gas T a Analytical
Jamaluddiret al [65] a a Hydrate+ Water+ Methane Gas a T Numerical
Yousifet al [93] a a Hydrate+ Salted Water+ Methane G a a Numerical
Tsypkin[66] a a Hydrate+ Water+ Ice+ Methane Ga T a Analytical
Makogonet al [79] a a Hydrate+ Water+ Methane Gas T a Analytical
Khairkhahet al [67] a a Hydrate+ Water+ Methane Gas a a Numerical
Masudeet al [69] a a Hydrate+ Water+ Methane Gas a a Numerical
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Hydrate+ Water+ Mixture of Methan 5 -

Clarkeet al [69] a a and Ethane) 1 Numerical
Moridis [70] a a Hydrate+ Water+ Methane Gas a a Numerical
Hongetal. [60] a a Hydrate+ Water+ Methane Gas a a Analytical
Komaiet al [7]] a a Hydrate+ Water+ Mthane Gas a T Numerical
Ahmadiet al [72] a a Hydrate+ Water+ Natural Gas a a Numerical
Searet al [73] a a Hydrate+ Water+ Methane Gas a T Numerical
Nazridoustet al [74] a a Hydrate+ Water+ Methane Gas a a Numerical
Oyamaet al [102 a a Hydrate+ Water+ Methane Gas a a Theoretical
Gamwoet al [75] a a Hydrate+ Water+ Methane Gas a a Numerical
Windmeieret al. [76] a a Hydrate+ Water+ Methane Gas a T Empirical

Ullerich et al [62] described a numerical meldwithout employing adjustable parametergaiecast
decomposition of hydrates. This model exhibits an acceptable agreement with the experimental data.
They also foundhat the thermal conductigroorly contributego hydratedecompositiornin the absence
of sediments however,the thermal conductioris more importantin the in-situ case of hydrate
decomposition in sedimenit§2]. Kim et al [63] suggeste@ methodfor the rate of natural gas hydrate
decomposition an@btainedthe rate constanising theempirical datdfindings for methane. Their
experimers includedmeasuement ofthe amount of collected methawihin hydrate decomposition
in asemtbatch stirredtank reactobver an isothermadrocess. To calculatde intrinsic rate, the initial
particle size was supposémbe constant, considering the Stokes law and settling timaddition it
was assumedhat all componentshave the samesize before dissociation[63]. Selim et al [64]
introduceda mathemtical model forthe hydrate @compositiorunder thermal stimulation in porous
mediawhereheat flix and physical properti@gereconstant. Temodel was based on oréimensional
semt infinitive region, m1 @ Ho. They assunithatthehydrate fills theentire pore volume and has

an initial uniform temperature}Y. At time 0 T, the temperaturat w 1T was increasedby a

constant heat flux(g and the temperature of the boundary \aisredfrom “Y to “Y. It was also
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observed thathe tydrate decompositiostartsand the boundary surface mevi® a positive x
direction® @ 0, which separatethe undecomposedhydrate region from the water/gagstem At
0 T, the decomposd hydrateregion occupies thezone m ® & 0, while the unécomposd
hydrate occupies the regiomr @O0 ® Hb. They bdieved that the producing water from
decomposition remins immobile and occupis the poes of the decompad zone and the
therm@hyscal properties are constahtternal effects, viscoudissipationand possibility of external
or mutual energy were ignored their study Having theseassumptions, the differentitdrm of the

momentum balancequationis given below

o1

° - - TT Tt (‘L) d‘)bﬁ b Tt (2-1)
To T w
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0 ——. mT w woh o0 1 (2-2)
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In theaboveequations,s stands for the porogiand ” and 0 refer to the superficial gas velocity

and gas density, respectively, ‘ hand 0 represent thpermeabilitygas viscosityand gas pressure

respectivelyThe differentiaforms of the masand energy balanaguationsare liged below
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where "Yafp is thetemperature &  representtheheatcapacityat a constant pressuyr& stands for
the effectivethermal conductivityf represents theoefficientof thermal expansion of ga® 0 and
'Y are thegas moleculamweight and universal gas constgntespectively In the above equations

subscrpts| andll refer tothe dissociated zonandhydrate zongrespectively The subscripg) is also
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for the gagphase. Thenitial and boundary conditions describing the decomposition proceskeor

above equatiaareas follows
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where] and YO representthe mass of gas produced per unit mass of hydeaie heat of
dissociation resgectively. Subscripts(D) and (i) refer to the dissociationand initial conditiors,
respectively Equatiors (2-7) and(2-8) arethe mass and energy balanequationsat the front ofthe
dissociation region, respectively. Thermodynamic equilibrium relatipn@&hg., Antoine eaation)
between the gas pressure and the hydrate dissociation temperature at the dissociation interface is
describedy Equation(2-9). In Equation(2-9), A and B denote theomponenispecific constanti the

Antoine equationSelimetal. [64] applied a fouth degree plynomialto approximagthe exact solution

in their study. Thexpressionfor ” YR o h0 ad AY 6o Y ¢, X(t),and — are given

below.
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0 0 T——,  Y-0- (2-15)
Wo , 1 O (2-16)
o (2-17)

in which, , is a number which depends on only physical parameters of initial and boundary conditions.
Table 2-3 includesthe magnitudeof thermal, geoloigal, and physicaparameters used Selim et al
study[64]. They showed that hdecomposition rate decreasath increasing porosity ahe hydrate
phase Decomposition rates independent of the gas viscosity and porsystempermeability It was
also found thatower thernal conductivity inthe hydrate regiorand higher thermadliffusivity in the

dissociation regiotead tohigher decomposition rates.

Table 23: Parameters used in dislocated model [61, 64].

Porosity, 0.3
Permeability, k 1.38 x 108°m?
Thermal Diffusion of Dissociation Zonea, 2.89 x 16 m?#'s
Thermal Diffusion of Hydrate Zonega 6.97 x 1/ m2/s

Thermal Conductivity of Dissociation Zondk, 5.57 W/m.K

Thermal Conductivity of Hydrate Zonek, 2.73 W/im.K
Hydrate Density, 7, 913 kg/n?
Hydrate Heat of Dissociation, DH,, = 21559 10° - 3949457 (J/kg)

DH, = 446123 10° - 132638T (J/kg)
Antonine Equation P, =exp(49.3185 9459/ T, (Pa)

C, =1.2387% 10° +3.1303 +

Gas Heat Capacit{d/kg.K) 2905 10T - 6.858 107T°

m=[2.4504 10° +2.8764 10°T +3.279% 10°T*-
Gas Viscosity (Pa.s) 3.783% 10°T°| +[2.089F 10° 1 +25127 107 r? -

5.8223 lO'mrz +1.8387 10‘13r;‘]
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Through an extensive investigatialamaluddinet al. [65 usedtwo mechanistionethods (intrinsic
kineticsand heat transfer) tanalyze the methane hydratessociation Their results showed that the

rate ofdissociationdepends on the activation energylt was also found thdioth kinetic and intrinsic

rates control the dissociation rate where the system pressure and surface roughness fact¢6shange
Tsypkin [66] considered two moving phase transition boundaries to construct a new decomposition
model forthe gas hydrateGas hydrate decompadée one boundary and ice medton the otherA
high-pernmeable systemwas utilized where the dissociation ithe front movel faster than the ice
melting.Dissociatiorregionwas dividednto three zones whicliereseparated by two boundarid$e
researchedeveloped properequation fothe mass and hemanger during thehydrate decomposition,
showing the corresponding iz® between the dissociation and ice melting. Khairkéalal [67]
concluded that an accurate estimation of gaedyrction from Ildrate reservoirsthrough
modelingsimulationmethodologieshould incorporate twphase fluid flow, kineticate heat transfer,

and dissociation model. Masudd al [68] provided a numerical model for predicting the flow
behaviour of water and gas with hydrate decomposition in a porous médignresults were verified

with the data olatined from the methane gas hydrate decompositi Berea sarsfone coresin
addition,Clarkeet al[69] offereda new mathematical model to calculate the intrinsic rate of gas hydrate
dissociationwhere the gas mixturescontain methane and ethan&hey performed experiments
investigate the kinkcs of gas hydrate dissociatioMloridis [70] suggested EOSHYR2 module for
calculation 6 gas hydrate decomposition under equilibrium for both marine and permafrost reservoirs.
They used EOSHYDR2 to model gas hydrate decompositionisothermalhydrate formation,
transport phenomenand phase betir for varioushydrate casedMoridis [60, 70] simulated gas
hydrate decomposition of simple methane and mixture of methane and alkanes hydrates by employing
exact thermochemical parametddonget al (60) simulated gageneratiorfrom ahydrate reservoir

in a porous medim by using a simple analytical modé&lhey studiedthe influencesof different
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parameters such aperating conditions, kineti@ate and formation properties dhe gas production
In addition,differentequilibrium modelsvere examined itheir work Komaiet al [71] conducted an
experimental investigatidior methane hydte decomposition below the melting point ugimgRaman
spectroscopy. They presented a kinetic modedxjolain the decompositionof methane hydta by
applyingnon steadystate approximation diffusiecontrolled regimeThe governing agationused in

theirwork wastheF i ¢ k 6 sexpreasedbelavg7l]:
— O—— 1 — (2-18)

whereD, C, andr refer tothediffusion coefficient of methane in the ice layesncentration of methane
in the hydrate andradius ofthe hydrate particlgespectively It should be noted that the mass tfans
of methaneccursthrough the spherical wall of the ice lay@hus,the initial and boundary conditions

areas follows

0 O 0O T
6 0O i i m (2-19
6 0 i o T

In the aboveboundary conditios,® 0 andi refer to theradius ofthe hydrateparticle depending
on the tim¢ andthe initial hydrate radiysrespectively.0 and 0 denotethe concentration of
methane inthe bulk gas phase and the hydattase resgectively. Employing theinitial and boundary
conditions, the solution of the diffusion equation canabkievedin terms ofthe elapsed timand

hydrate radius as follows:

6 O wi 0w W p. £l ® € " 0o
I3 I3 'R ) T 'y O H A g D -~ ~ (2'20)
6 6 i1 o 3 i W i W

1] ‘I

They noted thathe fugacityfugacity coefficient can be calculatesing a suitable thermodynamic
correlation or equation of statEOS at different pressuie At the initial period of hydate

decompositionit can be written@e i and Ge 1. For the small intervalthey assunsthat the
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expressionu - remainsalmost constant. According this assumptiorthe following solution is

attained
p i € " € "
3G G AQDU e3 p C AQDU (2-21)
where

[
O ———— (2-22)

NOo
Usingthe expression andtherelationship) O e — , they calculatedOO through the following
equaion:

_ (2-23)

There is a Iinearelationshipbetween—_ and O based ontheir experimentsThar study

showed thathe results ofliffusion-controlled dissociation regieand norsteady state approximation

are in a very good agreement wiitlerealdata It wasalsofoundthat the decomposition radé methane

hydrate increases witincreasing thaemperatire, while this rate declines as the pressure goes up.

Ahmadiet al [72] solvedthe governing equation by using the firdéference numerical technique to

analyse natural gas generation from hydrate reservoirs. They forecasted the generation rate, and

temperature and pressure profiles for various reservoir temparanotevell presures. For instance, a

correlation whichs valid for D systems was suggested for the natural gas production in gas hydrate

reservoirs. Their results showed that a small alteration in temperature cannot be effective in natural gas

producton[72]. Sean et al [73] combined thenumerical simulationoutputs obtained from

computational fluid dynamic (CBDand experimeial results talevelop a method fatetermination of
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the intrinsic rate ofyas hydrate decompositioiihey showed that thieoundary temperature of the
methane hydrates equal tothe temperature othe ambient waterThus, they claimedhat the gas
hydratedecomposition at the surface dake placeat constant temperature conditigi8]. Nazridoust

et al [74] carried out a study concerning the hydrate decomposition in a porous medium by employing
a computer simulation ethod. They use FLUENT code to simulate hydrate thde for gas hydrate
dissociation. Based otineir researchnvestigation it was concludedhat the FLUENT code Isano
capability to simulatethe hydrate formation/dissociatiornit was also found thathe natural gas
gererationis a function of pressure, core permeability, and temperaiurey also noticed thdahe
temperaturen the decompositiofront declinesdue tothe hydratedecompositiorandafter that rises
because ofhe heat transfer. Through neasingthe sydem tempeature,the gas and water generation
rates are increase@amwoet al [75] utilized the HydrateResSim package which is a-fieat, multi-
component, and muiflow simulation progren. The model inludes theequilibrium and kinetic
frameworks tocharacterizenethane generated from the gas hydrate decomposition. The simulation
program can be used for fephase flow and threeomponent systems to describe the methane
production, as weél In addition, Windmeieret al [76] conducted ahteoreticalstudy (@nsecutive
desorption CDM) about gas hydrate dissociatiom comprehend the mechanisms disociation

kinetics and itrinsic gas hydrate dissolution.

2.2.3. Gas Hydrate Reservoirs Production Methods

The production method thahdludestemperaturerisingi s cal |l ed At her thal st

techniquethat entails the pressureductioni s ¢ a préssudsatimet h o d o, and comb
change in temperature and pressafers td'chemical injectioh. Ther ef or e, trising oper
t emper atdeclinegp rers siir eo of | ayer s b practicalwag of the t h a n

methandiydrate prdudion. Due to thelependencgf hydrate stability othetemperature and pressure

in the reservos, production methodare strongly affected kthe RT diagram othe reservoirs. Several
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conventional methods have besuggestedor generatio of naturalgas fromthe hydrate reservos

includingthermal stimulation, depressurisatigas swapping, éanda combination of thegechniques

[10, 77-80]. Thealterationof temperature and pressure for thmeethods is shown in Figugeb.
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Figure 2-5: Methane hydrate phase diagram.

Commercial gagieneratiorfrom methane hyéite reservoirhas not beenommenced yehowever, a

few prosperoudlow tests have beenonductedin oceanic andarctic environments. The only gas

generatiortestin an oceanic environment is the eastern Nankai Traiagieon March 12 18, 2013, as

apartof theresearh in Japar{81]. The most important arctic hydrageneration teswasperformedat

the Mallik site inthe Mackenzie DeltdNorthwest TerritoriesCanada2002[82]. Throughout aveek,

both thermal stimulatiorand depressurisatioomethodswere employedto produce gas fronthe

hydrates. The most common method of hydrate dissociation is dejpisaton This methodfirst

involves lowering the pressure at the pikng temperature inside theeservoir and facilitatinghe

methane hydrate tbe decompose In the thermal stimulatiogpproacheshot wateyinjected steam

or/and aheated liquidindirectly via ®nic orandelectrictools) are used as a sour@deother method
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is the chemical injectionsuch thatthe chemicalsare utilizedto changethe natural gas hydrate
equilibrium conditiols outsde the thermodynamistates ofhydrate stabilityzone. There aréwo
different typesf inhibitors thermodynamic ankineticinhibitors[10]. Thermodynamihibitors with
strong hydrogen bonding (like ethylene glycol and methanol) shift the equilibrium hydrate stability
curve In addition the kinetic inhibitionis ableto alter thehydrate equilibrium within the hydrate
stability zone,andsmall crystals dlay he nucleatioras well aghe growth of gas hydrafé2, 83-85].
Thereare alsmewly developed methods such @& gas exchange thugh sequestration of G@hto
NGH-filled sedimentq86], use of fluorine gas, and microwave technolgy]. Figure 2-6 depicts
three different methodsr methane lydrate decompositiof88]. In thefirst process (athepressure is
changedy installing a pumpDue tothe pressurdrop,thehydrate dissociates slowly and the methane
is produced In the second method (b), methane is released titoeiydrates when they are induced
with a gas. Carbon dioxide displaces the methane in the clathrate thgdast method (cs the
thermal stimulatiorwhich includesnjecting hot wateinto the well, resuting in the methane hydrate
production In the following sections, four hydratecbmpositiortechniquedor natural gageneration

arebriefly reviewed.
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Figure 2-6: Methods of production of hydrate methae: Depressrising, (b):Chemical injection(c): Thermal
stimulation (modified after referen¢@8]).
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Depressurizing Different mechanisms ka been established farovide commercial gageneration
from the gashydrate reservoirsThe onlytechniquethathas been sacesstilly used to economically
produce gas frorthegas hydrates is the depressurisation method. Depressurisation igesngedion
method thatlecomposemethane hydrate lecliningpressure in the wellbore drilled through hydrate
bearing sdiments. Bststudies indicatd that the depressurisation method (where the pressure of the
systemis decreasetielow the @compositiorpressure at the prevailing temperature) is one of the most
promising techniques for hydrate dissociatibhroughredudng pressug, methane hydratddecomes
thermodynamically unstable andabmposeslue to the geothermal heat flow asghsible heat of the
sediments. Thereforalepressurisations likely the firstgeneration methogerformedoutsidethe
laboratory. The best operatiogndiionsfor this method arbigh temperature, high permeabilignd

high geothermal heat fIup89, 90]. Verigin et al [91] offeredan isothermal depressurigatimodelfor

a onedimensional linearsystemof gas hydrates in a sefimfinite stratum, wilere the heat was
consideredo flow immediatelyfrom the envionmentto the hydratéulk. Holderet al [92] developed

a methane hydratgeneraddepressurisation model in whitthe heat of decompositias achievedrom

the sensile hea of the reservoir itselfThey showed thahehydrate gas cabe producedaround20 to

30% of the total gaproduction Burshear®t al [20] modifiedthe previous mode]92] to be used for
otherkinds of gas hydrates. Yousdt al [93, 94] studied a 1D numerical model to mathematically
analyzethe decompositionin a sandgtonesystemusing the depressurisation methodapplying the
mass and momentubalance conservation lavigr each phase. The numerical and experimental results
reveaed tha the methane gas is producatbngwith an appreciable amount of water in the tayd
decompositiorprocesswithin the porous nodel Sunet al [95 used a experimental methadogy to
investigateheimpactsof gas composition, porous mediuamd additive t@btain adequate knowledge/
understanding dhedepressurising dissociatioperation Goelet al. [96] modifieda model testimate

the efficiercy of the hydrate @compositionn a porous meaim by using radial diffusivity equation

30



where thegas mas balace inagas hydrate weilvasanalyticallysolved Based on the depressurisation
method Sunget al [97] utilized a numericamahematcal techniqueo obtaina 3-D multiphase €.9.,
water,gas, and hydratasystemwherean implicit pressureexplicit saturation techniqueas employed
Resuls of their study demonstradéhe effecs of the momentumandmass transfer mechanisnhile
increasing permeability. Jet al[98] presented a parametrgensitivity analysisabout themethane
production by de c rteeaeservordhewrsulkslilldgssateg that thesggeneeation n
rateis dependenon the temperatureand pressure of the reserivpand zone permeabilit}98]. The
depressusing method was alsetudiedby Konoet al [99] to examine the decompositioate of CH
hydrate which was adjusted by conliraj the porous sedimenparame¢rs Sunet al[10q also
investigatedhe gasgenerationfrom sedimentsncluding methane hydrate by depressurisatibhey
noticedthat the laboratorgcaletegs were often ecompositiorcontrolled, but the fielgcaleproceses
weremainly affectedby theflow rate and flow regime.eyalsoshowed that the rate of ggsneration

is more susceptibleto the surrounding heat transfer coefficient than the longitudinal conduction
coefficient. Ruan et al. [10]] provided a numerical simulation for gas generation in gas hydrate
reservoirs by depressuration in he longitudinal and radial directisnthey concluded that the gas
generation in thongitudinaldirection is slower than that in the radial direction. Also, they investigated
the effects of permeability, initial hydratetgiation, intrinsic rosity on the gas generatidDyamaet

al. [10Z carried outan experimental and theoretical studydalefned a decompogion model as a
function ofmasdransfer andheattransferrate over thgasgeneration proces$he results showed that
the rats of gasgenerationand c&ecomposition are affected lilge production pressurdt was also
concluded thieoneof the mossignificantfactors affecting thedissociation igsheheat transfefrom the
surrounding104. In additon, an economieal sensitivitystudyand a simplified analyticahethodon
modellingof gasgeneratiorfrom hydrate by depressurisation have biegplementedy Khataniaret

al.[103. Increasindhe recovery factor isamportantgoalthat needs to bdarified through systematic
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experimental and theoretical investigagd104]. Konnoet al. showedin their latest work that the
cyclic depressurisation is sdableheatsourcemethodologydriven by the geothermal heat flowhe
technique iseconomically and environmentally soufiD4]. A part of related research studies on the

depressurisatiooperation are summarized imfle2-4 for further information.

Table 2-4: Summary of experimental studies on gas hydrate dissociation bysdeping.

Researches System Purpose Pressure (atm) Temperature (K)

Introduced an isothermal depressurisation mc

Veriginetal [91] Natural Gas Hydrate - P Less than 100 263
in a semiinfinite stratum.
Presented a methaiwgdrate global
Holderet al [92] Methane Hydrate depressurisation model. More than 30 295
Burshearet al [20] Ar, N, COand HS Developed Holder model to some another kin 40-200 283
Hydrates gas hydrates.
Yousif et al [93] Methane Hydrate Mod|f|e_d alb numgrlcal model to .5|mulate 20-35 274
mathematically model in porous media sandst
Developed a numerical, 3D and multiphase m
Sunget al [97] Methane Hydrate by using an implicit pressure explicit saturatic 40 28015
technique.
Jietal [98 Methane Hydrate Conducted a parametric study c_Jf methane 20-160 282
production by depressurizing.
Konoet al [99] Methane Hydrate Investigated the ta of CH4 hydrate dissociatio 67-135 2735

by the control of porous sediments propertie

Developed a decomposition model through
Oyamaet al [102) Methane Hydate  experimental study on gas production to eluci 103 285.45
the disociation characteristics.

Thermal Stimulation: Thermal stimulation is accomplished Iycreasingtemperature above the
hydration temperate atan equilibrium condition In thermal stimulation, the energiysagein the
decompositiorand generatiorshould notbe greater thathe energythat canbe recoveed from the
produced gases to mette economic criteriaSome &perimental work on the decompmsition
behaviour of hydrates by thermal stimulation have hEsformed[105. For exampleKawamuraet
al.[104 providedthe hydate decomposition kinetics by dissociatpelletshaped samplet)atmimic
naturally happeninghydrates in ocean sedimesgtwith a viscous fluid ofand pure waterat different
temperature A high number othermal stimulatiorxperimends have beeamployed by addingeated

fluids or steam and thus mustake upfor the intrinsic losses associated withoving heated fluids
32



through the downhole and overburden to thedrateresidueg107]. Kamataet al. [10§ studieda
dissociaton testof methane hydrate sediment by the thermal recotestynology Theyshowedthat
pressure and temperature in the sample fluctuate betiheestability of methane hydratand
decompositionrwhen the wateris at a high temperaturd10§. Thermal stimulation isised asthe
supplementaryneandor decomposindnydrate bydepresurisationbecause dahe limitationof thermal
conduction inthe porousmedia[109 11(. Suet al. [11J concludedhat the heat may be taken back
by theliquids flowingin the well before ireacheshe hydrate dcompositiorfront, and henthe heat
impect is significantlydecreasednd most hedbst. Hence the producingplan andsynchronicheating
are impossibléor generatinggas fromthe hydrateresiduesHeatis operatedlong the +axis direction
from the heated wellli fluids .g., gas an@vate) flow oppositelywhen a thermal stimulation is
appliedfor generatinggas synchronouslyLianget al [111]] claimedthat the gageneratiomateboosts
up with time untilit gains a maximunamounf andafterwardst stars to detine. However the water
generatiorrateremainsapproximatelyconstantduring thegeneratiorprocess. The hydmatcorient of
the sedimentflow rate andwater injection temperatuifectthe energy ratio of thermal stimulation
generationJangand Santamarind 12 haveofferedanewsimulation methodor bothdepressurisation
and thermal stimulation productioprocesss in whichthe volume expansion isncorporated
Consideringthe gasdiffusion andfluid expansion in a pore networkodelingmethod theyshowed
tha the initial hydrate saturatipgsedimempore size distribution, and gas expansion factor play an
important role irgas recovery efficiencyt was also found thahe gas expansion iss@nificant factor
affecting than-situ pore pressur&heyshowedthatthe simulated gas recovery effency is lower for
systems with less gas expanstaectors, i.e., systemwith higher initial pore pressur&heir work
showedthat the highvolume expansion and thus high recovery efficigrare foundin shallow

reservoirswith low initial pressures.
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Chemical Injection: Depressurizatiors the most common gas hydrate production methodhppatrs
to beeconomical. Unlike the inhibitor injectiarr thermal stimulation, it does noeedsupplementary
costs Since it takes more timecompared toinhibitor injecion and thermal stimulationin
decompositionit has a low generatiorate, andtherefore a low productivity. It also has been shown
that the dissociation is endothermiitc this technique. Therefore there is achance ofgas hydrate
reformatiorwhile thedissociation reaction occur@8, 113. Thermalkexcitationis moreenergyefficient
thanother three methods because the gas hydrates are more sensitive to heat andnestpeadiily
to heat sources-urthermorethe injected energy catistributenot orly across the gas hydrdteerin
reservoirbutalsoit can be spread out the surroundingoneghat may notontain gas hydratg414).
This highamount ofenergyloss isremarkedto be themain weakness of théhermal stimulation
technology The chemial injection methodincludesinjecting inhibitors into the gas hydrates to
dissociate hydrates in the reservtiirgeneral, the commanhibitors aremethanol and brinélowever,
the economi@ndenvironmentaprospects are their drawbacks to be widely utilized in the real cases
[115 116. A few reports have begroducedaboutthe nethane hydratelecompositionin porous
media where various chemtals are added Ngema et al. [117 provided a series of hydrate
decomposition data for refrigeraraisddifferent concentrationsf CaCkh, also they offered correlations
for gas hydrate decomposition data for mentioned systeamsath et al [118 conducteda numberof
tess examining depressurisation and injection of lwahe solution Li et al. [119 experimentally
studiedthemethaneageneratiorireatmenfrom the gasydrate inaporoussystemby injecting hot brine
with varioustemperatureand oncentrations. Theconcluded that the generatigield is changedy
both concentration ahbrine temperatureHowever, the effeatf the concentratioof the injected brine
solutionon production efficientlyn the porous rock with different porositiesand permeabilitieshas

not beerstudial yet
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Gas Swapping:The gas swapping methau/olvesinjectingarother guesinolecule into a gas hydrate
reservoirfor hydrates formationin thegas replacemenhew guest gas moleculdake the place of
methanamolecules in gas hydrates and then releasthane as a fluid.@; is oftenused, but sometimes
comhination of CO; and other compounds amsedto encouragehe guest gas molecuteplacement.
The swapping efficiency can becomleove60% in the bulk hydratewhere the hydrate surrouned
by thegas phasgl2(. However, the efficiency desirés decline because dhe multiphasecondition
andlower permeability in sediments. The &f@jection lowersthe fugacity of CH in the gasside
whichis the consequence thfe CH; hydrate @compositionThis methodcombineghebenefits of the
natural gas hydratproductionand the CQ seqiestrationoperations However, the C® hydrae
formation isresponsibldo lower the permeability of theatural gas hydrateedimentsSubsequently
the productiorratein this method isvery slow[121]. The ConacoPhillips, in goint programwith the
U.S. Department of Energgndthe Japan Oil, Gas, and Metals National Corporgpenrfiormed the
first field program designed tetudy the potentialof CO.i CHs displacemenin methane hydrate
reservoirs in the Prudhoe Bay Uit the Alaska North Slopen May 5 2012 [122. The low
permeability of hydrateegion could beconsidered as a principal problemthe chemical injection
method which prevens the diffusion of injectefluids. In addition retardation of injected chemicals
by fluid mixing obstructshe spreadf injected chemicals. CGwappingaltersthe moleculaframe It
exchangeshe methane molecules withe CO, moleculed123. This isdesirablenot onlybecause of
the potentialmethodto generategas fromthe methanéydrates but also asmaethodthat maylead to
CO, capturing However,further comprehensiveesearchis nee@d to confirm that the methods

technicallyand commeraeilly feasible[124].
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Table 2-5: Advantages and disadvantages of four types of gas hydrate decompositions.

Method

Advantages

Disadvantages

Depressurizing

Thermal Stimulation

No need to inpt excess energyaving potential to
use in gas hydrate reservoirs with low hydrate
saturationhigh porosity, and low free gas

Production rate can be controlled by changing t
rate of injected heat

Resulting in ground subsidence a
submarine landslidesydrate reformatio
may occur due to endotherr
depressurizatigrproduction of water

Slow production rate inefficient (higt
heat losses)Costly

Not feasble to use in gas hydre
reservoirs with low permeabilif
environmental issues costly, therma
adjustment

Chemical Injection Production rate can be improved isteort time period

Not feasible to use in gas hydr
reservoirs with low permeability
environmental $sues costly, dow
production rate

Gas Swapping Good strategy for C&capture and sequestration

Table 2-5 provides the main advantages and disadvantages of all types of gas hydrate production
methods.The thermal stimulationntegratedwith depressurisatiomppearsto be the mosvwiable
techniqudor the marinenatural gas hydrateroduction To increasehe energy efficiency, aumberof
new methodsncluding chemical oxygenodine laser technology 25, downhole combustion12§,
microwave[127], geothermal energy technolo§¥28, and electromagnetic technolofi29 have
been poposed for thenatural gas generatioim sumnary, each dissociatiomethodhasparticular
merits and drawbacks. Despiteing asimple method andffering persistent heat trafes, theheat loss
by thethermal stimulatioms in therange of 10% to 75% dle injected total enerd®4, 111, 114 The
main drawbak of the thermal stimulation ithe heat losses mainly in the permafrasines The
microwave heatingechnique despite its simple running and high heating rates ad@ghextentof
electrical power during wave transfer and disregard highpower magetron. Although, the
depressurizatiomethodologyis cheap and does not needteadydissociation, it is slow in methane

production and has a low efficiency. The electromagnetic supptiilodhashigh heat efficiency but
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operationof the apparatum this method is intricate, aralconsiderablamount ofpower isrequired.
Despitethe small primary energy level, angtacticalimplication, the chemical injection method is
costly. It does not have high production rate, anthe equipmentcorrosionmight beexperienced in
this method. Thuysthis approachis not practicalfor hydrate dissociatiom the submarinezones In
summary,noneof these methods for natural gas hydrate dissociaaom yetcommercialin terms of
application Hydrate can be effectivelgenerated if these variouschniquesare integrated The
combination of the heating and depressurizateaus toa betterperformanceln other word, the
methanehydrate is decomposed ke thermal stimulation and free gas is exploited by the
depresstzation methodBased on the literature reviethe combinatiorof three mairdecomposition
methods may berucial for the long-term gas eploitation, aspure inhibitor methods and/or thermal

dissociation methods have relatively limited effectivenessle they needhigh costs.

2.3. Molecular Dynamics Simulation

Molecular dynamic¢MD) is a computer simulation methedich is employed iwvariousengineering
and sciencelisciplinesto calculate motion and equilibrium of each individual atom or molecule. MD
simulations emerged as a powerful and popwgadgetto show molecular scaleconceptionof
microscopic mechanisms. lielps to attairthe knowledgeconcerning thestructural and dynamical
properties at the molecular level fohegh numbermf systems, from a@s mixturesandsimple liquids
[130-132 to complex materials such @slymers[133-136, and nanoparticlegl37, 13§. The key
steps of the complete molecular dynarare reported irFigure 2-7 [139. The first step involves
computingall atoms coordinateso . The second step shows tpencipal calculation loop of a
molecular dynamics simulatido determinghe force on each atom, which isained from thesum of

all potentias.
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Stage one Define initial positions and interactishetween atoms
4 )
- Calculate forces for evegtom
Stage two - Use the new force to calculate positions for every atothégame small timstep
-Recalculate both previous stdpsthe required number of tirrsteps
\ J
Stage three Outputdata (New positions and velocities/ properties of interest)

Figure 2-7: Schematic stages of a typical Midnulation (modified after reference [139]).

After that, the forces are used to move each atom foraarime The forces @n be calculagd by
solving a set of classical equations of motion for @dirticlesin all molecules In the classical

mechanics, the force defined as follows:

" 4 — a4 — a0 (2-24)
wherei and "O stand forthe atom position and force acting, respectivéty Equation(2-24), the
universal force field includaseintermolecular interactiorendinteractions betweethe atoms bonded
to each otherNonbonded interactiorrontains thevan der Waals energy and elestatic effecd.
Intermolecular interactions consist of improperatifal, angle bending, bond stretchiagd torsional
rotation. Eaclof them has a functional form ggesentedelow:

O O O O ©o© 0O 0O (2-25)
There are many algohims for solvingthe equation of motiorj140-143. The Verkt algorithm[141]
compute the new positions ab 30, usingthe atom acceleration at tim@& and the position from

the prior stepx(t - Dt) , as written below:

wo 30 Cwo wo 30 ——30 (2-26)
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Using velocity and positioat time zero, we can compuytesitions and velocities at all other times. In
the leapfrog lgorithm[144], positions at timed and velocities attime&» — calculate forcesnew
positions and velocitiegshrough the following relationships

Wwo 30 WO — 0 —30 (2-27)
where

— 0 — — 0 — —30 (2-28)

In the second stage, editération is obtained by a classical small tistepY0 p T i .

The last stage in the algorithfRigure2-7) is togenerate the outputk the output paththe statistical
mechanics can be used tdocdate different thermodynamical and dynamical propesties aslensity,
viscosity coefficientmechanical parameters, electrical potentials, and terms of €9y There
are various molecularydamic computer programs which includéNKER [145, NAMD [144,
DL_POLY [147, CHARM [148, GROMACS[149, and LAMMPS[15(.

There have been some effottsuse molecular dynamigin hydrate dissociationThe next sections
discusghe gplication ofthe molecular dynamisimulationin hydrate dissociatioresearch are#\s
there are many constituentsthre molecular systems, it is difficult to determine the characteristics of
such complex systenmathematicail. The molecular dynamisimulationsovercomethis problem by
using certain numerical techniques. However, long MD simulateads toa difficult prodem from a
mathematical point of viewk-or instance, wmulative errors can be generated duriing numerical

integration This issuecan beaddressedby generalpurpose minimization algorithsn
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2.3.1 Molecular Dynamics Simulation of Hydrate Dissociation

Depressurising and Thermal Stimulation: Dissociation process of gas hydrate with molecular
dynamics simulation espiadly with depressurisingrad thermal stimulation is briefly described in this
section. There are a few reports on the decomposition mechanisms using MD simulation, because it is
difficult to perform the dissociation process by decreasing the presswyme@rafésystems. For instac

Baez et al [15]] accomplished molecular dynamic simulations of dissolution of hydrate clusters
including liquid phases and water lacules composed of pure teaand melted hydrate. They prepared

a system for 160 paseconds at 40 bars and 270 K. It was found that the crystal hydrate dissolution is
slower than the atomic systems. In the dissociation step, gas molecules move tladigghitto create

a gas rich region. In addition, it was concluded from their sttidigt the cavities are located at the
interface release part of their cages in dodecahedraktmaftaidecahedraEnglishet al also studied

the CQ hydrae, and obtained the results similar to the Baez's finditigH. A detailed fluctuation
dissipation analysis via Onsager's hypoth&sisnethane hydratgl53, and CQ hydrate dissociation

[152 was conducted by them, as well. In the case of I§@rate dissociation, they combined tioa
equilibrium molecular dynamics dissociation and4eguilibrium masgransfer model§152. Ding et

al. [154] simulated the decompositigmocess of structure | methe hydrates at a constant pressure and
temperature. They also used SPC and OPLS for water and methane potentials so that the hydrate
microstricture was determined by sitg-site radial distribution function (RDF) for oxygen atatbon
atoms. NPT MD simations were performed by the BIPOLY MD software package where
temperatures T= 315, 320 and 325 K and pressure P = 30 bar, total simulaiena0 picoseconds,

and timestep = 1 femtosecond. They concluded thatdéemposition for guest moleculegopens
whenthe diffusion coefficient for water is higher than thatdoestmolecules in a stableondition of
hydrate. They divided hydrate disciation into two stages so that firstly, the cell size is increased by

the diffusion of host molecules ancetlhattice frameworlultimately breaks. In the second stapge
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methane molecules exit from the disintegrated hydrate ¢agdls Myshakinet al. [155 introduced a
thermally induced dissociation technique for the methane hydrate sidedieffectf superheating

or supefcooling were ignored in their work upon the attendance of a liquid phase at the interface. In
the MD simuation runs conducted by the GROMACS package, the methane hydregte and
hexagonal icavater models with th€0S/G2 forcdield were used for water. For methane, the-five
site nonpolarizable model with partial charges on carbon and hydrogen atomseda3hes NVT
model was utilized for simulation of hexagonatigater. At the beginning, open cages at the faters
experierwed the decomposition. They reported that molecular dynamic simulations of the dissociation
are completed by 85%, 95%, and 100%imary capacity of the methane cages. The results showed
that there is a relationship between the occupandyhgdrate dissciation rate on the cag@5q. Iwai

et al [157] studied the decomposition processes obaardioxide and methane hydrates. They used
the software WinMASPHYCPro2.2 produced by Fujitsu with the follgnassumptionsalternative
boundary condition, controlling temperature by Nose procedU&d, controlling pressure by
Parrinellec Rahman procedufd59, 1 fs for each timetep, and half of the primary cell length is equal

to the potential cut. O#r input data/ conditions were as follows: unit cell consists of 8 guest
molecules and 46 water molecules, firessure is ® MPa, and the equilibrium calculations are
obtained at T=270 K and 370 K. They reported that tsge5(TIP5P) and TraPPHE160 models are
accepted by the methane molecules and theonadibxide hydrate is less stable than the methane
hydrate under the similar conditions. Smirrgtval [161] examined melting of methane hydrate for
pressures up to0®0 bar for various water models. The kinetic stability boundary for analogous
nucleation is identified by thenThey also indicated that the methane hydrate decomposes at low

temperatures by lowery the occupancy of cagEss]].
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Gas Swapping Widespread attention in recergars has focused on the important prospects of CO
storage in clathrate hydrates sottsplacing methane by GGn methane hydrate sedimenisthe
permafrost or ocean depths has been suggested by several researchers. However, still there are variou:s
technical and operational challenges with the process. For instance, releasing aasigafiount of
methane into the atmosphere is considerea searious health and environmental threat. Cleatail

[162] and Komatstet al [163 offered ineresting insights ( applying decomposition process in cool
storage, refrigeration, transportation, and separgirocesses) into the G€equestration in clathrates.
Genget al [164 have performed the moleculayrsamics simulation to evadte the potential of
methane reformation while there is a methane replacement in hydrate by carbon dioxide miEcules.
simulations of methane, C@nd methane/COhydrates at 260, 270 and 280 K under 5 MPa were
carried out byhem. Yanet al [169 also measured thective parameters of CQH,, and CQ/H>
hydrate by MD. Their effort led to defining the most thermodynamidallpuredhydrate that may
make CQ/Hz syngas in an integrated gasification combined cycle to separatér@@®the syngs.
They concluded that ¢hformation of the mixed hydrate is thermodynamically conceivable. In another
research work, Tunet al [166] explained the process of Gkeplacement by COn methane hydtes
through employing MD. They used TIP4Rv [167] for water, EPMZ 16§ for CO,, and OPLSAA

[169 for methane, as the force field models to determine the interactions in the molecular model. An
angular order paraater (AOP) of a water molecule was utilized to identify the hydrate phaseutese

and also to examine theffd@rence between the angles expected in a tetrahedral hyebogding
cages. They showed that the water rigidity increases as AOP lowers. #lssasoncluded that in
regions near the interface, the £€&mponents can breplaced with the methane moleesiin about

20 ns. The results indicated that there is not a liquid layer efaCe interfac§l166. Qiet al [17(
developed an interfacial molecular dynamic simulation similar togBt al [166. They showed that

in CHs hydrates, theegion adjacent to the interface between the gas phase and hydrate istthe mos
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probable place to replace €@ith CHs. Baiet al [171] worked on microseond molecular dynamics
simulatian to figure out the replacement mechanisms of, BACC, in the methane hydrates. The
impacts of memory effect, mass transfer limitations, arenital potentials of guest molecules on this
replacement were studied in theiork. They concluded that the anmphous layer makes a considerable
obstacle to mass transfer of guest molecules in the replacement process. It was also demonstrated that
the repacement rate between ¢@nd CH and prevention from further GHlecompositia can be

decreased due to formaiti of the amorphous layers.

Chemical Injection: In this section, the previous studies accomplished via molecular dynamics
simulations regardingas hydrate dissociation by thermodynamic inhibitors like inorganic salts are
briefly described. For example agasakiet. al[172 provided a molecular dynamic simulatiohtbe
methane hydrate decomposition by NaCl, effect of NaCl concentration and temperature in kinetics
of hydrate decomposition were studie@i et al [173 conducted a MD simulation study for
desalinatio of the electrolyte solutions by hydrate. The simulations results showed that at the pressure
greater than that of pure water, one can have a couple'é€Nans in one cell hydrate. @t alused
TIP4R4 [167], OPLS [169, and BoraMayerHuggins [174 potential models to quantitatively
determine watewater, methagmethane, and NeClI" interactions, respectively. Turgal [175 also
investigated the hydrate crystal growth in the brine solution of NaCktXal [176 scrutinized the
methane hydrate decomposition process in the brine solution of, G&ClL and KCI using molecular
dynamics simulation ithe Material Studio environment. They considered apiase model for the
inorganic solution ash hydrate system. The lower phase contains of a -unit cell of methane
hydrates including 96 methane raolles and 552 water molecules. Above this phase, there is a brine
solution of the inorganic salts (includindy =|=and F ® atoms) with the network size of 2.406 nm x

2.406 nm x 3.609 npasdemonstreed in Figure2-8.
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Figure 2-8: Crystal structures of methane hydratel salt solution [176].

Molecular dynamic simulation was carried out with the NVT group (i.e., numbers of components (N),
temperature (T), and volume (V) of the system remain constr?73 K and various boundary
conditions where the time ste@s set to be 0.5 fs. They perfadisimulation runs in two steps. At the

first step, the body of hydrate structure was disabled to assoil the excess interfacial tension between the
salt soluton and hydrate. In the next step, the hydrate structure ntissetiscriminant layer, and the
decomposition simulation was run for 600 [d5€§. Figure2-9 demonstrateshe hydrate dissociation

in various salt solutions at 600 ps. The decomposition rate is obtained from the simulation process. The
decomposition rate also rises when the amount ofrsaease$176. The hydrogen bonds of water

components are the major forces to reinstaterystatline shape of hydrajé53.
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Figure 2-9: Verification of methane hydrate dissociation in various salt saistjn76].

(1- 20% NacCl, 220% KCI 3 20% CaCl)

They conclued that the structure of water molecules changes in the presence of inorganic salts so that
it helps the hydrate decomposition. Furthermore, the inorganic salt diffusion coefficient decyeases b

increasing the salt concentratipkv§.

2.3.2. Potential Functions

To capturghe moleculardrces and the interaction whter and aqueous solutioiitss vital to conduct
fundamentatesearch studies using thmlecular dynamics and statistical mechanics simulations. The
selectionof the water model has an effect on the obsepagdmeterseven when only bulk behaviour

is investigatedh theabsenc®f interfaces. Acrucialdecision for conputingthe potential parameters is

to select the values thét them. The number of the parameters required for this modeling strategy
should be low so thahe fitting is simplified & much as possible. It should bedlarge enough to
presenthe resulting potential predictiteolsfor the otherproperties. In the case of watersexies of
potentials includingwo positive charges on the hydrogamsia LJ interaction site on thexggen have

beenprimarily offered. These modelgvolve an alteration in theite of the negative charge, whereth
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charge is placed on the oxygen for the elongated simple point dlofgeed asa SPC potentig| as

expressetbelow[177]:
0 i e R — (2-29)

where i is the distance between two molecule$, refers tothe charge on molecules, and ,

stand fotheLenardjones parameters, and isthepermittivity of free spacaVhenthe alteiis located

on bisector of the HD-H, the TIP4P model ispecified[167/1and t he e lee cptariorns 0i si n
TIP5P model[178. Furthermorethe LJ potential degibes the interaction between thevater and
methanemolecules. ltis then significant tachoose the accurajgotential models to amputethe
potential parameters of watgl'79. This ismainly applicablen the case of the most common misge
namely TIP4Rand SPC. Fahemethane hydrate, tanbequestionabl¢éhat mostlyTIP4P water model
along withan ab initiefitted five-site methane modgl8(Q can bethebest forparameteracluding the
melting pointand density The first direct calculation to achieve Je&ter interfacial parameters was
performed using an impved version of the cleaving methotty the TIP4P mode[181, 187.
Davidchagk et al [183 conductedtalculations whichwvere improved by includinthefull electrostatic
interadions Thevalues for the TIP4P and TIPEP models were also reportatlequilibrium (along
with argon hydate) conditions A comparison between models usedha studies for water, TIP3P,
TIP4P, ad TIP5P, wasnadeby Vegaet al [184], in which TIP5P and TIP4P water were judged to be
of asimilar quality. TIP3P watr performs poorer, but it has the advantage of simpkeit allows thus
for larger simulations. Additionally, the TIP3P modehigart of the CHARMM package dris often
utilized in simulations of biological systems. Anotheraluationof TIP4P, TIP5PSPC, and SPCE
water has led to the conclusion that TIPd&ter and SPC water atbe best for reproducing
experimental valuegl85. Chialvoet al [16( used SPC, SHE; and TIP5P models fovater As a

reallt, all these modelgd toa similaroutcomePaschek186 investigatedhe result®f differentcases
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while employingthe TIP4P, TIP5P, and SPC/E modefswater.The main conclusioof this projectis
thatthe modelsare notable tocalculatethe excess chemical potential of methane in waternthe
temperatures in therange of 276870 K. Receny, two models havaccuratelydescribedhe density
of pure wateratthis temperaturaterval They are the TIP4P/Ew provided by Hatral [187] and the
TIP4P/2005 proposed by Abasetld. [188. Dochertyet al [189 introduceda modelwhich isable

to calcdatethe excess chemical potential of methane in water abroadrange of temperatures. The
monomer geometries and parameters for the five potential functions (SPC, TIP3P, BF,an#S2

TIP4P) ae summarizeth Table2-6.

Table 26: Monomer geometry and parameters for potential functiongiy(ui d wat er at 25eC and

SPC TIP3P BF TIPS2 TIP4P
r(OH) 1.0 0.975 0.96 0.957 0.957
r(00) 2.75 2.74 2.72 2.79 2.75
<HOH, deg 109.47 104.52 105.7  104.52 104.52
q(0) -0.82 -0.834 0 0 0

q(H) 0.41 0.417 0.49 0.535 0.52
-E; (Kcal/mol) 10.18 9.86 1049  9.88 10.07

The chemical potential of methane molecule can be achieved by considerifithallhgdrogens, as
methane is typically the masomponentf these hydrates.

Beside thd.J potential functionptherpopular models are the TraPPE (tfanable potentials for phase
equilibria)[190, OPLSAA (Optimal Parameterization for the Liquid Staf&91], and a uniteéhtom
model (UA) [192 as potential functions to calculatee potential parametsrfor methane. The

parameters for both potential functions tieulatedn Table2-7.
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Table 2-7: Parameters for potential functiofmethane gas, R = 8.31451 J drhi 1) [195].

Model a/ i ( U/ R) / Kgle renl A
OPLSAAC 3.50 33.21 -0.240 1.0947
OPLSAAH 250 15.09 0.060

UA CHg4 3.73 147.5 0.000

TraPPE 3.73 148.0 0.000

The CQ hydrates studperformedby Radhakrishnaat al [193 focused oriree-energyhypersurface
as a function bvarious order parameters of Lan@d@inzburg approach feeenergy hyper surfacén
this context, thenolecular dynamisimulationscarried out byStorret al [35] led to promising new
chancedor freeenergymethod. Also, Qietal. [170 have used OPLAA model[19]] to determine
the inter-molecular interactiomn betweenthe guestguest molecuke The interaction between guest

monomerss defined by Equation(30)[17Q:
0 BB ——m — — (2-30)

where © and 6 were the pair-paameters betweethe host and guestomponentswhich are

calculatedoy Equation (31) and Equation (32)

o o 6 (2-31)

6 6 0 (2-32
Table2-8 displaysthecharge of atoms1y for carbon dioide and methaneComparing Egation (30
and Eaiation(31), it can beconcludedhat the siteparametersd and ¢ can bedeterminedn terms
of the LennardJones parametersand ,, for each site,0 -, ,0 1-, ,0 -,

and 0 T-,

48



Table 2-8: Atomic charges for OPL-3A model [170].

Molecule Atom gle
C +0.4578
CO
o] -0.2289
C -0.3744
CH,
H +0.0936

The pairparametes d atoms in the guest molecules éistedin Table2-9 [17(. The decomposition
rate of methane from gas hydrate is dependent on the cage occlicy
It was shown that if the occupancy of hydrate decreases at a constant temperature, the dissociation rate

of hydrates will increase ovésng term methane release.

Table 29: Pairparaneters in OPLSAA model [170].

Atom pair A (kcal A%mol) B (kcal A%mol)
cCit C 3.248063E+6 1.167984E+3
o1 O 3.799967E+5 5.649754E+2
C1 O 1.11097E+6 8.123314E+2
Cit H 1.967738E+5 2.388L05E+2
HT H 1.192093E+4 4.882812E+1
O1m H 6.730463E+4 1.660924E+2
Ci OfOM  1.083413E+6  7.609159E+2
C1 H¢OMW 1.967738E+5 2.388105E+2
O1 H 6.730463E+4 1.660924E+2
O7 OO 3.705714E+5  5.2902160E+2
HT OO 6.563523E+4 1.555798E+2
HT HeOW  1.192093E+4  4.882812E+1
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It implies that the hydrates networks with full occupancy of the cages (100%) have greater stability
compared to the empty cages which are resistant against the dissociation. [E&gialso concluded

that the rate of hydrate decomposition is not a function of cage occupancy.

2.4. Technical Challenges

Research on new methods and techniques related to hydrate fornmdtiboition, anddecomposition

has been considered in terms of theoretical studies and practical production operations since 1990s. For
example, extensive research works have been carried out with focus on different aspects of gas hydrate
simulation (e.g.nucleation, growh, formation, and decompaosition) through using molecular dynamics
simulation to calculate the important parameters attributed to the hydrate geology and hydrate
geochemistry.

The previous studies clearly convey the message that a comgivehstndy throgh employing strong
modeling tools such as molecular dynamics simulation strategy is required to capture the important
aspects of hydrates such as disassociation mechanisms, thermodynamic behaviours, and hydrate
kinetics to remove the inhemt limitationsof previous models.

To the best of our knowledge, there are no systematic research works in the open sources that deal with
molecular dynamic simulations to forecast the behavior of water/gas/hydrate systems over hydrate
formation anddissaiation phenomea at various thermodynamic and process conditions. In addition,

MD simulations of three methods addressed in this manuscript for gas production have not been
conducted at the same operational conditions, implying an appropriate compaetaaerb the
simulation methods is not possible. The above shortcomings increase motivations of our research team
to focus on this topic where development and utilization of new and powerful tools/models such as
EOSs, transport phenomena models, optimizattoategies, ancholecular dynamics simulations are

targeted. The current challenges are clearly highlighted in various sections of this study.
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2.5. Future Research Guidelinesand Conclusions

A large amount of methane is stored in gas hydratevesaround the widl, neaty 10!/ cubic meters.

Due to this potential energy source and the massive extent of gas hydrates, the hydrates have attracted

a great attention from governments and scientidtss study provides an overview of thesearch

works conducted on théecompogion of methane hydrate gas reservoirs. Although, a considerable

progress has been made in this area, the dissociation mechanisms of gas hydrates have not been

adequately understood yet. For instance, the relafjpisiween the crystal type adécomposion
behaviours of clathrate hydrates is still indistinct. The main conclusions of this review manuscript are
as follows:

1. There are a few studies about the hydrate formation and decomposition of methane hydrate at
the microscopic level. Considag varios uses for gas hydrates, further experimental and
theoretical investigations should be conducted in this field so that more accurate and cost
effective techniques are developed.

2. An appropriate gas reservoir simulatishould be able to identifyalkey chaacteristics of gas
reservoirs, to predict the future of reservoir production, and to develop effective hydrocarbon
withdrawal plans. Therefore, a systematic/comprehensive simulation and modeling strategy for
investgation of gas hydrate produationecharsms seems inevitable.

3. One of the main challenges in the area of gas hydrates is how to accurately model the behaviours
of brine/gas/hydrates where the permeability, porosity, and temperature of underground
formatiors hold high values. In additipthe free gas layer and intermediate zones in gas hydrate
reserves require further experimental and theoretical studies at micro to macro scales. Despite
of various engineering and research works on the gas hydrate fornaatiodissociation

reported in he literdure, comprehensive and precise models (e.g., for prediction of thermo
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physical properties, reaction kinetics, and production rate) for natural gas hydrate reservoir cases
should be developed through using real @daiz theoretical information.

4, With the ad of MD simulation, it is feasible to determine the geometric parameters of gas
hydrate molecules, to explore the interfacial phenomena of various water/gas/hydrate/porous
medium systems, and to obtain electromagni¢lds for the hydrate cageand potetial
functions for methane, water, and carbon dioxide over the hydrate formation and gas production
processes in gas hydrate reservoirs. In addition, it is important to explore new features of hydrate
cages and theimpact on decomposition ratmd commation of two or three practical methods
for hydrate decomposition using MD in order to choose an effective production approach.

5. The interface between the liquid water and methane hydrate during methane hydrate
decanposition can be systematicakyploredby a new powerful approach, called molecular
dynamics simulations. New potential functions are substantial to investigate the detailed

molecular nature and to figure out the mechanisms of hydrate decomposition.
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Nomenclatures

0 Componensspecific constants in the Antonine equation
0 Componenspecific constants in the Antonine equation

o} Pairparameters between host and guest components
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Pairparameters between host and guest components

Concentration of ntbane

Concentration of methane in bulk gasase

Concentration of methane in hydrate

Effective heat capacity

Gas heat capacity

Diffusion coefficient

Potertial function

Improper dihedrals potential
Angle bending potential
Bonding stretching potential
Torsional rotation potential
van der Waals potential
Electrostat potential

Force action

Cumulative gas produced
Effective thermal conductivity
Gas molecular mass
Gaspressure

Pressure ato Tt
Dissociation pressure
Heatflux

Electrostatic charge of atoms
Temperature

Temperature ato Tt
Dissociation temperature

Initial temperature
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0
0

W

Time
Superficial gas velocity

Axial position

Greek letters

30

%0

Effective thermal diffusivity
Coefficient of thermal expansion of gas
Hydrate heat of dissociation
Porosity

Similarity variable

Permeability

Lennard Jones parameters
Lennard Jonegparameters
Permittivity

Gas viscosity

Constant irdiffusion calculation
Constant in diffusion calculation
Effective density

Gas density

Hydrate density

Mass of gas produced per unit mass of hydrate

Subscripts

‘O

Dissociated zone

‘00 Hydrate zone

$
0
0

Dissociation
Gas

Hydrate
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‘Q Initial condition
T Boundary condition ato Tt

Abbreviations

® U 0 AngularOrder Parameter
0 "O BernalFowlerPotential Function
6 "Y'Y BottomSimulating Reflector
0 ‘O0 Consecutivdbesorption Method
0 "O0 ComputationaFluid Dynamic
%/ 3 Equation ofState
"00 0 GigaTones Carbon
0 O MolecularDynamic
0 "O'0 Natural Gas Hydrate
0 0 0 " 80ptimal Paameterization for the Liquid State
"YOO0 Scanning Electron Microscopy
"YOU Transmission Electron Microscopy
"Y'Y & 0 iTransferabldotentialfor Phase Equilibria
"Y'@b Transferable Intermolecul&otential with 3 Points
"YQ® Transfeable IntermoleculaPotentialwith 4 Points

YO  United Atom Model

References

[1] E. Hammerschmidt, Formation of gas hydrates in natural gas transmission lines, Industrial &
Engineering Chemistry, 26 (1934) 8855.
[2] M. Wu, S. Wang, H. Liu, A studgn inhibitors for the prevention of hydrate formation in gas

transmissia pipeline, Journal of Natural Gas Chemistry, 16 (2007381

55



[3] Z. Huo, E. Freer, M. Lamar, B. Sannigrahi, D. Knauss, E. Sloan, Hydrate plug prevention by anti
agglomeration, Chemat Engineering Science, 56 (2001) 497391.

[4] Y. Seo, S:P. Kang, Inlbition of methane hydrate 4fermation in offshore pipelines with a kinetic
hydrate inhibitor, Journal of Petroleum Science and Engineering, 88 (2068) 61

[5] J.D. Lee, P. EnglezodJnusual kinetic inhibitor effects on gas hydrate formation, Chemical
engineering science, 61 (2006) 136876.

[6] R.A. Fair, Hydrate prevention-gas production, in: Google Patents, 1967.

[7] O. Urdanhl, K. Kinnari, R. Holme, Operational experienceapply-ing direct electrical heating for
hydrate prevention, in: OffsheTechnologyConference, 2003.

[8] C. Gengliang, Formation and prevention of hydrate during process of gas exploitation and
transmission, Natural Gas Industry, 24 (2004989

[9] T.S.Collett, A.H. Johnson, C.C. Knapp, R. Boswell, Natural gas hydratesiew, (2009).

[10] E.D. Sloan Jr, C. Koh, Clathrate hydrates of natural gases, CRC press, 2007.

[11] E.D. Sloan, Fundamental principles and applications of natural gas hydrateg, M2€i(2003)
353-363.

[12] E.D. Sloan, Gas hydrates: review of phylad@mical properties, Energy & Fuels, 12 (1998)-191
196.

[13] L. Pauling, R.E. Marsh, The structure of chlorine hydrate, Proceedings of the National Academy
of Sciences, 38 (1952) 111248.

[14] W. Claussen, A second water structure for inert gas hydidtes]ournal of Chemical Physics, 19
(1951) 14251426,

[15] J.A. Ripmeester, J.S. Tse, C.l. Ratcliffe, B.M. Powell, A new clathrate hydrate structure, Nature,

325 (1987) 138.36.

56



[16] A. Khan, Stabilization of hydrate structure H by N2 and CH4 molecul&35663 and 512 cavities,
and fused structure formation with 51268 cage: a theoretical study, The Journal of Physical
Chemistry A, 105 (2001) 742p434.

[17] B.H. Wu, Measurement andagliction of gas hydrate equilibrium conditionin the presence of
inhibitors, in:  Chemical and Biological Engineering, TheUniversity of British Columbia, 1994.

[18] W. Shin, S. Park, H. Ro, BX. Koh, J. Seol, H. Lee, Phase equilibrium measurements and the
tuning behavior of new sll clathrate hydrates, The Jourr@hemical Thermodynamics, 44 (2012)
20-25.

[19] K. Kvenvolden, A primer on the geological occurrence of gas hydrate, Geological Society, London,
Special Publications, 137 (1998)39.

[20] M. Burshears, T. O'brien, R. Malone, A muyfihase, multdimension§ variable composition
simulation of gas production from a conventional gas reservoir in contact with hydrates, in:  SPE
Unconventional Gas Technology Symposium, Society of Petroleum Engithe86s

[21] A. Demirbas, Methane hydrates as potential enexgurce: PartiMethane production processes
from gas hydrates, Energy Conversion and Management, 51 (201013562

[22] M. Kurihara, A. Sato, H. Ouchi, H. Narita, Y. Masuda, T. Saeki, Ujii,FPrediction of gas
productivity from eastern Nankai Troughethane hydrate reservoirs, in: Offshore Technology
Conference, Offshore Technology Conference, 2008.

[23] G. Moridis, Numerical studies of gas production from methane hydrates, in: SHEdhaslogy
Symposium, Society of Petroleum Engineers, 2002.

[24] Y. Liu, M. Strumendo, H. Arastoopour, Simulation of methane production from hydrates by
depressurization and thermal stimulation, Industrial & Engineering Chemistry Research, 48 (2008)

24512464,

57



[25] H. Kakati, A. Mandal, S. Laik, Phase Stability anchélics of CH4 + CO2 + N2 Hydrates in
Synthetic Seawater and Aqueous Electrolyte Solutions of NaCl and CaCl2, Journal of Chemical &
Engineering Data, 60 (2015) 183843.

[26] J. Kondori, J. Janmardi, A. Eslamimanesh, A.H. Mohammadi, Thermodynamic censigtest
for isobaric experimental data of water content of methane, Fluid Phase Equilibria, 347 (2013) 54
61.

[27] V.K. Saw, |I. Ahmad, A. Mandal, G. Udayabhanu, S. Laik, Methane hydrate tiormand
dissociation in synthetic seawater, Journal of Nai@esd Chemistry, 21 (2012) 6532.

[28] K. Nazari, M.R. Moradi, A.N. Ahmadi, Kinetic Modeling of Methane Hydrate Formation in the
Presence of Low Dosage Wat ergin8eoirg&bdctoldgy 36i ¢ L
(2013) 19151923.

[29] V.K. Saw, M.Gudala, G. Udayabhanu, A. Mandal, S. Laik, Kinetics of methane hydrate formation
and its dissociation in presence of fionic surfactant Tergitol, Journal of Unconventional Oil and
Gas Resoues, 6 (2014) 549.

[30] P.T. Ngema, P. Naidoo, A.H. Mohammddi,Richon, D. Ramjugernath, Thermodynamic stability
conditions of clathrate hydrates for refrigerant (R134a or R410a or R507) with MgCI2 aqueous
solution, Fluid Phase Equilibria, 413 (2016)%92

[31] V.K. Saw, G.N. Udayabhanu, A. Mandal, S. Laik, Metn&fydrate Formation and Dissociation
in the presence of Bentonite Clay Suspension, Chemical Engineering & Technology, 36 (2013)
810-818.

[32] C. Moon, P.C. Taylor, P.M. Rodger, Molecular dynesrstudy of gas hydrate formation, Journal

of the American Cheioal Society, 125 (2003) 4706707.

58



[33]J. Zhang, R. Hawtin, Y. Yang, E. Nakagava, M. Rivero, S. Choi, P.M. Rodger, Molecular dynamics
study of methane hydrate formation at a water/methareface, The Journal of Physical
Chemistry B, 112 (2008) 106a8618.

[34] E. Freer, E. Sloan, An engineering approach to kinetic inhibitor design using molecular dynamics
simulations, Annals of the New York Academy of Sciences, 912 (20006%5.1

[35] M.T. Storr, P.C. Taylor, P. Monfort, P.M. Rodger, Kinetic inhilor of hydrate crystallization,
Journal of the American Chemical Society, 126 (2004) 15555.

[36] Y.F. Makogon, S.A. Holditch, T.Y. Makogon, Natural gagiratesd A potential energy source
for the 21st Century, Journal of Petroleum Science and Emiige66 (2007) 141.

[37] J.S. Gudmundsson, M. Parlaktuna, A.A. Khokhar, Storage of Natural Gas as Frozen Hydrate.

[38] R. Masoudi, B. Tohidi, Gas hydrate production technology for natural sjerage and
transportation and CO2 sequestration, in: SP#dMi East Oil and Gas Show and Conference,
Society of Petroleum Engineers, 2005.

[39] W.S. Holbrook, H. Hoskins, W.T. Wood, R.A. Stephen, D. Lizarralde, Methane Hydrate and Free
Gas on the Blak Ridge from Vertical Seismic Profiling, Science, 273 (199@)041843.

[40] C. Pierre, J.M. Rouchy, A. Gaudichet, Diagenesis in the gas hydrate sediments of the Blake Ridge:
mineralogy and stable isotope compositions of the carbonate and sulfide mineraroc Ocean
Drilling Program Sci Results, 2000, pp. 1B45.

[41] C.K. Paull, R. Matsumoto, P.J. Wallace, N.R. Black, W.S. Borowski, T.S. Collett, J.E. Damuth,
G.R. Dickens, P.K. Egeberg, K. Goodman, R.F. Hesse, Y. Hiroki, S.W. Holbrook, H. Hoskins, J
Ladd, E. Lodolo, T.D. Loreson, R.J. Musgrave, T. Nahr, H.dake&. Pierre, C. Ruppel, M. Satoh,

R. Thiery, Y. Watanabe, H. Wehner, W.J. Winters, W.T. Wood, Proc. Ocean Drill. Program: Initial

Rep., 164 (1996) 99.

59



[42] P.G. Brewer, F.M. Orr Jr, G. Frieteh, K.A. Kvenvolden, D.L. Orange, Gas hydrate formation in
the deep sea: In situ experiments with controlled release of methane, natural gas, and carbon
dioxide, Energy and Fuels, 12 (1998) 1838.

[43] E. Pinero, M. Marquardt, C. Hensen, M. HaeckeMKllmann, Estimation of the global inventory
of methane hydrat in marine sediments using transfer functions, Biogeosciences, 10 (2013) 959
975.

[44] V.M. Dobrynin, Y.P. Korotajev, D.V. Plyuschev, Gas hydraias of the possible energy sources,
in: Long-Term Energy Resources, edited by: Meyer, R. G. and Olsona®iBoston, MA, (1981)
1270729.

[45] Y. Makogon, Perspectives of development of gas hydrate accumulations, Gasovaya
Promyshlennost, 3 (1981) 3.

[46] L. Harvey, Z. Huang, Evaluation of thetential impact of methane clathratestabilization on
future global warming, Journal of Geophysical Research: Atmospheres, 100 (199202805

[47] W. Holbrook, H. Hoskins, W. Wood, Methane hydrate and free gas on the Blake Ridge from
vertical seismigrofiling, Oceanographic LiteratureeRiew, 4 (1997) 33B38.

[48] A.H. Johnson, GLOBAL RESOURCE POTENTIAL OF GAS HYDRAiANew
CALCULATION, Natural Gas & Oil, 304 (2011) 28%541.

[49] Y. Makogon, Special characteristics of the natural gas hydrate fiebdieration in the zone of
hydrate fomation, TSNTI MINGASPROMa, Moscow, 17 (1966).

[50] K.A. Kvenvolden, Potential effects of gas hydrate on human welfare, Proceedings of the National
Academy of Sciences, 96 (1999) 342416.

[51] W.T. Wood, J.F. GettrusN.R. Chapman, G.D. Spence, R.D. Hymah, Decreased stability of
methane hydrates in marine sediments owing to pbasadary roughness, Nature, 420 (2002)

656-660.

60



[52] R. Hesse, Pore water anomalies of submarindigadsate zones as tool to assess hydatindance
and distribution in the ubsurface: What have we learned in the past decade? -Zaetice
Reviews, 61 (2003) 14979.

[53] K.C. Hester, P.G. Brewer, Clathrate hydrates in nature, Annual review of marine science, 1 (2009)
303-327.

[54] G. Moridis, T. Collett, Strategies for gasopluction from hydrate accumulations under various
geologic conditions, Lawrence Berkeley National Laboratory, (2003).

[55] M. Kurihara, H. Ouchi, H. Narita, Y. Masuda, Gas production from methane hydrate reservoirs,
in:  Proceedings of the 7th Internat@rConference on Gas Hydrates (ICGH), Edinburgh, UK,
2011.

[56] S. Gerami, M. PoolaeDarvish, Material balance and boundaigminated flow models for
hydratecapped gas reservoirs, in: SPE Annual Technical Conferemt&xhibition, Society of
Petroleum Bgineers, 2006.

[57] G.J. Moridis, Toward production from gas hydrates: current status, assessment of resources, and
simulationbased evaluation of technology and potential, Lawrence Berkeley National Laboratory,
(2008)

[58] G.J. Moridis, M.T. Reagan, Gasoduction from class 2 hydrate accumulations in the permafrost,
in:  SPE Annual Technical Conference and Exhibition, Society of Petroleum Engineers, 2007.

[59] M. Kurihara, H. Ouchi, T. Inoue, T. Yonezawa, Y. MasuslaDallimore, T. Collett, Analysis of
the JAPEX/IJNOC/GSC et al. Mallik 588 gas hydrate thermproduction test through numerical
simulation, BULLETINGEOLOGICAL SURVEY OF CANADA, 585 (2005) 139.

[60] H. Hong, M. PooladDarvish, P.R. Bishnoi, AnalyticaVlodelling of Gas Production From

Hydrates in Porous Media, (2003).

61



[61] Z. Yin, Z.R. Chong, H.K. Tan, P. Linga, Review of gas hydrate dissociation kinetic models for
energy recovery, Journal of Natural Gas Science and Engineering, (2016).

[62] J.W. Ulleridh, M.S. Selim, E.D. Sloan, THEORY ANMEASUREMENT OF HYDRATE
DISSOCIATION, AIChE Journal, 33 (1987) 7452.

[63] H.C. Kim, P.R. Bishnoi, R.A. Heidemann, S.S.H. Rizvi, Kinetics of methane hydrate
decomposition, Chemical Engineering Science, 42 (1987)-16885.

[64] M.S. Selim, E.D. Sloan, K¢ and mass transfer during the dissociation of hydrates in porous media,
AIChE Journal, 35 (1989) 104B052.

[65] A.K.M. Jamaluddin, N. Kalogerakis, P.R. Bishnoi, Modelling of decomposition of a synthetic core
of methane gas hydrate by coupling intrindimetics with heat transfer rates, Canadian Journal of
Chemical Engineering, 67 (1989) 9984.

[66] G.G. Tsypkin, A mathematical model of dissociation for gas hydrates coexisting with ice in natural
strata, Izvestiya Rademii Nauk. Mekhanika Zhidkosti la2a, (1993) 8492.

[67] D. Khairkhah, M. PooladDarvish, P. Bishnoi, T. Collett, S. Dallimore, Production potential of
the Mallik field reservoir, BULLETINGEOLOGICAL SURVEY OF CANADA, (1999) 37390.

[68] Y. Masuda, Y Fujinaga, S. Naganawa, K. Fujita, 8ato, Y. Hayashi, Modelling and experimental
studies on dissociation of methane gas hydrates in Berea sandstone cores; presented at 3rd
International Conference on Gas Hydrates, Jui28Salt Lake City, Utah, (1999

[69] M.A. Clarke, P.R. Bishnoi, Ma&suring and modelling the rate of decomposition of gas hydrates
formed from mixtures of methane and ethane, Chemical Engineering Science, 56 (2001) 4715
4724.

[70] G.J. Moridis, Numerical Studies of Gas Production fddathane Hydrates, SPE J., 8 (20039.35

62



[71] T. Komai, S.P. Kang, J.H. Yoon, Y. Yamamoto, T. Kawamura, M. Ohtake, In situ Raman
spectroscopy investigation of the dissociation of methane hydrate at temperatures just below the
ice point, J. Phys. Chem. B,8(2004) 8062.

[72] G. Ahmadi, C. JiD.H. Smith, Numerical solution for natural gas production from methane hydrate
dissociation, Journal of Petroleum Science and Engineering, 41 (20028269

[73] W.-Y. Sean, T. Sato, A. Yamasaki, F. Kiyono, CFD andeginental study on methane hydrate
dissociation Part I. Dissociation under water flow, AIChE Journal, 53 (20072242

[74] K. Nazridoust, G. Ahmadi, Computational modeling of methane hydrate dissociation in a sandstone
core, Chemical Engineering Scien62 (2007) 6156177.

[75] I.LK. Gamwo, Y. Liu, Mathematical Modeling and Numerical Simulation of Methane Production in
a Hydrate Reservoir, Industrial & Engineering Chemistry Research, 49 (201053231

[76] C. Windmeier, L.R. Oellrich, Theoreticalusty of gas hydrate decompositiométics- Model
development, Journal of Physical Chemistry A, 117 (2013) 200361.

[77] T. Collett, J:J. Bahk, R. Baker, R. Boswell, D. Divins, M. Frye, D. Goldberg, J. Husebg, C. Koh,
M. Malone, M. Morell, G. Myers, CShipp, M. Torres, Methane Hydeatin Naturd Current
Knowledge and Challenges, Journal of Chemical & Engineering Data, 60 (20132319

[78] P. Englezos, Clathrate hydrates, Ind. Eng. Chem. Res., 32 (199312251

[79] Y.F. Makogon, Hydrates of Natal Gas, Pennwell Books, 1981.

[80] A.K. Sum, C.A. Koh, E.D. Sloan, Clathrate Hydrates: From Laboratory Science to Engineering
Practice, Industrial & Engineering Chemistry Research, 48 (2009) 7465.

[81] OGMEC. News Releases 2012, March i©.<https://www.jogmec.go.jp/english/news/release

/news 01 000006. html

[82] S.R. Dallimore, T.S. Collett, T. Uchida, Summary of Mallik 21[ndash]38 Well, GSC Bull., 544

(1999)1-10.

63


https://www.jogmec.go.jp/english/news/release%20/news_01_000006.%20html
https://www.jogmec.go.jp/english/news/release%20/news_01_000006.%20html

[83] C.A. Koh, R.E. Westadt W. Zhang, K. Hirachand, J.L. Creek, A.K. Soper, Mechanisms of gas
hydrate formation and inhibition, Fluid Phase Equilibria,i1%% (2002) 143151.

[84] J.P. Lederhos, J.P. Long, A. Sum, R.L. Christiansen, E.D. Sifattive kinetic inhibitors for
natural gas hydrates, Chemical Engineering Science, 51 (1996)12221

[85] P.K. Notz, S.B. Bumgardner, B.D. Schaneman, J.L. Todd, Application of Kinetic Inhibitors to Gas
Hydrate Problems, (1996).

[86] A. Graue, B. Kvamm, B. Baldwin, J. Stevens, J.J.\Mard, E. Aspenes, G. Ersland, J. Husebo, D.
Zornes, MRI visualization of spontaneous methane production from hydrates in sandstone core
plugs when exposed to CO2, SPE Journal, 13 (20081%26

[87] A. Arora, S.S. Cameatr C. Balomajumder, Techniques f&ixploitation of Gas Hydrate
(Clathrates) an Untapped Resource of Methane Gas, Journal of Microbial & Biochemical
Technology, 2015 (2015).

[88] Marine Resources Opportunities and Risks, in, 2014.

[89] Y. Konno, Y. MasudaY. Hariguchi, M. Kurihara, H. Qzhi, Key Factors for Depressurization
Induced Gas Production from Oceanic Methane Hydrates, Energy & Fuels, 24 (201Q)/4436

[90] Y. Konno, Y. Jin, K. Shinjou, J. Nagao, Experimental evaluation of the gas recoveny dact
methane hydrate in sandy sednt, RSC Advances, 4 (2014) 516686675.

[91] N. Verigin, I. Khabibullin, G. Khalikov, Linear problem of the dissociation of the hydrates of a gas
in a porous medium, Fluid Dynamics, 15 (1980)-144.

[92] G.D. Holder,P.F. Angert, Simulation of gas haction from a reservoir containing both gas
hydrates and free natural gas, in. SPE annual technical conference and exhibition, Society of
Petroleum Engineers, 1982.

[93] M.H. Yousif, H.H. Abass, M.S. Selim, E.D. Sloarxderimental and theoretical invesidtion of

methanegashydrate dissociation in porous media, SPE Reserv. Eng., (1995.69

64



[94] M.H. Yousif, B.P. Research, E.D. Sloan, Experimental Investigation of Hydrate Formation and
Dissociation in Consolidated Rars Media, SPE Reserv. Eng., 6419452.

[95] C.Y. Sun, G.J. Chen, Methane hydrate dissociation above 0 °c and below 0°C, Fluid Phase
Equilibria, 242 (2006) 12328.

[96] N. Goel, M. Wiggins, S. Shah, Analytical modeling of gas recovery from in situateglr
dissociation, Journal of Peteum Science and Engineering, 29 (2001)-123.

[97] W.-M. Sung, D-G. Huh, B:J. Ryu, H:S. Lee, Development and application of gas hydrate
reservoir simulator based on depressurizing mechanism, Korean Journal of &t@amgineering,

17 (2000) 344350.

[98] C. Ji, G. Ahmadi, D.H. Smith, Natural gas production from hydrate decomposition by
depressurization, Chemical Engineering Science, 56 (2001)}5RDA

[99] H.O. Kono, S. Narasimhan, F. Song, D.H. Smith, Synthesimathane gas hydrate porous
sediments and its dissociation by depressurizing, Powder Technology, 122 (20Q@26239

[100] X. Sun, N. Nanchary, K. Mohanty;[1 modeling of hydrate depressurization in porous media,
Transport in Porous Media, 58 (200553338.

[101] X. Ruan, Y.Song, H. Liang, M. Yang, B. Dou, Numerical Simulation of the Gas Production
Behavior of Hydrate Dissociation by Depressurization in HyelBsaring Porous Medium, Energy
& Fuels, 26 (2012) 1681694.

[102] H. Oyama, Y. Konno, Y. Mauda, H. Narita, Dependee of depressurizatieinduced
dissociation of methane hydrate bearing laboratory cores on heat transfer, Energy & Fuels, 23
(2009) 49955002.

[103] S. Khataniar, V.A. Kamath, S.D. Omenihu, S.L. Patil, A.Y. Dandekar, Modelling@mtbmic
analysis of gaproduction from hydrates by depressurization method, The Canadian Journal of

Chemical Engineering, 80 (2002) 1383.

65



[104] Y. Konno, Y. Masuda, K. Akamine, M. Naiki, J. Nagao, Sustainable gas production from methane
hydrate resewirs by the cyclic depssurization method, Energy Conversion and Management,
108 (2016) 439145,

[105] J.Y. Lee, B.J. Ryu, T.S. Yun, J. Lee-G. Cho, Review on the gas hydrate development and
production as a new energy resource, KSCE Journal of CigihEearing, 15 (2011) 68696.

[106] T. Kawamura, K. Ohga, K. Higuchi, J. Yoon, Y. Yamamoto, T. Komai, H. Haneda, Dissociation
behavior of pelleshaped metharethane mixed gas hydrate samples, Energy & fuels, 17 (2003)
614-618.

[107] W. Pang, W. Xu, C. Sy C. Zhang, G. Chen, M®ane hydrate dissociation experiment in a
middle-sized quiescent reactor using thermal method, Fuel, 88 (2009) 497.

[108] Y. Kamata, T. Ebinuma, R. Omura, H. Minagawa, H. Narita, Y. Masuda, Y. Konno,
Decomposition experiment of nietne hydrate sediment kbiypermal recovery method, in:
Proceedings of the 5th International Conference on Gas Hydrates, 2005:83p. 81

[109] G.J. Moridis, M.T. Reagan, S.J. Kim, Y. Seol, K. Zhang, Evaluation of the gas production
potential of marine hydite deposits in the Ullemg basin of the Korean East Sea, SPE Journal, 14
(2009) 759781.

[110] Z. Su, Y. Cao, N. Wu, Y. He, Numerical analysis on gas production efficiency from hydrate
deposits by thermal stimulation: Application to the Shenhu Area, <ohitha sea, Energies, 4
(2011) 294313.

[111] L.G. Tang, R. Xiao, C. Huang, Z.P. Feng, S.S. Fan, Experimental Investigation of Production
Behavior of Gas Hydrate under Thermal Stimulation in Unconsolidated Sediment, Energy & Fuels,
19 (2005) 2402407.

[112] J. Jang, J.C. Santarre, Recoverable gas from hydrdttearing sediments: Pore network model

simulation and macroscale analyses, J. Geophys. Res., 116 (2011) 1.

66



[113] M.H. Yousif, P.M. Li, M.S. Selim, E.D. Sloan, Depressurization of natural gas hydinaberea
sandstone ces, Journal of Inclusion Phenomena and Molecular Recognition in Chemistry, 8
(1990) 7188.

[114] V. Kamath, S.P. Godbole, EVALUATION OF HGBRINE STIMULATION TECHNIQUE
FOR GAS PRODUCTION FROM NATURAL GAS HYDRATES, JPT, Journal ofrBleum
Technology, 391987) 13791388.

[115] F.E. Anderson, J.M. Prausnitz, Inhibition of gas hydrate by methanol, AIChE J., 32 (1986) 1321.

[116] J. Sira, S. Patil, V. Kamath, Study of hydrate dissociation by methanol and glycol injection, in:
SPE Annal technical conferenand exhibition, Society of Petroleum Engineers, 1990.

[117] P.T. Ngema, P. Naidoo, A.H. Mohammadi, D. Richon, D. Ramjugernath, Experimental Clathrate
Hydrate Dissociation Data for Systems Comprising Refrigerant + CaCl2 Aqueousoinlut
Journal of Chemida Engineering Data, 61 (2016) 8:B86.

[118] V.A. Kamath, P.N. Mutalik, J.H. Sira, S.L. Patil, Experimental study of brine injection and
depressurization methods for dissociation of gas hydrates, SPE Form. Eval., (1991) 477.

[119] X. Li, L. Wan, G. Li, Q Li, Z. Chen, K. Yan, Experimental investigation into production behavior
of methane hydrate in porous sedment with hot brine stimulation, Ind. Eng. Chem. Res., 47 (2008)
9696.

[120] Y. Park, M. Cha, . Cha, K. Shin, H. Lee, KP. Park, D-G. Huh, H:Y. Lee, S.J. Kim, J. Lee,
Swapping carbon dioxide for complex gas hydrate structures, in: ICGH 6th International
Conference on Gas Hydrates, Citeseer, 2008.

[121] N. Goel, In situ methane hydrate dissociation with carbon dioxidaes&ation: Current

knowledge and issues, Journal of petroleum science and engineering, 51 (20083169

67



[122] The Bmik Sikumi Gas Hydrate Exchange, Trial Project Team, Ignik Sikumi gas hydrsitk
trial completed. Fire in the Ice; US, DepartmentEnergy, Office of Fasil Energy, National
Energy, Technology Laboratory, Pittsburg, PA, 12 (2012) 1

[123] A. Graue, B. Kvamme, B.A. Baldwin, J. Stevens, J.J. Howard, G. Ersland, J. Husebo, D.R.
Zornes, Magnetic resonance imaging of methearbon diaide hydrate reactionsiisandstone
pores, in:  SPE Annual Technical Conference and Exhibition, Societgtadl@um Engineers,
2006.

[124] Y. Park, D.Y. Kim, J-W. Lee, D-G. Huh, K-P. Park, J. Lee, H. Lee, Sequestering carbon dioxide
into complex struttires of naturally occung gas hydrates, Proceedings of the National Academy
of Sciences, 103 (2006) 1269Q2694.

[125] K. Josui, N. Miyakawa, K. Tei, D. Sugimoto, T. Fujioka, Excavation of methane hydrate using
COIL, Proc. SPIE, 6101 (2006) 610127.

[126] M.J. Castaldi, Y. ZhouT.M. Yegulalp, Dowrhole combustion method for gas production from
methane hydrage Journal of petroleum Science and Engineering, 56 (2007)85.6

[127] D-L. Li, D.-Q. Liang, S:S. Fan, X-S. Li, L-G. Tang, N:S. Huang, In $u hydratedissociation
using microwave heating: Preliminary study, Energy Conversion and Management,089 (20
2207+2213.

[128] N. Fulong, J. Guosheng, T. Fenglin, Utilizing geothermal energy to exploit marine gas hydrate,
NATURAL GAS INDUSTRY, 26 (2006)36.

[129] M.R. Islam, A new recovery technique for gas production from Alaskan gas hydrate, J. Pet. Sci.
Eng., 11 (1994) 267.

[130] S.D. Stoddard, J. Ford, Numerical experiments on stochastic behavior of a Lémmescdyas

system, Phys Rev A, 8 (1973).

68



[131] D.J. Alams, E.M. Adams, G.J. Hills, The computer simulation of polar liquids, Mol Phys, 38
(1979).

[132] V.P. Sokhan, D.J. Tildesley, The free surface of water: molecular orientation, surface potential
and nonlinear susceptibility, Mol Phys, 92 (1997)

[133] K. Kremer, G.S. Grest, Dynamics of entangled linear polymer melts: a moleguiamics
simulation,J Chem Phys, 92 (1990).

[134] F. Varnik, J. Baschnagel, K. Binder, Molecular dynamics results on the pressure tensor of polymer
films, J Chem Phys<,13 (2000).

[135] D.C. Rapaport, The art of molecular dynamics simulation, Cambridge University Press,
Cambidge, 2004.

[136] J-L. Barrat, J. Baschnagel, A. Lyulin, Molecular dynamics simulations of glassy polymers, Soft
Matter, 6 (2010).

[137] T. Belytstiko, S. Xia, G. Schatz, R. Ruoff, Atomistic simulations of nanotube fracture. Phys
Rev B 65(23): 235430, jr2002.

[138] V. Coluci, N. Pugno, S. Dantas, D. Galvao, A. Jorio, Atomistic simulations of the mechanical
properties of 06s ugnaechnolgy 88(38).B885702,an20G7.u b e s . N

[139] M. Orsi, Molecular dynamics simulation of humic substancessn@al and Biological
Technologies in Agriculture, 1 (2014)14.

[140] D. Beeman, Some multistep methods for use in molecular dynamics calculdbansal 6
Computational Physics, 20 (1976) 1B889.

[141] L. Verlet, Computer" experiments" on classitabs. I. Thermodynamical properties of Lennard

Jones molecules, Physical review, 159 (1967) 98.

69



[142] W.C. Swope, H.C. Andersen, P.H. Berens, KARson, A computer simulation method for the
calculation of equilibrium constants for the formation of ptgisclusters of molecules: application
to small water clusters, J Chem Phys, 76 (1982).

[143] C.W. Gear, Numerical initial value problems in ordyndifferertial equations, Prentice Hall
PTR, 1971.

[144] R.W. Hockney, POTENTIAL CALCULATION AND SOME APPOATIONS, in, Langley
Research Center, Hampton, Va., 1970.

[145] The site of TINKER software, in.

[146] The site of NAMD software, in.

[147] I.T. Todbrov, W. Snith, K. Trachenko, M.T. Dove, Journal of Materials Chemistry, 16 (2006).

[148] B.R. Brooks, R.E.Bruccoleri, B.D. Olafson, D.J. States, S. Swaminathan, M. Karplus,
CHARMM: a program for macromolecular energy, minimization, and dynamics catmsdati
Comput Chem, 4 (1983).

[149] B. Hess, C. Kutzner, E. Lindahl, Gromacs 4, algorithms for highly efificloadbalanced, and
scalable molecular simulation, J Chem Theory Comput, 4 (2008).

[150] S. Plimpton, Fast parallel algorithms for shamge nolecular dyamics, J Comput Phys, 117
(1995).

[151] L.A. Baez, P. Clancy, Computer simulation of the crygtaivth and dissolution of natural gas
hydrates, Annals of the New York Academy of Sciences, 715 (1994)86.7

[152] N.J. English, E.T. Clarke, Mecular dyramics study of CO2 hydrate dissociation: Fluctuation
dissipation and neequilibrium analysis, dgnal of Chemical Physics, 139 (2013).

[153] N.J. English, J.K. Johnson, C.E. Taylor, Molecalgnamics simulations of methane hydrate

dissociation Journal 6 Chemical Physics, 123 (2005).

70



[154] L. Ding, C. Geng, Y. Zhao, H. Wen, Molecular dynamics satioth on the dissociation process
of methane hydrates, Molecular Simulation, 33 (2007) 1105S.

[155] H. Yu, W.F. van Gunstereghargeon-spring polarizable water models revisited: from water
clusters to liquid water to ice, The Journal of chemical josBy421 (2004) 9549564.

[156] E.M. Myshakin, H. Jiang, R.P. Warzinski, K.D. Jordan, Molecular dynamics simulations of
methane hgrate decomposiin, Journal of Physical Chemistry A, 113 (2009) 19921.

[157] Y. lwai, H. Nakamura, Y. Arai, Y. Shimoyamanalysis of dissociation process for gas hydrates
by molecular dynamics simulation, Molecular Simulation, 36 (2010)2586

[158] S. Nosé, A unikd formulation of the constant temperature molecular dynamics methods, The
Journal of Chemical Physics, 81984) 511519.

[159] M. Parrinello, A. Rahman, Polymorphic transitions in single crystals: A new molecular dynamics
method, Jourdaf Applied Phygcs, 52 (1981) 7187190.

[160] A. Chialvo, M. Houssa, P. Cummings, Molecular dynamics study of the stuanud
thermophysical properties of model sl clathrate hydrates, The Journal of Physical Chemistry B, 106
(2002) 442451.

[161] G.S.Smirnov, V.V. Segailov, Melting and superheating of sl methane hydrate: Molecular
dynamics study, Journal of Chemical Plgsil36 (2012).

[162] I. Chatti, A. Delahaye, L. Fournaison, J.P. Petitet, Benefits and drawbacks of clathrate hydrates:
A review d their areas ointerest, Energy Conversion and Management, 46 (2005) 1383,

[163] H. Komatsu, M. Ota, R.L. Smith, H. dmata, Review of COIZH 4 clathrate hydrate
replacement reaction laboratory studig®perties and kinetics, Journal of the Taivirastitute of

Chemical Engineers, 44 (2013) 5bA7.

71



[164] C-Y. Geng, H. Wen, H. Zhou, Molecular Simulation of the Potewnfidethane Reoccupation
during the Replacement of Methane Hydrate by CO2, The Journal of Physical Chemistry A, 113
(2009) 54635460.

[165] Y. KeFeng, L. XiacSen, S. LiHua, C. ZhaeYang, X. ZhiMing, Molecular dynamics
simulation of promotion mechanisof store hydrogen of clathrate hydrate, (2011).

[166] Y.-T. Tung, L-J. Chen, Y-P. Chen, ST. Lin, In Situ Methane Recovery andaon Dioxide
Sequestration in Methane Hydrates: A Molecular Dynamics Simulation Study, The Journal of
Physical Chemistry B115 (2011) 152945302.

[167] W.L. Jorgensen, J. Chandrasekhar, J.D. Madura, R.W. Impey, M.L. Klein, Comparison of simple
potentialfunctions for sinulating liquid water, The Journal of Chemical Physics, 79 (1983) 926
935.

[168] J.G. Harris, K.H. Yung, Chon dioxide's liquidvapor coexistence curve and critical properties
as predicted by a simple molecular model, The Journal of @&iyShemistry, 9941995) 12021
12024.

[169] W.L. Jorgensen, D.S. Maxwell, J. TiraBives, Development and testing of the (Pdllatom
force field on conformational energetics and properties of organic liquids, Journal of the American
Chemical Society, 18(1996) 11225.1236.

[170] Y. Qi, M. Ota, H. Zhang, Molecular dynamics simulation of replacement of CH4 in hydrate with
CO2,Energy Conversion and Management, 52 (2011) 2&RY .

[171] D. Bai, X. Zhang, G. Chen, W. Wang, Replacement mechanism of métydnage with carbn
dioxide from microsecond molecular dynamics simulations, Energy & Environmental Science, 5
(2012) 70337041.

[172] T. Yagasaki, M. Matsumoto, Y. Andoh, S. Okazaki, H. Tanaka, Dissociation of Methane Hydrate

in Agueous NaCl Solutions, €hJournal of Physal Chemistry B, 118 (2014) 11791804.

72



[173] Y. Qi, W. Wu, Y. Liu, Y. Xie, X. Chen, The influence of NaiGhs on hydrate structure and
thermodynamic equilibrium conditions of gas hydrates, Fluid Phase Equilibria, 325 (2002) 6

[174] A.M. Stoneham, RTaylor, Handbook of interatomic potentials, in, UKAEA Atomic Energy
Research Establishment, 1981.

[175] Y.-T. Tung, L:J. Chen, Y-P. Chen, ST. Lin, Molecular dynamics study on the growth of
structure | methane hydrate in aqueous smiubf sodium chidride, The Journal of Physical
Chemistry B, 116 (2012) 141154125.

[176] J. Xu, T. Gu, Z. Sun, X. Li, X. Way, Molecular dynamics study on the dissociation of methane
hydrate via inorganic salts, Molecular Physics, 114 (2016)334

[177] H. Berendsen, Grigera, T. Straatsma, The missing term in effective pair potentials, Journal of
Physical Chemistry, 91 (89) 62696271.

[178] M.W. Mahoney, W.L. Jorgensen, A fiagite model for liquid water and the reproduction of the
density anomaly¥origid, nonpolaizable potential functions, The Journal of Chemical Physics, 112
(2000) 89168922.

[179] J. Abascal, E. SanR.G. Fernandez, C. Vega, A potential model for the study of ices and
amorphous water: TIP4P/Ice, The Journal of chemical phy2@s(2005) 23451

[180] E.A. Mastny, C.A. Miller, J.J. de Pablo, The effect of the water/methane interface on methane
hydrae cages: the potential of mean force and cage lifetimes, The Journal of chemical physics, 129
(2008) 034701.

[181] J.Q. BroughtorG.H. Gilmer, Mokcular dynamics investigation of the crystalid interface. VI.
Excess surface free energies of crydtglid systems, The Journal of chemical physics, 84 (1986)

57595768.

73



[182] R.L. Davidchack, B.B. Laird, Direct calculation of thgstal melt interficial free energies for
continuous potentials: Application to the Lenndahes system, The Journal of cheshphysics,
118 (2003) 76517657.

[183] R.L. Davidchack, R. Handel, J. Anwar, A.V. Brukhno, IcEWWater Interfacial Fre&nergy of
Simple Water Mdels with Full Electrostatic Interactions, Journal of chemical theory and
computation, 8 (2012) 2383390.

[184] C. Vega, J.L. Abascal, M. Conde, J. Aragones, What ice can teach us about water interactions: a
critical comparison othe performance of diffent water models, Faraday discussions, 141 (2009)
251-276.

[185] J. Zielkiewicz, Structural properties ofter. Comparison of the SPC, SPCE, TIP4P, and TIP5P
models of water, The Journal of chemical physics, 123 (2005) 104501.

[186] D. Paschek, Temperatudependence of the hydrophobic hydration and interaction of simple
solutes: An examination of five populaater models, The Journal of chemical physics, 120 (2004)
66746690.

[187] H.W. Horn, W.C. Swope, J.W. Pitera, J.D. Madural. Dick, G.L. Hura, THeadGordon,
Development of an improved fogite water model for biomolecular simulations: TIFEB®R, The
Journal of chemical physics, 120 (2004) 9&&5 8.

[188] J.L.F. Abascal, C. Vega, A general purpose model for the condemsses of water: TIP4R)A5,

The Journal of Chemical Physics, 123 (2005) 234505.

[189] H. Docherty, A. Galindo, C. Vega, E. Sanzpétential model for methane in water describing
correctly the solubility of the gas and the properties of the methanetéydioairnal of Chemical
Physics, 125 (2006).

[190] M.G. Martin, J.I. Siepmann, Transferable potentials for phase equilibria. 1.ddbdie

description of ralkanes, The Journal of Physical Chemistry B, 102 (1998)-2589.

74



[191] A.D. MacKerell Jr, D. Badord, M. Bellott, R.L. unbrack Jr, J.D. Evanseck, M.J. Field, S.
Fischer, J. Gao, H. Guo, S. Ha, D. JosbfdCarthy, L. Kuchnir, K.Kuczera, F.T.K. Lau, C.
Mattos, S. Michnick, T. Ngo, D.T. Nguyen, B. Prodhom, W.E. Reiher lii, B. Roux, M. Schlenkrich,
JC. Smith, R. Stote, J. Bub, M. Watanabe, J. Widrkiewitaiczera, D. Yin, M. Karplus, All
atom empirical potential for molecular ahging and dynamics studies of proteins, Journal of
Physical Chemistry B, 102 (1998) 358616.

[192] B. Guillot, Y. Guissai, S. Bratos, Acomputers i mul ati on study of hydr
gases and of methane. I. Thermodynamic and structurpempies, The Journal of chemical
physics, 95 (1991) 3643648.

[193] R. Radhakrishnan, B.L. Trout, A new approach for shglyhucleation phenomenasing
molecular simulations: Application to CO2 hydrate clathrates, The Journal of chemical physics,
117 (2002) 1784.796.

[194] E.M. Myshakin, H. Jiang, R.P. Warzinski, K.D. Jordan, Molecular dynamics simulations of
methane hydratdecomposition, The Jaal of Physical Chemistry A, 113 (2009) 191921.

[195] D.P. Luis, A. Garci@onzalez, H. SaifAtartin, A Theoretical Study of the Hydration of
Methane, from the Aqueous Solution to the sl Hydtatpiid WaterGas Coexistence,

International journal of melkular sciences, 17 (2016) 378.

75



3CHAPTER THREE

Evaluation of Gas Hydrate Formation Temperature for Gas/Water/Salt/Alcohol Systems:

Utilization of Extended UNIQUAC Model and PC-SAFT Equation of State(published)
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Abstract

Naturally occurring gas hydrates are of great irtgp@e in terms of strategic energy source. Hydrates
affect coastal sediment stability, global climate change, and ocean carbon cycling. It is vital to
understand the thermodynamic conditions o$ d¢eydrates to control/manage and inhibit hydrate
formation. A variety of equations of state (EOSs) have been utilized to model the thermodynamic
behavior of gas hydrates. In this study, the3&FT equation of state combined with van der Waals
Platteuw modl is employed to determine the clathrate hydrate forma#iorperature of pure gases
(e.g., methane, ethane, propane, isobutane, carbon dioxide, and hydrogen sulfide) and binary and ternary
systems of hydrate gas. In addition, the gas hydrate formatemnditions are investigated where
methanol, ethanol, glyeel, NaCl, KCI, CaCl, and MgC# as inhibitors are present. The UNIQUAC
model is utilized in this work to obtain the hydrate formation conditions in systems with inhibitors. The
interaction paramets between water, alcohols, salts, and gasses are cedsiddre thermodynamic
modeling. The longange interaction contribution term is also incorporated in the model to determine
the hydrate formation temperature in the presence of salts and alcbbashieve more accurate
results, the association contriton is taken into account to calculate the residual Helmholtz energy. It

is found that the PGAFT equation of state is able to predict the hydrate formation conditions with
high precision. Theamparison between the calculated and experimental datag ¢ivat the average
absolute error in this study is lower than that in the earlier works. The modeling strategy employed in
this research study can be applicable to forecast the thermodynamimobglod natural or synthetic

gas hydrates within a broaahge of process conditions.

Keywords: PGSAFT Equation of State, Gas Hydrate, Association Contribution, Phase Equilibria,

Inhibitor
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3.1. Introduction

Natur al gas and |ight oils are considered as t
transporétion, and downstream operations, they generally experience a major problem, which is the
formation of gas hydrate, leading to equipment blocla¢end shutdown. Thus, thehibition of gas

hydrate formation in various petroleum operationsrseecessarylo attain this goal, thermodynamic

and process research studies to forecast the hydrate phase equilibria in the presence dfsyatet, sa
alcohols in upstream or/and downstream processes are inevitable.

Clathrate hydrates are the crystadliand icdike compounds that are fouat highpressure and low
temperature conditions such that gas or volatile liquid molecules appropriatgfate formation are
trapped within rigid cages of water molecules.

There are three hydrate structureqetaling on th size of the gas molecule and type and number of
cavities. The most common gas hydrate structures are namely; structure [typsdructure (type) Il

[2], and structure (type) EB]. Small molecules such as methane and ethane normally create structure

I, while the larger molecules are observedtmicture Il and structure H. For instance, propane and
isobutene form structure Il and combinations of methlg@aseand cydheptene form structure.H

In the last few decades, a considerable number of studies have been conducted to investigate a variety
of applications of gas hydrates in the world; including water desalination/treatment tecldiology
purification of gas mixturefb], refrigeration and air contitbning systens in the form of hydrate slurry

[6], gas transportatidi], gas storage, and carbon capture and sequesti@iti@inglezog9] published

a systematic literature review on the technological developments, environmental and energy concepts,
and fundamental aspects of natural gas dgdr Chattet al.[2] also peformed a literature review on
different prospects of gas hydrates such as utilization, benefits and drawbacks, and characterization.
The utilization and formation occurrence of clathrate hydrates in varioustimes mainy separation

processes are presed in a review paper prepared by Eslamimanesh[8t.dh addition, Kondori et
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al. [10] conducted a comprehensive review study on different kinds of gas hydrate reservoirs. They
showed the limitéions of existing experimental driheoretical approaches and offered an appropriate
procedure on the development of more accurate theoretical models.

The prohibition ways/strategies for hydrate formation and prediction of hydrate formatiditi@ans

arethe most important aspects insgaydrate studies. There are several research works in the open
sources to develop models for simulation/modeling of the clathrate hydrate formation. The majority of
the modeling strategies have employed astiedl mechaistic model, which was primarilgeveloped

by van der Waals and Plattee{dil], to describe the hydrate phase. To determine the thermaody
equilibrium conditions, theequations of state (EOSs) and activity coefficient models are generally
utilized. A number of researchers including Parrish and Praudrdiz Ng and Robinsofl3], and

Holder et al.[14] modified the van der Waals modgll] to design various chemical engineering
processes while dealing with multiple phases. Anderson ¢t5lproposed a model based on the
equality of fugacities to determine the hydrate equilibrium conditipnsising a mdified Redlich

Kwong (RK) equation of state for the vapor phase and a modified UNIQUAC model for the liquid phase
where various gaseous mixtures and methanol (as an inhibitor) were examined. To investigate the
impact of methanol on the gas hgte formatio, Englezos et a[16] used the TrebbidBishnoi[17]
equaton of stateTavasoli et al[18] also estimated the hydrate formation conditions in both uninhibited
and inhibited systems through using the Elliot, Suresh, and Donohue (ESD) equation of state. In another
study, Karamoddin et aJ19] compared the results obtained from three different EOSs (e.g.,-Soave
RedlichKwong (SRK), Valdaram#ateiTeja (VPT), and cubiglusassociation (CPA)) for
determination of the hydte formationconditions of refigerants. Chapoy et 4R0] used the CPA
equation of state to odih the gas ydrate formation coriions of pure gases. Eslamimanesh ef2dl]
developed a model to deterrairthe hydratdormation conditions of hydrogen sulfide and carbon

dioxide where the modified conventional Clapyron equation was used. Li gX2hlconducted a
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thermodynamic study on prediction of hydrate formation in sour rajasasystems containing8l

and CQ. Theyutilized CPA equation of state in their research investigation. Recently, Kwaterski et al.
[23] introduced an approach to study th#tuences of dissolved saltsch as NaCIKCI, and CaClon

the thermodynamic conditions of the gas phase in the hydrate systems. They appliddRhe E
activity coefficient model for hydrate formation systems of carbon dioxidemethane +

electrolyte+ water.

The ongoing developmeitf onshore ad offshore petroleum fields increases the risks of operating
difficulties resulted from the formation of gas hydrates. Various strategies are currently being used for
lowering the hydrate problems in hydrocarlpoaduction, pipeline, and press facilities. To decide on

an effective inhibition method, we need to accurately estimate hydrate formation conditions. The
hydrate formation temperature and pressure of various pure gases; namely, methane, ethane, propane,
hydrogen sulfide, nitrogen;butane, ammaa, and carbon dioxide are investigated in this study.
Hydrate structures are divided into two categories, depending on the size of the guest molecules listed
above. The structure | is considered for all the alyases except for systems whinclude prpane

andi-butane.

In addition, Li[24] developed a thermodynamic model based on the statistical associating fluid theory
(SAFT)to investigate gas hydrate formation condition inahsencend in thegresence oihhibitors.

Using theSAFT equation of state, the Heloitz free enagy of each component is calculated by
summing up of the dispersion interaction, hard sphere extraction, and association terms. The SAFT
eqguation of state has been successfully used for the phase equiliirmaerbus complex components;

for example, elecolyte solutiong25], ionic liquids [26], aromaticd27], polymers[28], and alcohols

[29]. The association interaction between the molecules can be captured ByThedbiation of state.

After introducing the SAT equation of state, many researchers proposed the new versions of the SAFT

such as SSAFT, softSAFT, MSSADT, and PESAFT to improve the performance/accuracy of the
80



SAFT equation of state in thermodynamimigibrium calculationg30-32]. Firstly, the perturbed chain

SAFT (PGSAFT) equation of state was used by Gross €83]. In the PGSAFT equation of state,

the dispersion energy is calculated, consiigboth harcthains and hard spheres. In the context of gas
hydrate, Li[34] studied hydrate formation of methane, ethane, and propane bythsiirgt vesion of

SAFT. Liang et al[35] and Leekumjorn et aJ36] illustrated new methods to calculate the-8&FT
parameters for different systems.

To the bet of our knoledge, there is no gas hydrate modeling study for gas mixtures using-the PC
SAFT equation of statand UNIQUAC model The integration/combiation of PGSAFT EOSand
UNIQUAC modelhas never been used to forecast the hydrate formation tonslin the presee of
inhibitors, electrolytes, and ionic liquids.

In the present work, the PEAFT equation of state is employed to model the hydrate phase in different
systems. The PGAFT equatn of state is coupled with the van der Waals anddRiatimodel. The
gashydrate formation conditions are investigated for pure gas, sour gas, and different mixtures of gases
in the uninhibited and inhibited systems. Under various thermodynamic conditienthregohase
equilibria calculations are studiedrfvarious system@ure and mixture) of the gas, liquid, hydrates,

and inhibitors such as methanol, ethanol, glycerol, NaCl, KCI, £a@dl MgCt. The optimal values

of all the possible UNIQUAC intaction parameters between the components in the agjpbase are
consicered. The activity of water in the aqueous mixtures of alcohols and salts is also determined by

using UNIQUAC.

3.2. Modeling Approach

Under phase equilibrium condition, tleguality of temperature, pressure, and chemical potentials
(fugacity) of a component imll involved phases is the basis of calculations related to the gas hydrate
formation conditions. For three phase vafguid-hydrate equilibria, the fundamental eqoatfor the

equilibrium condition in the gas hydrates is given below:
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= m, (3-1)
where 77 and 7 stand for the chemical potential of water in the hydrate phasethedcoexisting

phases, respectively. In this study, the equilibrium conditions between water, hydrate, and vapor phases
are investigated. van der Waals andttelav [11] introduced a model to determine the chemical
potential of the component in the hydrate phase with the following assumptions; i) Them@aseno

than one gamolecule in each cavity, ii) The interaction between encaged moleculegested, and

iii) The guest molecules follow the ideal gas behavior. The water chemical potential function in the

hydrate network (van der Waals and Platt¢i$y) is calculated by Equation<® as follows:

a o)
N & c.,f O
m! =n) +RTq v, Ingd- ——m 1 N
ai. I ?% 1 a. le i g (3 2)

where 77{ represents the chemical potential of water in an empty cage of hydrate netivastands

for the fugacity of the gaseous compounds which achieved using the PEAFT equation of state

(further details are found in the next sectiong), refers to the number of cavities of tymeper water

molecule in the lattice, andRand T denote theuniversal gas catant and temperatunespectively.

C., in Equation 8-2) is the Langmuir constant, which is described by the following expredstpn

C,, = ne 3 W)gzon (39

in which,”’(r)symbolizes the spherically symmetric cell potential &sli gni fi es t he B«
constant, which is calculated by summation over allvgai®r interactions in the cavity. The Kihara
potertial function is @plied to calculate(r), as shown below:

12

W) = 2265 (0" + a’“)

S° (4 2 )2 (3-4)
&R @ +Rd5)H

R5
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and

- (r/R)- (@a/R)- [1- (r/R)- (a/R)]'Ng (3-5)
€

é N U

a =

wherer andR represent the distance of the guest molecule from the cavity center (radius of the cavity)
and cell radius, respectivelyZ refers to the coordation number;s + 2a is the collision diameter;

a stands for the core radius; ar@l is the symbol for thenergy parameter in the Kihara potential
function. Parrish and Prausnifd2] proposed the following correlatioto calculate the Langmuir

constant:

C _Anl

=2 o) 59

In Equation 8-6), Ani and Bri introduce twoconstants which can be obtained, when the theoretical
value of C_;is determined bysing Equation%-3).
The water chemical potential in the liquid or ice phagg, (the right side of Equatior3{1)) is achieved

as follows:

= nf' +RTIna, (37)

in which, nﬁand % denote the chemical potential aadtivity of pure water in théce or liquid

pha®, respectively. The chemical potential difference of water in the pure liquid (or ice phase) and in
. D),/ A _
the unoccupied hydratattice ( ) is given below:

Onf, = - &%)

The chemicapotentialdifference of water in the hydephase and the accupied hydrate lattice (

Dr7j} ) can be also defined as follows:
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Onf! = i} - nf &9)

Consequently, the equilibrium quality of chemical potential (see Equaib)) furns to thdollowing

expression:

Drff =D (3-10)

The left side of Eqation (8) is commoly expressed as follow&4]:

e a P
Drf, = RT&h . nDl2 T+n—dP na,q (3-11)
RT, Ngrz ™ T ;

Where D, represents the fierence in the obmical potential of purevater in the unoccupied lattice
and liquid water at a temperature equal to 273.1BH¢, andDn;, signify the difference in the molar

enthalpy and the difference in the molar volume between the occupied network of laydiditpuid

water, respectively. § and R introduce the reference temperature (e.g., 273.15 K) and reference
pressure (e.g., 1 atm), respectively. The magnitud®Hdf, can be determined by using Equatin (
12), as shown below:
DH? =DH? + ﬁT DC, dT (3-12)
whereDC,, is the vater heat capacity, which is obtained by the following correlation:
DC, =DC? +Db(T - 27315) (3-13)

Based on Equation8-8) to 3-13), all constants required for the phase equilibria calculations are listed
in Table3-1 [37]. The water activity is calculated by the UNIQUAC mof838], which is described in

the Supporting Information
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Table 3-1: Thermodynamig@arameters of unoccupied hydrate lattice at 273 K and 13&4n

Properties Structure | Structure I
Dnf (J/ mol) 1264 883
DH? (J / mol) -4858 -5201
D (cnt/ mol) 4.6 5.0
DC, (3/molK) 38.120
b(J/mol) 0.141

3.2.1. PC-SAFT EOS

In the contexbf phase equilibg, two classical thermodynamic methods are usually employed; namely,

the cubicequations of state and liquid activity coefficient modé4@. In addition to the conventional

tools/ models, the association models have been usethevast decadeghich can show and explain

the effect of hydrogen bonding in targeted systems including both polar afmbla@rcomponents.

The statistcal association fluid theory (SAFT) is one of the most reliable and accurate models in the
perturbaion theory[41]. In the SAFT equ#n of state, all molecules are considered as spherical
segments with equal size, which are characterized by fivequmn@onent paramets; including,
number of segments (m), diameter of ocatogime)nt ( G)

and energy of association ( ). It should be mentioned that the last two terms are utilized only if the

molecule is setas®ciating. Gross and Sadow$RB] introduced the PGAFT equatio of state (EOS).

The PCSAFT EOS has two main differences with the SAFT equation of [@d}eo that the dipole
dipole interaction term is added to the-BBFT EOS and the énardJones equation is used for the
segment contribution. In the PRAFT equation of state, the dispersion interactions are considered

between the conneal segments instead of disconnected segments. The interaction term can be
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employedwith a good relialtity for the chain molecules such as solutions containing hydrocarbons
or/and polymers. PGAFT equation of state exhibits a high accuracy to predictdperliquid and
liquid-liquid equilibrium conditions of small and large molecuteger a wide rangef pressure,
temperature, and composition for systems of associatingsasewctiating, polar and ngolar
components, and polymgr2]. Due to its great precision imffecasting the thermophysical properties
of various mixtures, particularly polymerisystems, nowadayPGSAFT EOS experiences more
applications in modeling (and simulation) of polymerization systems and predicting of thermodynamic
or/and thermophysical pperties. Utilization of PESAFT EOS model for mixtures requires the
accurate estiation of pure compgnent parameters such as segment number, diameter, and energy.
The PCSAFT is presented in terms of reduced Helmholtz free energy to describe the theamidy
properties of a system. The residual Helmholtz free energy of a syat&mig the sum of three terms,
which show the contributions of various interaction forces between the molecules. In-8%FFC

EOS, the residudfielmholtz free energy is expressed as follows:

=res _ =hard- chain

a =7 + adispersion =associatio (3_14)

+a
wherethe residual Helmholtz free emgr, a™*, is calculated by the following equation:

ares — A

NAT (349

In Equation 8-1 5 ) t he parameter o r eldshews tha tbtal numbeeof Bo | t

molecules, and refers to the absolute temperature. In EquatBh4(), the harechain contribution (

= hard- chain

a ) includes the hard chain formation and the spluentribution. Dispersion force@ (")

denote the attractions between fpoiar and weakhpolar molecules. The association contribution (

= associatio

a ) consists of any specifimieractions such as electron do@acceptor ingractions and
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hydrogen. Te corresponding equations for determination of important thermodynamic parameters
(e.g., gas compressibility factor and fugacity coefficient) by usingRET are givern theSupporing

Information

3.2.2. Input Parameters and Data
In this study, 7 pure components are used in 16 various systems within broad ranges of pressure,
temperature, and composition. For simple -association systems, we need to have three main

parameters such #& segment numben(), diameter of segmens (), and potential well depth energy

(el k)[33,43] To include anyassociating component, tassociation energy for sité and B ¢*?),

effective association vqumee(\B/ k), and the above three parameters are reqUu8{l Table 3-2
providesthe purecomponent parameters for all componeintighis study.The binary interaction

parametersk; ) [44] and crossassociatia interactions §; and/;; ) [33] are listed in Table-2.

Table 32: Purecomponent parameters of the48@FT equation of state.

Component m s (A) elk (K) kP8 e"®/k(K)  Reference

Water 2.6166 2.0689 132.44 0.293973 1767.1 [43]
Methanol 1.779 3.088 194.18 0.0488 2668.7 [43]
Ethanol 2.8243 2.9659 191.25 0.0545 2321.8 [43]
Glycerol 1.5728 4.190 554.73 0.0007  4364.57 [45]
Methane 1.000 3.7039 150.03 - - [33]
Ethane 1.6069 3.5206 191.42 - - [33]
Propane 2.0020 3.6184 208.11 - - [33]
iButane 2.6166 3.7574 216.53 - - [33]
CO, 2.0729 2.7852 169.21 - - [33]
N2 1.2053 3.3130 90.96 - - [33]
H,S 1.6941 3.0214 226.79 - - [43]
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Na*
K*
Mg2*
ca*

CI

2.4566

3.26

2.4803

3.321

3.28

2044.09 0.001
1350.31 0.001
3360.36 0.001
2205.76 0.001
2260.41 0.001

2630

1400

3490

2218

2120

[46]
[46]
[46]
[46]

[46]

Table 3-3: Binary interaction parameters and binary association parameters.

Binary system Ki 175 /5 Ref. Binary system K; 17; /; Ref.
Methane/CQ 0.0919 - - [47] Methanol/Ethane 0.110 - - [48]
Methare/ No 0.0311 - - [47] Methanol/CQ -0.087 - - [48]
Methane/ HS 0.885 - - [47] Ethanol/CQ 0.076 - - [48]
Methane/iButane  0.0256 - - [47] Propane/iButane  -0.0078 - - [48]
Methane/ Propane 0.014 - - [47] COy HaS 0.0974 - - [49]
Methane/Ethanol  0.0911 - - [50] COy/Ethane 0.014 - - [48]
Water/Ethanol 0.0569 0.2817 -0.0802 [43] Water/Methanol 0.435 0.30614 0.09324 [43]
Water/NacCl 0.3213 - - [51] Ethanol/Methanol -0.0009 - - [43]
Methane/ NaCl 0.8738 - - [51] Water/Glycerol -0.280 0.0293 0.0213 [45]
CO./ NaCl 0.2659 - - [51] | Water/KCl -0.283% - - [51]
Propane/NaCl 0.72 - - [51, 52] | Methane/KCI 1.482 - - [51]
iButane/NaCl 0.7 - [51, 52] Propane/KCI 1.36 - - [51,

52]
N2/NaCl 0.007 - [51, 52] iButane/KCl 1.35 - - [:3321]

3.2.3. Modeling Algorithm

Figure3-1 shows theomputational procedure to determine the thermodynamic conditions of the

hydrate formationemperature. The procedure is as follows:
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- The input parameters are the pressure and initial composition in the gas phase (water free),

- Assume the water actiyifa,) =1 for the aqueous phase,

- Guess a temperature for the hydraterfation,

- Obtain the fugacity for all gaseous components using thREART equation of state,

- Calculate Dnj, and Dnﬂ through employing Equation8+/) - (3-13),

- If the magnitudes ofDrj, and D/‘Ié: are equal, the guessed temperature in the third step is

correct; otherwise, the temperature needs to be updated and the prograntoétertisrd step,

- Having a new temperature and equality of futya¢che solubility of gases in the aqueous phase
can be achieved using Equati@&y),

- Calculate a new activity for water in the aqueous phase using the UNIQUAC model (see the

Supportng Information)and repeat all the above steps from the secondgtepnsidering a new
a, and recalculate a new temperature,

- If the magnitudes of the new and old temperatures are equal, the new temperature is correct and

it is congdered as the temperature of the hydrate formation; otherwistertiperature needs to
be updated and the program returns to the second step where th&, nend the last updated

temperature are used. To provide further detdifis, algorithm required to conduct phase
equilibrium calculations is provided in ttf&upporting InformationThe MALAB® software is

used for programming in this research work.
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Figure 3-1: Flow diagram forcalculation of hydrate formation temperature.
3.3. Resultsand Discussion
We use UNIQUAC model to obtain the water activity and$AFT EOS is also employed to
determine the fugacity of gas componentseTeffect of eletrolyte and ions is considered

while obtaining the parameters®C-SAFT EOS and UNIQUAC model.
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Table3-4 shows the hydrate formation conditions for hydrates with pure gases. As can be seen
in Table4, a very good match is noticed betwéled experimentadata and calculated values
based on the minimum error percentage, maximum error percentage, and average absolute
error percentage where the IS8 FT equation of state is employed. The mean erroep&age

or average absolute percent dévia in temperatie (AADT%) and pressure (AADP%) are

calculated by the following equations:

[:].p 1 Texp_ -I-cal

AADT%=10033 — — ! (3-16)
Ny T
Np 1 ‘Pexp _ peal

AADP%=1003 — —— ' (3-17)

AN, PP
whereN, stands for the number of data points in edataset, and superscrigtgpandcal are
attributed to tk experimental data and the calculated value of hydrate temperature (or/and
pressure). The UNIQUAC interaction parameters of water, salts or/and alcylstéms are
obtained where the overall AADT%r all systems containing inhibitors is minimized thrbug
using the pattern search technique in the MATLAB software. It should be mentioned that the
hydrate formation data of pure gasses in the presencehibitors are used to obtain the

parameters ($ted in Tables2 of theSupporting Informationthrough rgression technique.

Table 3-4: Values of the minimum error and maximum error percentages, AADT%, and AADP% while
predictirg hydrate formation conditions for pure gases.

Range of P Range of T Min.  Max. Range of P Range of T Min. Max
Guest (MPa) (K) Np Eror  Error AADT% AADP% Ref. Guest (MPa) (K) Np Error  Error AADT% AADP%  Ref.
Methane 1.799.78 262.4285.9 18 0.00380.644. 0.1033 1.0890 [53] 0.3680.547 276.7278.5 9 0.0019 0.0396 0.0160 1.0254 [54]

33.9977.5 295.7302 4 0.08920.326¢ 0.1640 5.4582 [55] | ibutane 0.1090.167 273.2275.1 10 0.1704 0.0549 0.0216 1.3746 [56]
9.6268.09 285.7301.6 9  0.01170.0807 0.0407 1.4221 [57] 0.1150.169 273.2275 20 0.0027 0.0805 0.0395 2.2306 [58]
15.9237.5 290.2315.1 14 0 0.000: 0.0001 0.0001 [59] CO, 1.3244.323273.7282.9 17 0.0015 0.0607 0.0244 0.9693 [60]

2.6528.57 273.2294.3 8  0.00660.1137 0.0655 2.1493 [61] 1.0484.502271.8283.2 35 0.0002 0.1012 0.0425 1.5921 [62]
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7.1-13.11 283.2288.7
3.021855 275.2291.2
Ethane 0.2940.441 260.9287
0.51-2.73 273.7286.5
0.782.62 277.5286.5
5.0-20.34 288290.6
0.8483.082 277.8-287.2
19.4883.75 290.4298.3
Propane 0.1650.472 273.228

0.1830.27 273.7275.4

3

13

18

10

26

10

0.057 0.077¢

0.00220.213¢

0.00380.741«

0.017 0.0765

0.05260.108(

0.00110.026°

0.007 0.084:

0.0022 0.055

0.0093 0.061

0.00490.025:

0.0671

0.0563

0.1214

0.0395

0.0872

0.0107

0.0395

0.0218

0.0324

0.0118

2.1602

1.6698

2.4108

1.4863

3.4174

2.005

1.6736

1.192

1.8104

0.7507

[63]
[65]
[66]
(53]
(69]
[70]
[72]
[74]
[76]

[60]

N>

H.S

1.3384.085273.3281.1

24.93328.8 277.6305.5

14.4895.8 272-291

55439 285.6309.4

16.2735.16 273.2281.1

19.0945.35 274.5283.0

0.31-2.241 283.2302.7

0.0932.239 272.8302.7

1.61-2.07 298.6300.8

76

14

37

29

13

12

0.0B8

0.0200

0.0016

0.0061

0.0017

0.0066

0.0039

0.0050

0.0057

0.283 0.1269

0.2318 0.0706

0.1028 0.0330

0.2216 0.088

0.2305 0.0645

0.0862 0.0359

0.1879 0.108

0.8508 0.1148

0.247 0.0572

4.8312

2.01%4

0.9229

2.268

1.9589

1.0171

331

2.0506

1.497

[64]
[59]
[67)
[68]
[61]
[71]
[73]
[75]

[77]

Figure 3-2 shows the methane hydrate formation conditions inpteeence of pure water

where the expemental data collected from the literature are used for the comparison and

validation purposes. In general, AADT% for pure methane hydrate formation condition is

about 0.0635%, implying reliability and high capabildy PGSAFT in predicting hydrate

behavors.
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Figure 3- 2: Hydrate formation conditions of methane [53, 61].

Figures3-2 and 3-4 depict the hydrate formation conditions for ethane, propane, isobutane,
carbon dioxide,nitrogen, and hydrogen sulfide. The magnitudesA8DT% for ethane,
propane, isobutane, carbon dioxide, nitrogen, and hydrogen sulfide are 0.0491%, 0.0228%,
0.0335%, 0.0902%, 0.0591%, and 0.0901%, respectively. The results attained in this study
reveal thathere is an acceptable agreement between thelmgdesults and real data while
dealing with pure gases. The mean value of AADP% for all pure gases in this study is 2.1748%
(for 443 points), while the magnitudes of AADP% for other studies are regorbtexd1.521%

with SRK EOS/UNIQUAC[78], 4.33% with cubic plusissociation (CPA)EOF9], 5.65%

with the fugacitybased mod€l80], 2.88% with the modifié version of the PeiigRobinson
equation of state (PRSV1 EOB)L], and 2.66% with PRSV2 equation of sf@2] to estimate

the equilibrium pressure. Providing more detatattulations/information on Tab®&4 and

Figures3-2 to 3-4, the Supporting Information includes a high number of calculated and
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experimental hydrate temperature and pressure for pure gases, as listelk$4 and Table

S5.
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Figure 3-3: Hydrate formation conditions of ethane[58%rbon dioxide[62],
and hydrogen sulfide [75].
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Figure 3-4. Hydrate formation conditions of propane [76] abdtane [58].
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Table3-5 lists the quilibrium conditions for the hydrate formation temperature of gas mixtures

of methane + ethane, methane + propane, methane + isobutane, methane + nitrogen, methane
+ carbon dioxide, methane + hydrogen sulfide, ethrgm®pane, ethane + carbon dioxidej an
propane + isobutane. It is worth noting that the methane and ethane hydrates alter from
Structure | to Structure Il when the mole percentage of methane in the mixture is between 72.2
mole% and 75.0 mole%. Thus, itrche concluded that Structure Il hygraan form from a

mixture with a methane concentration (mole%) greater than 75%. Based on this criterion/rule,
the equilibrium conditions are determined for Structure Il when the mole fraction of methane

is above 0.7%83].

Table 3-5: Minimum error and maximum error percentages and AADT% while estimating hydrate formation
temperature for gas mixture systems.

Gasl Gas2 R"E',:/?F‘fa‘;fPRa”(?(‘i ofT N, E'\"r'rgr Max APDT Ref |Gas1  Gas2 R"’Erl\‘/lglfa‘;fp Ra”(?(e) SULIVE é\ﬂgr A& AADTY%  Ref.
CH, 98.4% GHs, 1.813.08 28392878 4 00908 0222 0.155 [69] 76.25% GHs 0.2630.83 27472801 6 0111 0265 0178 [65]
95.3% GH, 0.992.99 279.4287.6 6 0081 1.015 0.326 [69] 62.9% GH, 0.270.945 2745428 .3 6 0136 0261 0.202 [65]
82.3% GH, 14230 28162870 5 0028 0121 0.076 [69] (1000)% GHs 0.78337 27515 17 0 0206 0044 [88]
43.6% GH, 1.2892.434277.62832 3 0010 0059 0.032 [53] (1000)% GHs 0.5094.495 278.15 14 0014 0308 0.1 [88]

9.6% GHs 1.5243.965274.8283.2 4 0.603 1.342 0.844 [53] | CH, 1.4%IiCHy 6.7962.23 288.6302.1 7 0.237 1.0354 0.669 [57]

5% GHs 1.8414.771274.8283.2 4 0.575 1.368 0.844 [53] 4.6%iCGH;, 6.723.33 294.3305.44 13 0.085 0.376 0.226 [57]
2.9% GHs 2.1584.034274.8280.4 3 0.461 0.758 0.59 [53] (36-99) iCH1o 0.50510.07274.829909 47 0.017 1.06 0.345 [89]
2.2% GHs 2.3656.088274.8283.2 5 0.183 0.493 0.304 [53] (0-100) iGH1o 0.1283.09  274.35 21 0.043 0.856 0.205 [88]
1.2% GHs 2.28065.08 274.8280.4 3  0.007 0.644 0.228 [53] (0-100) iGHio 0.783.37 274.83275.1 17 0 0.094 0.044 [88]

19.1% GHs 7-68.57 288.8304.1 8 0.013 0.202 0.164 [57] | CH, (10-85)%CQ 1.4510.95 273.7287.4 42 0.014 0.574 0.175 [85]

54% GHs 6.3968.43 2849303 8 0.121 0.316 0.190 [57] (0-100) %CQ 3.045.46 280.3 30 0.006 0.236 0.0849 [90]
CH, 728%N 792849 273.2288.0 8 0.011 0.633 0.434 [61] 96.54% CQ 1.1-48 27352823 9 0.053 0.352 0.332 [91]
76.0% N 8.6235.96 273.2289.1 7 0.592 0.061 0.341 [61] (0-100) %CQ 2.05.0 277.2283.56 40 0.032 1.44 0.306 [92]
89.2% N 12.5528.79273.2283.2 6 0 0.662 0.121 [61] (0-100) %CQ 0.7742.527271.2278.05 12 0.161 0.847 0.48 [93]

(0-100)% N 2.6432.42 273.2279.8 25 0.035 0.880 0.423 [61] | CoHe (14.372) %GHs 0.52.02 2731-283.3 60 0.004 1.22 0.397 [86]
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CH,

10.74% N 2.9910.1 273.2285.3

127% N 7.431.31 282.8295.2

269% N 3.924.33 273.2294.4

63.8%GHs 0.2720.687 274.8280.4

28.8% GHs 0.3651.151 274.8283.2

11.7% GHg 0.5521.558 274.8283.2

4.8% GHs 0.8142.227 274.8283.2

2.6% GHs 1.151:3.013 274.8283.2

1.0% GHg 1.627%4.358 274.8283.1

5.5% GHs 7.41-62.23 293.1304.9

3.5% GHg 6.9368.98 290.5304.4

10

0.051

0.045

0.593

0.008

0.001

0.003

0.010

0.088

0.021

0.044

0.111

0.274

1.12

0.140

0.096

0.053

0.124

0.153

0.079

1.07

1.64

0.071

0.148

0.411

0.076

0.062

0.038

0.049

0.133

0.056

0.785

0.951

[84]
[61]
[61]
[53]
[53]
[53]
[53]
[53]
[53]
[57)

[57]

(12.7-89.2) %CQ 3.935.96 273.2295.2

(0-100) %CQ 2.6432.42 273.2279.8

C3Hg (0-100) %ibutane0.1030.171 272.1.272.2

(20.6:88.8) %ibutan'0.2130.49 275.25277.5

CH4+COz+ H,S

87.6+7.40+4.911.0458.22 274.2290.2

82.4+10.7+6.7¢1.11-8.024 276.2291.2

82.91+7.1+9.901.1927.91 278.2293.2

77.7+7.3+14.9t0.6467.91 277.2295.7

75.4+6.81+17." 0.958.68 282.2297.2

66.38+%#26.62 0.5828.08 281.2299.7

a4

25

13

12

11

9

0.001

0.001

0.049

0.233

0.088

0.101

0.038

0.034

0.087

0.065

112

0.881

0.413

0.446

0.897

0.380

0.466

0.752

0.718

0.878

0.306

0.42

0.33

0.36

0.348

0.251

0.282

0.252

0.290

0.383

[61]
[61]
[94]

[95]

(87]
[96]
[96]
[96]
[96]

[96]

The minimum error percentage, maximum error percentage, and AADT% are also provided in

Table3-5. Figures3-5 to 3-7 illustrate a comparison between the experimental andiatddu

hydrate formation temperature for some binary systems. According to Fabdad Figures

3-5 through3-7, PGSAFT is able to offer accurate hydrate formation data for the binary gas

systems so that the extent of AADT% for 591 data points in 9 éiffexystems utilized in this

study is 0.302%. Furthermore, the maximum and mininualues of AADT% in all gas

mixture are 1.64% and 0%, respectively. It can be concluded that H$A\PT equation of

state is a propeEOS to obtain thermodynamic informaticzonditions of hydrate for both

pure gases and gaseous mixtures.
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Figure 3-5: Experimental and calculated hydrate formation temperatures pMEHC,Hg[57], iCaH1g[57],

and N2 [84] for different weight fractions.
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Figure 3-6: Experimental and calculated hydrate formation temperatures piEHCO, [85] and GHs[53]
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Figure 3-7: Experimental and calculated hydréoemation temperaturesf C;He with CsHg for different
weight fractions of gHg [86].

There is one important point about Fig@& that needs to be discussed here. Indeed, there
are small and large cages in structure Il of hydrates. It is clear thighatoncentration/mel

fraction ofi-butane in the methanddutane mixtures, there are adequate numbebatane
molecules with a bigger size (compared to the methane molecules) that occupy large cages so
that methane molecules are placed only in small cages. Howevemdlasule placement
pattern does not occur when the mole fractiorlmitane in the mixire is small (e.g., 1.4%).

Thus, the large cages of structure Il are occupied by botra@dH-CsH1o for the cases with a

small concentration atbutane. On the othérand, the-butane parameters were only used in

our calculations to determine the di#face in chemical potentials between ice and the empty
hydrate lattices for the large cagé¥7, ) due to the assumption made in this study and lack of

adequate informatig which causes an error. Hence, a higher error in the prediction of hydrate
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temperatures noticed for the mixture with a low concentrationi-tfutane, compared to the

case having a greater mole fractioniftutane.
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Figure 3-8: Experimental and calculated hydrate formation temperature efCB + H,S forvarious
concentrations of v6 [87].

Figure3-8 demonstrates the calculated and experimental hydrate formation conditions for one
ternary system (methane + carbon dioxideydrogen sulfide) which can be a representative

of a natural gas mixture or a sour gas stream. The selected data and binagtionter
coefficients are given in Tabl@2 and3-3. The results imply that the overall AADT% for the
ternary gas systems this study is 0.295 % for 59 points in six different concentrations (see
Table3-5). It should be noted that the experimental earait possible errors in the extent of

interaction forces can be the main factors for the observed deviation.
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Table 3-6: Minimum and maximum error percentages and AADT% while estimating hydrate formation
temperature in the preggmof alcohols for pure gas systems.

Gas Liquid  Range of P Range of T . Min.  Max. AADT Ref Gas Liquid Range of F Range of T . Min.  Max AADT% Ref.
Phase Phase (MPa) (K) Error  Error % Phase Phase (MPa) (K) Error  Error
CH,; 10%Methanc 4.37819.30274.2287.C 5 0.023 0.213 0.145 [101]] CsHg 5% Methanol 0.2340.46¢ 272.12274.8 5 0.022 0.179 0.098 [70]
20%Methanc 3.516-19.6£ 266.3281.7 4  0.011 0.540 0.247 [101] 10.4%Methanol 0.1850.43¢ 268.3271.8 6 0.14 0.251 0.207 [70]
30%Methanc 3.98518.70 261.1:274.7 4  0.226 0.426 0.279 [101] 10%Methanol 0.2320.441 269.7272.5 3 0.014 0.045 0.026 [102]
40%Methanc 2.65433.81249.4271.1 4 0.244 0.601 0.355 [101] 20%Methanol  0.1120.37 260.3265.3 3 0.083 0.234 0.172 [102]
50%Methanc 6.81921.07 251.4259.7 4 0.514 1.342 0.635 [101] 30%Methanol 0.1350.26¢ 252.9255.8 3 0.169 0.203 0.189 [102]
60%Methanc 4.71633.99 239.4255.1 4  0.521 1.284 0.740 [101] 40%Metranol  0.12%0.17% 242.5244.3 3 0.287 0.460 0.369 [102]
6% Methano 3.485.94 273.9279.5 5 0.003 0.016 0.014 [103] 5% Methanol 0.2060.492z 272.4276.3 14 0.017 0.058 0.039 [104]
10%Methanc 1.97-6.54 265.4278.1 8 0.061 0.493 0.229 [103] 10%Methanol 0.2090.46: 269.3272.8 13 0 0.030 0.012 [104]
20%Methanc 3.066.88 265.42733 5 0.123 0.742 0.498 [103]| CsHs 5% Ethanol  0.2020.48¢ 272.4276.3 13 0 0.015 0.010 [104]
10%Methanc 2.1418.82 266.2286.4 6 0.005 0.302 0.179 [70] 10% Ethanol 0.2130.46¢ 270.9274.2¢ 11 0.002 0.052 0.015 [104]
20%Methanc 2.8318.75 263.2280.2 6 0.021 0.385 0.149 [70] 15% Ethanol  0.2090.44 268.5271.8 9 0.018 0.042 0.024 [104]
4.%Methano 2.7610.79 272285.1 11 0.0866 0.374 0.237 [105]] CsHs  10% Glycerol 0.206-0.491 272.3276.1 13 0.002 0.030 0.015 [104]
10%Methane 2.629.78 268.2281.5 5 0.054 0.101 0.080 [105] 20% Glycerol 0.190.449 269.5273.3 12 0.211 0.248 0.230 [104]
20%Methanc 2.9510.11 264.5276.6 5 0.026 0.144 0.079 [105]] CO, 10%Methanol 1.0122.56 266.7274.7 4 0.191 0.475 0.308 [106]
35%Methanc  2.889.87 254.5266.C 4 0.054 0.148 0.120 [105] 20%Methanol  0.9-3.16 260.3270.7 4 0192 0.582 0.375 [106]
50%Methanc 3.26:10.11 245.2255.1 4  0.200 0.469 0.325 [105] 30%Methanol 0.8933.82 253.8265.5 4 0.266 0.558 0.415 [106]
CH, 5% Ethanol 3.456.2 273.9280.1 4 0.010 0.057 0.039 [107] 40%Methanol 1.3852.91: 250.2256 4 0.399 0.521 0.473 [106]
10% Ethano  2.987.4 271.1280.2 4 0.004 0.135 0.056 [107] 10%Methanol  1.353.72 269.3277.3 7 0.003 0.198 0.116 [108]
CH; 10%Glycerc 2.7214.8 272.2288.5 7 0.067 0.166 0.120 [102] 20%Methanol  1.67-3.1 265.6270.4 4 0.006 0.212 0.094 [108]
40 % Glycerc 3.2913.33 266.:279 7 0.044 0163 0.084 [102]| CO, 10%Ethanol  1.75-3.42 2732782 6 0.007 0.178 0.089 [108]
25% Glycero 4.3920.53 273.8288.2 4 0.021 0.860 0.333 [109] 20% Ethanol  1.553.45 2732782 5 0.042 0.223 0.105 [108]
50%Glycerol 4.5320.53 264.2276.2 4  0.379 1.025 0.650 [109]] CO, 10% Glycerol 1.253.39 271.5279.7 6 0.024 0.426 0.205 [70]
C,Hs 10%Methano 0.4172.91 268.1282.C 4 0 0.077 0.019 [110] 40% Glycerol  1.42-3.3 264.7272.4 4 0.251 0.395 0.307 [70]
20%Methanc 0.552.65 263.3275.5 4 0 0.084 0.065 [110] 10% Glycerol 1.39%:3.34f 272.2280.2 6 0.010 0.351 0.171 [111]
20%Methanc 0.5520.904 264.3269.4 4 0.087 0.133 0.131 [112] 20% Glycerol 1.5023.55¢ 270.4277.1 8 0.219 0.607 0.327 [111]
30%Methanc 0.6671.463 260.9267.C 4 0.005 0.132 0.052 [112] 30% Glycerol 2.03-2.981 270.3273.2 5 0.026 0.144 0.075 [111]
C,Hs 5% Ethanol 0.591.34 273.6280.C 4 0.008 0.171 0.038 [107]| H.S 5% Methanol 0.1-0.9 271.:291.7 7 0.014 0.551 0.170 [113]
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10% Ethano 0.81:2.23 274.4282.C 4 0.033 0.091 0.049 [107] 15%Methanol  0.181.5 269.4291.5 8 0.077 0.689 0.344 [113]

C,He 10% Glycero 1.1533.013 274.8283.2 4  0.088 0.153 0.133 [102] 5% Ethanol  0.130.81 273.4291 6 0.003 1.003 0.460 [113]

40%Glycerol 1.6274.358 274.8283.1 5 0.021 0.079 0.056 [102] 10% Ethanol  0.130.81 272.6289 6 0.015 0.689 0.278 [113]
Table 3-6 provides the hydrate formation conditions of different pure gas systems in the

presence of methanol, ethanol, and glycerol as inhibitors. As one can see, the results of this

study exhibit a god agreement with the available literature data. The ovebaiblate

deviation in temperaturfor systems including pure gases and alcohols is 0.183% based on

376 data points, while the magnitudes of overall error percentage are 0.478 and 0.865 for the

research works conducted by Javanmardi €i9al and Zuoet al.[98], respectively. Figures

3-9 to 3-11 provide the experimental and predicted hydrate formation temperature for the

single gas hydrate system&eve methanol, ethanol, and glycerol are present.
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Figure 3-9: Experimental and calculated hydrate formation temperature of theagdhols with different

compositions [112].
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As depicted in Figure8-9 to 311, the estimated hydrate conditions are very close to the
experimental data at various compositions. It is important to note that the model calculations
at some high pressures or/and high concentrationcali@ls show higer deviations which

can be related to unsaturation occurrence of data, errors of experimental apparatus, and
uncertainties of interaction parameters. The outcomes attained from the proposed model for
single electrolyte solutions and puresdpydrate systas are tabulated in Talie7. The overall
AADT% for single electrolyte solutions is 0.1% using 93 different systems, exhibiting a much
better accuracy compared to previous wdi&10qJ. A very good agreement betweereth

experimentatata and estimated values confirms this claim.

Table 3-7: The magnitudes of the minimum error and maximum error percentages and AADT% while
estimating hydrate formation temperature in the presence of saltsréogasisystems.

Gas Phase L':i,ﬂ:ige Range of P (MPa) Range of T (K) Ne  Min. Error  Max. Error ~ AADT% Ref Gas Phase LFiﬂLa"Se Range of P (MPa) Range of T (K) Ne  Min. Error  Max Error AADT% Ref
CHa4 3.936% NaCl 2.697.55 268.3278.0 6 0.010 0.066 0.041 [114] 10.5 % MgC} 1.42.29 276.3280.51 5 0.059 0.325 0.167 [115]
7.785% NaCl 2.9411.0 261.85272.8 7 0.007 0.336 0.233 [114] CsHs 5% NaCl 0.20.4 271.5275.1 4 0.002 0.09 0.066 [116]

5.976% NaCl 2.3985 263.35268.6 5 0.041 0.205 0.117 [114] 3.1% NaCl 0.2210.414 273.1275.95 5 0.008 0.026 0.013 [117]

8.909% NaCl 4.789.55 263.25269.2 5 0.079 0.205 0.174 [114] 10% NaCl 0.2410.531 270.05272.8 5 0.022 0.228 0.103 [117]

3%NaCl 2.7544.30 272.69277.2 6 0.006 0.0148 0.011 [118] 15% NaCl 0.2210.455 266.15268.6 5 0.026 0.135 0.123 [117]

15% NaCl 3.9326.5 269.4285.05 3 0.007 0.055 0.0382  [118] 20% NaCl 0.2:0.331 266.15268.6 4 0.002 0.099 0.0432 [117]

20% NaCl 5.0215.38 268.55277.2 3 0.039 0.291 0.138 [118] 3% NaCl 0.220.506 273276.6 7 0.039 0.081 0.064 [119]

3.986% NaCl 45757 272.7277.7 3 0.049 0.094 0.074 [120] 5% NaCl 0.1940.51 271.3275.6 8 0.020 0.121 0.081 [119]

5.978% NaCl 423857 269.2275.1 3 0.128 0.441 0.243 [120] 10% NaCl 0.190.442 268.9272.1 6 0.005 0.126 0.081 [119]

2.001% NaCl 6.667.81 280.6299.06 11 0.081 0.218 0.147 [121] CsHs 5% KCI 0.180.46 272276.2 4 0.024 0.044 0.050 [116]

3.611% NaCl 7.5171.56 279.3296.03 11 0.038 0.385 0.228 [121] 10% KCI 0.2280.42 271.05273.4 5 0.096 0.223 0.170 [117]

5.994% NaCl 7.9270.56 274.4291 10 0.015 0.289 0.136 [121] 15% KCI 0.220.393 269.05271.2 5 0.057 0.211 0.221 [117]

8.014% NaCl 7.8571.3 270.6285.76 10 0.012 0.299 0.142 [121] 20% KCI 0.2280.33 266.45267.5 5 0.089 0.339 0.149 [117]

5% NaCl 3.589.6 274.2283.6 5 0.029 0.162 0.068 [122] 5.02% KCl 0.1660.40 271.6275.14 3 0.21 0.254 0.245 [123]

CHa 15%KCl 6.2417.28 276.45284.9 3 0.016 0.064 0.039 [124] 10.03% KCI 0.1660.43 269.44273.7 3 0.112 0.189 0.146 [123]
5% KCI 2.71:8.96 271.6283.2 6 0.043 0.136 0.084 [116] C3Hs 5% CaC} 0.180.46 271.8276.2 4 0.0083 0.104 0.043 [116]

10%KCl 2.788.82 27012815 7 0.048 0.227 0.150 [116] 7.5% CaCl 0.2340.42 271.55274.1 5 0.009 0.442 0.0282 [117]
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Figures3-12 and3-13 illustrate the gxerimental and calculated hydrate formation temperature
in the presences of a single salt for pure gas systems. It is fourtdetdgveloped model is
able to satisfactorily forecast the hydrate formation temperature at high concentrations of salts

within a wide range of pressure and composition.
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Figure 3-12 Experimental and calculated hydréoemation temperature of GG salts
with different compositions [116, 127128, 131].
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Figure 3-13: Experimental and calculatdtydrate formation temperature of gHsalts
with various compositions [107, 118, 122, 125].

In addition, theaverage absolute percent deviatiomydrate temperature for mixture of salts,
alcohols, and pure gas systems is determined as shdvable3-8 and Figure3-14, based on

the comparison dhe calculated values and experimental data. There is a good match between
the calculated values and real data, implying again higher reliability and accuracy of the model

developed in this study, comeal to the previous research studi30, 132133.

Table 3-8: Minimum error and maximum error percentages and AADT% while estimating hydrate formation
temperature in the presence of salts and alcohols for pure gas systems.

Gasp':aL;&luid R?’;Ag:a?f P Range of T(K)  Ne Min. Error Max. Error  AADT% Ref Ga;%;isqeu\d Range of P (MPa) Range of T (K) Ne  Min. Error  Max Error AADT% Ref

CH.+ CO+
2%NaCl+10%Methanol 2.0516.05 262.3281.5 8 0.188 0.550 0.361 [139] 10%KCl+5%Methanol 0.91-2.9 265.33274.71 8 0.008 0.633 0.351 [131]
2%NaCl+20%Methanol 2.0514.05 258.4274.9 6 0.057 0.711 0.572 [139] 15% CaCi+5%Methanol 1.3282.809 265.23274.19 6 0.387 0.695 0.494 [131]
2%NaCl+30%Methanol 4.0516.05 258268.5 7 0.036 0.418 0.230 [139] 10%NaCl+10%Methanol 1.1842.872 264-270.83 7 0.044 0.25 0.167 [131]
2%NaCl+40%Methanol 4.0516.05 249.9261.2 7 0.223 0.418 0.314 [139] 10%KCl+10%Methanol 1.2482.767 265.58271.85 7 0.078 0.192 0.151 [131]
3%NaCl+30%Methanol 13.9925.64 269.3274.35 3 0.010 0.117 0.079 [140] 10% CaCh10%Methanol 1.1372.552 264.72270.93 3 0.064 0.246 0.180 [131]
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7%KCI+9%Methanol 7.44628.88  275.95286.35 3 0.008 0.845 0.434 [140] 5% CaCl+15%Methanol 1.2432.73 264.76270.83 0.087 0.309 0.167 [131]
109%CaCi+14%Methanol 11.8526.07  274.05280.35 3 0.038 0.355 0.150 [140] 5%NaCl+15%Methanol 1.162.809 264.72274.19 0.0 0.838 0.348 [131]
8%NaCl+9%Methanol 7.82626.33  273.85283.45 3 0.037 0.355 0.244 [140] 5%NaCl+5%Methanol 1.483.038 270.63276.85 0.082 0.226 0.144 [131]
10%NaCl+20%Methanol 5.11-10.97 253.9260.1 5 0.236 0.540 0.424 [129] HoS+
10%NaCl+15%Methanol 4.4311.41 266.2274.4 6 0.013 0.230 0.089 [129] 10%NaCl+10%Methanol 0.421.073 276.93285.82 0.0342 0.448 0.245 [141]
5%NaCl+10%Methanol 4.888.73 27232775 4 0.294 0.438 0.348 [129] 15%NaCl+5%Methanol 0.4410.95 278.4284.92 0.104 0.282 0.173 [141]
COz+ 5%NaCl+15%Methanol 0.41:0.95 278.99285.62 0.005 0.149 0.1409 [141]
5%NaCl+10%Methanol 1.222.51 266.3272.5 3 0.017 0.092 0.066 [106] 10%CaCl2+10%Methanol 0.4120.879 278.99285.62 0.024 0.182 0.118 [141]
15%NaCl+5%Methanol 1.2732.707 263.39269.2 3 0.0 0.246 0.129 [131]
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At the end, this model is employed to determine the hydrate formation temperature fmesnixt

Temperature K

Figure 3- 14: Experimental and calculated hydrate formation temperature oft@tikture of methanol and

salts with different concentrations [139]

of natural gases in the presence of both salts and alcohols in the aqueous phase9 Table

presents the modeling results of the hydrate formation conddiovafious gases (methane,
ethane, propane, and carbon dioxide) where different concensrafiomethanol and salts are

examined.
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Table 3-9: Minimum error and maximum error percentages and AADT% while estimating hydrate fammati
temperature in the presence of salts and alcohols for different gas mixtures.

Gas +Liquid Range of P Range of T Minimum Maximum

0,
Phase (MPa) (K) Ne Error Error | AADT%  Ref.

80%CH 4+ 20%CO,

10%KCI+5%Methanol 2.1729.705 267.58280.42 3 0.004 0.04 0101 [142]
10%CaC+5%Methanol 266.51280.35 2.21310.348 3 0.020 0.24 0.017 [142]
15%NaCl+5%Methanol 2.1529.371 262.37274.85 3 0.025 0.064 0.043 [142]
5%’&2&23?%82&”0“ 2.1369.048 263.5827609 3 0.059 0.149 0111 142
15%CaCi+5%Methanb 2.1569.244  262.24274.8 3 0.006 0.078 0.039 [142]
10%NaCl+10%Methanol 2.0638.574 262.15275.19 3 0.041 0.135 0.097 [142]
5%NaCl+5%Methanol 2.149.682 268.29291.91 3 0.023 0.142 0.079 [142]
10%NaCl+10%Methanol 2.039.361 262252761 3 0.018 0.303 0.160 [142]

50%CH 4+ 50%CO,
5%NaCl+15%Methaol 2.5646.888 266.08274.12 3 0.009 0.15 0.078 [142]
10%NaCl+10%Metanol 2.1536.785 264.46274 3 0.028 0.142 0.086 [142]

78%CH 4+ 20%CO.+ 2%Propane

5%NaCl+5%Methanol 2.6728.49 277.5285.65 3 0.008 0.226 0.110 [143]
10%NaCl+10%Methanol 3.8539.744 274.8-280.09 3 0.082 0.144 0.104 [143]
5%CaC}+5%Methanol 2.51-8.88 277.33285.94 3 0.035 0.235 0.129 [143]
5%NaCl+5%KCL+ 10%Methanc  3.1648.057 274.09280.12 3 0.047 0.129 0.095 [143]

As it is clear, there is a very good agreement between the model estimations and real data. It
is also concluded that the current model exhibits a better predictive performance insmmpar

with the models introduced in previous reseanshestigations[97, 134] Figure 3-15
illustrates the calculated results versus the experimental data for a part of the data points. It is
expected that high solubility of hydrogen sulfide and carlkoride in the aqueous phase
appreciably affects the water activitfhus, the solubility is considered in the modeling

strategy to improve the calculation accuracy while determining the water activity.
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Figure 3-15: Experimenal and calculated hydrate formation temperature of 80%+C3% CQ + salts and
alcohols with different concentrations [131].

In Figure 9, we also demonstrate the effect of inhibitors on methane hydrate condition where
the hydrate formation condition ofiethane + pure water system is compared to that of the
same gas syam in the presence of the inhibitors. It implies that the hydrate formation
condition moves to the left side of theTPdiagram to achieve a higher pressure/ lower
temperature in comparisowith the methane and pure water systems. Thus, the presence of
inhibitors in the agueous solution can change the hydrate formation condition. In other words,
an increase in the inhibitor molality causes an increase in the equilibrium pressure at the same
temperature. To provide more details and guidelines for resesuichdris area, a series of
experimental data and modeling results related to the water content or/and methane
concentration extent (used for activity calculation) are listed in the Suppbrtormation (see

TablesS-6 andS-7). A very good agreement is noticed between the modeling results and real
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data for the methane solubility in the water phase, again confirming the reliability of the
thermodynamic modeling approach in this reseanathyst

In this work, the magnitude oksociation Z for the gas phase is very small due to the weak
association effect in the gas phase. To prove this claim and attain more accurate results, the
association term is considered in the modeling approach tdai@¢he compressibility factor

and the association Helmholtz energy of the mixture. According to the results, this
phenomenon shows minor impact on the gas compressibility factor. More information can be
found in the Supporting Information, particulaiguation §-27) and Equation44). It is
important to note that the association term is more important in the liquid phase (compared to
the gas phase) where water and alcohols are present in the mixture.

To demonstrate the impact of the associatioms$erlm comparison is made where thdrage
formation temperature is obtained for two different cases (Case 1 with association terms and
Case 2 without association terms). The results presented to address this aspect are given in the
Supporting InformationAs seen in this document (Tal#e8), Case 1 offers the predictions

with a higher precision (or lower AADT%), compared to Case 2.

To further evaluate the extent of accuracy of the current study in comparison to other EOSs,
the average absolute percentidéon in temperature (AADT%) of thilermodynamic work

is compared to that of three previous studies including Du Et38], Khosravani et a[82],

and Delavar et a[78] (see Table3-10). Du et al[135] utilized a modified version of Peng
Robinson( PR) EOS model b a andodinormvandonM@NR) eéhearypté s r
determine the vapdiquid equilibria of strongly polar methanuelatergas systems. In the
another study, Khosravani et §2] employedthe Stryjek and Vera modification of Péng

Robinsa (PRSV2) equation of state and timehr function of binary interactions as a function
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of temperature to describe the phase behavior of gas hydrasedition,Delavar et al[78]
calculated the phase equilibrium conditions of gas hydrates by usn@GEBHEOS and
UNIQUAC activity coeffigent modelsAs seen in Tablg-10, the phase equilibria model
introduced in this study offers more accurate results in most cases so that there is a better match
between the real data and predictions (e.g., lower AAR T#mpared to the previous studies.

The greater accuracy and reliability of the proposed modeling approach are mainly noticed at

high concentrations of methanol

Table 3-10: Comparison of the results of this study and previoydrate modelsorresponding to the hydrate
formation conditions for gas mixtures and alcohols/gas systems.

Du . Delavar Edgar Li .
P range Khosravani et Jiang et . .
- Temp range etal. etal et et This work This work .
Gas Inhibitor (MPa) (K) [135] al[82] (78] al[136] al[137] al[138] (AADP%) (AADT%) N¢ Ref.
(AADT%) (AADP%)
CH:  10% Methanol 2% 26612864  0.12 0.118 ; 8.9 1.87 . 2.324 0.179 6 [70]
CH:  20% Methanol 57188 2701280 0.50 0.086 ; ; 43 . 2.721 0.149 4 [0
CH:  a2%Methanol 279 27202851 - - 0.122 - - - 3.462 0.237 11 [105]
CH:  10% Methanol  2.629.78 26852815 : : 0.224 ; . . 3.377 0.080 5 [108]
CHi  20%Methanol 2% 264.5276.6 : : 0.142 ; . 1325 0.079 5 [108]
CH:  25%Glycerol 5% 27382862 - - - - 0.36 - 402 0.333 4 [09]
CHi  50%Glycerol 50 264.2276.2 : : : ; 15.9 . 332 0.0935 4 [109]
CHs 5% Methanol ~ 0.230.46 27252748  0.42 0.142 ; 9.4 9.4 ; 2.761 0.098 8 [70]
@ g0.amMethanol %' 26832718 056 0.051 - 12 - - 3.413 0.207 6 [70]
CHs  10%Methanol  %F 26812820 - 0.064 0.128 6.8 - - 2.791 0.019 4 [
CHs  20% Methanol ~ 0.552.65  263.5274.1 ; 0.072 0.087 24 ; ; 3621 0.065 4 [0
H:S 5% Methanol ~ 0.1.0.9  271.1291.7 - - 0.178 } : : 4281 017 7 13
H:S  15% Methanol ~ 0.1815  260.4291.5 ] ] 0.448 ) : : 1892 0.344 8 [113]
CO.  10% Glycerol 133394} 272.2280.2 - - 0.287 . 0.35 - 1.005 0171 6 [111]
€O omeycerol 02 27042771 ; ; ; ; 2.32 ; 2.645 0.327 8 111
CO.  30%Glycerol 203298  270.5273.2 ; ; ; ; 2.74 ; 2.874 0.075 5 11
CHs  95.3%Ethane 0.992.99  279.4287.6 } } } ) ; 402 3.7310 0.326 6 [69]
CH:  82.3%Ethane 14230  281.6287.0 - - - ) : 281 2.0337 0.076 5 [69]
CH:  43.6% Ethane 12'3183?1 277.6283.2 - - - . - 4.65 1.0837 0.032 3 53
CHs  10.1%Ethane  7-6857  288.8304.1 ; ; ; ; ; 811 5.6887 0.164 8 [57]
CHi  638%Propane D272 27482804 - - - ; - 317 3.475 0.076 3 53
CHi  288%Propane oo 27482832 - - - - - 0.91 0.8764 0.062 4 53
CHi  a8%Propane 3518 27482832 - - - ; - 0.30 1.051 0.049 4 53
CHi  7LawiBuane  $2%% 2739287 - - - - - 3.06 2.935 0.077 5 [89]
CHi  848%Butane O 0 274288.9 ; ; ; ; ; 5.99 3.032 0.078 4 (89
CHi  o7swiButane 7% 27442036 - - - - - 6.61 2.901 0.657 8 [89]

* Np refers to the number of points.

A comparison is also made between the modeling outputs of this study and other three research
works; ramely, Edgar et dl136], Li et al.[137], and Jiang et gl138]in termsof the average

absolute percent deviation in pressure (AADP%). For instdfdgar et al[136] used the
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cubic twostate (CTS) EOS to obtain the hydrate formation conditions of gas systems in the
presence of methanaliang et a[138] andLi et al. [137] also investigated thgas hydrate
formation conditions by employintpe SAFT EOSor the ystems containing pure gases and

the gaseous mixtures in the presence of meth@uwhpaing the magnitudes of AADP again
confirms the effectiveness of PRAFT EOS coupled with an appropriate activity coefficient
model such abINIQUAC to forecast the hydta formation pressure. According to TaBle

10, it can be concluded thtte proposed tlimodynamic model exhibits a better predictive
performance than almost all other models so that more precise values for hydrate formation
pressures of the pure single gas, gas mixtures, and gas systems in the presence of inhibitors
such as HCl and methanoare obtained while using the extended-8&FT/UNIQUAC

model.

Gas hydrates generally lead to serious problems such as chock or blockage of gas flow within
deepwater porous reservoirs, gas processing units, and gas transportation eqthiptrodten

cau® significant operating concerns/problems and costs (both operational and capital
expenses). Hence, it is vital to precisely forecast the hydrate formation conditions to find
appropriate prevention/inhibition ways. To attain this crucial gievelopmerand utilization

of reliable predictive tools considerably help researchers and engineers in gas industries to
make logical decisions. With the aid of real data available in the literature, this study introduces
a proper thermodynamic modeith high accuray that can be utilized in chemical and gas
engineering software packages, which will be beneficial for implementation of engineering

and research activities in the corresponding industrial and academic.sectors
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3.4. Conclusiors

Gas hydrates result in serious flow assurance problems in petroleum industry. A new
thermodynamic model through using SSBFT equation of state for calculation of single and
mixed clathrate hyrate formation conditions is developed in this study where the binary and
ternary gas systems of methane, ethane, propane, isobutane, carbon dioxide, nitrogen, and
hydrogen sulfide are considered. The association contribution and UNIQUZdgl rare
incorpaated in the modeling strategy. In this work, the association contributions between
water, methanol, and ethanol are taken into account to obtain the thermodynamic conditions
for the methane hydrate systems. A very good agreement is nbgbteden the maaling

results and the experimental data so that the value of AADT% KSAFT equation of state

is lower, compared to the previous EOS/thermodynamic models. The binary interaction
parameters for different binary components are investigayedsing expemental hydrate

data, leading to better outcome compared with results obtained through fitting the VLE data.
Furthermore, the introduced thermodynamic approach is employed to determine the gas
hydrate formation temperature in the presencenethanol, etham, glycerol, NaCl, KClI,

MgCl,, and CaGl Theresults for the systems in the presence of inhibitors show a good
match with the experimental hydrate formation data. Also, the AADT% values were less than
other previous related works.

In addtion to attainhg a higher accuracy, the current study provides the best values for the

physical parameters of PEAFT equatiorof state in gas hydrate systems.
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Nomenclatures

Acronyms
0 0 ‘O"YAverage absolute percent deviatiartemperature
® 6 ‘00 Average absolute percent deviatiorpressure
6 0 6 Cubicplus-association equation of state
CTS Cubic twostate
%3 $ Elliot, Suresh, and Donohue equation of state
%/ 3 Equation of tate
3 2 + SoaveRedlichKwong equation of state
YU  RedlichKwong equéion of state
VLE  Vapor liquid equilibrium

w0 "Y ValdaramaPatelTeja equation of state

114



Variables/Letters
0 Parameter in Kihara potential function
®  Core radius
@  Helmholtzfreeenergy
&

Activity of water

0 Parameter in Kihara potenti@nction

0 Langmuir constant

o) Water heat capacityJE 6

‘Q  Temperaturaependent segment diameter
"Q  Fugacity of gas component

"Q  Average radial distribution functio

Q Distribution function

'O Molar enthalpy

‘O He n rcygnétant

M Boltzmannds constant
Q Binary interaction between two molecules

a Segment number

Np  Number of data points

0  Pressurg- 0 A

i Radius of the cavityi
Gas constant, ¥l | &
Cell radius

Y  Temperaturg+

O  Molarvaume i 1A

0 Partial molar volume

W Mole fraction

115



&

a

Compressibility factor

Coordination number

Greek Letters

%0

Chemical potential

Associaton strength

Hydrate dissociation heatfE C
Diameter of sgment, i

Energy parameter, J/mol
Association energy, J/mol
Parameter in Kihara equation
Packing factor

Association volume

Number of cavities

Binary association parameter in SAFT

Binary assocition parameter in PGAFT

Activity coefficient

Local area fraction in the UNIQUAC model
Segment/volume fraction in the UNIQUAC model
Density, E @

Cell potential

Fugacity of gas

Subscripts

n o

Pure water

"@@d Compound

0

Water
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Superscripts

|
i Empty cage of hydrate case

Other coexisting phases

‘Q"Qi n Dispersion
QQ Ideal
@ Hard-chain

@ Hard sphere

0 Numberof data
Qi Residual
O Hydrate
Tt Pure water
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3.5.Supporting Information

This document provides more theoretical aspects of UNIQAKYvity coefficient model,

further information on the theory and mairuations involved in the RGAFT EOS model,

an algorithm to determine the magnitude of fugacity, a brief procedure to calculate the aqueous
composition, and a large number of reabdatd modiéng results on the hydrate temperature

and pressure for somengugases. A comparison of the values of hydrate formation temperature
for two different scenarios (with and without association energy terms) is also given in this

Supporting Informaon.

S1.UNIQUAC Model

The UNIQUAC activity coefficient model is used determine the water activity coefficient

(2) in aqueous phase, which is madadgtT both

), as follows:

Ing =In " 4n "% (1)
Ing.°°’“=ln% Sag b %a x| =2

e 4 5 g (S3)
|n9{res:q gl 'In@ jqjlf8'é.-- J {

i 2iaq%

g ¢ K
= 9% 2D e gy ¢ -1 (S4)
Caax o arx Fayn €9

in which ¢,%,G, andl; stand for theactivity coefficient, mole fraction in the agueophase,
structural surface, and volume parameters, respectively. The solubility of gases in the liquid
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phase is determined based on d¢lgeality of the gas fugacity in the liquid and vapor phases
and Hsdaw[l]y 6

= il (S5)
T et (- P)IRT)

where V' and H. introduce the infii t e parti al mol ar vol ume a

componenti, respectively. Both parameter§ and H. are a function of pressure and

temperature. The values of t he gMemmhyrMplielsbi const
[2] and the values of infinite partial molar volume of the components are provided by
Heidemann3]. Thus, we are able to obtain the water mole fraction ipitegence of inhibitors

and salts where the sollity of gases in the agueous phase is given.

The magnitudes ofg, and r; for all componentsn the aqueous phase, which were taken

from the literature, aredted in Table S1. The parametersandd; represent the local area and

segment (or volume) fraction of the componiemespectivelyzis a comstant, which is equal

to 10. The binarynteractions between two components ¢rz;, ) are achievé through using

hydrate equilibrium data (e.g., curfiting procedure) as follows:
-
ty = exp(?) (S6)

The parameters of UNIQUA@odel ;) for all components (calculated in this \kprare

available in Table S2. Bhould be noted that the hydrate formation condition data for pure
gasesinhibitors are utilized to calculate the magnitudes of the parameters tabulated in Table

S2.
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Table S1:r andq parameters used in the UNIQUAC madél

H.0 NacCl KCI CaCb MgCl> Methanol Ethanol Glycerol
r 092 6.246 6.477 11.032 11.977 1.431 2.5755 3.585
g 140 5646 4517 9.369 10.031 1.432 2.588 3.064
Table S2:The calculatedy; for aqueous phase components inlggdrate systems in the preseinte
inhibitors.
H.0 NacCl KCI CaCb MgCls Methanol Ethanol Glycerol
H20 0 2725.3 4656.68 -7680.4 3196.06 -8299.8 -12164 -3964.1
NaCl -2973 0 -274.75 -9167.01 - -12140 - -
KCI -3666.8 -247.7 0 -5946.1 - 10653 - -
CaCb -2105.9 10405 991.02 0 - -11149 - -
MgCl, | -3518.1 9762  860.21 - 0 - - -
Methanol | -1436.9 3468.6 -495.5 6689.4 - 0 -
Ethanol | 346.85 - - - - - 0
Glycerol | -1015.8 - - - - - - 0

S2. PGSAFT EOS
The PGSAFT equation of state has three special paramébersonassociating fluids;

including, the segment numben)( segment diametess(), and dispersion energy parameter (
elk,). The compressibility factorZ is given as summation of ideal (id), hasidain (hc),
dispersion (disp) terms, and association (adajing this assumption, the cpnessibility
factor is defined by the following equation:

Z =279 4zhe  gdise  zpss (S7)
where Z=Pn/RT,Z" =1(for ideal gases when pressure is very low). is the pressure
and 77 stands for the molar volume. The magnitud@®tis very small (close to zero) due t
the weak association effect in the gas ph&wepman et al[5] introduced the following

equation to calculate the homonuclear ksptere chaing):
hs

2 =mz"*- & x(m- PPy E- (S8)

where
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3l
I

a xm (S-9)

in which, x and m denote the moldraction and segment number of component
respectively. / refersto the total number density of moleculeg;® represents the average
radial distribution function of the hard sphere system, which is defined by the following
equation[6]:

g = 1,44 37 % dd,
" o1-z, d+d 1-2)° &, +d,

2
-0
8 “ 23) (S-10)

The derivative of gi?s with respect toy is given below:

hs dd. a 0]
Mai _ 43 | 'Ja;\322 +622230+

W (1- z,)* di+d, 86(1' 737  (1-23)°2

?Fdid oa 472 N 6222,
gai"'d 35(1 23) (1- z5)* 2

(S11)

OOOI

The packing factorl() is expressed by the following equation:

:% P& xmad" ni {0123} (S12)

I"I

The temperaturdependent segemt diameterd;) can be calcalted as follows:

5|
dOR

(S-13)

d :sigl- 0.12expge
é ¢ K

in which, k denotes the Boltzmann constant. The total number density of moledu)és (

determined as follows:
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62,

’= pa xmd’ (S14)

The definition of the hard sphere contributi@f, in Equation (S7) is given below:

Zhs = Z3 + 32123 +3Z§' 323223
1- z, zo(l' 23)2 zo(l' 23)3

(S-15)

The dispesion contribution of theompressibility factor Z**?) given in Equation (§) is

computed by the following equation:

Zdlsp_ 2,0 ,]“l( 3|1)m e §~ p m% ( 3 2)+C Z3|28n2€253 (8-16)
pnz 24

3 3

The coefficients of Equation {88), m*es*®, and m’ &*s° are expresseas follows:

2 2 2 3 4zl
cl:%+ mOZs™ 23 (g )2 212, *127, - 22 § (S-17)
£ -2z) (@-z)@2-z)f ¢
2 42 3 2 & (5-18)
c = cf%ﬁ 47 +20253 *8, 1. 2 12 48+340§
£ (1-2z) (@- z)@- 2)f 2
5. a6 (S-19)
m e m
a8 omm g
st NN a e ] 3 (5-20)
m-e’s —iazljazlxxjmmjéﬁa_f;}s”

&, S;, l;,and |, are also calculated by the following expressions:
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& :\/‘9791'(1' ;) (S21)

sij:}(si-'-sj) (S-22)

2
=4 a(mz; 29
(S24)

Izza b|(m)zsI

In Equation (821), K; introduces the binary interaction between two molecueén) and

b (M) given in Equation (£3) and Equatin (S24) are determined by the following

relationships:

m-1m- 2 (S-25)

a(m)=a, + 1 Ta +
m

. m-1, m-1m-2 (S-26)
b (M) =hy +——= +——=——=bh,

The universal model constants (eai,andboi) in Equations (£5) and (&26) are tabulated

in Table S36].
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Table S3:Universal model constants for Ediass (S25)and (826) [6].

Ay &y 7 by by b,

0.9105631445 -0.3084016918 -0.0906148351 0.7240946941 -0.5755498075 0.0976883116

0.6361281449 0.1860531159 0.4527842806 2.2382791861 0.6995095521 -0.255757882

2.6861347891 -2.503004739 0.5962700728 -4.0025849485 3.8925673390 -9.1558561530

-26.547362491 21.419793629 -1.7241829131 -21.003576815 -17.215471648 20.642075974

97.759208784 -65.255885330 -4.1302112531 26.855641363 192.67226447 -38.80443052

-159.59154087 83.31868081 13.776631870 206.55133841 -161.82646165 93.626774077

91.297774084 -33.746922930 -8.6728470368 -355.60235612 -165.20769346 -29.666905585

The association contributionzass, in Equation (&7) is given by thdollowing relationship:

1 Ing, .. .. _
z2= — R x50 ) (S27)
2 A
The following equations are uséd obtain the magnitudes of pressure (P) and fugacity
coefficient (0G)

P = ZKT/ (1010'%)3 (528)

-Inz (529)

es
In/, =
s

; es
in which, / xand m represent the fugacity coefficient ane tlesidual chemical potential
of k-component in the system, respectively. The chemical potential is determined by the

following expression:
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nies(T /7) —res+(z 1)+éE_reso _

KT ¢ HXI _Tn,xi’k J

Fgo

[(edegeg o]

A g
g (S-30)
o

Qe

J
14 i

e
ex.
é
e

O
&

],k

The residual Helmholtz free energ@rfs) Is obtained by Equatiori4) in the main text of the

manuscript. Th hardchain reference contrition (2" ") is defined as follows:

N
éhard chain _ méhs a X, (m - 1) In giri]s(sii ) (5-31)
i
where
_ 1 e?)ZZ 23 é. 0
hs _ 1*2 4 2 % Zg Oln(l Zg)u (8_32)
2o @(1 z3)  zy(1- z3)* 8% ¥

Taking derivative of @™ ™" with respect to the mole fraction of componkfteads to the

following equation:

2 =hard- chain & 2 =hs &
aeaég § — mkahard-chain +m&%1_a g
¢ Wm0, W = (&
N hs
. . -- 33
- & xm- 9@y, )
i k
Similarly,
hg;® _ _ %3xk + dd, é 32 xk +6ZZZ3,xk g+
: (- z,)* d d "f(l 7" (1- 25)°2
o ,.,Zé 6 2 ~ (8'34)
g;dldj 8 %ZZZZ xk o ZZZ'?’ZZ,xk 0
& +d, 0 86(1 23)3 (1- z5)* O

The dispersiomeference contribution®*") is determined by the following expression:
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a®P=_2p hme §- p mC,l,me’s?

disp

Taking derivative ofa

417 disp 0 [
%’a—g =-2p /(I Lmee §+ Ilkmze §')Xk)—
C W =, (S-36)
D {(mkcll o +MC, |, +MCy 1, 4 JMPe’s 3 +MC, 1, (mzezs 3
where
(72 . Ae0 ., (S37)
m?e §)Xk —2mkaj_ ijjc; Tgskj
0 & (S-38)
(m2e253) =2m g X m‘éﬁ(‘;'S Sy
; g
Con =Coa Cle 8zy- 227 20z,- 27z% +1275 - 2z§E (S-39)
X X
L- z3)* (@-z5)2- 23)"  §
S . i1 ] (S-40)
I1,xk :a aj (n_1)123,xkz?3- +aj,xkz3j_
j=0
(5-41)
L =a [b (m)JZSXkZ3 +b] i
j=0
_m maéa, 49 (S-42)
o B B
5 (S-43)

(S-35)

with respect to the mole fraction of componkfitesults in:

The last reference contribution in Equatid®) is theassociation reference contribution (

= associatio =associatior

a ). The association Helmholtz energy of a mixtuie () is written as followg7]:
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=associatin_ N e A X ! i ?
a =axéa (In X" - ——)+—2u (S-44)
i 8A 2 2 g

in which, XA represents the mole fraction of moleculegichare not bonded at site A. This

parameter is calculated by the followiegpressiorj7]:

-1
3§+ Nas & & X XB'DAiB
& B

(545)

-0 OOl

The first and second summations imply the summation over all sites on magjeamde
summationover all components, respectivelyp®® is the associatiorstrength, which
can be calculad by Equation (86) as given below:

B
o)
0" =s3gMk Be%xp?eeig 1

&ka (5-46)

1-O: OO

in which, g;, &, and eifB/kb represent the radial distribution function, association

volume function, and association energy, respectively. The association parameters indicating
theinteractions between two varioo®lecules andj, which are a function of pure association

parametes, are determined by the following equatipris

eA B \/W (5-47)
=(@-/y)
k- Ko Ky
ki]_A B=(1- u, ) /kiA Bij B (5-48)

The 'i and “i are two binary associatingarameters that considerably increase the
thermodynamigredictive potential of PGAFT for fluid mixtures especially around critical

regions while dealing with phase equilibf&].
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S3.More Experimental Data and Predictions
In addition to Table3-4, Table S4 and Table S5 present more real data and calculated values
of hydrate temperatarand pressure in this sectiam the following cases/sets:

- Range oP(33.9977.5MPa) for methane; Ref. 484t ]

- Range of P(9.658.09MPa) for methane; Ref. BHt 2

- Range of P(0.290.441MPa) for Ethane; Ref. 53¢t 3

- Range of P(0.7-2.62MPa) for Bhane; Ref. 623et 9

- Range of F0.3680.547MPa) for Propane; Ref7 (Set §

- Range of P(0.092.239MPa) for HS; Ref. 68 Set §

Table S4:Experimental and predicted hydrate temperature for the experimental system pressure and

the experimental and predéct hydrate pressure for the expeental system temperature.

Setl Set4
Cal. T for | Cal. P for Cal. T for | Cal. P for
P (MPa) T (K) P (MPa) T (K)
exp.P exp.T exp.P exp.T
33.99 295.7 295.9638 | 32.8733 0.78 2775 | 277.297745 0.799747
35.3 295.9 296.2636 | 33.7168 0.84 278.1 | 277.896050 0.861%
64.81 301 301.354 62.2775 1.04 279.9 279.59759| 1.08080
77.5 302 302.9858 | 69.629 1.38 281.5 281.78238| 1.32950
Set 2 1.66 283.3 | 283.15097| 1.694545
9.62 285.7 285.7329 | 9.5846 2.1 284.5 284.79978 | 2.0093892
10.31 286.3 286.3487 10.253 2.62 286.5 | 286.218D5| 2.74688
10.1 286.1 286.16670| 10.0243 Set5
13.96 289 288.9391 14.062 0.368 276.7 277.297 0.3660
21.13 292.1 292.2566 20.710 0.377 277.0 277.896 0.3865
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3475 | 2959 | 296.1386 | 33.717 | 0405 | 277.2 | 279597 | 0.4054

4868 | 298.7 | 298.8773 | 476367 | 0425 | 277.3 | 281.782 | 0.4187

62.4 300.9 | 301.01010| 61.6576 | 0.433 | 277.4 | 283.150 | 0.4264

68.09 | 301.6 | 301.78869| 66.6162 | 0.473 | 277.8 | 284.793 | 0.47118

Set 3 0.493 278.0 | 286.218 | 0.4868

9.62 285.7 | 285.732941 9.584681| 0.51 2782 | 277.297 | 05115

1031 | 286.3 | 28634873 | 10.25326| 0547 | 2785 | 277.896 | 0.55323
101 286.1 | 286.166708 10.024328 Set 6

13.96 289 288.9391 | 14.062996] 0093 | 272.8 | 270.478 | 0.1006

2113 | 292.1 | 292.25664| 20.71048| 0.157 | 277.6 | 277.254 | 0.1625

3475 | 2959 |296.138685 33.71701| 0.28 283.2 283.06 | 0.2838

4868 | 298.7 | 298.87734| 47.656798 0.345 | 2852 | 285.161 | 0.3463

62.4 300.9 |301.010106 61.62561| 0.499 | 288.7 | 288.855 | 0.4912

68.09 | 301.6 | 301.78869| 66.676209 0.689 | 291.8 | 292.033 | 0.6728

1.034 | 2957 | 295.943 | 1.0075

1.379 | 2985 | 298581 | 1.3664

1596 | 299.8 | 299.860 | 1.5848

1.724 | 3005 | 300.5150 | 1.7209

2.068 | 302.1 | 301.992 | 2.0967

2239 | 3027 | 302.602 | 2.2681

Table S5:The predicted hydrate pressure (in MPa) at various experimental temperatures per 0.1 K.

Set 1l

Set 2

Set 3

Set

4

Set5

Set 6

T
exp.

T

P cal. exp.

T
P cal.

exp.

T

P cal.

exp.

P cal.

T exp.

T
P cal.

exp.

P cal.

295.7

32.8733 285.7

9.58429 260.9
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0.78602 276.77

0.36602 272.8 0.100698




295.8

295.9

296

296.1

296.2

296.3

296.4

296.5

296.6

296.7

296.8

296.9

297

297.1

297.2

297.3

297.4

297.5

297.6

297.7

297.8

297.9

298

298.1

298.2

298.3

298.4

298.5

298.6

298.7

298.8

298.9

33.2927

33.7168

34.1458

34.5796

35.01824

35.46177

35.9102

36.36356

36.82189

37.2852

37.75351

38.22687

38.70528

39.18878

39.67738

40.17113

40.67003

41.17412

41.68342

42.19796

42.71775

43.24283

43.77322

44.30895

44.85003

45.3965

45.94838

46.50569

47.06846

47.63671

48.21047

48.78977

285.8

285.9

286

286.1

286.2

286.3

286.4

286.5

286.6

286.7

286.8

286.9

287

287.1

287.2

2873

287.4

287.5

287.6

287.7

287.8

287.9

288

288.1

288.2

288.3

288.4

288.5

288.6

288.7

288.8

288.9

9.69198

9.80114

9.91177

10.0239

10.1376

10.2528

10.3697

10.4881

10.6082

10.73

10.8535

10.9787

11.1056

11.2344

11.3649

11.4973

11.6316

11.7678

11.906

12.0461

12.1882

12.3323

12.4786

12.6269

12.7774

12.93

13.0849

13.242

13.4014

13.5631

13.7271

13.8935

261

261.1

261.2

261.3

261.4

261.5

261.6

261.7

261.8

261.9

262

262.1

262.2

262.3

262.4

262.5

262.6

262.7

262.8

262.9

263

263.1

263.2

263.3

263.4

263.5

263.6

263.7

263.8

263.9

264

264.1

0.31607

0.31721

0.31835

0.3195

0.320655

0.321813

0.322977

0.324146

0.325321

0.3265

0.327685

0.328876

0.330072

0.331273

0.33248

0.333692

0.334909

0.336132

0.337361

0.338595

0.339835

0.341081

0.342332

0.343589

0.344851

0.34619

0.347393

0.348673

0.349959

0.35125

0.352547

0.35385

277.6

277.7

277.8

277.9

278

278.1

278.2

278.3

278.4

278.5

278.6

278.7

278.8

278.9

279

279.1

279.2

279.3

279.4

279.5

279.6

2797

279.8

279.9

280

280.1

280.2

280.3

280.4

280.5

280.6

280.7
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0.7958

0.80608

0.81633

0.82671

0.837246

0.847927

0.85876

0.869747

0.880891

0.892194

0.90366

0.915292

0.927092

0.939064

0.95121

0.963535

0.97604

0.988731

1.00161

1.01468

1.027947

1.041412

1.055081

1.068957

1.083045

1.097348

1.111871

1.126619

1.141596

1.156807

1.172257

1.187951

276.87

276.97

277.07

277.17

277.27

277.37

277.47

277.57

277.67

2771.77

277.87

277.97

27807

278.17

278.27

278.37

278.47

0.37441

0.38301

0.39183

0.40088

0.410163

0.419684

0.429454

0.43948

0.44977

0.460334

0.471181

0.48232

0.493761

0.505516

0.517594

0.530008

0.54277

272.9

273

273.1

273.2

273.3

273.4

2735

273.6

273.7

273.8

273.9

274

274.1

274.2

2743

274.4

2745

274.6

274.7

274.8

274.9

275

275.1

275.2

275.3

275.4

2755

275.6

275.7

275.8

275.9

276

0.101604

0.102542

0.103509

0.104504

0.105524

0.106568

0.107634

0.10872

0.109824

0.110944

0.112078

0.113225

0.114382

0.115547

0.116721

0.117905

0.119098

0.120301

0.121515

0.122741

0.123979

0.12523

0.126493

0.12777

0.12906

0.130363

0.131679

0.133009

0.134352

0.135707

0.137076

0.138459



299

299.1

299.2

299.3

299.4

299.5

299.6

299.7

299.8

299.9

300

300.1

300.2

300.3

300.4

300.5

300.6

300.7

300.8

300.9

301

301.1

301.2

301.3

301.4

301.5

301.6

3017

301.8

301.9

302

49.37462

49.96506

50.5611

51.16278

51.77011

52.38313

53.00186

53.62631

54.25653

54.89253

55.53434

56.18198

56.83548

57.49487

58.16017

58.8314

59.5086

60.19178

60.88097

61.57621

62.27751

62.9849

63.6984

64.41806

65.14388

65.87589

66.61413

67.35862

68.10938

68.86644

69.62984

289

289.1

289.2

289.3

289.4

289.5

289.6

289.7

289.8

289.9

290

290.1

290.2

290.3

290.4

290.5

290.6

2907

290.8

290.9

2901

201.1

291.2

291.3

291.4

291.5

291.6

291.7

291.8

291.9

292

292.1

14.0624

14.2337

14.4076

14.5839

14.7629

14.9444

15.1287

15.3156

15.5052

15.6976

15.8928

16.0909

16.2918

16.4957

16.7025

16.9124

17.1252

17.3412

17.5603

17.7825

18.008

18.2366

18.4686

18.7038

18.9424

19.1844

19.4298

19.6787

19.9311

20.187

20.4465

20.7097

264.2

264.3

264.4

264.5

264.6

264.7

264.8

264.9

265

265.1

265.2

265.3

265.4

265.5

265.6

265.7

265.8

265.9

266

266.1

266.2

266.3

266.4

266.5

266.6

266.7

266.8

266.9

267

267.1

267.2

267.3

0.35516

0.356475

0.357796

0.359123

0.360456

0.361795

0.36314

0.364492

0.365849

0.367213

0.36%83

0.369959

0.371342

0.37273

0.374125

0.375527

0.376935

0.378349

0.37977

0.381197

0.382631

0.384071

0.385518

0.386972

0.388432

0.389899

0.391372

0.392853

0.39434

0.395834

0.397335

0.398843

280.8

280.9

281

281.1

281.2

281.3

2814

281.5

281.6

281.7

281.8

281.9

282

282.1

282.2

282.3

282.4

282.5

282.6

282.7

282.8

282.9

283

283.1

283.2

283.3

283.4

283.5

283.6

283.7

283.8

283.9
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1.203894

1.220092

1.23655

1.25274

1.27027

1.287544

1.305103

1.322952

1.341099

1.359552

1.378316

1.397401

1.416813

1.436561

1.456653

1.477098

1.497906

1.519085

1.540647

1.5626

1.584%7

1.607728

1.630924

1.654559

1.678646

1.703197

1.728227

1.753751

1.779784

1.806343

1.833445

1.861109

276.1

276.2

276.3

276.4

276.5

276.6

276.7

276.8

276.9

277

277.1

277.2

277.3

277.4

2775

277.6

271.7

277.8

277.9

278

278.1

278.2

278.3

278.4

278.5

278.6

278.7

278.8

278.9

279

279.1

279.2

0.139854

0.141263

0.142686

0.144123

0.145575

0.14704

0.14852

0.150015

0.151524

0.153048

0.154588

0.156142

0.157712

0.159297

0.160898

0.162514

0.164147

0.165796

0.16746

0.169142

0.170839

0.172554

0.174286

0.176034

0.1778

0.179583

0.181384

0.183203

0.185039

0.186894

0.188767

0.190658



292.2

292.3

292.4

2925

292.6

292.7

292.8

292.9

293

293.1

293.2

293.3

293.4

293.5

293.6

293.7

293.8

293.9

294

294.1

294.2

2943

294.4

294.5

294.6

294.7

294.8

294.9

295

295.1

295.2

295.3

20.9764

21.2469

21.521

21.799

22.0807

22.3662

22.6556

22.9489

23.2461

23.5473

23.8525

24.1617

24.4749

24.7923

25.1138

25.4394

25.7692

26.1033

26.4416

26.784

27.131

27.4823

27.8379

28.1979

28.5623

28.9312

29.3046

29.6825

30.0649

30.4519

30.8435

31.2398

267.4

267.5

267.6

267.7

267.8

267.9

268

268.1

268.2

268.3

268.4

268.5

268.6

268.7

268.8

268.9

269

269.1

269.2

269.3

269.4

269.5

269.6

2697

269.8

269.9

270

270.1

270.2

270.3

270.4

270.5

0.400357

0.401879

0.40307

0.404942

0.406485

0.408034

0.40959

0.411154

0.412725

0.414303

0.415889

0.417482

0.419084

0.420692

0.422309

0.423932

0.425563

0.427201

0.428845

0.430497

0.432154

0.433818

0.435489

0.437168

0.438855

0.440551

0.442258

0.443977

0.445708

0.447451

0.449207

0.450971

284

284.1

284.2

284.3

284.4

284.5

284.6

284.7

284.8

284.9

285

285.1

285.2

285.3

285.4

285.5

285.6

285.7

285.8

285.9

286

286.1

286.2

286.3

286.4

286.5
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1.889353

1.918199

1.947667

1.977781

2.008565

2.040045

2.072248

2.105204

2.138945

2.173505

2.20892

2.245229

2.282475

2.320704

2.359966

2.400317

2.441816

2.484529

2.52853

2.5739

2.620731

2.669122

2.719179

2.771007

2.824711

2.880396
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S4.Fugacity Calculation
Figure S1 offers adequate details in the form of an algorithm to determine the magnitude of

fugacity where PESAFT equatiorof state is employed. As it is clear from Figure S1, in
addition to pressure, temperature, and mole fractions of the componentBGHAFT
constants such aé h, hAIAQ hand -  for all components @ using Equations ¢S), (S
13),and (S17)71 (S-26) are required. The next step is to take a good initial estimate for the
reduced density to calculate the compressybflictor and pressure. After that, we should
find the magnitudes of important paraers includingQRQ [ AT @& by Equations (S

9), (513), and (8L7)1 (S-26). The compressibility factor can be then calculated through using
Equation (S7). Equation (&8) will be utilized to obtain a new pressure. If the magnitudes of
new aml old pressure6 0 and 0 are almost the same, the guessed reduced density is

correct; otherwise, the above procedure is repeated to calculate tbed-eldunsity using the
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new pressure. The next step is to calculdte by Equations (817) and (S30) to (S48).

The fugacity and fugacity coefficient are finally determined by Equatie2B}S

ProvideP, T, composition, anche
constants of PGAFT EOS

v

GuessO A A ORARIAOE OU Compute fugacity
| A
+‘
Obtain all main parameters by Equations9§S Calculate a new by Equations (29)

(S13), and (SL7)1 (S-26)

|

Calculatecompressibility factor & by
Equation(S-7)

v

Updatereduced density

No Determine’ by Equatons (S-17)

and (S30) to (S48)
A

Calculatea new 0 by EquationgS-28)

Figure S1:Flow diagram for calculation of fugacity fail gaseous components at varicersperatures

andpressures (T and P).

S5.Gas Solubility Calculation

In this section, a systematic procedure to calculate the solubility of gases in the aqueous phase
is described. The solubility of the gasses in the agu@bhase is needed in the UNIQUAC
model to deternmie the water activity. The equality of a component fugacity in both gas and
liquid phases is the main criterion for thermodynamic equilibrium condition, as shown below:

a9 0 (S-49)
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The fugacity of componemtn the liquidphase is obtaied by the following expressidfy:

SN | U ¢ (S50)
Q DOwQw vy

where0 , @, 0 hand O denote the infinite partial molar volume, mole fraction (in the
l iquid phase), vapor pr es snemti respextivaly. Usiagnr y 0 s

Equation ($49), one can rewrite Equation-gB) as follows:

. Q (S-51)
® 0 0 0
OQQ)HT

I n this wor k, tH)iea fthetiorr of/téngperatuceras givanrby thiegwing

equation10]:

w

V0® pnnAID O°Y v

QR (S52)

The infinite partial molar volume, which is dependent on the pressure and temperature, is

expressed as followg]:
0 wdTaéa Q QY QO (S-53)

All constants of Equations {&2) and ($53) are listed in Table 9@, 11].

150



Table S6:Constants used iBquations ($%2) and(S-53).

Gas a b c d e f g

CHa 147.788 -5768.3 -52.29 0.0186 100 -0.338 0.002457

CoHe 146.637 -5768.3 -51.85 0.01741 100 0.5201 0.01

CsHs 552648 0.07845 -21334 -85.89 0 0.6189 0
i-CaH1o0 146.66 -5768.3 -52.42 0.02404 0 0 0
Co 21.621 -1499.8 -5.649 0.00020 32.8 0 0
H2S 69.445 -3796.5 -21.625 -0.000015 34.9 0 0
N2 78.852 -3745 -5.6494 0.00029 35.7 0 0

Table S7 presents a part of theitgb results for the solubility of methane in water, where the
methane hydrate system studied. To calculate the gas solubility at each thermodynamic
condition (e.g., temperature and pressure), the last value (updated) of gas fugacity, which is
determind by employing an EOS through the procedure explained in Section S4, is used.

Given thegas fugacity and model parameters provided in Table S6, the gas solubility can be

computed through using Equationsg§) - (S-53).
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Table S7:Typical resultsér the methane solubility in water.

T[K] Pressure e bt Absolute Error . -
[MPa] o ol i /1 /3 Reference
298.15 2.351 4.97 5.23 5.23 0.787 0.961 [12]
3.165 7.17 7.04 1.81 0.723 0.948 [12]
4.544 10.00 9.54 4.60 0.623 0.927 [12]
6.44 13.17 12.8 2.81 0.509 0.900 [12]
8.894 16.78 15.97 4.83 0.389 0.868 [12]
13.307 22.35 215 3.80 0.244 0.821 5
17.202 25.85 24.7 4.45 0.168 0.789 5
24.235 31.1 30.1 3.22 0.099 0.753 5

In Table S7,60 AT & stand for the experimental and calculated mole fraction of

component 2 (methane) in the liquid phase, respectively.

As it is clear from the magnitudes of absolute error percentages in Table S7, there is a very
agreement betweethe predictions and real tda again confirming the reliability of the

thermodynamic modeling approach in this research study.

S6.Comparison betweenResultswith and without Association Energy Terms

In this section, a series of results for gas hydrateméation temperature of
CHa4/Methanol/Water systems are provided. There are two different cases discussed in this

Supporting Information; the first scenario (Case 1) is to consider the association Helmholtz
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energy @) of mixtures tacalculate theesidual Helmholtz free energ@(®) given by

Equation (14) in the manuscript, where all three interaction paramégers, (and /; ) are

used in the calculation/modeling procedure. The second case (Case 2) considers only binary
interaction k;) to obtain the temperature of hydrate formation in the presence of alcohols.
Table S8 demonstrates a comparison between Case 1 and Case 2 in terms of AADT%. As it
is clear from Table S8, the absolute error percentage is lower for Cake tafe with
as®ciation terms), though Case 2 also offers acceptable accuracy while determining the
temperature of hydrate formation. The impact of the association is low as a part of the water
molecules are surrounded by the alcohol, in the presencgdadith, leadingo the weak

association phenomenon.
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Table S8:Effect of association energy terms on value of hydrate formation temperature.

Gas Liquid Pressure Experimental Calculated T (K) Calculated T (K) AADT% AADT%

Phase Phase (MPa) T (K) [Case 1] [Case 2] [Case 1] [Case 2]
CH; 10% Methano 2.62 268.5 268.23 269.06 0.10 0.21
3.95 272.8 272.52 273.36 0.05 0.21
5.52 276.1 275.95 276.79 0.09 0.25
7.85 279.7 279.45 280.31 0.06 0.22
9.78 281.4 281.57 282.44 0.01 0.37
20% Methano 2.95 264.6 264.58 265.69 0.01 0.41
4.34 268.5 268.46 269.65 0.15 0.43
6.01 2721 271.7 272.91 0.11 0.30
8.08 274.8 274.5 275.77 0.11 0.35
10.11 276.3 276.6 277.88 0.10 0.57
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the first draft of the manuscript artdenrevised the manuscript based on theacot hor s 6
feedbackas well as the commentsf the peer review nocess. The cauthor Sohrab
Zendehboudalsohelped inmodel development, creating a proper manuscnpttsire, and

revising all parts of the manuscrifthelastco-authot Lesley Jamesprovided comments on

various section of the manuscriptShe alseedited the entire text.
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Abstract

Hydrate reserves play a crucial role in energy storage and resacioes the world. The gas
hydrates formation may lead to various forms of blockages in oil/gas production and
transportation processes, resulting in high capital and operating costs, He&mnportant to
determine the methane hydrate formation cooekt and to find the vital process and
thermodynamic parameters affecting this occurrence. In this study, molecular dynamic (MD)
simulations are conducted to investigate the microscopichamsms/phenomena and
intermolecular forces involved in methane rgid decomposition, where molecular
interactions, structures, and behaviours need to be appropriately determined/selected. Through
a systematic parametric sensitivity analysis, the impaictemperature, pressure, and cage
occupancy on the hydrate dissaicin are studied. Furthermore, the diffusion coefficient,
density, and heat capacity of the methane hydrate are determined through employing MD
strategy. The stability of water cages iscaexamined at various decomposition times,
temperatures, and presss. According to the radial distribution function and mean square
displacement of oxygeaxygen and carbeoarbon atoms, the stability of hydrate cages lowers
with increasing temperaturavhile it increases with increasing the cage occupancy and
pressure Addition of inhibitors (e.g., methanol) to small cavities in the hydrate structure
creates new hydrogen bonds between the water and inhibitor molecules in the cages, leading
to accelerabn of decomposition of hydrates. A good agreement is noticed hetthee
outcomes of this research work and the results attained in experimental and theoretical studies
available in the open sources. Analysing the outcome of the present and previoysheorks
current study provides new reliable/logical information onrtiodecular level of the hydrate

dissociation process. It is expected that such a research investigation offers effective
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tips/guidelines to deal with hydrate formation and dissociatiorierms of utilization,

prevention, and processing.

Keywords:Methare Hydrate; Dissociation; Molecular Dynamics; Cage Occupancy; Diffusion

Coefficient

4.1. Introduction

Natural gas hydrates amystaline icelike compounds in which the guest molecuses
trappedin the polyhedral cells created within the hydrogpgemded wateframework[1]. The
gas hydates carbe formedat low temperatures and high pressures dubewan der Waals
interactions between the guest gas moleculesveater lattices, and théydrogenbonds
between water molecul¢s]. Due to the size and prepies of guest molecules in the cages,
different hydrate structuresmely, Structure I, Structure Il, and Structure H barcreated
[1]. These three structwsdiffer in the crystal structure in termstbe type and number of
cages. The lattice parameter of cubic Structisd 2.05, which consists of two smalfsand

six large (3%° cages. The small (pentagonal dodecahedral) and large cages
(tetrakaidekhedral) are composed of 12 pentagonal water angsl2 pentagonglus two
hexagonal faces, respectively. Figutek demonstrates the lattice structure of thater

molecules in Structure | gas hydrates for small and large cages.

Currently, gas hydrasehave attracted increasing interests due to their wide applications
future errgy souces/storagd2], gas transportatioi3], gas separain [4], and water
treatment distillation5]. There are also researstudies in the literatur@hich discuss about
problems (e.g., blockage) created by gas hydrateguipmenand pipeline systems in oil and

gas industriefs].
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Figure 4-1:Thelattice structure of small and large cagésvater molecules in Structure I.

Gas hydrates, mainly methane hydrate, have provided valuable and huge gas resources in
permafrost ad profound areas due to the fact at the standard condgammcubic meterof

natural gas hydraontainsabout 160180 cubic meters of natural gdg. In the past decades,
several researchers studied natural gas production by methane hydrate dissociation through
experimental (and pilot scale) and modelsagfulation investigationg/-11]. Therearethree

major methodsto produce natural gas (mainly methane) from gas hydrates; namely,
depressurisatigrthermal stimulation, and chemical injectifir?]. The hydrate formation or
decomposition can be affected by chemical or additive injedti@h Thus, the role of
additivesin the dissociation acceleration and the formationbiilbn needs tde studiedn

detail. A number of studies are found in the literature to investigate important prospects of
additives in tems of improving storage capacity4], dissociation[15], and formation rate

[16] of gas hydrates. The monitoring and coningll of hydrate formation and/or
decomposition through experimental works at various process condtiatetivelydifficult

and inaccurate. In recent years, molecular dynamic (MD) simulationshiegre useds a

reliable tool to study the structuf&?7], nucleation[18], growth [19], stability [20], and

thermodynamic propertid21] of gas hydrates. In tHdD simulations, the movement of each
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atom and molecules determinecby usi ng t he Ne empoicaldestentiala ws
functions are utilized to describe thgeractionsbetween all compomés in the simulation

box. In our most recent work, we prepared a comprehensive review appieationsof MD
simulation and ifferent potential functions, which are used in #iraulationof gas hydrates
dissociation[12]. Wan et al.[22] employed MD simulations for methane gas hydrate
dissociation in the systems that contained alcohol aglditive In addition Zhang and Pan

[19] obtained the dynamic and structural properties of the methane hydrates, for example, mean

square

4.2. Simulation Information and Procedure

Several science and engineering disciplines need to compute the motion and equilibrium of
atoms or molecules in easlystem by employing efficient computational strategies such as
molecular dynamic (MD) simulations. The MD approach is a powey@l to demonstrate the
microscopic scale of various chemical and physical phenomena/systems. It provides
better/detailed knowldge in molecular level regarding dynaraitd structural characteristics

of complex and/or simple chemical systems-§B]. The pimary stage of MD method is
calculating all atoms coordinates and summation of all potential energies that provide the force
on each atom. The force for molecules consists of the van der Waals, electrostatic, dihedral,

angle bending, bond stretchirapdtorsional rotation [2729]. In the classical mechanics, the

ar

Newtonds | aw is utilized #ataspechHidttiaebyenmployengposi t

different algorithms to solve equation of motion{3®). In the last step of the simulatiohet

thermodynamic and dynamic properties are calculated by using the statistical mechanics.

. MD simulations are an effective strategy that allows for the analysis of systeery &w

and high temperatures and pressure conditions. Timesmodynamic conddns present
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practical challenges when attenipg) to obtain experimentadlata which highlights the
advantages of using MAt these thermodynamic conditions, we also need to calibrate or tune
some parameters if an equation of state (EOS) is utilized.h&naidvantage of using MD
simulations is thatthe tool needs only description of intermolecular and interatomic
interactions a the inputs. In addition, the best wayatalyzeand find new features of the rare

and expensive materials such as polymersatems is utilization of MD simulations under
various process and thermodynamic conditions. Additionally, the special @naréetg.,

forces and interactions) of molecules can be explored only with MD simulations. For instance,
the diffusion and movememf small molecule of enzymes need the transappearance of
the proteinds channel , whi, 84h The smoletutamadynarhid e by
simulations can be more useful to forecast and characterize the dynamic properties including
mechanial and thermophysical characteristics in agagg, electronics, and energy industries.
However, the accuracy of MD simulat®highly relies on the selection (or type) of potential
functions. The regular size of the simulation cell size is in order ofHance, the spatial
correlation lengths andrsicture of any system should be less than the size of the simulation
cell. Furtrermore, MD simulations require to be ran using powerful computers with a high
CPU so that the simulation runs might take fairlygdime. Although the molecular dynamics
simulation strategy has successfully simulated the complex systems, it has cavitatiohs

in terms of the cell size and time of simulation runs.

In this research study, the molecular dynamic (MD) simulatayesused to investigate the
decomposition omethane hydrate, considering the effects of temperature, pressure and cage
occupancy as well as the hydrate stability in the presence of methanol as an inhibitor. The MD

simulations are performed by using theréite modules and consistent valence foreddfi
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(CVFF) of Materials Studio software [35The unit cell of hydrate Structutes constructed

by using oxygen atoms of water molecules positions, which are determined frayn x
diffraction [36]. A 3x3x3 spercell is built by replication of anit cel to create a simulation

box with 36.09x36.09x36.09 A size and 1242 water mdédscd he simulation box contains

54 small and 162 large cavities. Methane molecules are placed in all 162 of the large cages;
the lrge cavities are filled with methane molesufor any cage occupancy. The methane
molecules in small cavities are removedsimulate various cage occupancies so that they are
replaced by the methanol molecules to investigate the inhibitor influencke. &Fadists the

required information of alflifferent models, which are constructed.

Table 4-1: Summary of the concentration of guest molecules in initial simulation box.

Methane molecules Methanol Molecules
Case Occupancy (%)

Small cavity Large cavity Small cavity Large cavity

1 100 54 162 0 0
2 87.5 27 162 0 0
3 75 0 162 0 0
4 100 52 162 2 0

The cage occupancy is calculated by the ratio of the number of methane molecules in the
simulation box to 216, which indicatestmaximum possible number of all methane malies

in the simulation box. For instance, in this study for 100% cage occupecethane
hydrate consists of 216 methane molecules (54 molecules in small cavities and 162 molecules
in large cavities) and2lU2 water molecules. In the case of 87.5% &% cage occupancy,

the number of hydrates in the cavities is changed by 189Gi#hddspectively. Two methanol

molecules replace two methane molecules in small cavities to study the role of inhibitor in the
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dissociation process$n this work, the decongsition process is evaluated for three different
occupancies (100%, 87.5%, and 758bhout an inhibitor and in the presence of methanol
molecules at three various temperatures (250, 260, and 270 K) at 50ddRarer In addition,

the impact of pressurs investigated for the methane hydrate case with 100% cage occupancy
at temperaturg80 K, where three different pressures (5, 10, and 50 MPa) are examined. Firstly,
the energy minimization and geometry optinti@a for the initial simulation box are neeatle

To obtain the stable structure, both steepest descent and conjugate gradieds roéthe
Forcite module are employed [35]. In the steepest descent optimization method, a linear search
is introduced on théasis of the direction of the energy downkiitbp. In this strategy, the
geometry minimization is first performed in the oppeslirection at which the gradient holds

the highest value at the initial point. The new line searches for a direction witkirtimeum

energy by the orthogonal direction tioe last gradient. This approach is repeated until the
minimum energy is attaindd all directions with an adequate tolerance. This methodology is
usually used for structures, which are away from the equitibdgondition, to achieve a status

with low erergy. This technique is not generally efficient because the new directions must be
perpendicular to the last direction. Hence, this method experiences considerable fluctuations
to find a structure with the miniam energy and it will be very slow. Based e above
reason, the conjugate gradient method is used after minimizing the evidrghe steepest
descent [35]. In this method, the convergence speed is improved by using the information of
the last directio for the next orthogonal direction searchatoid fluctuating around the
minimum energy state. This strategy provides a pregeof conjugate directions, which move
constantly toward the minimum energy. The space of energy is determined by the eonjugat

directions. It implies that the case witketminimum energy is found at the end of algorithm.
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It can be concluded that it #&logical way to utilize the steepeaisent method for the first
optimization and then to implement the conjugate gradienhadetogy for reaching an
accurate optnization. In this case, the chance of finding a structure with the minimum energy
case is high at the end of geometry [35]. The constant volume and constant temperature (NVT)
ensemble is performed for 20 ps to reaathdargeted temperature. The conspaessure and
constant temperature (NPT) ensemble MD simulations are carried algntonstrate the
decomposition process at all thermodynamic (T and P) condifidres.consistent valence
forcefield (CVFF) is availablan the Materials Studio package, whidescribes the parameters

for water, hydrocarbons, amino acids, and many orgaalecules [37]. It automatically uses

the generic parameters when the explicit parameters are not found (e.g., automatic assignment
of vaues for missing parameters). Liu ak [38] employed the CVFF to calculate the
intermolecular forces of all molecul@s methane and carbon dioxide hydrate clathrate. In
the CVFF, the water model for the potential function is the simple point chargg).(SP
Utilization of SPC as a potentiflnction for water molecules in the gas hydrate were recently
studied by Burnhamteal. [39] and Liu et al. [38]. According to their results, the-site
charges on oxygen and hydrogen in the water molecules ares4hd4.82e, respectively.

Also, thecharges for the carbon and hydrogen for methane molecule in the CVFF feature of
the Materials Studio aréd.4e and +0.1e, respectively. The energy expression for CVFF is

given below [35, 40, 41]:
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whereD ,H , andF stand for he force constants; and, ¢, X and f denote the bond length,

bond angleout-of-plane parameter, and dihedral angle, respectively. The zero condition

represents the equilibrium value of that parameterefers to the disince between particle
with charge g from particlej with charge g;; € introduces the well depth in van der &

interaction term; andsandn are the sign convention and nonnegative integer coefficient

parameters for the dihedral termaspectively.

In Equation 4-1), the first four terms represent the diagonal terms of valerfoeaaffield. The

first term is the Morse potential, which is used for the bsinetching term. The simple
harmonic potential is added to this term. In ma@sdes, the bond interactions are fghle,
compared to the nebond interactions. The second, thiand fourth terms are attributed to

the energy deformation of bond angles, torsion angles, andf-@léane interaction,
respectively. The cross terms aepresented by terms five to ninehish demonstrate the
couplings through the internal coordindeformation. For example, the coupling between the
adjacent bonds stretching is shown by the fifth term. In addition, the dynamic properties of
systems areatculated through using these termike last two terms in Equatiod-{) show

the nonbonded inteaictions, where the tenth term represents the van der Waals interactions
with the Lennardlones function and the eleventh term corresponds to the elecotrostati

interaction with the Coulomb furion [35]. The CVFF force field is employed to explain the
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moleailar interactions in the methane hydrate clathrate. The van der Waals andrigeg

Coulomb interaction terms are computed by using the Ewald summatjoii iggemperature

Sketch wate and methane

from x-ray diffraction

[»] s Build unit cell with data
c’&

Adjust parameter for simulation

}

- CVFF (force field)

- Ewald summation (vdW and longrange)
- Cut-off 15 A

- Berendsen thermostat and barostat.

Energy minimization and
geometry optimization

}
NVT

(to reach temneratiire)

Calculate parameters

(RDF, MSD, diffusion coefficient, energy, density

Figure 4-2: Main stages for MD simation of methane hydrate decomposition.

and pressure ofhe objective system are adjusted by using the Berendsen thermostat and
Berendsen barostat [42] with a decay constant of 0.2 ps and 0.1 ps, rebpdntaedition,

the van der Waals interactions in the simulation bexdgtermined with a cuff distane of

15.0 A. Figure4-2 demonstrates a simple schematic of the procedure for MD simulations of

gashydrate dissociation, where the Material Studio is employed.
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4.3. Results and Discussion

Different cage occupancies, temparas, and pressures and presenadfional molecules

such as inhibitors (methanol) in methane hydrate dissociation are studied in this research work.
The results achieved through using molecular dynamic simulatanthe corresponding
discussion arerovided in this section. lle structural and thermodynamic properties of
clathrate hydrate are explored through discussing about the mean square displacement, radial

distribution function, diffusion coefficient, potentialergy, and structured snapshots.

4.3.1. Radial Distribution Functi on (RDF)
The microscopic and characteristic properties of methane hydrate structures are investigated
to further explore the dissociation event of the hydrate clatHratieis section, wanaly®the

radial distribution functin (RDF) g, (r) at different temperatures, pressures, and cage

occupancies. The occurrence probability to find the atamthe distance af from the atom

ais RDF, g, ,(r), which is expressed below:

vV &l nb(r)
N, N ,ciz 4or°Dr

ga b( r) = (4'2)

In Equation 4-2), v denotes the aslume of smulation box; N, and N, refer to the total
number ofa andb particles, respectively; andh b(r) stands for the total number o apart

from atom a atthe spheica distance ofr. In this work, the g, (carborcabon) and g,

(oxygenroxygen) radial distribution functions are used to simulate the structure of water and

methane in methane hydrate systems. The RDF is studied to assess the stability of methane
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hydrate cages atffierent conditions in termef temperature, cage oqmancy, pressure, and

absence or presence of methanol.

Temperature Impact.Figure 4-3 demonstratesheg,,and g, at pressureés MPa and

temperatures of@d, 270, and 280 K. The RDFs afygenoxygen atoms in D molecules

are depicted in Panel (a) of Figute3. The RDF is calculated from the NPT simulation for
100% cage occupancy of methane hydrate in 200 ps. The first maxigakisipows that the
nearestlistance corresponds to the orpgxygen distance of hydrogen bonding (2.755 A) of
water. The second and third peaks appearing at 4.525 A and 6.505 A represent the distance of

oxygen atoms in the hydrogen bonding of hydrate £age

Table 4-2 shows the coparison between the major peaksthe RDFs of our work and
previous studies for the metleahydrae system. The reported value represents the average of
the major peaks in RDFs for different temperature and pressure conditiensiinimum and
maximum erors are reported in Table2. AAD% represents the average absolute deviation
percentage. According to the magnitudes of AAD%, there is a very good agreement between

the results of the current research investigation and presiodgs available in thetdirature.

Table 4-2: RDFs of methane hydrate systems for this simulation and those reported in the literature.

Zhang et Ding et Zhang and Erfan-Niya Naeijiet This Min. Max.

ot
RDF (A) Peak al.[23] al[43] Pan19] etal{44] al[45] Work Error Error AAD%
oxygen o o 2.75 2.78 2.75 2.775 275 2755 0211 0666 0.435
Oxygen

Seconc  4.40 453 4.49 4.425 445 4525 0876 2428 1502

Third  6.67 6.35 6.37 6.375 660 6505 1.839 2259 2.090
Carbon o 4 425 396 2976 576 4.035
Carbone

Seconc 7.5 6.6 6.525 6.65 6.665 0.861 547 1.444

Third 11.3 11.925 1075 1102 379 516 4.401
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As observed irFigure4-3, the peak of),,becomes lower but the pea#lleys become higher

with increasing temperature atcanstant pressure. This behavior exhibits ktablity of

oxygen atomsi water molecules and hydrate cages due to the small ordering degree of oxygen
atoms. Thus, the possibility of methane hydrate dissociation will increase at a constant pressure
when a increase in the temperature is experienéegure 4-3(b) illustrates he RDF of
carboncarbon atoms in methane molecules at different temperatures for the methane hydrate
system at 5 MPa and 200 ps. There is a considerable peak at around 6.6 A tigst toetloe
distanceof many methane molecué the hydate cages, impigg that the nearest distance

between the methane molecules in the hydrate structure is nearly 6.6 A.

@ (b)

T=260K

e T = 270K |
45 s T = 280 K.
i — T=300K
4 s r 2
~ . L
B

9N

0.54

6
r (A4)

Figure 4-3: RDFs of (a) oxygen atoms in water molecules and (b) carbon atoms in metbieceles at P = 5 MPa, 200 ps,
different tempeatures.
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In addition other peaksire foundat aroundl0.9 A,13.6 A, and 16.5 & terms ofmethane
molecules vibration in hydrate ges between each two metbamolecules in the hydrate
cages. The extent @f. lowers, but the distribution becomes wider withiacrease in the
temperature as a lower stability is attained for hydrate cavities aegtemperatures. After

the decomposition process, a new peak is created at around 4 A at temperatures of 280 K and
300 K, showing the minimum distance between metnaolecules in the clusters. Figuret4
provides four snapshots of molecular dynamic $ations for the methane hgate atvarious
temperatures, pressuref 5 MPa, and after time simulation 200 ps.

(@) (b) (© (d)

A,
32

AR

Figure 4-4.(a) Initial methane hydrate structuw&simulation box; snapshots of molecular dynamic simulation i
200 psatP =5MPa (b) T=260K, (c) T=270 K, and (d) T = 280 K.

The initial structure of the simulation box for metharydrate with 100% cage occupancy is
depicted in Figure 4a before conducting molecsilarulations. Panels (b) aiic) of Figure 4

4 demonstrate the snapshots of molecular simulation of methane hydrate after 200 ps time at 5
MPa and temperatures of 260aRd 270 K, respectively. It is observed that the structure of
cages is approximately csistent so that only methamolecules move to the center of the
cages and hydrogen bonds of water molecules experience small changes. Thus, the structure
of methane hgrates does not decompose at 5 MPa and 200 ps for both 260K and 270K.

However, the caged hydrate structure willlisappear by increasing temperature to 280 K and
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the methane hydrate structure will be decomposed by releasing the methane molecules and

creding clusters, as shown in Figuteld.

In this section, the RDF for oxygeoxygen #goms of water molecules aridr carboncarbon

atoms of methane molecules at a constant temperature upon pressure changes is calculated
from NPT simulaibns. Panels (a) and (b) of Figuté describe the RDFs of oxygemxygen

and carborcarbon atoms at T 280 K, but at different pesures. It is found th#éte heght of
peaksdecreaseand the valley of peaks becomes wider by decreasing pressure. The simulation
runs reveal that the dissociatitamdency of the me#ime hydrates becomes higher appreciably
asthe pressure is redad; however, thpressure influence on the dissociation is not as much

as the temperature effect. Thus, the temperature plays a more important role in the

decomposition occurance.

@ (b)

9.,

9,0

Figure 4-5:RDF plots of (a) oxygen atoms in water molecules and (b) carbon atoms in methane molecules at T :
200 ps, and different pressures.

Cage Occupacy Impact. The NPT simulations are perfoeth to investigate th
decompositiorprocess othe mehane hydratat various cage occupancies of 100%, 87.5%,

and 75%. The details of the simulation runsarailablein Table4-1. The instability of the
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methane hydrate increases by decreasing the cagpancy from 100 %o 87.5% and 75%,

as shown in Figuré-6(a) aml Figure4-6(b), respectively where RDFs for the oxygetygen

atoms in water and methane molecules at 270 K and 5 MPa after 200 ps (as a simulation time)
are presented for three differerdge occupancies. Thendency of methane hydrate for
decompositions higher for partially occupied cages due to their instabititynpared tdahe

cages with 100% occupancy.
€Y (b)

35

cupancy = 100% | -
ancy = 87.5% |
ancy = 75%

a.,(r
T
9,0

8 8 10 12 o 2 a 6
r(4) r(A)

Figure 4-6:RDFsof (8) oxygen atoms in water molecules and (b) carbon atoms in methane molecules for various
occupancies after 200 psat P =5 MPa and T = 270 K.

It was foundthat theRDF vaiation is higler when the cage occupancydeclnedfrom 100%
to 87.5%, compared to the case when the cage occupancy is reduced from 87.5% to 75%.
Therefore, it confirmed that the hydrate cages with 100% cage occupaastgble against

the decomposion.

The final snapshot dimulationbox for the nethane hydrate with00% cage occupancy is
demonstrated in Figuré-7(a) after 200 ps simulation at 270 K and 5 MPa. As mentioned

earlier, no decomposition for this case occurs so that the structure of cages is almost firm/stable
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andthe methane moleculesthecenterof lattice are located. Figurds7(b) and4-7(c) provde

the last snapshots of molecular simulation of the methane hydrate after 200 ps time at 5 MPa
and 270 K, where the cage occupancies are 87.5 % and 75 %, respeciivelys#rvedha

the primary struatre of the cageslisappearscompletelyand the rethane hydrates are
decomposed. Furthermore, some clusters of the methane mokreutdsservedt the end of

the simulation run It should be noted that the dissociation of methane kydsaucture
happenst the time less than 200 ps at 5 MPa and 280rKhe case of 75 % as the lowest
cage occupancy. Thus, it is logical to consider 200 ps as the simulation time while running

NPT molecular simulation runs for the cage occupanciegeab®%.

Figure 4-7: Final snapshots of matalar dynamic runs to simulate methane hydrate structu
various cage occupancies after 200 ps at P = 5MPa and T = 270 K for the cage occupan
100%, (b) 87.5%, and (c)75%.

Inhi bitor Impact. To demonstrate the effect of inhibitors in thecompositiorprocess, we
analysehe RDF of oxygeroxygen of water molecules and the RDF of carbarbon atoms

of two methanol (inhibitors) molecules in this section, adogrdb Table4-1. Based on NPT
simulationsFigure4-8(a) illustrates thed,, for the water molecules at 270 K and 5 MPa for

the two models in the absence and presence of methanol molecules, respectively. The

positiors/locations of peakare almost the same, bthie heights are different. The heights of
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the peaks in thexygenoxygenRDF decreasand their widths become bigger upon inhibitor

addition. It is concluded that the methanol injection into the methane hydrateges the
stability of the strueire so thattiwould be more unstable. The RDF §,. (see Figurel-

8(b)) of methane molecules after 200 ps can be used to characterise the methane hydrate
decomposition proceséA.ccording to kgure 4-8(b), the new peak is created after adding two

methanol molecules thagplace two methane molecules.

Without Inhibitor | |
With Inhibitor

(r

9t

- — T
o 2 4 6 a 10 12 o 2 4 L) 8 10
r () v (A)

Figure 4-8: RDFs of (a) oxygen atoms in water molecules and (b) carbon atoms in methane molecules
system with and withounethanol molecules after 200 psat P =5 MPa and T = 270 K.

Figure4-8 verifies that the methanol molecules play an important role to decrease the stability
of methandhydrate structure, leling to faciltating the decomposition processniext €ction,

the potential energy difference of simple methane hydrate and inhibitor/hydrate molecules will

be discussed.
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4.3.2 Mean Square Displacement (MSD)
During simulations,he particles are moving molecularsimulation box. The mean square

displacement (MSD) is usedanalysehe particles position and movement. MSD is expressed

by thefollowing equation:
MsD=(T T,[°)

E;l (\f%(t) R( 5)\2) (4-3)

Z =

In Equation 4-3), N represents the tdtaumber of paicles; R(t) stands for the position of

paticle at t; and ﬁ(to) refers to the initial position of the particl@he mean square

displacement increases linearly wittmé& due to theposition alteration of particles. The
magnitude of MSD is determined for various temperatures based on 200 ps NPT simulation
runs. Figurest-9(a) and4-9(b) illustrate the MSDs of water and rnahe molecules in the
methane hydrate at tempenas of 260270, 280, and 300 K at a constant pressure (5MPa)

after 200 ps.

(a) (b)

180

Figure 4-9: MSDs of (a) oxygen atoms in water molecules and (b) carbon atoms in methane mole
P =5 MPa, t=200 ps, and different temperatures.
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At the temperatures of 260 and 270 K, the MSD changes of methane and water molecules are
not as much as the MSD alteration a tamperatres of 280and 300 K. Thus, the clatie

structureof methane hydrates is almost stable when the temperature is 260 and/or 270 K.

The minor change of MSDs for methane and water molecules at the temperatures of 260 and
270 K is attributed to vibration of methane and water molecules itrtietigeof the clahrate

hydrate before decomptien, instead of moving out of the cages. The equilibrium temperature

of the methane hydrate at a pressfr MPais lower than 280 K46]. Thus, the acceptable
results for hydrate dissociation temperature is achieved from our simulations due to the fact
that the dissociation happens at 280 K andsthecture rerains stable at lower temperatures.

It should be mentioned that under the dissociation condition at the temperatures above 280 K,
the MSDs for methane and water molecules increase dramatically dbe byveakage of
hydrate cages. The MSD isfanction of ime so that the magnitude MSD increases with

time. Figure4-10 provides the MSD of methane molecules in the methane hydrate structure
versus simulation time at 280 K and 5 MPa.

10000 ——— o 11
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8000-] | = =300ps L

s { = 400 p3
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Figure 4-10. MSD of carbon atoms in methane molecules at vagausiation times
when T =280 K and P =5 MPa.
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It can be concluded that the methane and water moleculles hrydrate tsuctures rotate and
vibrate in thecrystal structure of methane hydrate; the methane clathrate hydrate collapses
when the temperature or simulation time increases and eventualiyethane and water

molecules will abandon the clathrate stwe.

4.3.3 Diffusion Coefficient

The diffusion coefficientis anotherimportantparameter to provide a different feature of
simulationbox in theMD simulations.The coefficientof diffusion isdefinedas theaverage

of MSDs in certain nodes of simulat tenperatures and pressures. The dissociation of gas
hydrate carpe investigatethrough calculating the diffusion coefficient of methane and water

molecules, which cabe writtenbased on the Einstein relationship,fallows[47]:
6Dt = MSD (4-4)

in which D introduces the diffusion coefficientyefers to the simulation timend MSsD
denotes the mean square displacement. #aBlésts the diffusion coefficients of water and
methane molecules in the simulatibox for a variety of temperatures, pressures, and cage
occupancies. According the phae and nature of molecules, it is observed that the diffusion
coefficient of the water molecules is much lower than that of the methane molecules in the
methane hydte system. On the basis of MSD concept, the water molecules vibrate around
hydrate cages Whout movement in the stable hydrate structure. Hence, the diffusion
coefficient of methanevater system is very low with an order of magnitude ot*19?/s,
whichis approximately equal to the solid diffusion coefficient. This can be seen ia48bl

for temperatures of 260K and 270 K at 5 MPa and 100% cage occupancy. The diffusion
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coefficient of methane in thigydrate crystalncreasesfter decomposition until ivill equal

the diffusion coefficient of gas /liquid systems with an order of ntagaiof10° m%s. In
addition, Tablet-3 reports the diffusion coefficient for various cage occupancies. It is noticed
that the structure of methane hydrate is msiedble at low temperatures with a high cage
occupancy; the diffusion coefficient increaseith decreasing the cage occupancy from 100%

to 87.5 % and 75%. The diffusion coefficient is a function of time. Thus, the decomposition
process for different tempaures, pressures, and cage occupancies needs to be simulated at
the same timelike the diffusion coefficient of methane, the diffisn coeficient of water
molecules can explain the dissociation process of methane hydrate structure for different nodes

of the simulation well.

Table 4-3: Diffusion coefficient of metane ad water molecules in methane hydrate systems at different
conditions [200 ps simulation time and 5 MPa].

12 2 12 2 12 2 12 2
T (K) Cage Occupancy D 310 (m/s) p 310 (m /s) | T(K) Cage Occupancy p 310 (m /s) D 310 (m /s)
Methane Water Methane Water
260 1.07 0.72 260 1.038 0.488
270 1.21 0.85 270 173.17 71.4.01
100% 100% + Inhibitors

280 1238.63 293.98 280 1424.79 295.26
300 4438.0.6 688.69 300 4601.72 694.77
260 12.9 8.09 260 271.06 117.23
270 75% 930.041 235.71 270 87.5% 658.11 257.12
280 1248.01 381.16 280 1504.32 362.62

4.3.4. Potential Energy

In the MD simulations, the potential energy consist®ofrrangeCoulomb interactions and
van der Waals interactions. Potential energy vesgsusildion timeis shown in kgure4-11
for two different case studies: simple methane hydrate with 100% cageamcy and methane

hydrate with two methanol (as arhibitor) at a temperature 0B8R K, a pressure of 5 MPa,
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and 200ps for NPT simulatiome. Asillustrated in Figuret-11, the potential energy of the
simulation boxexhibits different behaviours fohé¢ abovesysems. The hydrogen bonds
between the water molecules of hydrate cages are not disturbed before decomposition and the
potentialenegy varies around the equilibrium value because of the vibration and rotation of

the water and methane moleculegmothe inital perbd of the simulation.
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Figure 4-11: Potential energy for two different systems; methane hydrateanih
without methanol molecules at T = 280 K @& 5 MPa

The potentialenergy of the firsmodd is dramatically increased, implyirtbat the hydrogen

bords of water molecules in the hydrate cage® decomposeblletween 47 and 89 ps
Therefore,it canbe concluded thahe dissociation time of the firshodd is around 47 ps.

The structure of methaneydrate is decomposed completely after 42gv&l the potential

energy does not change any more so that it oscillates around one value. Semotit case
(methane hydrate structure with inhibitor molecules), the same behaviour is observed. The

structureof hydrate has a stable condition during the initiaiqueof the simulation before 45
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ps. Within the timeperiod betveen 45 and 78 ps, the total energy increasasinuously,
showing that the methane hydrate structunethe presence of twanethanol mtecules
decomposes at a dissociation time about 33 pgsse®etly, a new dynamic condition will

be maintained as thgotential energy fluctuates around one value and the decomposition
process is ended. The difference between these two caseguotehial energy conveys the
message that adding two methanal@cules as annhibitor (less that 2 wt%) innsall cages

of methane hydrate can accelerate the dissociation process and decrease the decomposition
time, as depicted in Figurell1 with horizontal hie and yellowarrows. Thevater molecules

form hydrogen bnd though hydroxyl group of alcohols. The addition of methanol in small
cavities can facilitate the dissociation by making new hydrogen bonds between the water
molecules in the cages and the hygtayoup of methanol molecule¥he oxygen atoms in

the hydroxyl group of methanol can create new hydrogen bonds with molecules of waters.
These new hydrogen bonds are able to disarrange@akenthe main (or primary) hydrogen
bonds between the water molecules in the hydrate structure. Big@rdemonstrasthe new
hydrogen bonds in the form of black circles. Methanol molecules effectively accelerate the
hydrate decomposition phenomenon, leadingjsrupting the great number of hydrogen bonds

for water molecules in the cavitidsis worth noting that mtéanol plays two important roles

in the gas hydrate decomposition: the hydroxyl group weakens the stability and structure of
water cavities anthe hydrocarbon placed at end part of the methanol molecule stimulates

water molecules to form clusters.

180



Figure 4-12: Structure of methane hydrate cages in the presence of methanol molecules wi
hydrogen bonds betweavater and methanol molecules.

4.3.5. Methane Hydrate Density

The density alteration of gas hydrate in the simulation box can be used as a criterion to monitor
the decomposition process. Figutd 3 reveals the change of methane hydrate density for
different cage occupancies based on tlizdinulations at different temperatures. The density

holds the highest value for 100% cage occupancy, which is equal to 890 kg/m

1000 -
] Initial
T =260K
T=270K
900 T = 280K
% 800 -
\m -
4
>
2 _
S 700
O .
600 =
0
100% 87.5% 75%

Cage occupancy

Figure 4-13: Density of methane gas hydrate hfferent cage occupancies before simulatiod after 200 ps
MD simulation at various temperatures
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The density remains at 890 kg/tvefore reaching 280 K. It will then decrease dramatically so
that it will become 700 kg/fn According to Figuret-13, thedecomposition for 100 % cage
occupancy occurat 280 K. Thus, the sharp drop in density value at the end of dynamic
simulation demonstrates the decomposition of gas hydrate. The similar behavior/trend is found
for the cage occupancies of 87.5% and 75 &tydver, the decomposition is experienced at

lowertemperatures, compared to the case with 100 % cage occupancy.

4.3.6. Methane Hydrate Heat Capacity

The values of thermophysical properties of gas hydrate are required to estimate the amount (or
rate) of @s hydrate production, to detect the sedimgntyers, and to determine the heat
transfer rate during nucleation, formation, and decomposition stages. For instance, accurate
determination of the heat capacity provides a reasonable estimation of nasupabduction

from gas hydrate reservoir witharmal stimulation strategy. There are studies in the literature
that introduce various ways to calculate the heat capacity of hydrate for different guest
molecules; however, they propose the methodologieshwvhiork for limited operating
conditions. In adition, the experimental techniques are too&suming and costly. MD
simulation is a proper approach to calculate the thermophysical properties, particularly the heat
capacity. In this research work, the ambof heat capacity of gas hydrate is obtaiaed
different process and thermodynamic conditions. Figeté depicts the heat capacity for the
methane hydrate at various pressures and temperatures. The experimental heat capacity
reported in the previous awks [48-52] have been obtained within wide range of hydrate
condition. Various values for this parameter ateibuted to the impurity of gas hydrate due

to porosity, cage occupancy, and residual of ice and gas phases. Also, a weak relationship

between the ta capacity and pressure and temperature is noticed. We calculate the heat
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capacity of the initial simaltion box before the decomposition. The values of heat capacity
calculated in our research work at temperatures of 260, 270, and 280 K for 5, 10 MiRd 15

exhibit a good agreement with the available experimental[d@t9, 52]
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Figure 4-14: Heat capacity of methane hydrate at different pressureteammkratures.

It is recommenddto study the decomposition of structure 1l and H of methane hydrates with

the other gases (e.g., propane and butane) in the presence of different inhibitors in the future.
It would be also interesting to investigate the iotd new molecules such asic liquids on

the dissociation process.

Global energy demands are increasing over time. The gas hydrates as an energy source appear
to be attractive in many countries containing this valuable energy source as utilization of

methane produced from gas hatis is considered a relatively climate friendly fuel, compared
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to other hydrocarbon$l12]. Hence, itseems vital to obtain deep dartomprehensive
understanding/knowledge regarding the gas hydrate behaviors and structures. To achieve this
goal, the MD simulations assist researchers and engineers in gas and oil industries to accurately
determine the physitand chemical properties. Bimportant info can be utilized to modify

the available thermodynamic equations of state. In addition, they can be incorporated in

chemical and petroleum engineering software packages.

4.4. Conclusions

In this research work, thatructural and dynamic propiess of methane clathrate system during
decomposition process are investigated through conducting moleduteamic (MD)
simulations by using the Materials Studio. MD simulations,the CVFF force field and
isobaricisothermal (NPT) ensemblare used to sidy the methane hydrate stability or
dissociation conditions. Various simulation runs at different temperature, pressure, and cage
occupancy conditions are performedthis work. h addition, the methanol molecules are
added to the hydrate cages to sttiyabove aspects. To study the decomposition prdbess,
structural properties including MSD and RDF are utilized. In the RDF curves of oxygen atoms
in the water molecules and ban atoms inthe methane molecules, the height of peaks
increasesand width of peaks in the methane hydrate system increases with lowering the
pressure and increasing temperature, resulting in reduction of the hydrate stdtalgymiliar
behavioursor MSD and diffusion coefficienare exprienceguch that MSD and diffusion
coefficient would be improved by increasing temperature and reducing pressure. The density
of methane gas hydrate is calculated under different temperature conditions prior to the
simulation runs and at the end of the simulation process; alteration ©ifydarthe simulation

box can be used as another parameter to monitor decomposition of gas hydrate systems. The
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trend of the heat capacity and density of methane hydrate obtaimedhe MD simulations

shows a good match withereal data.

Analysing the hydrate properties, it cabe concludedhat the decomposition process of
methaneconsists oftwo steps. Firstly, the water molecules vibrate around the structure of
methane hydrateages; the methane molecules inside the cages vibrate continuously and
eventually the hydrogen bonds betwettre water molecules in hydrate cages will disturb. In

the second step, the methane molecules stagdape from the damaged water cage.

The deomposition process is aldovestigatedfor different cage occupancies ofehane
hydrate structures at constant temperature and pressure. The methane hydrate dissociation at
temperatures above the equilibrium conditionloaiseenvhen the cage occupandgcreases.

The hydrate decompositiols not achievedat the equilibrium tewperature at 100% cage
occupancy; however, the decomposition of the methane hydrate lattioses/edvhen the

cage occupancy reduces from 100% to 87.5% or 75% because of loltystatd high
diffusion coefficient othemethane molecules at low cagaapancies where the temperature

and pressure are constant.

In the last phase of this study, the role of inhibitors in the methane hydrate decomposition
process istudied It is simulated in the work that the methanol molecules are injected into the
smallcages of Structure | methane hydrate. The development of new hydrogen bonds between
thewater and methanol can destroy a part of the forces between water molecules in the hydrate
lattices, which can decrease the stability of the gas hydrate structuoeitAlsuses that the
decomposition happens earlier (elgwer dissociation time), compared to the case without

methanol molecules.
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Nomenclatures

Acronyms

ADD Average absolute deviation percentage

CVFF Consistent valence force field

MD Molecular dynamic

MSD Mean square displacement

NVT Constantemperature, constant volume
NPT Constant pressure, constant volume
RDF Radial distibution function

Variables/Letters

b Bond length

D Diffusion coefficient and force constant in CVFF equation

F Force constant in CVFF equation

H Force onstant in CVFF equation

n Total number oflata sets

n Total number of particlea and b particles

P Pressure

q Charge of particles

r Spherical distance and distance between particles in CVFF equi
R Initial position of particles
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S Sign convention

t Simulation time
T Tempeature
\V/ Volume of simulation box

Greek letters

e Well depth in vdW function

f Dihedral angle

q Bond angle

X Out-of-plane parmeer
Subscripts

0 Initial position of atoms

a a particles

b b particles

b Bond length

C Carbon atom

e Well depth in vdW function

[ i particles

| | particles

@) Oxygen atom

q Bond angle

f Dihedral angle

X Outof-plane parameter
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5. CHAPTER FI VE

Molecular Dynamic Simulations to Evaluate Dissociation of Hydrate Structure Il in the
Presence of Inhibitors: A Mechanistic Study(Published)
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Abstract

The present work aims to investigate stability and decomposition of hydrate structure Il of
methane, propane, and isobutane systems at various temperatures, pressures, an@®oempositi
in the absence and/or presence of inhibitor molecules. To assesabiligy stf gas hydrates,

a comprehensive knowledge of the structural, thermodynamic, and dynamic properties of the
hydrates is needed. The structure Il of gas hydrates is embedaletbiecular dynamic (MD)
approach and the simulations are carried outumdnstant temperatuognstant volume
(NVT) and constant temperatdcenstant pressure (NPT) conditions by employing the
consistent valence force field (CVFF). In this work, fitee mean square displacement (MSD)
and diffusion coefficient are evaludtéo demonstrate the movement of host molecules. The
radial displacement function is then utilized to display characteristic configurations of structure
Il under different processnd thermodynamic conditions. In addition, other vital properties
including lattice parameter and potential energy are determined. The effect of inhibitors on
stability and/or decomposition of hydrate structure Il is investigated. The achieved results are
in good agreement with previous theoretical and experimental outputspogfieliability

and appropriateness of the simulation method. The inhibition capability of different inhibitors
based on the simulation results has the following order: methagtblrmol > glycerol. The
findings of this study can help for better undansting of hydrate dissociation in molecular
scale as well as for proper selection and design of effective inhibitors for hydrates with

different structures and characteristics.

Keywords: Gas hydrate structure |II; Molecular dynamic simulation; Inhibitors;

Decomposition; Stability
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5.1. Introduction

Gas hydrates provide a valuable clean energy source to combat the energy crisis as each unit
volume of gas hydrates can contain approximaté@/td 180 times the unit volume of natural

gas under standard conditions [1]. The gas production and explofediongas hydrate
reservoirs are linked to the dissociation of gas hydrate structures. Depressurization, thermal
stimulation, and chemical injgon are three common techniques to decompose gas hydrates
[2, 3]. The chemicals or additives alter the stabiitfy t he hydratebds struct
temperature and pressure at which clathrate hydrates form or decomg@jsdfdviding

further infamation, adding additives in the form of promotors including silica and alumina
particles can increase the rafehgdrate formation by improving the solubility of methane in
water phase [7]. Liu et al. [8] showed that nanoparticles (e.g., zinc oxideanticeg) and

sodium dodecyl sulfate are able to decrease the induction time and improve the storage capacity
of methane hydrates. Thus, it is necessary to further investigate the effect of additives or

chemicals on the stability of clathrate hydrates decbmposition phenomenon.

Clathrate hydrates are nonstoichiometric-like crystalline solids consisting of thgas
molecules and polyhedral hydrogbanded cages of water molecules. The stability of the gas
hydrate cages is maintained by the van der [8Vederactions between gas molecules and
caged water molecules. Water molecules in the form of hydrates ailby dsuad in three
different categories; namely, structure I, structure Il, and structure H, depending on the
temperature, pressure as wellgas molecule size [1]. Methane and ethane form the structure

| of clathrate hydrates. However, the mixture ofisture | and structure Il might be created by

methane and ethane components at particular thermodynamic conditions [9;dL@anM
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forms clahrate hydrates only when a help gas, such as methane or xenon, participates in the

small cavities of structure JL, 11].

Methane as a guest molecule can appear in different structures of hydrates if considerable
variations in temperature and pressureuodd?2, 13]. The natural gas usually includes
methane, ethane, propane, and butane, which are guests in stractdrstructure Il of gas
hydrates. Structure 1l of gas hydrate is formed by molecules with a high radius such as propane
and butane due toehavailability of bigger cages [1]. Although above 85% of natural gas is
methane and it is stable in structuréhke structure Il of methane hydrate can be formed by
increasing temperature at constant pressure before formation of structure I. In dbeeral,
hydrate structure Il is a thermodynamically stable structure for mixture of natural gases. The
structure Il @an be formed by combinations of methane + propane and methane + isobutane,
where the methane molecules are trapped in small cavities of striictu Inhibitors such as
methanol, ethanol, and glycerol are among the most efficient (and common) additives to
prevent gas hydrate formation or accelerate gas hydrate decomposition. Thus, it appears to be
important to systematically study the impactrdiibitors on gas hydrate structure Il, which
includes methane and other light components, in various scalésujaaly the molecular

level.

The physical and dynamic properties of gas hydrates and natural gases have been studied
through laboratory measements [1418]. As gas hydrates require high pressures and low
temperatures for formation, the experimental rwiuld be conducted at specific
thermodynamic conditions, which may cause various challenges in terms of economic, safety,
and environmental @ects. Utilization of molecular simulation can solve these technical and

practical issues through simulating thecleation, formation, and decomposition of gas
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hydrate systems at nanoscale. Recently, molecular dynamic (MD) simulations have been
recognizedas an efficient and powerful computer simulation method for investigation of the
microscopic characteristics ghs hydrates. For example, nucleation [19, 20], growth [21],
formation [22, 23], stability [24], decomposition [25], and characterization sfhgdrates

(e.g., thermal conductivity and heat capacity) [26, 27] have been modelled using MD
simulations. Thiseffective strategy is able to determine the interactions between molecules
and their motion through employing the empirical potential functtomsd Ne wt onds L a:
small time steps. Recently, we have reviewed all potential functions that can be used for
simulation of gas hydrates while implementing MD approach [3].

In the recent years, several studies have focused on gas hydrates by utilizgngiuRions

in terms of stability, dissociation, and effect of additives on the structure and transport
propertes of gas hydrate systems. For instance, Ding et al. carried out a MD simulation study
on the methane hydrate decomposition at a constant tatupeand pressure. It was found

that the dynamic transition occurs when the diffusion coefficient of the haletubes (water)

is higher than that of the guest molecules (e.g., gases such as methane) [28]. Thus, it seems
essential to systematically irsteggate the impact of various process/thermodynamic conditions

on the stability and characteristics of clathtagdrates and decomposition process.

Recently, we employed MD simulations to explore the influences of various parameters such
as pressure, tgmerature, cage occupancy as well as the presence of inhibitor on methane
hydrate stability and decomposition [28mirnov and Stegailov used the MD simulations to
describe the decomposition of methane hydrates at a pressure of 5000 MPa where different
water potential functions were used [30]. It was concluded that the low cage occupancy can

help to dissociate hyded at lower temperatures. There are some research works in the
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literature that analyze the hydrate dissociation in the presence of inhibikens.example,

Wan et al. conducted MD simulation runs to study the dissociation event of methane hydrate
where tle ethylene glycol is present in the system [25]. Wen et al. demonstrated that the
decomposition and instability of hydrates will be promptedsigg tetrahydrofuran molecules

as a guest in the large cavities in structure Il of hydrogen hydrates [31]dIGirget al. also
showed that polyvinylpyrrolidone (PVP) at the interface of methane hydrate and liquid water
can facilitate the decompositiof gas hydrates [32]. In another research study, Pal and Kundu
concluded that methanol decreases the stabilityathane hydrate cages [33]. According to a
research investigation performed by Zi et al., the decomposition of methane hydrate can be
improved by adding asphaltenes at high temperatures. Li et al. studied the structure and
decomposition conditions of stiwre Il of propane hydrate. They also investigated the
influence of methanol on the dissociation process [34].

To the best of our knowledge naajority of the previous works available in the open sources
provide the basic knowledge of gas hydrates whereviD simulations are conducted. Much

less attention has been paid to the dynamic and structural properties of structure Il of gas
hydrates. Athough the role of inhibitors on the stability and dissociation of hydrate structures
has been studied, therens study in the literature that investigates the effect of various
inhibitors on the hydrate structure Il of natural gas mixtures as well eagnttibition
effectiveness of the inhibitors at molecular scale. In addition, monitoring potential energy for
theinhibitor/gas cases through the MD simulations adds further novelties to the current study,
which can provide an effective strategy to obt#me decomposition time as well as
decomposition duration. On the other hand, the measurement procedures gftbal pimd

structural properties of gas hydrates are costly and not accurate enough due to the specific
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thermodynamic conditions of gas hydsat&he above aspects/issues motivated us to employ
the MD simulation approach for simulating the structure lgas hydrate mixtures (in terms

of stability) and determining vital physical properties of the gas hydrates.

The main goal of this study is tovestigate the dynamic and structural properties of mixtures
including methane, propane, and isobutane that appestructure 1l of gas hydrates. The
effect of three inhibitors including methanol, ethanol, and glycerol on the decomposition
phenomenon idemonstrated through employing MD simulations. In addition, the influences
of thermodynamic conditions such amfeerature and pressure on the decomposition process
are studied. We determine the radial distribution function (RDF), mean square displacement
(MSD), potential energy, and diffusion coefficient of different molecules under a variety of
process conditionggmperature, pressure, and composition). The density and lattice parameter
of the simulation box are also calculated by employing the MD stioalapproach.

After the introduction section, the theoretical aspects and methodology of the MD simulation
straegy will be discussed in Section 2. The next section presents the research results and
systematic discussion on the findings. The main corahgsiof the research study are

highlighted in the last section.

5.2. Computational Theory and Methodology

A variety d experimental and theoretical approaches are used to assess the hydrate stability
and decomposition. Each research and/or engineering stnaighy have advantages and
drawbacks. Molecular dynamic (MD) simulations provide an effective way to investigate
expensive, and/or new components where the novel physical and chemical features and
applications of targeted materials are identifiedabt, MD simulation is a strong and helpful

method to obtain detailed information on the structural, dynamid, taermodynamic
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properties of complex systems at the microscopic scale. The initial position and summation of
all energies are the first inputs whi ch are esti mated for each
simulation approach. The energies for each atom anememation of electrostatic, angle
bending, van der Waals, and torsional rota{i®h Over the years, in MD simulations, the

N e wt ¢taw tasbeen used to determine the position of each atom by using various algorithms
such as Verlet, leafrog, and Beeman algorithms to solhe equation of motiof85-37]. As

an important feature, the atomic and intermolecular parameters are required parameters for
MD simulations.

The MD simulations are performed by using Forcite module in the MBt&tudio software

[38] to investigate the stability diydrate structure Ibf methane, propane, and isobutane
mixtures The current work plans to provide nemsights into the effects of temperature,
pressure, and inhibitors such as methanol, ethanol, and glymertiie dissociation and
stability of various hydrate systems of methane + propane, methane + isobutane, laydrat
methane + propane + isobutane. Pplsition of oxygen atoms in the clathrate hydrate can be
generally identified from Xay single crystal diffraction measuremef88]. The hydrogen

atoms of water molecules are arranged based on the restriction given by theBedeakuke

[40].

Providing further information on the computational methodology, a triclinic supercell with
a= b= g60 of structure Il hydrate is made & 3 33 unit cells wit initial dimensions of

3.56® 3.562 3.5 nm. Methane molecules are added to the center of small cavities in structure

Il of clathrate hydrate. Propane and isobutane are also placed at the center of large cavities for
methane + propane, methanisebutane, and methane + propane + isobutanetegd@study

different compositions. MD related information (composition and configuration) for methane,
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propane, isobutane, and inhibitor molecules involved in different mixture systems is provided

below:

Case 1 Composition (mole percent): Methane (8)7+ Propane (33.3%%4 Propane molecules

in large cavities anti08 Methane molecules in small cavities.

Case 2 Composition (mole percent): Methane (66.7%) + Propane (32.0%) + Methanol (1.3%); 52
Propanemolecules and 2 Methanol molecules in large casjtand 108 Methane molecules in

small cavities.

Case 3 Composition (mole percent): Methane (66.7%) + Propane (32.0%) + Ethanol (1.3%); 52
Propane molecules and 2 Ethanol molecules in large cavitiesp8nidethane molecules in small

cavities.

Case 4 Composition (mole percent): Methane (66.7%) + Propane (32.0%) + Glycerol (1.3%); 52
Propane molecules and 2 Glycerol molecules in large cavities, and 108 Methane molecules in small

cavities.

Case 5 Compositon (mole percent): Methane (66.7%) + Isobutane.3%3; 54 Isobutane

molecules in large cavities and 108 Methane molecules in small cavities.

Case 6 Composition (mole percent): Methane (66.7%) + Isobutane (32.0%) + Methanol (1.3%);
52 Isobutane moleculesd 2 Methanol molecules in largavities, and 108 Methane molecules in

small cavities.

Case 7 Composition (mole percent): Methane (66.7%) + Isobutane (32.0%) + Ethanol (1.3%); 52
Isobutane molecules and 2 Ethanol molecules in large cavities, and l@hklatolecules in small

cavities.
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Case 8 Composition (mole percent): Methane (66.7%sabutane (32.0%) + Glycerol (1.3%);
52 Isobutane molecules and 2 Glycerol molecules in large cavities, and 108 Methane molecules in

small cavities.

Case 9 Composition (mole percent): Metharn(©€6.6%) + Propane (16.7%) + Isobutane (16.7%);

27 Propane molecules and 27 Isobutane molecules in large cavities, and 108 Methane molecules in

small cavities.

Case 10 Composition (mole percent): Methane (83.3%) + Propane (162Z/R8ropane molecules

and27 Methane molecules in large cavities, and 108 Methane molecules in small cavities.

Case 11 Composition (mole percent): Methane (83.3%) + Isobutane (16.7%); 27 Isobutane
molecules and 27 Methane molecules in large cavities,18@8dMethane molecules irmsll

cavities.

The lattice structure of water molecules for one small and one large cavity in structure I
hydrate (for methane + propane system) is seen in Figliréll guest molecules are added

to the center of cavities antlaaved to move over the miulation run. The periodic boundary
conditions are used in all directions of MD simulations. The consistent valence force field
(CVFF) is utilized to describe the molecular interactions within the systems in the Forcite
module. Futher (and comprehensiv@formation about the CVFF model is found in our
previous work{29]. Geometry optimization is performed on the initial simulation system to
provide a stable initial configuration for simulation by using a smart algorithm, which includes
the canjugate gradient, steepekdscent, and Quabiewton method§38]. The MD simulation

is conducted by the initial 50 ps in NVT ensemble to reach an equilibriunticondhe NPT
ensemble izarried out for 700 ps at differetemperaturesind theconstant pressure of 20

MPa in the Materials Studio softwaf4l]. The Ewald summation method is employed to
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calculate the longange columbic and van der Waals forces. In the NPT simulation, the
Berendsen thermtat andbarostat are applied to control the temperature and pressure with a
decay of 0.2 ps and 0.1 ps, respectividg]. A cutoff distance of 12 A is considered to obtain

all van der Waals interactions in the simulation box. A brief procedure to perform MD

simulations for investigation of gas hydrate structure Il is describEdyure5-1.

Build unit cell with data from x-ray
diffraction and water moloculci ‘_QL( Bulld 333 supercell and add alkanes and inhibitors
‘{:? * by arrangement mentioned above.
“%&w
(_OL Q

y

Adjust parameter for simulation

Forcite module

NPT —

(700 ps for different T and P)

Figure 5-1: Main steps to implement rrexular dynamic approach for simulation of dissociation
occurrence in gas hydrae structure II.

There are cons and pros with the MD strategy. For instance, the MD simulations can be more
useful for analyzing and characterizing of systems at very low and high temperature and
pressure conditions. Another advantage of using MD simulajproach is that allows to

find/monitor complicated behaviors of molecules such as movement of enzyme molecules
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through the channel of proteins [51, 52]. Additionally, it is one of the best methods to
investigate the structural, mechanical, and thelynamic parametsrof rare and expensive
materials such as proteins and polymers. Despite its benefits and broad applications, MD
simulations technique has some drawbacks. The typical size of simulation box is in order of
nm. Thus, a comprehensive struetshould be defed that represents all features /properties

of the simulation. The accuracy of the simulation is highly dependent on the type of the
potential function. The MD modeling approach needs powerful computing systems with a
strong central procesg unit (CPU). In the MD simulations, the position of each particle is
achieved by the classical mechanics (Newtonian equation of motion), whereas the motion of
mol ecul es can be more accurately described
with the MD simulatins is that the method is not precise enough to simulate the interfacial

and thermodynamic behaviors of very light components such as helium and hydrogen [51,52].

5.3. Results and Discussion

This section includes the MD results and technicatuision on the an findings of our
research work. The structural and dynamic properties of methane + propane, methane +
isobutane, and methane + propane + isobutane hydrate structure Il are analyzed (cases 1, 5,
and 9-11). First, the radial distributidimnction (RDF),and mean square displacement (MSD)

of the systems are obtained in the absence of inhibitors molecules. Then, the inhibitors
molecules (methanol, ethanol, and glycerol) are injected into the hydrate structure and their
influence on the disxiation processs studied. In addition, different mixtures of methane,
propane, and isobutane are placed in large cavities (cases 9 to 11) to investigate the structural

characteristics and stability of hydrate mixtures.

203



In the methane + propane and metha isobutane stems (cases 1 and 5), the van der Waals
interactions are responsible for the stability of clathrate hydrates, which occur between the
methane, propane, and isobutane as the guest molecules and water molecules (as the host) in
the cages. @ evaluate variabns of the structural and dynamic properties during the
dissociation process, we display the snapshots for both systems/cases at different temperatures
but at a constant pressure of 20 MPa for a 700 ps simulation time. The initiabtragetmr
methanet propane and methane + isobutane systems are illustrated in FaeR(@dsands-

2(e), respectively. Panels (b), (c), and (d) of Figu&include snapshots of the simulation for

the methane + propane case after 700 ps at 20 MPa apertgores of 298, 300 K, and 310

K, respectively. In addition, Figurés2(f), 5-2(g), and5-2(h) illustrate the snapshots of MD
simulations for the methane + isobutane system after 700 ps at 20 MPa and temperatures of
310 K, 320 K, and 330 K, respectiyelt is noticedthat the clathrate hydrates of these different
systems dissociate at different temperatures due to the differences in the gas type and mixture
composition, where the pressure and dissociation time remain unchanged. In the following
sectons, the MSD, RDFand diffusion coefficient are discussed for various systems where

different temperatures and pressures are examined.
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(b) (© (d)

(e) (©) (h)

Figure 5-2: Initial condition (a) and final snapshots of molecular dynamic simulatien 700 ps at R 20 MPa

for T=290 K (b), T =300 K (¢c) and T = 310 K (d) for methane + propane case; Initial condition (e) and final
snapshots of molecular dynamic simulatabter 700 ps at P = 20 MPafor T=310K (f), T=320K (g) and T =
330 K (B for methane +isobutane hydrate structure [methane molecules are in small cavities, propane and
isobutane molecules are in large cavities, and red molecules are water].

RDF parameter. In this section, the structural and microscopic properties of methatinrate
hydrae in structure Il are investigated to better comprehend the gas hydrate decomposition.

The radial distribution function (RDF) is the occurrence possibility of diffeating a specific

atom in the distance ofrom another. The radialtribution functon (RDF 019, ,) to analyze

the distance between two ato@gndb , is obtained a®llows:

0 E1 1
Mo N (— ,‘T‘ ‘ (5-1)
U U T 1 3
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whereN refers to the number of particlesi 6(r) represents the total number of atopin

the splerical distance ofr from atoma ; and v denotes the volume of the simulation box.
The RDFs are obtained at different simulation conditions to study the stab#itsuofure I
of metane propane, and isobutane mixtures. The RDFs of oxpgggen atoms of water

molecules ¢, ,(r)) and RDFs of carbenarbon atoms of methane molecules (r)) are

determined for different systems at various tempees but with a constant pressure and
simulation duration. To evaluate the influence of pressure on the MD simulation calculations,
we also obtain the RDFs of oxygen atoms of water molecules fblamet- isobutane system

at 320 K but different pressuredere the simulation time is 700 ps.

Figures5-3a and5-3b present thg _ (r) andg_ (r) attained from the molecular dynamic

simulation of the methane + propasystem at a variety of temperatures. The magnitudes of

RDFs ae zero at distances less than atomic diameter. For the distances above the atomic size,
the RDFs hold different values because of various atom distances. Accordig(tp of

oxygerroxygen atoms in water molecules of the methapepane structure 1l (see Figuse

3(a)), there are three distinctive peaks: the first peak at the radius of 2.75 A indicates the length
between two hydrogen bonds for the nearest oxygen atomhe inydrate cagelgl3]. The

second peak of oxygewxygen pairs appears at r = 4.6 A, which determines the tetrahedral
hydrogen bonding gicture of water molecules in the hydrate structufé4]. The third peak

at r = 6.53 A shows mainly the distance of oxygeygen pairs of the hexagonal rings,

exhibiting a lehaviour similar to the previous workxl, 43] As clear from Figur&-3(a), the
peals of 0, ,(I) reach lower maximums by increasing temperature between 280 K to 300 K

but the oxygen skeletons remain almost unchanged for the second and third pediarébt

and hexagonal rings) at different temperatures in the re20d< and 300 K. After that, the
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RDF of the mixture is simulated for temperatures above 300 K. As it is clear, the second and
third peaks almost disappear for the temperature ca8&9Kfand 320 K. Hence, the structure

of water cages in the clathratgdrate is disintegrated. After the decomposition event, the
height of peaks is again reduced with increasing temperature from 310 K to 320 K. As it is
observed in Figures-3a andb-3b, thedecomposition temperature for the methane + propane

hydrate struture 1l is greater than 300 K at P = 20 MPa. Panel (b) of Fisnirdemonstrates
the gc_c(r) for the carborcarbon atoms of methane molecules where different tenopesat

are examined but a constant pressure of 20 MPa for the 700n@sisde maintained. There

is a distinct peak around r = 6.2 A, which belongs to the minimum distance between the
methane molecules in small cavities in structure |l before the decdiopbsippens. Methane
molecules are separated by water rings of ththte hydrate. A similar trend in terms of the
RDFs of carbon atoms versus temperature can be observed as the instability is increased
because of guest molecule vibrations in the cesfteages. The height of peaks is declined

with increasing temperateirand the structure of hydrate is decomposed at the temperatures of
310 K and 320 K. In addition, the peaks disappear after decomposition and a new peak starts
to grow around a distanoé 4 A at the temperatures of 310 K and 320 K. This new peak shows
theminimum distance between two carbon atoms in the clusters of methane molecules. Based
on the created clusters, the number of decomposed methane molecules increases with
increasing theempeature, where the pressure and simulation duration are keptmnsta

The RDFs for the pair of oxygen atoms in the water molecules and ezaidmon in the
methane molecules are presented in Fig®8s and5-3d for structure Il of methane +
isobutare hydrate at different temperatures where the 700 ps NPT simulation is utilized. There

are three major peaks in the oxygen RDF plots, which are similar to the oxygen trajectory for
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structure Il of the methane/propgagas hydrates. The trends/behavioursxgfgen skeleton
and peaks in thetructure Il of themethane + propane systeare similar to those of the

methane + isobutanbydrate case in terms of the distance of oxygen molecules in the
tetrahedral and hexagdn@ngs. In addition, the major peak ihegd, .(I) of the methane

molecules for the methane + isobutane case appears@a?® r&: which is in agreement with
the distance between the pair of carbon atoms in the methane moleculesitotatesbmll

cavities.

(a) (b)

T=280K
T=290K| |
T=300K
T=310K| [
T=320K

T=280K| [ ]
T=290K| 454
T=300K| ]
T=310K| |
T=320K|
T=330K|
T=340K| [

r(A)
Figure 5-3: RDFs of oxygen atoms (a) in water molecules and carbon atoms (b) ieth&n® molecules for t
methane + propane cadeDFs of oxygen atoms (c) in water molecules and carbon atoms (d) in the €
molecules for the methane + isobutane clathrate hydrate at P = 20 MPa and 700 ps, where the effect of 1
on RDF is stdied.
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As depicted in Fgure 53(c), by increasing the temperature from 280 K to 320 K, the maximum
value of each peak is lowered, and their height of valley is incréesaise oinstability in
the structure of the gas hydrate. At the temperatures above 326 #tructure omethane +

isobutane hydrate is decomposed and the second and third peakst(@tAandr = 6.5 A),
which represent theetrahedarl and hexahedaral riringgo_o(r), are almost vanished since the

tetrahedarl and hexataral rings irthe structure of gas hydrates are destroyed. Figt8élb
demonstrates the radial distribution functions (RDFs) for the pair of carbon atoms in the
methane molecules. The behavouir of RDFs in the second system is similar to that in the
metane + propanease.The main difference between these two cases is that the new peaks in
the methane + isobutane grow at the temperatures higher than 320 K (e.g., 330 K and 340 K)
when the decomposition temperature is attained. Providing further claorficthe RDF ad

MSD plots, and the magnitudes of density and diffusion coefficient show that the
decomposition temperatures for propane + methane and methane + isobutane cases are
different at the same pressure. Thus, the new (or third) peaks appié@ranttemperaures

for these two cases. It should be noted that after the decomposition, a new peak is created at
around 4 A for the carbecarbon pairs, showing the minimum distance between the methane
molecules. The new peak confirms that the methamlecules escafeom the hydrate cages

(after the decomposition event) and create clusters in the simulation cell.
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To illustrate the effect of pressure on the stability and decomposition of hydrates, the RDF for
the pair of oxygen atoms in the water molecules is studialifferent pressures for the

methane + isobutane caseem the temperature is 320 K and the simulation time is 700 ps.
Figure 54 provides theg, ,(I) under various pressure conditions. According to Figetethe

RDF reaches a higgr peak when the pressure is increased and the stabilitydvhte is
improved. Thus, the gas hydrate structure becomes more stable with increasing pressure. It is
concluded that the clathrate hydrate can decompose easily at high tempratures and low

Presures.

P=20MPa| [
P =50 MPa
P=70MPa| |

3,45

05 \/ \ ;

7Y DN (1) (SN ) S | S RN | E—
0 2 4 6 8 10 12
r(A)

Figure 5-4: RDFs of oxygen atoms in water molecules for the methane + isobutane clathrate
at T =320 K, 700 ps, and different pressures.

MSD Parameter. This section describes the mesquare displacement (MSD) behaviours of
methane, propane, and isobutane as the guest molecules and water molecules (as the host) in
the cages of gas hydrate structure Il at different temperatureMShés a parameter to show

the real distance traveleg aAn identical particle, which is defined by the following equation:
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- 3% 9@ ils YO YO s (5-2)

P
0
In Equation (52), the summation is over all N identical moleculég;0 and Y 0

introduce the position of the pafs at time o and referencdime, respectively. The
behaviour of molecules in the solid, liquid, and gas phases can be explored by analysing the
MSD curveg45]. The magnitude of MD increases linely over the simulation time in the

gas and liquid phases because of the random movement of moJdélilekowevermolecules
cannotwalk freely in the crystal phase (solid). Thus, the translational MSD in the crystals
quickly approaches a constant value so that the slope of the MSD line will become close to
zero in the solid (or hydrate) phase. $hthe MSD can be good indicator tarecognize
different phases. Figure®(a) depicts the MSD of the methane and propane molecules in the
clathrate hydrate structure Il at different temperatures (but at a constant pressure) with the
simulation time of 0 ps. The MSD of # guest moleculest temperatures before
decomposition (280 K and 290 K) is very small (and almost constant) due to the rotation of
the molecules only in the center of cages. However, there is an appreciable difference between
the valus of MSD at 300 K amh 320 K. It can be&oncluded that a small value of MSD over

the simulation for some temperatures is related to the existence of clathrate hydrate. It is clear
that the guest molecules can move freely in the simulation box with inagyeasiperature

upon @s hydrate dissaaiion. This behaviour is observed in Figur&(6), which shows the

MSD of water molecules in the clathrate hydrate. As mentioned earlier, the small value of
MSD is achieved at temperatures before the hydrate decdropdsecause of lowibrations

of watea moleculesHowever, the hydrogen bonds between water molecules in the cages are

destroyed over the decomposition process and the MSD of water molecules becomes large.
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Figures 55(c) and 55(d) depict the MSD versus time for water agulest molecules ithe

hydrate system of methane + isobutane at different temperatures. The magnitudes of MSD for
water and guest molecules such as methane and isobutatitéeaemt (but slightly) between

280 K and 310 K conditions because of differeifirations and rotions for different
molecules. However, the slope of the MSD lines is considerably increased as the temperature

increases after the decomposition proceses fFigures-5(c) and 55(d)).

Figure 5-5: MSDs of water molecules (a) and guenolecules (b) in clathrate hydrate of thelmee + propane syster
MSD of water molecules (c) and guest molecules (d) in the methane + isobutane case at P = 20 MPa, 700 ps, &
temperatures.

Diffusion Coefficient. The diffusion coefficient bwater moleculess calculated for the above

mentioned cases of hydrate structure Il at various temperatures to provide further analysis of
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