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Preface

This dissertation is submitted in partial fulfillment of the requirements for the
degree of PhD (Doctor of Philosophy) in Petroleum Engineering at University
of Stavanger, Norway. The thesis presents the results of the research work
conducted at Department of Petroleum Engineering, University of Stavanger
(UiS) from December 2012. The outcome of this work is given through 2 papers
presented at the International Conference on Gas Hydrates (2014), 1 paper
published in the Journal Energy&Fuels (2015), 2 papers presented and
published in the Proceedings of the 34" International Conference on Ocean,
Offshore and Arctic Engineering (2015), and 1 published the Journal Energies
(2016).

Relevant background information to this work is given in introduction,
followed by the objectives of the work in section 2. The experimental methods
used are given in section 3. A simplified description of the heat transfer model
used for analysis of some of the results in this work is presented in section 4,
followed by the results and discussion in section 5. Conclusions and
recommendations for future work are given in section 6.

The results presented and discussed in this dissertation are based on the papers
mentioned above. These are listed below with Roman numerals according to
the order of the works. Further referencing of the papers in this dissertation is
given according to the numbering in this listing. The full papers are also

attached in the appendix of this dissertation.
Paper I, presents the effect of methane hydrate concentration on the heat

transfer through a hydrate-water slurry, without stirring. It also demonstrates an
intuitive approach that can be used for heat transfer studies on gas hydrates.



Paper I1, presents a study on the effect of parameters such as Temperature,
Water content, Stirring rate, and Reactor size on gas hydrate growth kinetics.

Paper 111, presents a study on estimating gas hydrate growth based on heat
transfer. It highlights important factors related to modeling hydrate growth from
heat transfer.

Paper 1V, the effect of hydrate content on heat transfer through hydrate-
water slurry has been extended from the study with methane hydrate in paper I,
using Tetrahydrofuran (THF) and Ethylene oxide (EO) hydrate which offered
better control of the hydrate content in the cell.

Paper V, is a study on the effect of parameters such as Temperature, Water
content, Stirring rate, and Reactor scale-up on gas hydrate growth rate extended
from paper I, with the growth rates normalized by the water content, and
applied to the design of rapid hydrate formation systems.

Paper VI, is a review on the intermolecular interactions that govern

clathrate hydrate related processes.
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Summary

Gas hydrate thermodynamics and phase equilibria is already well established.
However, some knowledge gaps still need to be filled in gas hydrate growth
kinetics, in relation to new gas hydrate based technologies in gas separation and
storage; as well as in the modeling of gas hydrate growth from the mechanisms
of intrinsic kinetics, mass transfer, and heat transfer. Our findings from this
work contribute valuable insights to the ongoing discussion on gas hydrate
growth Kinetics.

New technologies in gas separation and storage require fast and efficient gas
hydrate formation rates. In line with this, we have investigated the effect of
parameters that may be optimized to give rapid gas hydrate growth rates, such
as; temperature, water content, stirring rate, and reactor size on gas hydrate
growth kinetics. This was carried out in two studies, in the first one, the growth
rate was estimated directly from gas consumption rates in normal milliliters per
minute [NmL/min]; while the second study was an extension of the first with
the growth rate normalized by the water content (volume of water) in the cell.
In line with this investigation, we have employed the correlation for the average
bubble diameter from literature, based on isotropic turbulence theory for
estimating the average bubble size; for analysis of the dispersion parameters of
the system. The results from these studies reveal the following:

1. For the temperature: increased subcooling increases gas hydrate growth
rates. Increased subcooling in this case gives a direct reflection of the
effect of increased driving force.

2. For the water: increased water content gave poorer gas-liquid
dispersion and thus slower gas hydrate growth rates.

3. For stirring: increased stirring increased the growth rate up to a
threshold stirring rate beyond which further increase in the stirring rate

vii



did not increase the gas hydrate growth rate. This was linked to
negligible heat and mass transfer effects beyond the threshold stirring
rate.

4. For reactor size (scale-up with geometric similarity): though more
absolute volumes of gas hydrates was formed with increased reactor
size, which is due to the increased volumes of reacting components, the

growth rate per unit volume of water in the reactor decreased.

Furthermore, analyzing the effect of increased stirring in terms of power
input per unit volume (P/V), increased power input per unit volume did not
improve the gas-liquid dispersion parameters beyond the threshold stirring rate.
With scale-up of reactor size, the results show that even at similar P/V and gas-
liquid dispersion parameters, gas hydrate growth rate decreased.

In addition we have performed studies on the effect of hydrate content on
heat transfer using methane hydrate, Tetrahydrofuran (THF) and Ethylene
oxide (EO) hydrates. The measurements from the heat transfer experiments
were analyzed using a simple heat transfer model. These studies revealed
important insights on hydrate plug deposition behavior on the reactor wall, as
well as heat transfer through the hydrate slurry with increasing hydrate content.
A solid hydrate mass formed at 40 — 60% hydrate content. Also, the heat
transfer coefficient decreased with increasing hydrate content, but remained
constant once a solid hydrate mass formed. The heat transfer coefficient would
change as hydrate growth progresses. Finally methane hydrate growth was
modeled based on heat transfer. The findings from this study confirmed the
transient nature of the heat transfer coefficient during hydrate growth and that
hydrate growth can be modeled based on heat transfer if the transient nature of

the heat transfer coefficient is taken into account.
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Nomenclature

A
A
A
Ap
As
B 7
B*
Co
Ceq
Cint
C

Cp
Cng

prH

Cp,W

AGcrit
AGs
AGvy
Agv

AH, gen
Ahe

K1
K*

ke

kinetic parameter in equation for nucleation rate

gas-liquid interfacial area, (m?)

internal heat transfer surface area of the reactor, (m?)
surface area of hydrate particle, (m?)

crystal surface area, (m?)

thermodynamic parameter for hydrate nucleation, (K*®)

birth rate of hydrate crystals, (s?)

solute concentration in the bulk phase, (mole/m?)

solute concentration at the crystal surface, (mole/m?)

solute concentration at the gas-liquid interface, (mole/md)
numerical shape factor

constant pressure specific heat capacity, (J/kg K)

constant pressure specific heat capacity of gas phase, (J/mole
K)

constant pressure specific heat capacity of hydrate phase,
(I/kg K)

constant pressure specific heat capacity of water phase, (J/kg
K)

death rate of hydrate crystals, (s)

fugacity of bulk phase, (MPa)

equilibrium fugacity, (MPa)

linear growth rate of hydrate, (m/s)

excess Gibbs free energy, (J)

excess Gibbs free energy barrier for hydrate nucleation, (J)
surface excess Gibbs free energy, (J)

volume excess Gibbs free energy, (J)

Gibbs free energy per unit volume, (J/m?)

Internal heat transfer coefficient through hydrate slurry to
cell wall, (W/m? K)

enthalpy of hydrate generation, (J/mole)

experimentally accessible enthalpy of hydrate dissociation at
the equilibrium temperature, (J)

nucleation rate, (m3s?)

overall crystal growth rate constant, (mole/m? MPa s)
overall hydrate growth rate constant, (mole/m? MPa s)
Boltzmann constant, (J/K)

mass transfer (diffusion) coefficient of solute across
solution-crystal interface, (mole/m? MPa s)

liquid phase gas-liquid mass transfer coefficient, (mole/s)
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reaction coefficient at crystal surface, (mole/m? MPa s)
mass, (kg)

mass of hydrate, (kg)

mass of water, (kg)

moles of gas inside reactor, (mole)

Reynolds number

moles of gas consumed for hydrate formation, (mole)
heat generation rate from hydrate formation, (J/s)
global growth rate of gas hydrate, (mole/m? s)

radius, (m) (also radius of cell / distance from cell center in
chap 4)

critical nuclei radius for hydrate nucleation, (m)
entropy of hydrate dissociation at the equilibrium
temperature, (J/K)

temperature, (K)

temperature in the bulk phase, (K)

equilibrium temperature of hydrate formation, (K)
temperature at the crystal surface, (K)

temperature at the gas-liquid interface, (K)

reactor internal temperature, (K)

reactor wall temperature, (K)

subcooling, (K)

time, (S)

molar volume of gas, (NmL/mole)

volume of hydrate building unit, (mq)

thermal conductivity, (W/m K)

angle of wetting between hydrate crystal and a contacting
surface, (°)
n-th moment of crystal particle size distribution, (m"/m?3)

initial n-th moment of crystal particle size distribution

interfacial tension, (J/m?)
crystal particle size distribution, (m*)

Xii



Table of contents

L =] =TSSP iii
ACKNOWIBAGEIMENTS........iiiiiicice e %
SUMMAIY .ottt e st e st te et e s te e st e teeseeseesbeenbesteaneeneenreens vii
LISt OF PAPEIS ..ot iX
NOMENCIALUIE ...ttt see e enee e Xi
Table OF CONTENTS.......c.viiiiiiiieee e Xiii
IO 1100 [0 od 1 o o PSSR 1
1.1, GaS NYAIALES. ...ttt 1
1.2. HOW hydrates fOrm ......c.cooviiieiie e 5
1.2.1. Gas hydrate NUCIEALION...........cceiieieiiicire e 5
1.2.2. Gas hydrate growth ..........cccccceeiiiiiicieceee e 12

1.3. Gas hydrate related iSSUES .........cccvevieieciece e 19
1.3.1. AS @ NUISANCE ..cvveveeiieiteciie et te e te e ae st sae e sre e eresne e 20
1.3.2. AS A TESOUICE ...uvieurieriiesteesieesieeseeasteesbeesbeesbeesteesbbesnbesnbeebeesbeesree e 21
1.3.3. As potential technology .......ccccceviiieiiiiceecc e, 22

I Y o] V7 £ o] SR 22
2. ODJECLIVES ..ot 25
3. EXPEIMENTS ..o et are s 27
3.1, EXPErimental SELUPS ...cvvevveeveeieiie ettt ettt 27
3.1.1. Growth Kinetics eXPeriments ..........ccocuerererenerierieesese s 28
3.1.2. Heat transfer eXperiments .........cccccevveieieceene st 29

3.2. Experimental ProCeAUIE .......cciiveiiiicie ettt 30
3.2.1. Methane hydrate - growth kinetics experiments..........c..cccocvevenee. 30
3.2.2. Heat transfer eXperiments .........ccocuvierereieiinisesese s 31

4. Modeling hydrate growth from heat transfer ...........c.ccccoovveviiiiiciicienes 35
4.1, BaCKGrOUNG ......ccveiiiieciciesie ettt sttt 35
4.2, Heat transfer MOUEL.........ccviveiviiee et 36
4.2.1. Model development ...........cccoovviveiiiicic e 36

5. ReSUltS and diSCUSSION .......cueviirviieieieieesie e 43
5.1. Effect of different parameters on methane hydrate growth kinetics....43
5.1.1. Effect of temperature (SUDCOOIING) .....cvevviiiiiiiiieceeeeee 48
5.1.2 WaLBr CONTENT ..ottt e 50
5.1.3. Stirring rate (degree of agitation)..........ccccoovivririiinencreeee 51
5.1.4. REACION SIZE ......iiviiiiiiite et 53

5.2. Effect of hydrate content on heat transfer............ccccovovvieiiiiiienennnnn, 57
5.2.1. Effect of hydrate CONtENt..........cccovieiiiiieee e 60
5.2.2. Effect Of StIrfing........cccoe e 62

5.3. Heat transfer in gas hydrate growth Kinetics...........cccocovvevvviiniennnnnnn. 64
5.3.1. Estimating hydrate growth based on heat transfer....................... 66

Xiii



6. CoNCluSIONS aNd TULUIE WOTKS.......ceiiirieeiiiiiie et seeee s s eee e s s ereee e s erneee e 69

O T I 00 o o [1 5] o] ST 69

6.2, FULUIE WOTKS ...ttt 71
7. RETEIBNCES ..ot 73
PAPET |t 93
PAPEE Tl 103
PAPET T .o 115
PAPET TV s 127
PAPET V e 141
PAPEE V1 e 173

Xiv



Introduction

1. Introduction

1.1. Gas hydrates

Gas hydrates are ice-like crystalline compounds composed of water and small
gas molecules. They usually form under conditions of high pressure and low
enough temperatures. The temperatures at which gas hydrates form are usually
higher than the ice point of water, making it a unique phenomenon. Gas hydrate
formation is characterized by microscopic and macroscopic processes that have
made them a huge subject of scientific and engineering curiosity. Gas hydrate
formation is governed by some unique intermolecular interactions [1]. When
hydrates form, water molecules encage gas molecules situated in their vicinity
through a process called hydrophobic hydration [1]. Here the water molecules
are called “hosts”, while the encaged gas molecules are called “guests”. The
hydrophobic hydration process is primarily driven by the hydrogen bonding
tendency of the water molecules. In an effort not to lose any hydrogen bonding
due to the presence of non-polar gas molecules, the water molecules reorder so
that they form a cage-like structure around the gas molecule. The size and shape
of the resulting cage depends on the size of the gas molecule being encaged
(Figure 1). [1, 2]

,w" (.. molecule {2

Tetrahydrally
coordinated
water molecules

Figure 1. Water molecules form a "cage" around a "guest” gas molecule via
hydrophobic hydration (Image adapted from Israelachvili (2011) [1]).

1



Introduction

There are various cages or “cavities”, which combine in different ratios to
form larger polyhedral gas hydrate structures (Figure 2 and Figure 3). The most
common gas hydrate structures are structure | (sl), structure Il (sll), and
structure H (sH). sl hydrate consists of 2 pentagonal dodecahedron (5!2) small
cavities, and 6 tetrakaidecahedron (5'262) large cavities; sll hydrate consists of
16 pentagonal dodecahedron (5') small cavities, and 8 hexakaidecahedron
(5%2%6%) large cavities; and sH hydrate consists of 3 pentagonal dodecahedron
(5%%) small cavities, 2 irregular dodecahedron (4°5%6°) medium cavities, and 1
icosahedron (5'%68) large cavity. The cavities have a water molecule at each of
their vertices. For example the pentagonal dodecahedron cavity which has 20
vertices has a total of 20 water molecules, the tetrakaidecahedron has 24 water
molecules, the hexakaidecahedron has 28 water molecules, the irregular
dodecahedron has 20 water molecules, and the icosahedron has 36 water
molecules. The unit cell of structures sl, sll, and sH hydrates have an average
of 46, 136, and 34 water molecules respectively. The cavity structure and size
may have an effect on the properties of the different hydrate structure types,
though this would be mainly an effect of the organization and orientation of the
water molecules, which form the bulk of the hydrate volume (ca. 85%). [2] (pp.
53-71).

Figure 2. Gas hydrate cavities (pentagonal dodecahedron, irregular dodecahedron,
tetrakaidecahedron, hexakaidecahedron, and icosahedron).



Introduction

Structure I

(46 H.0)
2x
g x Structure I1
(136 H:0)
Structure H
1x

(34 H;0)

Figure 3. Common Gas hydrate Structures.

Smaller hydrate guest molecules would preferentially stabilize the smaller
cavities, while larger guest molecules would stabilize the larger cavities. Each
cavity can be stabilized by one guest molecule or more, but the cavity stability
depends on the guest/cavity size ratio. Methane, ethylene oxide (EO), and
tetrahydrofuran (THF), were used as hydrate formers in this work. Both
methane and EO form sl hydrate, while THF forms sll hydrate. In methane
hydrate, one methane molecule occupies each of the small and large cavities
respectively, with a guest/cavity size ratio of 0.86 and 0.74 respectively. The
lattice parameter also gives an indication of the average guest/cavity filling ratio
of a given hydrate structure, and the relative stability of the hydrate formed by
different guest molecules. For a given hydrate structure, the hydrate former with
a larger lattice parameter forms a more stable hydrate. Thus, EO hydrate which

has a lattice parameter of 12.1A has an equilibrium temperature of about 11.1°C
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at atmospheric pressure, and methane hydrate which has a lattice parameter of
11.981A requires a pressure of 81.6 bars to form hydrate at the same
temperature. Though, one must not neglect the role that the solubility of EO in
water plays in reducing its hydrate equilibrium pressure. The cavity size
changes slightly depending on the guest molecule size and the hydrate structure
formed. The lattice parameters are also a function of temperature, pressure, and
guest molecule size.

At normal pressures, only one guest molecule would occupy each hydrate
cavity. i.e., the ideal guest to water combining ratio for Sl hydrate is 1:5.75, and
for Sl hydrate is 3:17. However, there is never a 1:1 filling ratio for all cavities
in a given hydrate structure. Thus, the result is a non-stoichiometric combining
ratio between the guest molecules and the water molecules. There is usually an
excess of water molecules available compared with the ideal guest to water
combining ratio, as some of the cavities remain unoccupied when hydrates
form. Therefore, it is common to assume a combining ration of 1 guest : 6 water
molecules for sl hydrate. The cavity filling would increase with increasing
pressure, and at very high pressures cavity occupancy by more than one guest
molecule has been documented.

The cavity stability also determines what hydrate structure a given hydrate
former would preferentially form. For example, methane and CO, both have a
guest/cavity size ratio for the small and large cavities of 0.86 and 0.74, and 1
and 0.834 respectively for sl hydrate; 0.868 and 0.655, and 1.02 and 0.769
respectively for sl hydrate. This implies they both have more stable cavities
when they form Sl hydrate, and will thus preferentially form simple hydrates of
sl. Judging by the same principle, the simple sl hydrate of CO, will be more
stable than that of methane. Therefore, a system containing methane hydrate
can be converted to CO; hydrate if exposed to CO,. The much higher solubility

of CO; in water also aids this process, because CO, requires a lower hydrate

4
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stability pressure than methane. Some of these principles of hydrate relative
stability have been capitalized on in the emerging fields of hydrate based new
technologies.

Gas hydrates are a subject of interest in various fields: flow assurance,
drilling and well operations, exploration geology, energy resource, storage and
transport medium for natural gas, CO, capture, desalination of water,
environmental pollution, and other new technological applications [2] (pp. 537
—679), [3-17]. There is a lot of ongoing research related to the aforementioned
subject areas, more of which is presented in section 1.3. There is no doubt in
the immense benefits associated with a clearer understanding of the hydrate
related issues on the different levels mentioned. The key to such understanding
lies in a good knowledge base on the microscopic and macroscopic interactions

which define gas hydrate formation kinetics.

1.2. How hydrates form

Certain conditions are necessary, for hydrates to form. These are: presence of
water, hydrate forming guest molecules, a high enough pressure, and low
enough temperature. It is striking that gas hydrates readily form above the ice
point of water, a factor that made the phenomenon seem unusual when it was
first encountered [2] (p. 1,2). The presence of these basic criteria for hydrate
formation does not serve as fact of hydrate formation. Hydrate formation is
influenced by a dynamics of several other factors, which we will touch on as
we progress. Hydrate formation is a crystallization process that involves two

distinct stages; nucleation, followed by crystal growth.

1.2.1. Gas hydrate nucleation

When hydrate forming gas molecules dissolve in water, the water molecules

driven by their tendency to keep their intra-molecular hydrogen bonding, begin

5
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to organize around the gas molecules. This re-organization of water molecules

around gas molecules creates small gas-water clusters which form the sites for

nucleation to commence. The re-organization to create a new surface, reduces

the system entropy leading to a positive surface excess Gibbs free energy (AG;)

as shown in Figure 4. The released enthalpy from the mass of the growing

cluster contributes with a negative volume excess Gibbs free energy (AG,). For

spontaneous hydrate growth to commence, the clusters must aggregate to attain

a critical cluster size.

AG_ =4’ .

~ ’
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’
s AG [
g crit .9_-.,’/,.— - ~
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) -
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O Q| —m===C — r
(¢} ~. c
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(%3] 3 \
o) AG =4/3nr"cAg \
o] v v \
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=AG + AG "
Vv S

Cluster radius, r

Figure 4. Illustration of Energy perspective to gas hydrate nucleation.

Before clusters attain the critical size they may shrink or grow, this leads to

a metastable period till the critical cluster size is attained, after which

spontaneous crystal growth commences [2, 18]. The metastability during
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nucleation can be viewed from an energetic perspective. In the course of
formation of solid hydrate particles from solution, the excess Gibbs free energy
between a small solid particle of solute and the solute in solution is given as
AG. Here, AG equals the sum of the surface excess Gibbs free energy AGs and

the volume excess Gibbs free energy AGy, given as
4
AG = AGg + AGy, = 4nr?o + §m‘3Agv 1)

AGs is associated with solute molecules becoming part of the surface of the
crystal nuclei and is a positive value (due to increasing order and decreasing
system entropy), AGy is associated with the solute molecules becoming part of
the bulk of the crystal nuclei (carrying released energy of formation) and is
represented by a negative value (enthalpy), Ag, is the free energy change per
unit volume, and o is the surface tension of the crystal-liquid interface. The
surface and volume contributions lead to a maximum excess Gibbs free energy
value, AGqrir at the critical radius r.. Before attaining the critical radius, the
energy costs for increased nuclei size is high, the competition between surface
and volume energy thus keeps the nuclei in a shrink-grow “jigsaw” situation,
causing metastability. [2, 18-20] At a critical cluster size [18] the surface excess
free energy change balances the volume excess free energy change, the total
excess free energy gradient, 3(AG)/or, becomes zero and the formed nuclei
become stable and growth may commence.

The nucleation concept discussed above and the expression for the critical
Gibbs free energy of nucleation obtained is for a case with complete non-
wetting of the substrate, and is called homogenous nucleation (HON).
Homogenous nucleation would only occur in the bulk volume of an ultra-pure
system free of any micro particles or surfaces. It is therefore rarely encountered
in reality. The more commonly encountered case of nucleation is heterogeneous

nucleation (HEN). The presence of additional surface area from micro particles,
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gas-liquid interfaces, or container walls, reduces the critical Gibbs free energy
required for heterogeneous nucleation, AG’it, which is given as

AGérit =¢ - AGerit 2
where ¢ is a function of the angle of wetting, 6, between the hydrate crystal and

the surface it is related to, given as

¢ =[(2 + cos8)(1 — cosh)?]/4 ()
where the angle 6 = 180° for a completely non-wetting surface, in which case
we have homogenous nucleation, and AG’ it = AGerit. 6 = 180° for a completely

wetting surface.

Nucleation rate, (J), is the rate at which hydrate nuclei aggregate to achieve
the critical cluster size. J has a unit of [m= s]. Kashchiev and Firoozabadi [21]
proposed an expression for the nucleation rate at constant pressure, from
classical nucleation theory as

AS,AT B’
=A- — 4

where A, is a kinetic parameter that depends on the type of nucleation; HON or

HEN, and the type of surface in contact with the hydrate crystal. AS. (J/K), is
the entropy (per hydrate building unit) of hydrate dissociation at the equilibrium
temperature, Te (K). ASecan be estimated from the relation, ASe= Ahe/Te; Where
Ahe (J), is experimentally accessible enthalpy (per hydrate building unit) of
hydrate dissociation at the equilibrium temperature Te. AT (K) is the
subcooling, k (1.3805 x10% J/K), is the Boltzmann constant, T (K), is the

system temperature, and B’ (K3), is the thermodynamic parameter given as

B' = 4c3v2o3 /27kAS? (5)
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where ¢ is the numerical shape factor, v, (M) is the volume of hydrate building
unit, and o (J/m?) is the specific surface energy or surface tension of the hydrate
per unit solution interface.

Mullin [18] has earlier proposed a general expression for the nucleation rate

of crystallization processes as

AGyi
] =A-exp(-—25) (6)

Equating equ (4) and (6), we get an expression for the critical Gibbs free energy

change of phase transition as

4c3vio® (ATHT,
27kAh,

Equ (7) shows that at constant pressure, the Gibbs free energy change of phase

AGerie = (7)

transformation is a linear function of the subcooling, and is inversely correlated
with the enthalpy. Thus, as the Gibbs energy barrier for phase transition is
reduced, the amount of heat released during hydrate growth increases.

The metastability associated with nucleation makes the process stochastic.
Meaning that for a given set of conditions, the time from which a hydrate
forming system falls into the hydrate formation region to the time of visible
hydrate formation will vary widely [22] (p. 2), [23-26]. Thus a statistical
approach has been employed in nucleation studies, requiring a repetition of
several experimental runs at the same conditions [22, 27-33]. This statistical
approach involves assigning probabilities of nucleation to different induction
time measurements. The probability values are equal to the frequency of
duration of each measurement, from a total set of N experiments. The longest
induction time having the highest probability value, and the shortest induction
time having the lowest probability value. These statistical methods have been
thoroughly addressed in a number of studies [27, 32].



Introduction

The induction time for crystallization process is defined as is the amount of
time between the achievement of constant supersaturation and the detection of
crystals [18, 31]. As observed in this work, for a constant pressure process, this
would be the duration from the start of stirring, when the system attains an

isothermal state till a temperature spike is observed (Figure 5).
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Figure 5. A constant pressure hydrate formation experiment in a 191.4 mL stirred
reactor. The figure shows changes in pressure and temperature within the cell during
cooling, stirring, and hydrate growth. The time from start of stirring to the spike in
temperature is equal to the experimentally measured induction time.

As seen from Figure 5, once the system is cooled to the desired experimental
temperature, the temperature remains constant, indicating a constant
supersaturation. At this point, the system is still in the metastable stage of the
nucleation process. Once the critical nucleus is formed, a clear sign of hydrate
growth is seen with a rapid temperature rise due to release of the enthalpy of
hydrate formation. The slight fluctuations in the system pressure during this

period (£0.5 bars)would have negligible effect on the system saturation.
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Rapid hydrate formation requires reducing or if possible eliminating the

induction time for hydrate crystallization.

The start of hydrate growth does not mean the end of nucleation, rather
secondary nucleation occurs [2, 18], which also serves to feed the already
growing crystal. The presence of a growing crystal makes further nucleation
much easier, due to the energetic advantages provided by the additional surface
area from the growing crystal surface. This mechanism of secondary nucleation
has been employed in “cold flow technology” to quicken water conversion to
hydrate [34-36]. The memory effect phenomenon which suggests that hydrates
retain a memory of their structures when melted at moderate temperatures, and
thus would form more readily from water with hydrate history than from fresh
water with no hydrate history; is in part explained by an hypothesis similar to
the mechanism of secondary nucleation. This hypotheses on memory effect has
been suggested in works by Makogon [37], Lederhos et al. [38], Takeya et al.
[39], Ohmura et al. [28], Buchanan et al. [40], and others [23, 41-44]. However,
Wilson and Heymet in their work with THF/water mixtures [45], have argued
that they found no evidence of a memory effect. The memory effect technic is
also used by some gas hydrate researchers to make the nucleation process less
stochastic, to provide a good baseline for testing of chemicals for inhibition of
gas hydrate nucleation and growth [38].

The mechanism of secondary nucleation and memory effect have important
implications for the oil and gas industry both in flow assurance and industrial
scale production of gas hydrates. For example, upon dissociation of a hydrate
plug in a pipeline, the residual water phase must be properly handled (removed,
or heated to a temperature that ensures that any persistent crystallites or
structure is eliminated), otherwise, rapid reformation of hydrate plug can occur

[2]. Conversely, the memory effect phenomenon and secondary nucleation can
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be used to reduce or eliminate the nucleation time for processes where rapid

hydrate formation is desired.

1.2.2. Gas hydrate growth

Gas hydrate growth is the next stage in the hydrate formation process, once
critical nuclei are formed. The conceptual picture of the growth of gas hydrates
at the molecular level, shows that hydrate growth may consist of several steps,
driven by intermolecular interaction forces [2] (Paper V). Gas hydrate growth
has been modeled based on a boundary layer theory that includes film layers
between the gas — liquid-bulk and liquid-bulk — hydrate-crystal phases. We have
adopted the schematic picture by Mork [46], which shows that there will be a
concentration and temperature gradient across the gas — liquid-bulk , and liquid-

bulk — hydrate-crystal phases (Figure 6).
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Figure 6. Schematic illustration of gas — liquid and crystal — solution interfaces for
mass transfer of gas through bulk phase to the crystal surface in a hydrate forming
system (concept has been adopted from Mork (2002) [46]).

At the gas — liquid-bulk interface, the gas and liquid phases are at
equilibrium at the system temperature and pressure. There is a drop
concentration of the gas from the interface across the liquid side film layer to
the liquid bulk from Ciy to Cy. Also, the temperature rises across the liquid side
film layer due to gas dissolution from Tiy to Ty. At the crystal end of the liquid-
bulk — hydrate-crystal interface the gas is at the hydrate equilibrium conditions.
Concentration of the gas drops to its value at the hydrate equilibrium conditions,
Ceq, and the temperature increases to the hydrate equilibrium temperature, Teq.
The concentration and temperature gradients serve as driving forces for the
transport of gas. Accordingly, models and correlations for gas hydrate growth
have been based on the rate of gas transport across gas-liquid interface, the

liquid-crystal interface and the inclusion rate of gas at the crystal surface, as
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well as the heat transport from the crystal surface to the bulk phase and from
the bulk phase.

The following part of the discussion is mainly based on excerpts from Sloan
and Koh [2], Mork [47], and Jensen [48].

Describing gas hydrate growth based on intrinsic kinetics

Noyes and Whitney [49] originally proposed a model for crystal growth rate
based on diffusion from the bulk phase to the crystal equilibrium interface as
the controlling mechanism

dm/dt = kgAs(Cp — Ceq) (8)

where A is the crystal surface area, and kqy is the mass transfer coefficient.
Berthoud [50] and Valeton [51] later proposed a modification to this concept
suggesting that the crystal growth consisted of two steps, first diffusion to the
crystal equilibrium interface, followed by reaction at the interface. Thus the

model was modified to
dm/dt = K'Ag(Cp — Ceq) 9)
where K’ is the overall transfer coefficient, which consists of the coefficients

for diffusion kg, and reaction k;, and is given as

K'—1+1 10
“nte (10)

Building on these classical theories, Englezos et al. [52] proposed an
intrinsic kinetic model of gas hydrate growth based on the rate of transport of
gas, (dn/dt), from the bulk phase to the crystal surface, and the inclusion of the
gas at the crystal surface into the hydrate structure.

The Englezos et al. [52] model defines the growth rate per hydrate particle

as
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(dn;/dt), = K*A,(f? — 1£7) (11)
where K is the hydrate growth rate constant incorporating combined the mass

transfer coefficient of the gas across the liquid-crystal interface and the reaction
coefficient at the crystal surface. Ap is the surface area of each hydrate particle.
(f® —£9) represents the overall driven force, given by the difference in the gas
fugacity in the liquid-bulk and at the hydrate equilibrium conditions. This
model has been improved upon in subsequent works to address some
accompanying limitations and inconsistencies [53-57]. To formulate the global
reaction rate, the rate per particle is integrated for all growing particles. The
total surface area of all growing particles is thus a function of a particle size
distribution, and can be presented in terms of the second moment of the particle

size distribution as

Ap(t) = 4mu, (12)

giving an expression for the global growth rate as

Ry (t) = 47K (f? = £°7) (13)

where 2 is the second moment of the particle size distribution, given as

1y = f 12, (r, )dr (14)
0
A population balance is required to estimate |12 as a function of time, given by
do, — d(Py)
P —"P7 _ p*_D* 15
Tt G— =B -D (15)

@, (M) is the particle size distribution, t (s) is time, G (m/s) is the linear growth
rate, which is independent of the size of the growing crystal, r (m) is the particle
radius, B* and D* are the birth and death rates, i.e. the number of particles that
grow into and shrink out of the size range of the particle size distribution due

to primary nucleation, secondary nucleation, agglomeration, and breakage. The
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particle size distribution can be analyzed via in-situ methods like Focused Beam
Reflectance Measurement (FBRM). Clark and Bishnoi [58] determined via
FBRM that the number of particles remain constant once growth commences.
That means the term on the right hand side of equ (15) equals zero, and the

population balance becomes

dpp ~d(pp) _
— HG— =0 (16)

The population balance can now be solved for the second moment of particle

distribution to get
fy = p3G*t? + PGt + 3 (17)
where ud, ud, 19, are the initial number, size, and surface area of particles,
respectively.
Thus the total surface area of the growing particles becomes
Ay (t) = 4m(ud Gt + p) Gt + ) (18)
Showing that the particle surface area is a quadratic function of time, and thus

a crystal growth process that is controlled by intrinsic kinetics is expected to be

non-linear.

Describing gas hydrate growth based on mass transfer across the gas-liquid
interface

Skovborg and Rasmussen [59] tested the model by Englezos et al. over a
long rang of time and discovered that the model predicted an increasing growth
rate with time, contrary to the measurements from experiments which showed
a decreasing growth rate with time. Skoveborg and Rasmussen thus argued that
the decrease in measured rate with time is because the gas consumption rate
does not depend on the total surface area of the growing particles, rather it is
controlled by the transport of gas across the gas — liquid interface instead of
integration into the crystal structure. They proposed a model of hydrate growth
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based on mass transfer of gas across the gas — liquid interface, where the growth
rate is presented as
dn/dt = kyAg-1)Cwo(Xine — Xp) (19)

where k. is the liquid-side mass transfer coefficient, Ag.y is the gas-liquid
interfacial area, cwo IS the initial concentration of water, Xint and X, are the
interfacial and bulk mole fractions of the gas. Sloan and Koh’s review of the
Skovborg and Rasmussen model indicates that the model has several
accompanying limitations [2].

It is reasonable to consider the transport of gas from the gas phase into the
bulk, as the concentration of gas in the bulk phase is a direct function of the gas
transport/dissolution rate. In turn, the transport/dissolution rate is a function of
the gas-liquid volumetric mass transfer coefficient, k.a, which has a complex

relationship with other parameters [60] (paper V).

Describing gas hydrate growth based on heat transfer

Some of the heat transfer based models of gas hydrate growth include those
by Uchida et al. [61], Mori [62], Freer et al. [63], and Mochizuki and Mori [64].
Uchida et al.’s model was based on the following assumptions: 1) hydrate
crystals form only at the front of a growing hydrate film, 2) one-dimensional
conduction of heat from the film front to the water and guest fluids, 3) the heat
removed from the front is balanced by heat generated from hydrate formation.
Mori [62] proposed a lateral hydrate film growth model at the gas-water
interface, with the assumption of convective heat transfer. Freer et al. [63] also
proposed one-dimensional conductive heat transfer model for methane hydrate
film growth at the methane-water interface. Mochizuki and Mori [64] later
reviewed the preceding three models, and proposed a transient 2-dimensional

conductive heat transfer model for the hydrate film growth. In this model, the
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linear growth rate of the hydrate film along the water/guest interface, vs is
related to the lateral increase in the position of the hydrate film front

vp = dxp/dt
The heat balance at the film front is then given by

5§, 9T oT

g G P e P

. . oT oT
where § is the hydrate film thickness; Aha |x:xh_ and AWE |x=Xh+ are

the hydrate-side and water-side temperature gradients respectively, at x = xh; x
is the lateral position of the hydrate film front; Ahy is the heat of hydrate
formation per unit mass of hydrate; A and A are the thermal conductivity of
hydrate and water respectively.

All the heat transfer models assume that rate of hydrate film growth is
proportional to the rate of heat removal from the hydrate film. If the rate of heat
removal from the growing hydrate film front is proportional to the lateral film
growth rate, and a function of subcooling; then in stirred reactors where the heat
absorbed from the hydrate film front may accumulated in the hydrate-water-
guest mix, while some is removed from the reactor via cooling, we can relate
the global macroscopic growth rate to the heat flux out of the system by
establishing a heat balance.

It is worthy of note though that, one or more of the mechanisms described
above may control hydrate growth, depending on the system in which gas
hydrates are formed [2]. For example both heat and mass transfer will play
significant roles in stirred systems and multiphase systems, while in systems
with no heat or mass transfer restriction the hydrate growth rate is controlled by
intrinsic Kinetics [2, 19, 47, 65-68]. THF and Ethylene Oxide systems are good
options to study gas hydrate intrinsic kinetics since both hydrate formers are

soluble in water, and the solution can easily be made supersaturated throughout
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the volume of the bulk [2, 69]. There have been several efforts put into
modeling gas hydrate growth based on intrinsic kinetics [52, 58, 70], mass
transfer [59], heat transfer [62, 71, 72], and more recently coupled mass and
heat transfer or all three mechanisms in one model [65, 66].

Hydrate growth is a more predictable process; results for the same
conditions are quite reproducible. Hydrate growth Kinetics is affected by several
parameters, most of which also affect the nucleation. Factors such as
temperature, pressure, supersaturation, subcooling, and degree of agitation have
been shown to affect hydrate growth [2, 41, 52, 73-75]. Understanding the
effect of these parameters of gas hydrate formation is crucial to proper hydrate
management and handling, as well as optimizing gas hydrate production
processes.

Hydrate growth kinetic studies have been done using experimental methods
that focus on the macroscopic growth process. Molecular dynamic studies have
also provided better understanding on hydrate formation at a microscopic scale.
[2] A common reactor set-up used for laboratory scale studies on gas hydrate
growth kinetics is the stirred tank reactor either as a batched reactor, semi-batch
reactor, or continuous reactor [2, 46, 52, 54, 55, 76-79]. These reactors provide
a good modeling basis for the gas hydrate formation processes that occur in oil
and gas networks, as well as for industrial scale production of gas hydrates.

1.3. Gas hydrate related issues

Although gas hydrate research started as a scientific curiosity on chlorine and
inorganic gases, recent research on gas hydrates have been focused on
providing solutions to different gas hydrate related issues. Gas hydrate issues
cut across different disciplines, but are especially related to the
petroleum/energy industry. They are a subject of interest as a nuisance, as a

resource, or as potential for new technology.
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1.3.1. As a nuisance

Gas hydrates first became of high interest to the oil and gas industry when
Hammerschmidt discovered in the mid-1930s; that an ice-like substance
plugged gas transmission lines, above the freezing point of water. This meant
high economic losses, since plugged pipelines meant production had to be
stopped (Figure 7 — illustration of hydrate plug development). Hydrates will
readily form if conditions are right for their formation, and are the most
common flow assurance problem faced in the oil and gas industry [2-7, 80-82].
Thus much effort has been put into the remediation of hydrate plugs when they
form, and prevention of hydrate formation; but in more recent times efforts are
also being directed towards hydrate risk management.|[5]

A better understanding of gas hydrate thermodynamics and kinetics have
been crucial for successful handling of hydrates in flow assurance. Physical
methods such electrical heating are being employed in subsea transmission
lines to keep the temperature above hydrate formation conditions.[83-87] Also
chemical methods such as the use of thermodynamic hydrate inhibitors (THIs),
which shift the pressure-temperature conditions out of the hydrate region have
aided with the prevention of hydrate formation, and plug remediation. But due
to the high costs associated with the requirement for high dosages of THls,
recent efforts are being directed at the low dosage hydrate inhibitors (LDHIs),
which are further divided into two groups; kinetic hydrate inhibitors (KHIs) and
anti-agglomerates (AAs). Dosages of LDHIs required are less than 0.1 of THI
dosages. LDHIs also offer a time dependent approach to gas hydrate

management which is cost effective. [3, 88, 89]
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Figure 7. lllustration of hydrate plug development in a multiphase flowline, an
adaptation of the figure by Zerpa et al. [7] taken from [20].

Gas hydrates may also cause well integrity issues during drilling operations,
when present in reservoir sediments. This is due to disparity in mechanical and
thermal properties of the hydrates from the reservoir rocks and the fluids
saturating them, which may lead to hazards, when extracting conventional
hydrocarbons [90-93].

Furthermore, there are huge amounts of methane hydrate deposits on the
ocean floor around the globe as well as in permafrost regions of e.g. Siberia and
onshore Canada. The dependence of methane hydrate stability on temperature
means that with a rising sea water temperature, there exists a risk of dissociation
of the methane hydrate deposits on the sea floor. Methane is a greenhouse gas,
and its release to the atmosphere in this way will add to environmental concerns

about global warming [94, 95].

1.3.2. As a resource

Huge amounts of methane gas are naturally stored in hydrate form around the
permafrost regions and the ocean floor around the globe, most of which comes
from biogenic and thermogenic sources, or the upward migration of methane
gas which is converted to hydrate when the thermodynamic conditions allow
for this [2, 8]. Estimates of methane gas reserves in hydrate form are believed
to be 10 times more than all the conventional gas resources at present [96, 97].

Thus gas hydrates portend a very significant gas resource for the future.[9, 10,
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98] This is especially important as the world moves towards a renewable energy
future, gas which is cleaner than petroleum is considered a suitable standby
energy. Producing the gas from these gas hydrate reserves may well fill this
need. There is a lot of ongoing research into understanding the most reasonable

means of exploiting this future energy source [99-104].

1.3.3. As potential technology

Findings from gas hydrate phase equilibria and formation kinetics have inspired
research on gas hydrate based new technology in gas production, storage,
transportation, and separation. Some gas hydrate formers such as CO, form
more stable hydrates than methane at the same conditions, thus CO, gas can
replace methane gas from methane hydrate deposits. In this way, unwanted CO-
may be stored through sequestration in hydrate form while simultaneously
producing methane gas for use as energy [105-108]. CO, may also be stored
away in very dip aquifers in hydrate form, thus reducing the CO, signature in
the atmosphere [106, 109-116]. Methane hydrate is stable at temperatures and
pressures that provide safer conditions for the storage and transportation of gas,
compared with LNG. Thus gas storage and transportation in hydrate form is
being considered as a viable option to LNG [117, 118]. Also, scientists are
looking into the possibility of exploiting the inclusion mechanisms of gas
hydrate and the difference in stability of different hydrate formers in gas

separation as a new technology [13-15, 119].

1.4. Motivation

With over a century of research on gas hydrates, a lot of progress has been
made, and there is good knowledge base particularly in the thermodynamics of
hydrate formation and gas hydrate phase equilibria. [2, 37] However, a number

of gaps still need to be filled in our understanding of gas hydrate formation
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kinetics. Challenges still exist in connection to how mechanisms such as
intrinsic kinetics, mass transfer, and heat transfer, can be related to hydrate
growth. It has been argued that heat and mass transfer may play a more
significant role for gas hydrate growth, than intrinsic kinetics, in multi-phase
systems. [2, 19] Gas hydrate formation is exothermic process and is associated
with release of formation enthalpy. [3, 71] During experiments in high pressure
cells this energy release results in a temperature increase which is balanced
when the heat loss to the surrounding cooling cap equals the heat inflow from
the continuous hydrate production. Then is it possible to model the hydrate
growth Kkinetics through temperature measurements combined with heat
transfer calculations? Part of this work has been on the possibilities to describe
hydrate growth kinetics through temperature measurements and heat transfer in
a hydrate forming system. We have chosen methane hydrate as model system
since the hydrate formed is well defined and its formation enthalpy per mole of
gas consumed is known from literature [120].

Secondly, new gas hydrate based technology in gas separation and storage,
requires quick and efficient hydrate formation. There is a need for fundamental
understanding on the key factors that will enable rapid and efficient production
of gas hydrates.

To address these subjects, we have broken down the research goals in this
work in the following chapter on titled “objectives”.
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2. Objectives

The objective of this work has been to contribute to a better understanding on
factors that affect gas hydrate growth kinetics with a focus on the two main
areas which motivated this work: 1) Heat transfer as it relates gas hydrate
growth kinetics, and 2) Consider parameters we can optimize to obtain rapid

gas hydrate growth rates.

In doing this, different experimental methods, as well as a simple heat
transfer model have been used to
e investigate the effect of hydrate content on heat transfer through
hydrate slurry, under quiescent and stirred conditions.
e model hydrate growth based on heat transfer.
¢ investigate the effect of parameters such as temperature, stirring rate,
water content (water-cut), and reactor size, on hydrate growth

behavior.

Our findings and the results discussed in this thesis provide valuable
understanding on the modeling of hydrate growth based on heat transfer,
and the key factors to focus on when designing systems for rapid hydrate

production.

25



Obijectives

26



Experimental Section

3. Experiments

In this section, a description of different experimental approaches used in this
work are presented.

3.1. Experimental setups

Experiments for this work were run in three different experimental cells, and

two setups.
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Figure 8. Experimental set-up.
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3.1.1. Growth kinetics experiments

The growth kinetics experiments were conducted in two autoclave cells of
similar design, but different diameters. Pictured in Figure 7, the set-up includes
a gas container for gas supply during hydrate growth to maintain cell pressure
constant. A Bronkhorst HIGH-TECH flow meter is connected in the line
between the gas container and the reactor cell, for measuring gas flow rate into
the cell during hydrate growth. Two 1/10 DIN Pt-100 temperature sensors
(accuracy % 0.03 °C) are installed through the top lid of the cell to enable
temperature monitoring in the gas and bulk phase during experiments. Pressure
monitoring is enabled using a Rosemount 3051 TA absolute pressure transmitter
connected to the line along the inlet to the cell. To enable circulation of cooling
fluid, a coolant jacket, envelops the cell body. Cooling and temperature control
is enabled using a Julabo High Tech Series F34-HL refrigerating / heating
circulator. The coolant used is water.

The cell sizes were 141.4 mL with a diameter of 60 mm, and 318.1 mL with
a diameter of 90 mm. A detailed description of the cell dimensions has been
presented in Paper V. The 141.4 ml cell is equipped with a second top lid, which
has a sapphire window at center (insight diameter is 30 mm) as shown in Figure
9A. The other without a window, but with two temperature sensors for the gas
phase at top of the cell and the water phase at the cell bottom is shown in Figure
9B. Stirring was enabled using a magnetic stirrer drive on which the cell was
seated. The magnetic stirrer drive activates the stirrer magnet which seats in the
lower chamber of the reactor cell, and is attached to a single flat blade impeller.
The mixing power was measured using a RHODE & SCHWARZ HM8115-2

Power Meter.
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3.1.2. Heat transfer experiments

The heat transfer experiments were conducted using mainly the 141.4 mL cell,
with a few tests conducted in the 314.2 mL cell. Other tests for observation of
gas hydrate structure and stability where also conducted in a 23 mL sapphire
tube cell (Figure 10). The sapphire window top lid (see Figure 9A) was used with
the 141.4 ml cell to study development of hydrate layer on the cell wall during
heat transfer experiments with THF and ethylene oxide (EO) at atmospheric
pressure. There was no need for gas supply or flow measurements during the

heat transfer experiments, thus those components of the set-up were not

engaged.

Figure 9. Component parts of the titanium autoclave cells. 1 is top lid, 2 are the
temperature sensors, 3 is connection for cooling fluid circulation through the cell with
a stop valve, 4 is main cell body, 5 are O-ring ceilings for top and bottom lid, 6 is the
magnet holder, 7 is the bottom lid, 8 is the stirrer blade, 9 is plastic ring for reduction
of friction between magnet and cell, and 10 is an extra top lid with a sapphire window.
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Figure 10. Components of the 23mL sapphire cell. 1 is the top lid with pressure and
temperature sensors, 2 are the O-ring ceilings, 3 is protective cap, 4 is connection
between bottom lid and sapphire cell, 5 is bottom lid, 6 is sapphire tube (cell), 7 is
magnet holder, 8 is stirrer blade.

3.2. Experimental procedure
3.2.1. Methane hydrate - growth kinetics experiments

All experiments were run at a pressure of 90 bars. The cell content was cooled
down at constant cooling rate of 3°C/h from an initial temperature of 13.5°C to
the required experimental temperature. System pressure was maintained
constant at 90 bar within a deviance of +2 bar, by adding "fresh" methane from
the gas container through the flow meter.
The cell is first cleansed and washed with tap water, then rinsed thoroughly
with distilled water. The housing around the stirrer magnet is filled with
distilled water to remove residual air, and the reaction chamber is filled with
the required volume of distilled water for the test and the cell is closed by
mounting the top lid.

The autoclave cell is then purged twice with methane gas to 40 bars, to
remove residual air from the reaction chamber prior to charging with gas to the

experimental pressure of 90 bars. The methane hydrate equilibrium temperature
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at 90 bar is approx. 12 °C. During charging the cell temperature is adjusted to
13.5 °C, to keep the cell outside the hydrate region prior to start of experiment.

Starting at 13.5 °C the cooling bath is programmed to maintain this
temperature constant for 10 minutes for the cell to equilibrate before start of
cooling. Then the cell is cooled down to the experimental temperature without
stirring at a cooling rate of 3 °C/h. When the cell has reached the desired
experimental temperature the stirrer is started at the desired stirring rate. The
stirring system is automated so that the magnetic stirrer automatically turns off
upon start of cooling, and starts again when the system has reached the required
experimental temperature. The back pressure valve connecting the 2 liter gas
container to the autoclave reactor cell is adjusted to maintain constant cell
pressure during the course of an experiment. Hydrate formation is gauged by
monitoring the gas flow through a flow meter in the line between the 2 liter gas
container and the autoclave reactor cell. Gas flow along with cell pressure,
temperature, and stirring rate is read using LabVIEW(R). After each experiment
the autoclave cell is cleaned by first dissociating the hydrate through pressure
depletion and heating in a controlled manner, after which it is washed clean
with distilled water and kept ready for the next experiment.

3.2.2. Heat transfer experiments

A series of heat transfer experiments have been conducted using 3 different gas
hydrate formers, methane; Tetrahydrofuran (THF); and Ethylene Oxide (EO).
Gas hydrate had to be formed first, followed by heat transfer tests. Methane is
a gas at experimental conditions, while THF and EO can be kept in liquid form
and are soluble in water. So the approach used for methane hydrate was
different from that used for THF and EO hydrates.
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3.2.2.1. Procedure with methane as hydrate former

Cell preparation and filling are done in similar steps as outlined for the growth
kinetics experiments. Upon complete hydrate formation (taken at about 3 hours
from onset of growth), the cell is locked in with the pressure at 90 bars, and
heat transfer tests are conducted via cooling — heating cycles of 8°C — 4°C — 8°C
(Figure 11). Heat transfer tests were conducted for 5, 10. 20, 40, and 60%
hydrate content. The hydrate concentration was reduced in steps by controlled
dissociation followed by pressure depletion, with the final cell pressure
approximately 90 bars at each concentration considered during the heat transfer
tests. It must be noted though the uncertainty in determining the exact hydrate
content through this method, as at the given pressure the system lay within the
hydrate formation region. Thus there might have been cases of some hydrate
formation / dissociation during the cooling / heating cycles. The need for better
control of the hydrate content in the cell prompted the use of THF and EO which

are soluble in water at our experimental conditions.

Methane hydrate

Temperature, (°C)

0 10 20 30 40 50 60 70
Time, (min)

Figure 11.Heat transfer tests, cooling - heating and heating - cooling circles for
methane hydrate.
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3.2.2.2. Procedure with THF and EO as hydrate former

Both THF and EO are miscible with water, so it was easy to control the amount
of hydrate formed by adding stoichiometric portions of each to the cell pre-
filled with the desired amount of water. The stoichiometric combining ratios of
THF and EO with water to form 1 unit mole of hydrate is 1:17 and 3:23
respectively. These ratios represent 100% hydrate formed in this work, while
lower concentrations are taken as fractions of this ratio. Experiments were
conducted for 0, 10, 20, 40, 60, 80, and 100% hydrate. A tabular presentation
of the volume, and mass of THF and EO added at the different concentrations
is presented in Paper IV.

While THF is a liquid at standard conditions, EO has boiling point at 10.7
°C at atmospheric pressure and thus needs to be cooled down to liquid form
before required amounts are measured out for the experiments. This is done by
cooling down the EO fluid released from the low pressure EO liquid containing
cylinder into a tubing which is soaked into an ice bath (Figure 12). The
experimental procedure was in the following steps:

e Hydrate formation is preceded by filling the cell with the required
amount of water, and cooling down the cell to about 6°C.

e The required volume of liquid THF or EO oxide is then added. This
was done directly via an air nob on the top lid of the cell for THF, while
the cell was moved into the fume cupboard containing the EO cylinder
where EO is added to the cell content. Note: EO and THF are toxic if

inhaled or absorbed into the skin.
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Figure 12. Ethylene oxide gas is cooled down to liquid form

growth.

The cell is tightly shut and hydrate is formed via constant cooling,
while stirring the cell content. The cell is cooled down to 1°C. Complete
hydrate formation is assumed after 3 to 5 hours from onset of hydrate

Next heat transfer tests are performed: Heating — cooling cycles of 1°C

— 4°C - 1°C, with and without stirring. (Figure 13)
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Figure 13.Heat transfer tests, cooling - heating and heating - cooling circles for
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ethylene oxide hydrate.
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4. Modeling hydrate growth from heat transfer

Chapter 4 describes the essence and purpose of the modeling approach used in

our studies.

4.1. Background

We have seen from chapter 1 that established knowledge ascribes gas hydrate
growth kinetics to three main mechanisms, intrinsic kinetics; mass transfer; and
heat transfer. Each of these mechanisms contribute to hydrate formation
kinetics, depending on the hydrate forming system. A number of works,
including those by Vysniauskas and Bishnoi [41], Englezos et al. [52], and
Lekvam and Ruoff [70] have modeled gas hydrate growth based on intrinsic
kinetics. Intrinsic kinetics models usually link the nucleation rate to the growth
via particle size distributions, which require in-situ measurements via imaging
techniques like Nuclear Magnetic Resonance (NMR) and Raman Spectroscopy
[58].

Mass transfer also plays an important role in hydrate growth kinetics. For
hydrates to form, there must be a transport of guest molecules to the reaction
interface, usually the point at which the concentration of guest molecules is
highest; the gas-liquid interface [121-123]. Mass transfer based models
describe gas hydrate growth Kinetics as a function of the mass transport of gas
molecules across the gas — liquid interface. The Skoveborg and Rasmussen
model [59] and the model by Herri et al. [124] are examples of attempts to
model gas hydrate growth based on mass transfer.

The third controlling mechanism for gas hydrate growth, heat transfer, has
been focused on in this work. Gas hydrates have been found to form at the
coldest spots on pipe walls, due to favorable heat transfer [125]. When gas
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hydrates form, the temperature of the hydrate crystal surface rises towards the
equilibrium temperature, and the released heat is absorbed into the surrounding
medium, usually a mixture of hydrate, water, and gas [62, 126]. The heat
released into the hydrate forming environment must be effectively removed for
hydrate formation to continue [19]. Continued hydrate growth is enabled due to
the absorption of the produced heat by the surrounding fluids, water and gas,
away from the crystal surface. This naturally leads to an increased temperature
in the gas and water phases.

Observations in our laboratory have shown that the degree of temperature
increase in the cell is proportional to the amount of hydrate produced. Such
accumulated heat in the reactor would slow down the growth rate of hydrate
crystals because of a reduction in effective driving force of the system. Thus a
good balance between microscopic heat transfer from the crystal surface as
described in the models on the growth of hydrate film front [61-64], and
macroscopic heat transfer from the reactor volume is essential to the hydrate
growth Kinetics.

4.2. Heat transfer model

In this work, we present a heat transfer model based on fundamental theory.
The model enabled us analyze important factors that affect the heat transfer

process during hydrate growth, and the growth kinetics.

4.2.1. Model development

In the present study, hydrate growth has been considered as a crystallization
process with heat transfer as the governing mechanism. The model is based on
the following assumptions:

1) The heat released from hydrate formation is transferred to the hydrate-water-

gas mix (assumed to be homogeneous) in the reactor,
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2) A part of this heat is transferred to the circulating coolant through the reactor
wall,

3) The remaining part of the heat is absorbed by the hydrate-water-gas mix and
results in an increase in temperature,

4) The temperature increases to an optimal level producing a temperature
gradient where the heat transfer across the reactor wall balances the heat

production due to hydrate growth. (Figure 14)
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Figure 14. A vertical slice of reactor system, with reaction products, hydrate-water-gas

in a homogeneous mix. Heat produced from hydrate growth (gr) is released into the

system mix, some of which is transferred out through the cell wall (q).

Growth is thus considered to commence with a visible spike in the cell
temperature. The temperature signature in the cell as growth progresses would
be indicative of the growth rate, through a balance between the heat removed
by the coolant circulating through the cooling jacket, and the heat produced as
hydrates form. This is a macroscopic representation of the process, thus the
model presents the global growth rate within the system and not growth on the

surface of individual hydrate nuclei / particles in the solution.
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Depending on the process (endothermic or exothermic), the energy absorbed
by a unit mole of the reactants, or released by a unit mole the products in the
form of heat, is equal to the enthalpy of formation AH. Gas hydrate formation
being an exothermic process is associated with heat release. Data given by
Anderson [120], Handa [127], and Gupta [128], puts the enthalpy of methane
hydrate formation at approximately 54 KJ/mole.

In our system, during hydrate growth the heat balance may be seen across 3

boundaries (Figure 15):
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Figure 15. Convection border conditions.

1. The cell interior: where the heat released from hydrate growth is
dispersed. Aided by the stirring of the cell content, the heat produced
is assumed to be uniformly distributed within the cell volume into the
gas — water — hydrate mix. Heat produced from hydrate formation per
unit time would be

dn

i AHgen (20)

dr =
where:
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qr is the rate of heat generation from hydrate formation [J/s],

dn/dt is the gas consumption rate [mole/s],

and AHgen is the enthalpy of hydrate generation [J/mole].

But the heat is actively being removed from the cell interior into the
other two boundaries, the cell wall and the coolant flux, which allows
for continued hydrate growth. The heat produced from hydrate
formation will then be equal to the heat the heat transfer from the cell
interior (via convection) plus the heat absorbed by the gas — water —

hydrate mix (the sensible heat increase)

. d(c, m-T))
quhl'Al'(TI_TO)+T (21)

where h; is the heat transfer coefficient from the reactor interior to the
reactor wall, A, is the heat transfer area, T,and T, are the interior and
wall temperatures in the reactor, ¢, is the specific heat capacity of the

reactor mix, and m is the mass of the reactor mix.
Combining equations (20) and (21), we get

an 1 d(c -m-T,)]

dt ~ DHyey oAy (= To) =7, (22)

The product ¢, x m is the thermal mass of the cell content, it is an

additive property

Cp m(t) = cpu - my(t) + cpu - My () + cp g Ny(0) (23)
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The specific heat capacities of the different phases are assumed
constant within the temperature range in the cell. The following values
have been used: Water, ¢, = 4200 J/kg K; Hydrate, cy = 2100 J/kg K;
Gas (CHa), cpg = 49.26 J/mole K.

2. At the cell wall: Heat from the cell interior is conducted through the
cell wall, and can be formulated from the Fourier equation. This will
depend on the thermal conductivity of the cell wall material, and the

temperature gradient across the cell wall. Simply put

dT,
Gr=hy (T} —Tp) = —a-— (24)

where a is the thermal conductivity of the reactor wall material, and
dTw/dr is the temperature gradient across the reactor wall, with wall

thickness dr.

3. The coolant flux: carries the transferred heat from the cell away.
Thereby giving enough local subcooling in the cell for continued
hydrate growth. The heat transfer coefficient for the coolant flux (ho)
is estimated using the dimensionless Nusselt number approach [129].
ho is required as an input value for estimating the outer cell wall
temperature — Paper I.

For a thick walled reactor, there is a transient temperature profile across the
reactor wall, which changes as a function of the temperature in the cell, T,, and
the temperature of the coolant, To (Figure 15). Thus, a transient temperature
profile must be solve for each border condition.

Discretizing, explicit for time derivative:
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1. For the cell interior

TP+ _ [dr — 2h; - (wbrp) - (TP —T7))] - At 4P (25)
! (o Mu () + Cpy My () + Cpg - Ny @)

If there is no hydrate formation, gz = 0, then

TP+ _ [_2h1 - (mé7p) - (T1p - Top)] - At 14 (26)
! (cpmr My () + Cpy My () + €y "Ny ()

2. Atthe cell wall

inner border (i = 0)

2h; At 2aAt Ar
TP = (TP — TP +—-(r +—)- TP — TP
0 pcAr ( I 0) rO(Ar)Z 0 2 ( I o) (27)
+Tf
interior node i
alt alt
TP = TP 4+ (TP, = 2TP + TP ) +
14 i (Ar)z ( +1 i l—1) ZriAr (28)
(Th, - TE1)
outer border
2hy At 2aAt Ar
TP = 22 (TP — TP +—-( +—)
" pcAr (g =) @z T (29)

) (T,f - Trf—l) + Trf
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The equations can be solved for two different scenarios: 1) with T, as the
unknown parameter, and h, as a fitted parameter; 2) with gz as the unknown
parameter, while h; is a predetermined input variable and the system
temperature is known from measurements. In the cases with hydrate growth
(Paper 11), hy is first determined using scenario 1, then g is determined using
scenario 2. The h; values are estimated using scenario 1, in the cases when we
performed heat transfer studies for different hydrate content in the hydrate —
water slurry.

It is important to stress that the model has been formulated in a very
simplified form to allow for easy computation, and comes with some obvious
limitations. Firstly, the heat transfer is considered only in the radial direction;
neglecting possible heat transfer into the cell from the top lid depending on the
temperature in the room, and from the bottom lid due to mechanical heat
produced by the stirrer motor. Secondly, the thermal mass changes during
hydrate growth. To calculate the thermal mass requires that one keeps track of
the gas consumption rate for hydrate formation, which also allows for
accounting for the change in water and hydrate phases during hydrate growth.
However, the need for knowing the gas consumption rate for hydrate formation
limits the model to give just empirical estimates.

Where the heat transfer from the cell is efficient enough, depending on the
heat release rate, there would be no accumulation of heat within the cell interior.
This may be obtainable for scaled-up reactors, and would allow for a more

massive production of gas hydrates.
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5. Results and discussion

In studying hydrate growth kinetics we have performed several experiments
with 3 hydrate formers, methane gas a sl hydrate former; Ethylene Oxide (EO)

also a sl hydrate former; and Tetrahydrofuran (THF) a sll hydrate former.

The results are presented in three subsections below. First we present our
findings on:
e how temperature, water content, stirring rate, and reactor size affect the

gas hydrate growth kinetics,
o the effect of gas hydrate content on heat transfer, and
o how heat transfer impacts gas hydrate growth kinetics.

The main results are summarized and discussed in this section to address the
main project objectives. Detailed results and discussion are presented in the

enclosed papers.

5.1. Effect of different parameters on methane hydrate
growth kinetics

The effects of temperature, water content (which reflects hydrodynamic
parameters such as mean bubble and droplet sizes), agitation, as well as reactor
size on gas hydrate growth kinetics have been studied. The findings from these
studies are important for better gas hydrate management practices in flow
assurance. In addition, the development of new gas hydrate based technologies
introduced in section 1.3.3, require very rapid and efficient gas/water

conversion rates to hydrate. These studies give new insight on how the
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parameters investigated affect the growth rate of hydrate, in a semi-batched

autoclave reactor.

The growth Kinetics in our system consists of three different and

characteristic stages, stage-I, stage-1l, and stage-I11, dependent on the growth

dynamics in the cell (Figure 16). Prior to hydrate growth onset, we have the

induction period, once the system attains a constant super saturation marked by

a constant temperature in the cell from the start of stirring. During this time, the

nucleation process is ongoing, with the system attempting to form a critical

cluster size for spontaneous growth of gas hydrate. Hydrate growth onset is

characterized by a rapid increase in temperature above the initial experimental

temperature, due to the release of the enthalpy of phase transition [21].
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Figure 16. Pressure, temperature, and gas consumption data from a typical

experimental run (141.4 mL cell, 50 mL water).

The growth stages are distinguished by an obvious change in the growth

rates as shown in Figure 16; with stage-I between points 1 — 2, stage-1l between

points 2 — 3, and the lowest growth rate at the third and terminal stage-111 from
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point 3. Some authors have reported similar growth trends in their works [22,
52]. In the work by Englezos et al. [52], the end of growth stage-1 was identified
as the turbidity point; the point at which the hydrate crystals formed become
visible. Observations from this work indicate that at the end of stage-I,
significant amount of hydrate crystal is already formed in the cell. The amount
of water converted to hydrate at the end of growth stage-1 was between 2 — 5%
for most experiments, but there were cases when the value was much lower or
on the contrary, higher. On average, more water was converted to hydrate
during stage | as the initial volume of water in the cell increased. At 50 mL
initial water content, 500 rpm, and 6°C, we had the lowest water converted to
hydrate of about 0.21% during stage |. On the other hand, at 50 mL initial water
content, 700 rpm, and 8°C, we had the highest water converted to hydrate of
about 9.14% during stage |. (Paper V) The clear trend in increased water
converted to hydrate with increasing water content during stage |, may be
explained from amount of gas that presaturates the system prior to hydrate
formation. Given that more methane gas is dissolved in the system with higher
water content, more water is converted during spontaneous hydrate growth at
growth onset in stage I.

In Paper V we have discussed how the growth rate during stage 1 is strongly
affected by the water content, stirring rate, and the temperature of the system.
Lower temperatures and higher stirring rates led to an increase in gas
consumption rate. However, higher water content led to a decrease in gas
consumption rate. Solubility of methane increases with decreasing temperature
in the absence of hydrate [130], therefore more gas is dissolved prior to hydrate
formation at lower temperatures, which partly explains the higher average gas
consumption rate with decreasing temperature during stage |. From the
response of gas consumption with decreasing temperature, and the amount of

gas consumed with increasing water content during stage I, we can deduce that
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the gas initially consumed during growth stage I is mainly the dissolved gas that
saturated the water phase before growth commenced. Thus, the intrinsic
kinetics mechanisms discussed in section 1.2.2., may play a dominant role in
the growth Kinetics during stage I. As Figure 17 shows, the gas consumption
during stage | is a non-linear function of time, which agrees with the inference
drawn from equ (18) in section 1.2.2. that this is reflective of a crystal growth

process controlled by intrinsic kinetics [48].
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Figure 17. Gas consumption profile showing different hydrate growth stages, at 6
(dots), 7 (dashes) and 8 °C (whole line) versus time (50ml water content, 700rpm
stirring rate).

Stage |1 starts with a dip in the cell temperature, which reflects the change

in the growth mechanism. The initially dissolved methane gas has been
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converted to hydrate during stage I, and now the amount of gas available in the
bulk phase for hydrate crystallization depends on the rate of transport of gas
across the gas — liquid interface. Hashemi et al. [54] showed that the rate of gas
dissolution into the bulk phase (k.a) is an order of magnitude lower than the
rate of gas inclusion into the growing hydrate crystal (kias). Thus no matter how
fast gas molecules are being included into the growing crystal structure, the rate
of hydrate formation will be limited by the gas dissolution rate. This also means
that the contribution of gas dissolution to the gas consumption during hydrate
growth is negligible, and thus, the overall gas hydrate growth rate can simply
be represented by the gas consumption rate.

The initial dip in temperature at the start of stage Il indicates that
momentarily, less heat of hydrate formation is being released compared with
stage I. i.e. the hydrate growth rate has decreased during stage Il. Since heat has
accumulated in the cell, as evident from the temperature rise, other secondary
effects such as an increased mass transfer barrier due to poorer gas — liquid
mixing, a drop in the effective solubility of the gas, and increase in the viscosity
of the gas — hydrate — water slurry. This effect is compounded by a further build
up in the cell temperature due to an increase in the heat transfer resistance due
to hydrate build up in the cell. We see that the gas consumption is roughly a
linear function of time during growth stage I1. At stage Il the cell is plugged
from agglomerated hydrate mass, and not representative of the growth kinetics.
Growth stage-I1 is where the highest amount of gas is consumed, and is more
representative of the overall kinetics of the process. Thus focus is placed on
growth data from stage-Il, which is used for extensive analysis on the hydrate
growth kinetics in our further discussions of the results in this work. Paper Il
and Paper V give further discussion on the processes impacting the different

growth stages.
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5.1.1. Effect of temperature (subcooling)

The equilibrium curve on Figure 18 indicates the theoretical region of hydrate
formation for the experimental pressure of 90 bars. Although gas hydrates
should form from about 11.9 °C at 90 bars, most laboratory systems require
cooling down by some degree below the equilibrium temperature for hydrates
to form. As we go from laboratory to industrial size scale, hydrates tend to form
closer to the equilibrium temperature most probably due to the increased
volume and contact area between water and gas and a corresponding increase
of the probability of nucleation [32]. This probably offers some explanation for
why Mork and Gudmundsson reported that subcooling had no impact on the
rate of hydrate formation for both a pure methane, and a hydrocarbon gas
mixture [46, 47].
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Figure 18. Methane Hydrate Equilibrium Curve (Calculated with CSMGem Software).

Various contrasting findings have been reported on the effect of increasing
subcooling / decreasing temperature on the growth rate of gas hydrates.

Takahata et al. [75] reported a decrease in the apparent and specific mass
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transfer coefficient with a decrease in temperature, for Kinetics studies
performed on methane hydrate. For studies on CO; gas hydrate kinetics Clarke
and Bishnoi [58] reported an increase in apparent mass transfer coefficient with
a decrease in temperature, while the intrinsic rate constant did not show a clear
relationship with temperature. Meanwhile, the works by Mori [62], and
Mochizuki and Mori [126] reported an increase in the lateral growth rate of
CO; and Methane hydrate films with an increase in subcooling. Peng et al. [131]
also observed an increase in hydrate film growth rate with an increase in
subcooling for a gas bubble suspended in a water droplet. Other works that were
carried out in stirred tank reactors at constant pressure, by Vysniauskas and
Bishnoi [41], and Happel et al. [132] showed an increase in hydrate growth rate
with an increase in subcooling. Results from this work, shown in Figure 19,
indicate that methane hydrate growth rate progressively increased as the
temperature was decreased from 8, 7, to 6 °C. The increase in the growth rate
with decreasing temperature may be directly related to an increase in the

subcooling or temperature driving force [133].
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Figure 19. Effect of temperature on gas hydrate growth rate.
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5.1.2 Water content

The amount of water in a system plays a role in the formation kinetics of gas
hydrates. In systems where the water volume is very low, such that the water is
completely dispersed in the oil or gas phase, though hydrates form, there may
be no risk of plugging, if the hydrate particles would be carried along with the
flowing stream. We have not found many works focused on the subject, but
have reason to suggest that there may be a positive correlation between the
amount of water in a flowline in which hydrate forms and the probability of
plugging. Joshi et al. [134] performed flow loop experiments for a high water
cut system, in which he suggests that at high liquid loadings (50% water and
above), plugging occurred at the same hydrate fraction irrespective of the liquid
loading of the system. One must note though that the mixing velocities for
which the results were presented were not the same. The mixing velocity was
higher for the case with a higher liquid loading. Further results from the same
work showed that the system would plug at a lower hydrate fraction with higher
liquid loading, for the same mixing velocity [134]; supporting the argument that
the probability of plugging may correlate positively with the amount of water
in the system. The reason for this correlation may be because, the absolute
volume of hydrates formed is higher at higher liquid loading, which increases
the available hydrate particles for agglomeration and eventual plugging.

The effect of water content is also important to industrial scale hydrate
production, where the focus is both on quantity, which require large liquid
volumes, and rapid production rates. Figure 20 shows results from this work,
where gas hydrate growth rate decreased with an increase in water content,
dropping by about 50%. Reasons for this include hydrodynamic factors such
as: 1) the turbulence energy dissipated into the system is higher at lower water

content - Paper V, 2) increased gas recirculation at lower water content which
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strongly promotes the gas-liquid mass transfer of the system [135], 3) lower
droplet and bubble sizes at lower water content which increases the gas-liquid

contact area.
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Figure 20. Effect of water content on hydrate growth (700 rpm).

5.1.3. Stirring rate (degree of agitation)

The use of stirring is common in industrial processes for enhances reaction
kinetics [60, 135, 136]. Stirring enhances the mixing, mass transfer, and heat
transfer, all contributing to promote the reaction rate. Similarly, stirring has
been used as a means for promotion of hydrate formation [74, 75, 137], and
has also been useful for faster hydrate dissociation in our laboratory. However,
in industrial processes one must reach a balance between the energy input into
a process, and the gains in product output, for the process to be considered
feasible. Increased stirring rate increases the power consumption. Thus it is of
concern, what degree of stirring or agitation will be adequate to optimize the
output of the process. For gas hydrate formation processes, stirring significantly
reduces the induction time and increases the growth rate [29, 138]. This

observation is explained by an increase in collision rate, increased bubble
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concentration in the water phase (i.e. increased amount of gas dispersed and
available for the reaction); and an increase in gas-liquid contact area, as the
bubble size decreases with stirring. [32, 139] This results in a more dispersed
and finely mixed system.

The findings from our work indicate that the effect of stirring rate on the
growth rate partly depends on the mechanism that controls the growth process.
For example, during stage-1 the growth rate progressively increased with an
increase in the stirring rate. The growth during stage-1 is partly from gas that
had already dissolved, and supersaturates the system prior to growth onset.
Thus we assume negligible mass transfer restriction during stage 1. In addition,
growth stage-I is so brief that we can assume that the rapid rise in temperature
during this period would not impact the growth Kkinetics. Therefore we suggest
that the controlling mechanism during growth stage-I is the intrinsic kinetics.
At growth stage-11, mass transfer and heat transfer restrictions begin to play a
more significant role. As seen from Figure 16, the temperature builds up even
more during growth stage-I1, causing a drop in the temperature driving force.
In addition the presence of hydrate crystals increases the viscosity of the
mixture and impairs both the mass transfer and heat transfer out of the cell.

Figure 21 shows the growth rates for stirring rates of 350 rpm to 1200 rpm
at experimental temperatures of 8, 7, and 6 °C. The growth rate seems to peak
between 500 and 575 rpm, beyond which additional increase in the stirring rate
does not improve the growth rate. Other related works have argued that the
stirring rate beyond which there is no further promotional effect on the
growth rate indicates that the stirring rate is high enough to consider further
heat and mass transfer enhancement negligible [52, 58]. It is important to
plan rapid hydrate production processes with such an optimal stirring rate,
for energy efficiency. As we will see in the next subsection (section 5.1.4),

a similar trend is observed with stirring, upon scale-up.
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Figure 21. Effect of stirring rate on growth rate in 141.4 mL cell (50mL water content).

5.1.4. Reactor size

Size scale is an important factor in reactor experiments. In moving from

laboratory to industrial scale, certain scaling factors are taken into consideration

in other to maintain the credibility and transferability of results to a larger scale.

Experiments were performed in a “small cell” with a volume of 141.4 mL, and

a “large cell” with a volume of 318.1 mL. Both cells are geometrically similar,

details of the cell design are given in Table 1.

Table 1. Details of Autoclaves used in this work.

Cell volume, mL 141.4 318.1
Reaction chamber height, H, m 0.05 0.05

Reaction chamber diameter, Dr, m 0.06 0.09

Impeller diameter, D;, m 0.045 0.062

Impeller height, Hi, m 0.045 0.045

Volume of liquid, V x 103, m3 0.05,0.1 0.1125, 0.225
Volume of gas, Vg x 103, m® 0.0914, 0.0414 0.2056, 0.0931
Ve/VL 1.828, 0.414 1.828, 0.414
Liquid height, H_, m 0.0177, 0.0354 0.0177, 0.0354
Material Titanium Titanium
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Scale-up of dispersion systems as we have in this work aims at maintaining:
1) hydrodynamic similarity; and 2) constant heat transfer capacity. To maintain
hydrodynamic similarity, it is recommended to keep the impeller tip speed
and/or Reynold’s number, impeller power consumption per unit volume of
liquid, gas / liquid volume ratio, liquid / tank height ratio, impeller / tank
diameter ratio, and gas-liquid interfacial area constant, among others [47, 140].
From Table 1 we see that geometrical scale-up incorporates all the parameters
related to the reactor size. We have as well kept the gas / liquid volume ratio
constant in this work. The scaling factors for maintaining hydrodynamic
similarity are also crucial to maintaining constant heat transfer capacity, in
addition to the heat transfer area per unit volume of the reactor [141].

Figure 22 shows that more gas is consumed with scale-up, because there are
more reacting volumes of gas and water at a larger scale. However, when we

normalize the growth rates by the initial volume of water available for hydrate
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Figure 22. Influence of reactor size (diameter) on gas hydrate growth (gas consumption
is not normalised by the volume of water in the reactor). The water content in the cell
was kept at a value that reflected comparable gas / water volume ratios in both cells.
Tests conditions are 8°C, and 700rpm.
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formation, as seen from Figure 23, the growth rate drops significantly with scale

up, even at lower subcooling values.
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Figure 23. Effect of reactor size on gas hydrate growth at different experimental
temperatures (700 rpm).

Mori [141], suggested that to maintain a constant hydrate forming capacity
in stirred tank reactors (normalized per unit volume of the reactor) that are
scaled-up with geometric similarity, requires an increase in the power input per
unit volume (Pmix/V) in proportion to the reactor diameter (Dr) to the power
higher than 3.2 but less than 8. Mori further argues that for scale-up with
geometric similarity, a constant power input per unit volume will be identical
to the relation (Pmix/VV) & Dg3, and thus fails to provide sufficient power for
maintaining the hydrate forming capacity per unit volume constant. Figure 24
shows plots of the growth rate versus the mean bubble size (dy), impeller
Reynold’s number (Nge), impeller tip velocity (Utie), and impeller power
consumption per unit volume liquid in the cell (Pmix/VV). The mean bubble
diameter was estimated using the correlation for the average bubble diameter

from literature, based on isotropic turbulence theory for estimating the average
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bubble size [142]. We see that similar to the response with stirring rate, the
growth rate plateaus at certain value, where further increase dy, Nre, Utip, and
Pmix/VV does not increase the growth rate. Moreover, at similar Reynold’s
number, impeller tip velocity, mean bubble diameter, and power input per unit
volume, the growth rate per unit volume is less with scale-up.
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Figure 24. Hydrate growth rate as a function of dy, Nge, Utip, and P/V in the 141.4mL
and 318.1mL cells (6°C).

The fact that increasing power input per unit volume does not lead to a
further increase in the growth rate once the rate has plateaued brings to question
Mori’s argument on insufficient power input per unit volume as being the
reason for lower gas hydrate formation capacity upon scale-up. On the other

hand, for scale-up with geometric similarity, the specific surface area for heat
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transfer will be equal to 4/Dg. This means that the specific thermal conductance
is lower for scale-up with geometric similarity, an argument supported by the
analysis by Nauman [143]. If this decreased specific thermal conductance
accounts for the lower growth rates upon scale-up, then efforts should be
directed at increasing the driving force for heat transfer upon scale-up while
keeping geometric similarity intact. Some recommendations on how to
maintain the thermal conductance upon scale-up and to enhance heat transfer
from the reactor are discussed in the work by Nauman [143], and others [129,
144].

Recent works have shown that increasing the degree of dispersion of the
liquid phase itself will greatly enhance the gas — liquid mass transfer [145-148],
and substantially improve heat and mass transfer during hydrate growth [149].
Batched and Semi-batched stirred tank reactors have the water and hydrate
mixed within the reactor in volumes that limit the degree of dispersion
obtainable, which creates a limit to the heat and mass transfer in the reactor,

and this effect increases with an increase in reactor size.

5.2. Effect of hydrate content on heat transfer

Gas hydrates form in production, transportation, and process facilities, where
they deposit on walls and surfaces of their containing vessels and may lead to
plugging [125]. Gas hydrates are also know to form in reservoir sediments [90,
150-152], and other natural environments. The formation of hydrates in such
systems would lead to an alteration of the heat transfer behavior through them.
This observation is reasonable, since the heat transfer properties of gas hydrates
differs from those of water, gas, and petroleum [153-155], and the reservoir

matrix.
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Part of the work in this PhD project has been focused on the effect of hydrate
content on heat transfer. Studies were initially done with methane hydrate
(Paper 1), with variations in methane hydrate content of 5%, 10%, 20%, 40%,
and 60%. Results revealed that heat transfer decreased with an increase in
methane hydrate content in the hydrate-water slurry (see Figure 25). A similar
observation is made by Liu et al. in another work [156]. Note, that the methane
hydrate studies were done under quiescent conditions (without stirring), which
reflects the heat transport in reservoir sediments. The thermal conductivity of
methane hydrate was estimated at 60% hydrate content, as equal to 0.45 w/m/K.
This falls within 75% of values previously published using other methods [157,
158].
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Figure 25. Heat transfer coefficient (h;) through methane hydrate slurry, as a function
of hydrate concentration in slurry.

Heat transfer in flowing systems is usually associated with turbulence,

which was not reflected in the methane hydrate studies. Thus additional studies
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were carried out with Tetrahydrofuran (THF) and Ethylene oxide (EO)
hydrates. THF and EO hydrates offer the advantage of better control over the
amount of hydrate formed in the cell, and enabling stirring during the heat
transfer tests without altering the hydrate content much. Tests were carried out
with THF and EO solute concentrations of 10%, 20%, 40%, 60%, 80%, and
100%. These concentration would represent the maximum concentrations of
hydrate in the hydrate — water slurry, where 100% represents a stoichiometric
mixture of the hydrate former with water (Paper V).

Experimentally observed hydrate equilibrium temperatures in our cell
indicated that the hydrate equilibrium temperature, Teq, of EO and THF systems
containing less than 100 % of stoichiometric solution was reduced compared to
the 100 % solution. The reduction in Teq increased with the reduction of %
concentration of solute in the solution. Teq at 20% solute in the solution was
2°C for EO and -0.5°C for THF. Thus, at the lower THF and EO concentrations
(less than 40%) the hydrate amount could still be affected to some degree by
the temperature in the cell during the heating / cooling test. The observed
hydrate structures during the heating/cooling tests at 1°C and 4°C for 20% EO
and THF concentration indicate that there was still some hydrate at both
temperatures, in the 141.4 mL titanium cell. However, the structure was less
compact at 4°C, indicating some dissociation. No visible hydrates were
observed at both temperatures for 10% solute concentration. Our observations
in the 23mL sapphire cell showed no visible THF hydrate structure at 20%
solute concentration for both temperatures, indicating that the hydrates are less
stable in smaller reactors.

In these studies we investigated the effect of hydrate content with and
without stirring. The effect of stirring rate and cell size were also studied. Our

findings also shed light on the deposition behavior of hydrates on the cell wall.
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5.2.1. Effect of hydrate content

The effect of hydrate content on the heat transfer indicates a possible structural
influence. Heat transfer decreased with an increase in hydrate content up to the
point at which the cell content turned from slurry to solid hydrate deposited on
the cell wall. Beyond this point (at about 40 - 60% hydrate content) the heat
transfer remained fairly constant as shown in Figure 26. However, we observe
a jump in the heat transfer coefficient for Ethylene oxide hydrate (EO) once the
hydrate concentration reaches 60% and the heat transfer coefficient reached a
level above that in system without hydrate. This deviates from the normal trend
of decreasing heat transfer coefficient with an increase in hydrate content, and

we haven't yet found a reasonable explanation for this observation.
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Figure 26. Internal heat transfer coefficient as a function of THF and Ethylene oxide
hydrate concentration (No stirring).

A few inferences may be made from the results. First, the thermal properties

of gas hydrates in the presence of other mediums are additive, giving rise to the
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progressive decrease in heat transfer with increasing hydrate content in the
slurry [2]. When the hydrate mass becomes solid, the dominant heat transfer
mechanism becomes heat conduction, instead of convection. It appears that at
about 60% guest content, the hydrate crystal assumes a stable solid structure,
with identical thermal properties to the structure formed at maximum cavity
filling (Figure 27). At 40-60% hydrate content, we were guaranteed hydrate
would deposit on the wall, which is synonymous to plugging in pipe flow.
Though other research works have recorded cases of pipeline plugging at

hydrate contents as low as 4% [159]; raising a question as to what drives

plugging in pipelines in case of hydrate formation?

Figure 27. Gas hydrate structure in cell, A - solid hydrate layer deposited on the reactor
wall (>= 40%); and B - Hydrate still in slurry form (< 40%).

The results further establish the fact that the presence of hydrates in reservoir
sediments would change the thermal properties of the system [90, 91], but also,
different hydrate contents would vary the degree of alteration of the thermal
state of the reservoir system.

The same would be the case for flowing pipeline or well systems with
hydrate present in them. The heat transfer restriction out of the system will

increase with hydrate content. In the following section we analyze the impact
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of turbulence created by stirring on the heat transfer in hydrate containing

systems [125].

5.2.2. Effect of stirring

Heat transfer tests were run at stirring rates of 500 and 1000 rpm, and compared
with the case without stirring. Stirring the cell content enhanced the heat
transfer in general, but an optimal heat transfer rate was obtained at 500 rpm.

Figure 28 shows that stirring enhanced heat transfer for the THF hydrate system,
but the degree of heat transfer enhancement with stirring decreased with an
increase in hydrate content, for up to 40% hydrate content or less. Above this

concentration, the effect of stirring on the heat transfer was negligible.
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Figure 28. Effect of stirring on the heat transfer through THF hydrate slurry, at
different hydrate concentrations.

The case with EO hydrate showed some unexpected differences in the heat
transfer response with stirring (Figure 29). Heat transfer enhancement was only
observed between 0 - 20% hydrate content. While between 40 — 100% hydrate

content, heat transfer rather decreased with stirring. We know that a solid
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hydrate layer was already deposited on the cell wall from 40% EO hydrate
content. Given that EO hydrate is stable at a much higher temperature (approx.
11°C at 100% and 9°C at 40% solute concentration), it would have a higher
compaction at the heat transfer test conditions, but it is unclear how this may
relate to the drop in heat transfer at these hydrate content levels.

Observations from the cell temperature profile indicated that after a solid
hydrate layer was deposited on the cell wall, stirring the cell content led to heat
production in the cell. Such heat production which may be due to lattice
vibration will have a dulling effect on the effective heat transport through the

hydrate layer, and we see this as a drop in heat transfer coefficient.
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Figure 29. Effect of stirring on the heat transfer through Ethylene oxide hydrate slurry,
at different hydrate concentrations.

We can directly relate the heat transfer response with stirring to the form of
hydrate in the cell. When the hydrate was in slurry form, stirring enhanced the

heat transfer, while there was no enhancement in heat transfer when a solid
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hydrate mass was formed. The response with stirring also indicates that hydrate
formed in the cell did not dissociate much with stirring even at solute

concentrations below 40%.

5.3. Heat transfer in gas hydrate growth kinetics

In the previous sections we observed that the heat transfer through hydrate
slurry decreases as the amount of hydrate content increases. We also noted that
stirring the cell content immensely improves the heat transfer out of the cell
[160, 161], even with hydrate present (Paper IV) [162]. However, these
observations were made under static conditions, with strict control on the
amount of hydrate in the cell. Conversely, real time hydrate formation is a
dynamic process that involves online hydrate formation with turbulence or
agitation. During hydrate growth the hydrate content steadily increases, while
flowing conditions ensure mixing of the stream phases and possible turbulence.
Consider a time clip of a flowing stream with formed hydrate particles as
illustrated in Figure 30. Then, assuming the hydrate particles flow along with
the fluid at the same speed (constant speed / velocity), the development of the
flow and the hydrate concentration changes with time. The hydrate
concentration continues to increase, as more hydrate is formed, while the
turbulence in the system gradually damps with time. Next we consider the effect
of heat transfer on hydrate growth kinetics in a dynamic system, as a time

dependent process.

64



Results and Discussion

Figure 30. A time frame of hydrate formation in a flowing stream (Picture taken from
[20], courtesy of [7]).

Some key factors when modeling hydrate growth based on heat transfer are
amongst others identified to be the hydrate content, and the heat transfer
coefficient. The different growth stages as hydrate growth progresses
characterize different regions of approximately constant heat transfer
coefficients within each region. Figure 31 shows that the system temperature
can be predicted by the model if the input heat transfer coefficient is optimized
to a new value with each characteristic growth stage. The estimated values of
the heat transfer coefficient h;, shows a similar trend to those observed from
previous works under static conditions. The heat transfer starts out quite high
during stage | of hydrate growth with less than 10% hydrate content, but

progressively decreases as hydrate growth continues.
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Figure 31. Temperature fit - with different values of h, over 4 distinct growth regions
spread across growth stages (I, 11, and II).

The decrease in h; with time is directly related to the increase in hydrate
content in the cell, as well as changes in flow behavior in the cell induced by
changes in rheology of the cell content with time due to hydrate accumulation
[163]. It is noteworthy that the heat transfer coefficient during hydrate growth
is transient, and dependent on the amount of hydrate formed; though rough
averages have been taken over time periods corresponding to each growth stage.
Thus, in modeling hydrate growth based on heat transfer, the transient nature

of the heat transfer coefficient should be considered.

5.3.1. Estimating hydrate growth based on heat transfer

Estimated values of h, from the temperature fit were used as an input to the heat
transfer model to estimate the heat production rate during hydrate growth. Gas

consumption was estimated from the heat produced as
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, dr " Vo " At
Gas consumption = ——
AHgen
(30)

where qg is the heat production rate from hydrate formation, Vn is the molar
volume of gas at normal conditions (24024 NmL/mole), AH is the enthalpy of
hydrate formation (54 [KJ/mole methane consumed] for methane hydrate), and
At is the time step. Figure 32 and Figure 33 show plots of the simulated gas
consumption compared with the measured gas consumption during growth

stage Il. This stage is representative of the normal growth kinetics in our

reactor.
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Figure 32. Comparing simulated and measured gas consumption during hydrate
growth stage-11,1 (first segment).
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Figure 33. Comparing simulated and measured gas consumption during hydrate
growth stage-11,2 (second segment).

By determining the average values of the heat transfer coefficients for each
growth segment we could get (obtain) a good match of simulated gas
consumption data, compared with the experimental data. Noteworthy, it was
impossible to get a good fit for all stages of hydrate growth with a single heat
transfer coefficient value (Paper I11) [71], further stressing the need for taking
into account the transient nature of the heat transfer coefficient when modelling
gas hydrate growth based on heat transfer. A number of studies have suggested
that at high enough stirring rates, the heat and mass transfer resistance can be
rendered negligible [52, 58]. But this is clearly system dependent [65, 66]. The
results presented in the present work are for a stirring rate of 700 rpm. We
consider the effect of heat and mass transfer to be negligible from 500 rpm and
above. Other results from our laboratory indicated that increasing the stirring
rate from 500 to 1000 rpm did not increase the heat transfer through hydrate
slurry, but rather dulled the heat transfer rate (see Figure 28 and Figure 29).
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6. Conclusions and future works

In this section, the overall conclusions from this study are addressed.
Recommendations for the future work are also suggested. During this PhD work
we have performed several experiments using distilled water with methane gas,
Tetrahydrofuran (THF), and ethylene oxide (EO) as hydrate formers; in

autoclave stirred tank reactors.

6.1. Conclusions

The results from the work on hydrate growth kinetics lead to the following

conclusions:

e Increasing subcooling / decreasing system temperature strongly increased
the gas hydrate growth rate. This was mainly due to the increase in the

temperature driving force.

o Increase of water content by an approx. factor of 2 gave almost a reduction
of growth rate by a factor of 2. This is clearly due to hydrodynamic effects
such as higher gas dispersed into the bulk, smaller average bubble diameter,

and better gas recirculation at a lower water content.

e The effect of stirring rate depends on the controlling mechanism of hydrate
growth. During growth stage-1, when growth was primarily controlled by
intrinsic kinetics, the growth rate progressively increased with increasing
stirring rate. During growth stage-ll, when the growth was primarily
controlled by mass and heat transfer, the growth rate plateaued when the

stirring rate ensured negligible mass and heat transfer restriction, and the
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heat transfer rate out of the cell reaches equilibrium with the rate of heat

production from hydrate formation.

Scaling up reactor size with geometric similarity lead to an increase in the
absolute volumes of hydrate formed, but almost a halving of the hydrate
formation capacity per unit volume. The drop in hydrate formation capacity
seems to be primarily due to a decrease in the specific thermal conductance
of the reactor and heat and mass transfer limitations created by the limit to
the degree of the liquid phase dispersion in batched and semi-batched
stirred tank reactors as we scale-up. Thus, for hydrate production purposes,
it is suggested to take measures to maintain the driving force of heat transfer

while maintaining geometric similarity (if possible) with scale-up.

The results from the work on heat transfer in connection with hydrate growth

lead to the following conclusions:

The global hydrate growth rate can be described by heat transfer model

provided the effect of hydrate concentration on heat transfer is considered.

The heat transfer through hydrate slurry decreases with an increase in the

hydrate content.

Gas hydrate forms a solid deposit on the reactor wall at concentrations
high enough for coagulation into a solid mass. This occurred between 40

— 60% hydrate content.

The heat transfer through hydrate mass remained constant once a solid

wall deposit was formed.
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e The heat transfer through the hydrate slurry was significantly higher with

stirring when the slurry could still flow.

o Heat transfer through the hydrate slurry also plateaued at a given stirring
rate, since there was no additional increase in the heat transfer coefficient

when the stirring rate was increased from 500 rpm to 1000 rpm.

e The transient nature of the heat transfer coefficient must be considered

when modeling gas hydrate growth based on heat transfer.

6.2. Future works

Hydrate growth estimation based on heat transfer

The current heat transfer model assumes heat transfer in the radial
direction only. This simplification does not take into consideration
possible heat transfer in the axial direction through the top and bottom
lids of the reactor. Thus it would be a good continuation of this work to

extent the model to heat flow in the axial direction as well.

The wall temperatures have been estimated from numerical solutions
interpolating from average outer and inner cell temperatures. We now have
designed a new cell with increased radius and volume (same height), with
modifications that allow for direct measurements of the outer and inner cell wall
temperatures. Temperature sensors at the top and bottom surfaces are also

included. This will enable measurements of the heat flux through the cell in all
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directions and will reduce uncertainties associated with estimating the heat
transfer coefficients to a large extent.

Hydrate growth kinetics

The results analysis shows that the growth rate at the onset of growth,
I.e. growth stage | is largely from dissolved gas that pre-saturates the
system, and is not representative of the dominant growth kinetics of the
system. However, some hydrate is formed during growth stage I, which
further impacts the growth kinetics during stage I1l. An interesting future
work could be to establish an experimental procedure that enables
instantaneous hydrate formation, and cuts out the growth stage-I and the
possible effects that accompany it. We believe this will substantially

increase the average growth rate.
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