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A worldwide problem reported by oil companies is the plugging of flowlines because of gas hydrates, a crystal that forms and agglomerates causing partial or complete obstructions. This incurs in revenue losses because of production stop, and also relates to safety and environmental risks. The main production strategy consists in avoiding gas hydrates by, e.g., injecting a high volume of chemical inhibitors. In order to reduce production costs, a new strategy called hydrate management is at research, where hydrates are let form, but its stable flow needs to be assured. In this sense, a deep knowledge on off-equilibrium processes such as growth kinetics, agglomeration and transportability is required to design and manage pipelines. This thesis quantitatively describes part of these processes. Several multiscale concepts are gathered from multidisciplinary fields (heat and mass transfer, crystallization, porous media, multiphase flow), leading to new interpretations. Hydrates are porous, hydrophilic particles that act as sponges entrapping water, where crystallization occurs mainly in the capillary walls (1 st new assumption). Permeation through the porous particles furnishes water to its outer surface, promoting liquid bridge formation after particles' collision, which leads to agglomeration (2 nd new assumption). Higher subcoolings are shown to promote faster sealing-up of the particles, decreasing permeation rates and causing the particles to be inert in the agglomeration-sense (called dry particles). Furthermore, additives with surfactant properties decrease the permeation rate, which explains their anti-agglomerant effects. Several mechanisms are discussed upon modeling growth kinetics and agglomeration and by further coupling with a steadystate multiphase flow model. The model sensitivity evidences that a general classification of the system can be done in four distinct types of limiting phenomena: active surface-limited, dissolution-limited, heat transfer-limited, and pressure drop-limited. For engineering purposes, the model is simplified into a dimensionless criterion that determines stable production in oil-dominant systems, having the shape of Ba Da Re n  

, which relates the Damköhler and Reynolds dimensionless groups (graphical abstract). This expression still needs future testing in order to retrieve the exact shape of the dimensionless groups. An absolute form that depends on subcooling, water cut, mixture velocity and interfacial properties is nevertheless proposed and preliminary test shows agreement with experimental data. This criterion evidences that, once hydrates form in oil-continuous systems, the faster the particles seal-up, the quicker the particles turn dry, and the smaller the stable agglomerate size, thus requiring smaller mixture velocities in order for particles to remain suspended. Another dimensionless group La (Da, Re) f  is proposed to further explain particle-wall interactions into predicting deposition for future studies. If ever these two new dimensionless groups show consistent in future testing and fitting against larger databases, they will represent an important advance on how engineers design flowlines using the hydrate management strategy.
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RESUMO EM PORTUGUÊS

Carlos Lange Bassani, 2020. Abordagem Multiescala de Hidratos de Gás considerando Estrutura, Cinética de Crescimento, Aglomeração e Transportabilidade em Condições de Escoamento Multifásico (em inglês). Tese de Doutorado em colaboração da Universidade Tecnológica Federal do Paraná, Curitiba, Brasil, com Mines Saint-Etienne, Universidade de Lyon, Saint-Etienne, França.

Um problema reportado mundialmente pelas companhias de petróleo é a obstrução das linhas de produção devido à formação de hidratos de gás, um cristal que se forma e aglomera ocasionando restrições parciais ou totais. Isso leva à perda de ganho de capitais devido à parada de produção, e também pode ocasionar riscos ambientais e de segurança. A principal estratégia de produção consiste em evitar a formação de hidratos pela injeção de um volume consideravelmente grande de inibidores químicos. Visando a redução dos custos de produção, uma nova estratégia está em pesquisa, chamada de gerenciamento de hidratos (hydrate management). Esta consiste em deixar os hidratos se formar, porém em garantir (gerenciar) o seu escoamento estável sem nenhuma obstrução. Esta estratégia necessita de um conhecimento mais aprofundado dos processos fora do equilíbrio, tais como a cinética de crescimento, a aglomeração e a transportabilidade dos cristais. Esta tese descreve de uma maneira quantitativa parte destes processos. Vários conceitos multidisciplinares (transferência de calor e massa, cristalização, meio poroso, escoamento multifásico) e provenientes de diferentes escalas são explorados nesta tese, o que leva a novas interpretações dos fenômenos físicos. Os cristais de hidratos são porosos e hidrofílicos e portanto atuam como esponjas que aprisionam água, sendo que a cristalização ocorre principalmente nas paredes dos seus capilares (1ª nova consideração). A permeabilidade através da partícula porosa fornece água à sua superfície externa, promovendo a formação de pontes de líquido após a colisão entre partículas, o que leva à aglomeração (2ª nova consideração). Subresfriamentos mais altos se mostram capazes de promover um selamento rápido das partículas, diminuindo a taxa de permeabilidade e promovendo partículas inertes à aglomeração, chamadas partículas secas (dry particles). Além disso, aditivos com propriedades surfactantes diminuem a taxa de permeabilidade, o que explica o efeito anti-aglomerante dos mesmos. Diversos mecanismos são discutidos a partir da modelagem da cinética de crescimento e da aglomeração de hidratos a partir de um balanço populacional acoplado a um modelo de escoamento multifásico em regime permanente. Testes de sensibilidade do modelo evidenciam uma classificação geral dos sistemas em função de quatro tipos de processos de limitação da cristalização: pelo decrescimento da superfície ativa de cristalização, pela dissolução de gás, pela transferência de calor ou pela queda de pressão. Para aplicações de engenharia, o modelo é simplificado a um critério adimensional que determina a produção estável em sistema óleodominante, possuindo a forma Ba Da Re n  

, que relaciona os números de Damköhler e Reynolds (resumo gráfico). Esta expressão ainda necessita de mais testes para determinar o formato exato dos grupos adimensionais. Porém, uma forma absoluta (dimensional) para este critério é proposta em função do subresfriamento, da fração de água, da velocidade da mistura e das propriedades interfaciais, e apresenta concordância em comparações preliminares com dados experimentais. Este critério evidencia que, quando os hidratos de gás se formam em sistemas óleo-dominante, quanto mais rápido for o selamento da partícula, mais rápido a mesma se tornará seca, promovendo aglomerados menores e, portanto, requerendo menores velocidades para estabilizar a suspensão. Outro grupo adimensional La (Da, Re) f  é proposto para explicar interações entre partícula e parede e com aplicação para modelagem de deposição de hidratos em trabalhos futuros. Se o uso destes dois novos grupos adimensionais se mostrar consistente quando comparados e regredidos com bases de dados mais extensas, espera-se atingir um novo marco em como as linhas de produção de óleo e gás são projetadas. , vj M j th -order moment of the particle volume distribution [m j-3 ]

, j agg M Variation rate of the j th -order moment of the particle size distribution coming from agglomeration [m j- 

INTRODUCTION

Flow assurance is the ensemble of activities that assures a steady, undisturbed flow of gas and oil in production flowlines. One of the main issues faced when offshore production of cold and deep waters are at play is the formation and agglomeration of gas hydrate crystals, which can lead to flowline plugging and consequent production stop [START_REF] Cardoso | Design options for avoiding hydrates in deep offshore production[END_REF][START_REF] Sloan | Natural gas hydrates in flow assurance[END_REF]. The strategy of oil companies is to completely avoid hydrate formation by the use of large amounts of additives or by heating the flowlines. This equilibrium approach requires the knowledge of the crystalline structures and of the hydrate P&T formation conditions, considerably well described in literature at least for the main natural gas components [3][START_REF] Jager | The next generation of hydrate prediction: II. Dedicated aqueous phase fugacity model for hydrate prediction[END_REF][START_REF] Ballard | The next generation of hydrate prediction: I. Hydrate standard states and incorporation of spectroscopy[END_REF][START_REF] Ballard | The next generation of hydrate prediction IV: A comparison of available hydrate prediction programs[END_REF][START_REF] Ballard | The next generation of hydrate prediction: Part III. Gibbs energy minimization formalism[END_REF][START_REF] Bouillot | Framework for clathrate hydrate flash calculations and implications on the crystal structure and final equilibrium of mixed hydrates[END_REF][START_REF] Ferrari | Experimental measurements and modelling of carbon dioxide hydrate phase equilibrium with and without ethanol[END_REF][START_REF] Haghighi | Phase equilibria for petroleum reservoir fluids containing water and aqueous methanol solutions: Experimental measurements and modelling using the CPA equation of state[END_REF]. The current equilibrium studies focus on how different additives are able to displace the thermodynamic envelope of hydrate formation, as well as the modeling of the associative and/or ionic forces of such additives [3,[START_REF] Ballard | The next generation of hydrate prediction IV: A comparison of available hydrate prediction programs[END_REF][START_REF] Ballard | The next generation of hydrate prediction: Part III. Gibbs energy minimization formalism[END_REF][START_REF] Bouillot | Framework for clathrate hydrate flash calculations and implications on the crystal structure and final equilibrium of mixed hydrates[END_REF][START_REF] Sirino | Development of multiphase flash in presence of hydrates[END_REF][START_REF] Sirino | Multiphase flash calculations for gas hydrates systems[END_REF].

Over the last decade, the potential benefits of migrating to a hydrate management strategy started being discussed.

That is, hydrates can form, but one needs to assure its stable flow. This lowers considerably the production cost, as fewer amounts of additives are necessary. However, further knowledge of off-equilibrium processes such as nucleation [START_REF] Mersmann | Crystallization Technology Handbook -Second Edition Revised and Expanded[END_REF][START_REF] Ribeiro | Modelling of hydrate formation kinetics: State-of-the-art and future directions[END_REF][START_REF] Kashchiev | Induction time in crystallization of gas hydrates[END_REF][START_REF] Kashchiev | Nucleation: Basic theory with applications[END_REF][START_REF] Kashchiev | Nucleation of gas hydrates[END_REF], growth [START_REF] Ribeiro | Modelling of hydrate formation kinetics: State-of-the-art and future directions[END_REF][START_REF] Vysniauskas | A kinetic study of methane hydrate formation[END_REF][START_REF] Englezos | Kinetics of gas hydrate formation from mixtures of methane and ethane[END_REF][START_REF] Turner | Methane hydrate formation and an inward growing shell model in water-in-oil dispersions[END_REF][START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF][START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Yin | A review of gas hydrate growth kinetic models[END_REF][START_REF] Skovborg | A mass transport limited model for the growth of methane and ethane gas hydrates[END_REF] and agglomeration [START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Sampaio | Non-isothermal population balance model of the formation and dissociation of gas hydrates[END_REF][START_REF] Balakin | Population balance model for nucleation, growth, aggregation, and breakage of hydrate particles in turbulent flow[END_REF][START_REF] Espitalier | Les Fondamentaux de la Cristallisation et de la Précipitation[END_REF][START_REF] Camargo | Rheological Properties of Hydrate Suspensions in an Asphaltenic Crude Oil[END_REF][START_REF] Ramkrishna | Population Balances: Theory and Applications to Particulate Systems in Engineering[END_REF][START_REF] Pasqualette | 1D Numerical Simulations of Hydrate Formation and Transport in Oil-Dominated Systems with a Population Balance Framework[END_REF] of crystals is required. The latter are considerably well developed for gas hydrates in gas-water systems [START_REF] Ribeiro | Modelling of hydrate formation kinetics: State-of-the-art and future directions[END_REF][START_REF] Vysniauskas | A kinetic study of methane hydrate formation[END_REF][START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Skovborg | A mass transport limited model for the growth of methane and ethane gas hydrates[END_REF][START_REF] Sampaio | Non-isothermal population balance model of the formation and dissociation of gas hydrates[END_REF][START_REF] Balakin | Population balance model for nucleation, growth, aggregation, and breakage of hydrate particles in turbulent flow[END_REF][START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF][START_REF] Balakin | Modelling agglomeration and deposition of gas hydrates in industrial pipelines with combined CFD-PBM technique[END_REF], but the same cannot be said for gas-oil-water systems [START_REF] Turner | Methane hydrate formation and an inward growing shell model in water-in-oil dispersions[END_REF][START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF][START_REF] Shi | New Simulator for Gas-Hydrate Slurry Stratified Flow Based on the Hydrate Kinetic Growth Model[END_REF][START_REF] Gong | Natural gas hydrate shell model in gas-slurry pipeline flow[END_REF][START_REF] Zerpa | Overview of CSMHyK: A transient hydrate formation model[END_REF], where models still lack on some important fundamentals of physics, as will be discussed throughout this thesis. A general conclusion oftentimes retrieved is that hydrate formation and its plugging trends are stochastic. Hydrate nucleation is indeed a stochastic phenomenon [START_REF] Mali | Investigation into the effect of subcooling on the kinetics of hydrate formation[END_REF], as it depends on intermolecular scales during the initial clustering process [START_REF] Kashchiev | Nucleation of gas hydrates[END_REF][START_REF] Khurana | A Review of Clathrate Hydrate Nucleation[END_REF]. But the larger scales of growth kinetics coming from mass transfer and particle porous structure, and the interactions in the particle-scale that lead to agglomeration and further plugging, have no reason of not being deterministic. This points out that the aforementioned off-equilibrium phenomena still lack in description.

Some further complexities arise from the fact that all the crystallization processes occur while the crystals are flowing along the pipeline. The interfacial surfaces and the velocity field of the multiphase flow affect the mass transfer of the hydrate guest from the gaseous free phase to the growing surface of the crystal [START_REF] Ribeiro | Modelling of hydrate formation kinetics: State-of-the-art and future directions[END_REF][START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Skovborg | A mass transport limited model for the growth of methane and ethane gas hydrates[END_REF][START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF]. Also, different flow patterns incur in different phenomena at play in both growth kinetics and agglomeration processes [START_REF] Sloan | Natural gas hydrates in flow assurance[END_REF][START_REF] Ding | Hydrate Formation and Plugging Mechanisms in Different Gas-Liquid Flow Patterns[END_REF][START_REF] Straume | Perspectives on Gas Hydrates Cold Flow Technology[END_REF][START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF][START_REF] Melchuna | Experimental study and modeling of methane hydrates crystallization under flow from emulsions with variable fraction of water and anti-agglomerant[END_REF][START_REF] Melchuna | Topological modeling of methane hydrate crystallization from low to high water cut emulsion systems[END_REF]. By its turn, gas hydrate formation consumes gas causing a mixture deceleration [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF], generates heat because of the exothermic nature of this phase change [3], and intensifies head losses because of the stresslet around the crystals [START_REF] Guazzelli | A physical introduction to suspension dynamics[END_REF], oftentimes modeled through an apparent viscosity of the slurry [START_REF] Zerpa | Overview of CSMHyK: A transient hydrate formation model[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Zerpa | Multiphase flow modeling of gas hydrates with a simple hydrodynamic slug flow model[END_REF].

Multiphase flow is at a considerable better level of comprehension compared to the off-equilibrium processes of hydrate formation in gas-water-oil systems. The community of gas hydrates is still trying to understand the morphologies of such systems and how they relate to input parameters such as the subcooling and the water cut [START_REF] Ding | Hydrate Formation and Plugging Mechanisms in Different Gas-Liquid Flow Patterns[END_REF][START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF][START_REF] Davies | The role of transport resistances in the formation and remediation of hydrate plugs[END_REF][START_REF] Melchuna | Experimental study and modeling of methane hydrates crystallization under flow from emulsions with variable fraction of water and anti-agglomerant[END_REF][START_REF] Melchuna | Topological modeling of methane hydrate crystallization from low to high water cut emulsion systems[END_REF][START_REF] Pham | Experimental Flowloop Study on Methane Hydrate Formation and Transport from Water-Oil Dispersion in Presence of Anti-Agglomerants[END_REF][START_REF] Joshi | Experimental investigation and modeling of gas hydrate formation in high water cut producing oil pipelines[END_REF][START_REF] Boxall | Hydrate Plug Formation from <50% Water Content Water-in-Oil Emulsions[END_REF][START_REF] Turner | Clathrate hydrate formation in water-in-oil dispersions[END_REF][START_REF] Ding | Investigation of natural gas hydrate slurry flow properties and flow patterns using a high pressure flow loop[END_REF][START_REF] Davies | Predicting hydrate plug formation in oil-dominated flowlines[END_REF]. Dimensionless parameters for the off-equilibrium processes are not yet found in literature, and a general way of modeling the problem is not well-diffused. Multiphase flow, by its turn, present several well-established dimensionless parameters (e.g., Reynolds, Weber and Froude numbers), and the modeling consists of solving the conservation equations (mass, momentum, energy), whereas what is in development are the closure models on how phases interact between themselves and on the best way to numerically solve the conservation equations [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF][START_REF] Nydal | Dynamic slug tracking simulations for gas-liquid flow in pipelines[END_REF][START_REF] Kjeldby | A Lagrangian three-phase slug tracking framework[END_REF][START_REF] Rosa | Analysis of slug tracking model for gas-liquid flows in a pipe[END_REF][START_REF] Medina | Numerical simulation of the heat transfer in fully developed horizontal two-phase slug flows using a slug tracking method[END_REF][START_REF] Simões | Numerical prediction of non-boiling heat transfer in horizontal stratified and slug flow by the two-fluid model[END_REF][START_REF] Pavlidis | Two-and three-phase horizontal slug flow simulations using an interface-capturing compositional approach[END_REF]. The same can be said for experimentation. There is no consensus of the best apparatus for off-equilibrium hydrate formation, the reported results usually do not present repeatability and uncertainty analysis, there is still an important lack on instrumentation capable of tracking all important parameters in the experiments (partially because the community still do not fully understand what are the important parameters to be tracked), and there are only few studies that focus on retrieving closure values for modeling purposes, the latter mostly for pressure cell systems without oil [START_REF] Vysniauskas | A kinetic study of methane hydrate formation[END_REF][START_REF] Englezos | Kinetics of gas hydrate formation from mixtures of methane and ethane[END_REF][START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF][START_REF] Vysniauskas | Kinetics of ethane hydrate formation[END_REF][START_REF] Al-Otaibi | Kinetic studies of gas hydrate formation using in situ particles size analysis and Raman spectroscopy[END_REF][START_REF] Al-Otaibi | Kinetics of structure II gas hydrate formation for propane and ethane using an in-situ particle size analyzer and a Raman spectrometer[END_REF][START_REF] Malegaonkar | Kinetics of carbon dioxide and methane hydrate formation[END_REF][START_REF] Clarke | Determination of the intrinsic kinetics of CO2 gas hydrate formation using in situ particle size analysis[END_REF]. Instrumentation applied to multiphase flow is much more well developed [START_REF] Santos | Sensing Platform for Two-Phase Flow Studies[END_REF][START_REF] Crowe | Multiphase flow handbook[END_REF][START_REF] Falcone | Multiphase Flow Metering: Principles and Applications[END_REF], the experimental procedures follow the standards of good science using statistical analysis, and large databases are reported and used to find simple, engineeringshaped empirical correlations that further serve as closure for multiphase flow models [START_REF] Schulkes | Slug frequencies revisited[END_REF][START_REF] Ghajar | Advances in void fraction, flow pattern maps and non-boiling heat transfer two-phase flow in pipes with various inclinations[END_REF][START_REF] García | Friction factor improved correlations for laminar and turbulent gas-liquid flow in horizontal pipelines[END_REF][START_REF] García | Composite power law holdup correlations in horizontal pipes[END_REF][START_REF] Gomez | Prediction of slug liquid holdup: Horizontal to upward vertical flow[END_REF][START_REF] Brauner | Liquid-liquid two-phase flow[END_REF][START_REF] Barnea | A unified model for predicting flow-pattern transitions for the whole range of pipe inclinations[END_REF].

In the past decade, some studies arose into coupling hydrate formation with multiphase flow [START_REF] Balakin | Modelling agglomeration and deposition of gas hydrates in industrial pipelines with combined CFD-PBM technique[END_REF][START_REF] Shi | New Simulator for Gas-Hydrate Slurry Stratified Flow Based on the Hydrate Kinetic Growth Model[END_REF][START_REF] Gong | Natural gas hydrate shell model in gas-slurry pipeline flow[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Rao | Multiphase Flow Modeling of Gas-Water-Hydrate Systems[END_REF][START_REF] Rao | Multiphase flow modeling and deposition of hydrates in oil and gas pipelines[END_REF][START_REF] Balakin | Experimental study and computational fluid dynamics modeling of deposition of hydrate particles in a pipeline with turbulent water flow[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate formation with heat and mass transfer[END_REF]. In this thesis, a step back is taken in order to better understand the off-equilibrium processes of gas hydrate formation in systems containing oil, and only after it is coupled with multiphase flow.

Objectives and Method

The general scientific objective of this thesis is to enhance comprehension of gas hydrate formation inside multiphase flow, in a quantitative way and considering multiscale, multidisciplinary phenomena overlooked in literature so far. The general objective in an engineering-sense is to understand which conditions assure stable hydrate slurry flow, and to propose a simple criterion that can be used for flowline design and management purposes. To achieve these objectives, the following four-step method is employed:

1. To list the several phenomena that enter at play in gas hydrate formation, agglomeration and transportability in multiphase flow, and to propose enhanced phenomena description coming from the particle-and porous-scales.

2.

To model, at the fullest extent possible, the listed phenomena (called complete model, with scientific purposes).

3. To test sensitivity of the complete model in order to find the prevailing phenomena, that is, the limiting steps of hydrate formation in different scenarios of production.

4. To simplify the model into engineering-oriented expressions that still capture the majority of the problem (application to hydrocarbon gases in oil-continuous systems), and to find potential dimensionless groups that describe the problem.

Thesis Structure

The thesis is divided in three parts, as depicted in Figure I.1. Part I describes the problem of gas hydrate formation inside multiphase flow and is composed of a literature review with the main definitions and open-questions (chapter 1), followed by a description of phenomena considering scales of the porous structure, particles and flow patterns that were overlooked in the past (chapter 2). Part II focus on the quantification of growth kinetics (chapter 3), agglomeration (chapter 4) and multiphase flow (chapter 5) of oil-dominant systems. The phenomena described in chapter 2 are extensively modeled (called complete model), followed by sensitivity simulations to retrieve the prevailing phenomena (limiting steps of hydrate formation), which are used to simplify the model for engineering purposes. Chapter 6 presents results of water conversion, temperature and agglomerate size evolution for hydrate formation inside multiphase flow considering different flowline design parameters, and several coupled mechanisms are discussed. Finally, part III generalizes the concepts modeled in part II to other scenarios. Chapter 7 presents a general classification of the behavior of water conversion and temperature trends into four types of limitations, and further introduces a dimensionless parameter that explains agglomeration and deposition efficiencies. Chapter 8 introduces a criterion for safe hydrate management for oil-dominant systems. Directives for future modeling and experimentation studies are also given in part III. 

Suggestion of Simplified Reading (for Engineers)

This thesis is considerably long because of mathematic demonstrations and extensive sensitivity analysis of the complete model presented in part II. They are necessary to prove which simplifying hypotheses can be adopted for engineering purposes. For a first reading, or for a reader who seeks engineering application only, it is recommended to skip part II, but sections 3.4 and 4.4 for the simplified models of gas consumption and agglomerate size.

Furthermore, the thesis is modular, that is, each section is 2 to 3 pages long, present a self-explaining tittle, and can be read apart from the others by consulting the nomenclature section. Depictions of the modeled phenomena are extensively presented throughout the manuscript, and the main discussions and conclusions are always summarized in their captions. That might as well help directing the reader.

Suggested Background (for Scientists)

This thesis involves multidisciplinary concepts. Some specific definitions and important mathematical developments from literature will be shown along the thesis, but for a complete comprehension the reader should be familiar with balance equations (mass, momentum and energy [START_REF] Fox | Fox and McDonald's Introduction to Fluid Mechanics[END_REF][80][START_REF] Bergman | Fundamentals of Heat and Mass Transfer[END_REF][START_REF] Bird | Transport Phenomena[END_REF]) and the common closure correlations and dimensionless groups (friction factors and heat and mass transfer coefficients based on Reynolds, Nusselt and Sherwood numbers).

The basic definitions of the gas hydrates field (hydration number, equilibrium envelopes, and crystal cages and struc- 

INTRODUCTION EN FRANÇAIS

Le maintiens de l'écoulement pétrolier (en anglais, flow assurance) est l'ensemble des activités qui assure un flux constant et non perturbé de pétrole et gaz dans les conduites de production. La formation et l'agglomération de cristaux d'hydrate de gaz, qui peuvent conduire au colmatage de la canalisation et à l'arrêt de la production, constituent l'un des principaux problèmes rencontrés de nos jours dans le domaine du maintiens de l'écoulement pétrolier [START_REF] Cardoso | Design options for avoiding hydrates in deep offshore production[END_REF][START_REF] Sloan | Natural gas hydrates in flow assurance[END_REF]. La stratégie plus largement utilisé par les compagnies pétrolières est d'éviter complètement la formation des hydrates par l'utilisation de grandes quantités d'additifs ou en chauffant les conduites d'écoulement. Cette « approche d'équilibre » nécessite la connaissance des structures cristallines et des conditions P&T de formation des hydrates, considérablement bien décrites dans la littérature au moins pour les principaux composants du gaz naturel [3][START_REF] Jager | The next generation of hydrate prediction: II. Dedicated aqueous phase fugacity model for hydrate prediction[END_REF][START_REF] Ballard | The next generation of hydrate prediction: I. Hydrate standard states and incorporation of spectroscopy[END_REF][START_REF] Ballard | The next generation of hydrate prediction IV: A comparison of available hydrate prediction programs[END_REF][START_REF] Ballard | The next generation of hydrate prediction: Part III. Gibbs energy minimization formalism[END_REF][START_REF] Bouillot | Framework for clathrate hydrate flash calculations and implications on the crystal structure and final equilibrium of mixed hydrates[END_REF][START_REF] Ferrari | Experimental measurements and modelling of carbon dioxide hydrate phase equilibrium with and without ethanol[END_REF][START_REF] Haghighi | Phase equilibria for petroleum reservoir fluids containing water and aqueous methanol solutions: Experimental measurements and modelling using the CPA equation of state[END_REF]. Les études d'équilibre actuelles se concentrent sur la façon dont différents additifs sont capables de déplacer l'enveloppe thermodynamique de la formation d'hydrates, ainsi que sur la modélisation des termes associatifs et/ou de forces ioniques de ces additifs [3,[START_REF] Ballard | The next generation of hydrate prediction IV: A comparison of available hydrate prediction programs[END_REF][START_REF] Ballard | The next generation of hydrate prediction: Part III. Gibbs energy minimization formalism[END_REF][START_REF] Bouillot | Framework for clathrate hydrate flash calculations and implications on the crystal structure and final equilibrium of mixed hydrates[END_REF][START_REF] Sirino | Development of multiphase flash in presence of hydrates[END_REF][START_REF] Sirino | Multiphase flash calculations for gas hydrates systems[END_REF].

Au cours de la dernière décennie, les avantages potentiels de la migration vers une stratégie de gestion des hydrates (en anglais, hydrate management) ont commencé à faire l'objet de discussions. Autrement dit, des hydrates peuvent se former, mais il faut assurer son écoulement stable. Cela réduit considérablement le coût de production, car les quantités d'additifs utilisés sont beaucoup plus faibles. Cependant, une connaissance plus approfondie des processus hors équilibre tels que la nucléation [START_REF] Mersmann | Crystallization Technology Handbook -Second Edition Revised and Expanded[END_REF][START_REF] Ribeiro | Modelling of hydrate formation kinetics: State-of-the-art and future directions[END_REF][START_REF] Kashchiev | Induction time in crystallization of gas hydrates[END_REF][START_REF] Kashchiev | Nucleation: Basic theory with applications[END_REF][START_REF] Kashchiev | Nucleation of gas hydrates[END_REF], la croissance [START_REF] Ribeiro | Modelling of hydrate formation kinetics: State-of-the-art and future directions[END_REF][START_REF] Vysniauskas | A kinetic study of methane hydrate formation[END_REF][START_REF] Englezos | Kinetics of gas hydrate formation from mixtures of methane and ethane[END_REF][START_REF] Turner | Methane hydrate formation and an inward growing shell model in water-in-oil dispersions[END_REF][START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF][START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Yin | A review of gas hydrate growth kinetic models[END_REF][START_REF] Skovborg | A mass transport limited model for the growth of methane and ethane gas hydrates[END_REF] et l'agglomération [START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Sampaio | Non-isothermal population balance model of the formation and dissociation of gas hydrates[END_REF][START_REF] Balakin | Population balance model for nucleation, growth, aggregation, and breakage of hydrate particles in turbulent flow[END_REF][START_REF] Espitalier | Les Fondamentaux de la Cristallisation et de la Précipitation[END_REF][START_REF] Camargo | Rheological Properties of Hydrate Suspensions in an Asphaltenic Crude Oil[END_REF][START_REF] Ramkrishna | Population Balances: Theory and Applications to Particulate Systems in Engineering[END_REF][START_REF] Pasqualette | 1D Numerical Simulations of Hydrate Formation and Transport in Oil-Dominated Systems with a Population Balance Framework[END_REF] des cristaux est nécessaire.

Ces derniers sont considérablement développés pour les hydrates de gaz dans les systèmes gaz-eau [START_REF] Ribeiro | Modelling of hydrate formation kinetics: State-of-the-art and future directions[END_REF][START_REF] Vysniauskas | A kinetic study of methane hydrate formation[END_REF][START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Skovborg | A mass transport limited model for the growth of methane and ethane gas hydrates[END_REF][START_REF] Sampaio | Non-isothermal population balance model of the formation and dissociation of gas hydrates[END_REF][START_REF] Balakin | Population balance model for nucleation, growth, aggregation, and breakage of hydrate particles in turbulent flow[END_REF][START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF][START_REF] Balakin | Modelling agglomeration and deposition of gas hydrates in industrial pipelines with combined CFD-PBM technique[END_REF], mais on ne peut pas en dire autant des systèmes gaz-eau-huile [START_REF] Turner | Methane hydrate formation and an inward growing shell model in water-in-oil dispersions[END_REF][START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF][START_REF] Shi | New Simulator for Gas-Hydrate Slurry Stratified Flow Based on the Hydrate Kinetic Growth Model[END_REF][START_REF] Gong | Natural gas hydrate shell model in gas-slurry pipeline flow[END_REF][START_REF] Zerpa | Overview of CSMHyK: A transient hydrate formation model[END_REF], où les modèles manquent encore sur certains fondamentaux importants de la physique, comme sera discuté tout au long de cette thèse. Une conclusion générale souvent rencontré est que la formation des hydrates et ses tendances de colmatage sont stochastiques. La nucléation des hydrates est véritablement un phénomène stochastique [START_REF] Mali | Investigation into the effect of subcooling on the kinetics of hydrate formation[END_REF], car dépend des échelles intermoléculaires lors du processus de regroupement initial (en anglais, clustering) [START_REF] Kashchiev | Nucleation of gas hydrates[END_REF][START_REF] Khurana | A Review of Clathrate Hydrate Nucleation[END_REF]. Mais les échelles macros de la cinétique de croissance provenant du transfert de masse et de la structure poreuse des particules, et des interactions à l'échelle des particules qui conduisent à l'agglomération et au colmatage des conduites, n'ont aucune raison d'être stochastiques. Ceci souligne le fait que les phénomènes hors équilibre sont encore mal connus.

Certaines complexités supplémentaires proviennent du fait que tous les processus de cristallisation se produisent pendant que les cristaux s'écoulent le long du pipeline. Les surfaces interfaciales et le champ de vitesse de l'écoulement polyphasique affectent le transfert de masse du composant (par exemple, le méthane) de la phase gazeuse à la surface active de cristallisation [START_REF] Ribeiro | Modelling of hydrate formation kinetics: State-of-the-art and future directions[END_REF][START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Skovborg | A mass transport limited model for the growth of methane and ethane gas hydrates[END_REF][START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF]. En plus, différents configurations d'écoulement polyphasique induisent différentes cinétique de croissance et de processus d'agglomération [START_REF] Sloan | Natural gas hydrates in flow assurance[END_REF][START_REF] Ding | Hydrate Formation and Plugging Mechanisms in Different Gas-Liquid Flow Patterns[END_REF][START_REF] Straume | Perspectives on Gas Hydrates Cold Flow Technology[END_REF][START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF][START_REF] Melchuna | Experimental study and modeling of methane hydrates crystallization under flow from emulsions with variable fraction of water and anti-agglomerant[END_REF][START_REF] Melchuna | Topological modeling of methane hydrate crystallization from low to high water cut emulsion systems[END_REF]. A son tour, la formation des hydrates consomme du gaz provoquant une décélération de l'écoulement [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF], une génération de chaleur en raison de la nature exothermique de ce changement de phase [3], et ainsi une intensifications des pertes de charge en raison des contraintes des cisaillement autour des cristaux [START_REF] Guazzelli | A physical introduction to suspension dynamics[END_REF], souvent modélisée par un modèle de viscosité apparente de la suspension [START_REF] Zerpa | Overview of CSMHyK: A transient hydrate formation model[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Zerpa | Multiphase flow modeling of gas hydrates with a simple hydrodynamic slug flow model[END_REF]. L'écoulement polyphasique est à un niveau de compréhension considérablement plus avancée par rapport aux processus de formation d'hydrates hors équilibre dans les systèmes gaz-eau-huile. La communauté des hydrates de gaz est encore en train de comprendre les morphologies de tels systèmes et leur relation avec des paramètres d'entrée tels que le sous-refroidissement et la fraction d'eau [START_REF] Ding | Hydrate Formation and Plugging Mechanisms in Different Gas-Liquid Flow Patterns[END_REF][START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF][START_REF] Davies | The role of transport resistances in the formation and remediation of hydrate plugs[END_REF][START_REF] Melchuna | Experimental study and modeling of methane hydrates crystallization under flow from emulsions with variable fraction of water and anti-agglomerant[END_REF][START_REF] Melchuna | Topological modeling of methane hydrate crystallization from low to high water cut emulsion systems[END_REF][START_REF] Pham | Experimental Flowloop Study on Methane Hydrate Formation and Transport from Water-Oil Dispersion in Presence of Anti-Agglomerants[END_REF][START_REF] Joshi | Experimental investigation and modeling of gas hydrate formation in high water cut producing oil pipelines[END_REF][START_REF] Boxall | Hydrate Plug Formation from <50% Water Content Water-in-Oil Emulsions[END_REF][START_REF] Turner | Clathrate hydrate formation in water-in-oil dispersions[END_REF][START_REF] Ding | Investigation of natural gas hydrate slurry flow properties and flow patterns using a high pressure flow loop[END_REF][START_REF] Davies | Predicting hydrate plug formation in oil-dominated flowlines[END_REF]. Des paramètres adimensionnels pour les processus hors équilibre n'existent pas encore, et une approche générale de modéliser le problème n'est pas bien établi. L'écoulement polyphasique, à son tour, présente plusieurs paramètres sans dimension bien établis (par exemple, les nombres de Reynolds, Weber et Froude), et la modélisation consiste à résoudre les équations de conservation (masse, quantité de mouvement et énergie), par contre il est toujours en développement les modèles de fermeture sur la manière dont les phases interagissent entre elles et sur les meilleurs moyens de résoudre numériquement les équations de conservation [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF][START_REF] Nydal | Dynamic slug tracking simulations for gas-liquid flow in pipelines[END_REF][START_REF] Kjeldby | A Lagrangian three-phase slug tracking framework[END_REF][START_REF] Rosa | Analysis of slug tracking model for gas-liquid flows in a pipe[END_REF][START_REF] Medina | Numerical simulation of the heat transfer in fully developed horizontal two-phase slug flows using a slug tracking method[END_REF][START_REF] Simões | Numerical prediction of non-boiling heat transfer in horizontal stratified and slug flow by the two-fluid model[END_REF][START_REF] Pavlidis | Two-and three-phase horizontal slug flow simulations using an interface-capturing compositional approach[END_REF]. La même chose peut être dite pour l'expérimentation. Il n'y a pas de consensus sur le meilleur appareil pour l'étude de la formation d'hydrates hors équilibre, les résultats rapportés ne présentent généralement pas de tests de répétabilité ni d'analyse des incertitudes, il y a toujours un manque important d'instrumentation capable de suivre tous les paramètres importants pour la modélisation (en partie parce que la communauté ne comprends pas complètement quels sont les paramètres les plus importants à suivre). Il existent peu d'études qui se concentrent sur la récupération des valeurs de fermeture à des fins de modélisation, et ces dernières ont été principalement faites pour les systèmes gaz-eau [START_REF] Vysniauskas | A kinetic study of methane hydrate formation[END_REF][START_REF] Englezos | Kinetics of gas hydrate formation from mixtures of methane and ethane[END_REF][START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF][START_REF] Vysniauskas | Kinetics of ethane hydrate formation[END_REF][START_REF] Al-Otaibi | Kinetic studies of gas hydrate formation using in situ particles size analysis and Raman spectroscopy[END_REF][START_REF] Al-Otaibi | Kinetics of structure II gas hydrate formation for propane and ethane using an in-situ particle size analyzer and a Raman spectrometer[END_REF][START_REF] Malegaonkar | Kinetics of carbon dioxide and methane hydrate formation[END_REF][START_REF] Clarke | Determination of the intrinsic kinetics of CO2 gas hydrate formation using in situ particle size analysis[END_REF]. L'instrumentation appliquée à l'écoulement polyphasique, par contre, est beaucoup plus développée [START_REF] Santos | Sensing Platform for Two-Phase Flow Studies[END_REF][START_REF] Crowe | Multiphase flow handbook[END_REF][START_REF] Falcone | Multiphase Flow Metering: Principles and Applications[END_REF], les procédures expérimentales suivent les normes scientifiques en utilisant des analyses statistiques, et des grandes bases de données sont rapportées et utilisées pour trouver des corrélations empiriques simples qui servent de clôture pour les modèles d'écoulement polyphasique [START_REF] Schulkes | Slug frequencies revisited[END_REF][START_REF] Ghajar | Advances in void fraction, flow pattern maps and non-boiling heat transfer two-phase flow in pipes with various inclinations[END_REF][START_REF] García | Friction factor improved correlations for laminar and turbulent gas-liquid flow in horizontal pipelines[END_REF][START_REF] García | Composite power law holdup correlations in horizontal pipes[END_REF][START_REF] Gomez | Prediction of slug liquid holdup: Horizontal to upward vertical flow[END_REF][START_REF] Brauner | Liquid-liquid two-phase flow[END_REF][START_REF] Barnea | A unified model for predicting flow-pattern transitions for the whole range of pipe inclinations[END_REF].

Certaines études ont porté sur le couplage de la formation des hydrates de gaz avec l'écoulement polyphasique [START_REF] Balakin | Modelling agglomeration and deposition of gas hydrates in industrial pipelines with combined CFD-PBM technique[END_REF][START_REF] Shi | New Simulator for Gas-Hydrate Slurry Stratified Flow Based on the Hydrate Kinetic Growth Model[END_REF][START_REF] Gong | Natural gas hydrate shell model in gas-slurry pipeline flow[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Rao | Multiphase Flow Modeling of Gas-Water-Hydrate Systems[END_REF][START_REF] Rao | Multiphase flow modeling and deposition of hydrates in oil and gas pipelines[END_REF][START_REF] Balakin | Experimental study and computational fluid dynamics modeling of deposition of hydrate particles in a pipeline with turbulent water flow[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate formation with heat and mass transfer[END_REF]. Dans cette thèse, un pas en arrière est fait afin de mieux comprendre d'abord les processus hors équilibre de la formation des hydrates de gaz dans les systèmes contenant de l'huile, puis son couplage avec l'écoulement polyphasique.

Objectifs et Méthode

L'objectif scientifique général de cette thèse est d'améliorer la compréhension de la formation d'hydrates de gaz à l'intérieur d'un écoulement polyphasique, de manière quantitative et en tenant compte des phénomènes multi-échelles et multidisciplinaires négligés jusqu'à présent dans la littérature. L'objectif général au sens de l'ingénierie est de comprendre quelles conditions assurent la stabilité des suspensions d'hydrates et de proposer un critère simple qui peut être utilisé, à l'avenir, pour la conception et la gestion des conduites de production. Afin d'atteindre ces objectifs, la méthode suivante en quatre étapes est employée :

1. Lister les différents phénomènes qui entrent en jeu dans la cristallisation, l'agglomération et la transportabilité des hydrates de gaz en écoulement polyphasique, et proposer une description améliorée des phénomènes provenant des micro-échelles des milieux poreux et des particules et agglomérats.

2. Modéliser, dans la mesure du possible, tous ces phénomènes (appelé modèle complet, à visée scientifique).

3. Tester la sensibilité du modèle complet afin de trouver les phénomènes dominants, c'est-à-dire les étapes limitantes de la formation des hydrates.

PART I: DESCRIPTION OF THE PROBLEM 1 LITERATURE REVIEW

A new strategy for oil and gas offshore production currently at research is called hydrate management and consists of letting hydrate crystals to form, but controlling their agglomeration in order to assure a stable flow. Figure 1.1 depicts the problem this thesis deals with. Part of the hydrocarbon mixture produced is in the liquid phase, known as oil, and the other part is in the gaseous phase, called natural gas. They are constantly exchanging mass, as part of the hydrocarbon mixture evaporates or condensates, or undergo solubilization or release processes. Furthermore, residual water (brine) is always presents. The light hydrocarbons (methane, ethane, propane, etc) and some other small gas molecules (e.g., CO2), at the presence of this residual water and associated to the low-temperature and high-pressure conditions of the production flowlines, cause gas hydrate crystals to form. The mixture temperature at the well head (~ 80 o C) is generally higher than the equilibrium temperature for hydrate formation, but if the system is not-insulated, or if the flowline is long (~ 10-80 km), and thermodynamic inhibitors that displace the equilibrium envelope of hydrate formation are not used, then the onset of formation of gas hydrates can be achieved because of heat exchange with the external medium (the ocean, at ~ 4 o C for cold waters). Equation Chapter (Next) Section 1

The pressure and temperature distributions along the flowline are determined by the multiphase flow of gas, water and oil, and depends on the geometrical arrangement of those phases, called flow pattern [START_REF] Shoham | Mechanistic modeling of gas-liquid two-phase flow in pipes[END_REF]. Other phases may coexist as well, such as sand or waxes, but those are out of scope in this thesis. Once the onset of hydrate formation is achieved, a new solid phase forms in the system, consuming gas and water. Deceleration occurs because of gas consumption (a phase with high specific volume) into a solid crystal (a phase with low specific volume) [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Zerpa | Multiphase flow modeling of gas hydrates with a simple hydrodynamic slug flow model[END_REF][START_REF] Rao | Multiphase flow modeling and deposition of hydrates in oil and gas pipelines[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate formation with heat and mass transfer[END_REF].

Hydrate formation also releases heat because of the exothermic nature of this phase change [3], and depending on the insulation of the pipeline, the mixture may reheat toward the equilibrium temperature, forming a temperature plateau [START_REF] Boxall | Hydrate Plug Formation from <50% Water Content Water-in-Oil Emulsions[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate formation with heat and mass transfer[END_REF]. Finally, the existence of the stresslet around the spheres cause the apparent viscosity of the slurry to increase [START_REF] Guazzelli | A physical introduction to suspension dynamics[END_REF][START_REF] Einstein | Eine neue Bestimmung der Moleküldimensionen[END_REF][START_REF] Einstein | Berichtigung zu meiner Arbeit: "Eine neue Bestimmung der Moleküldimensionen[END_REF][START_REF] Batchelor | The determination of the bulk stress in a suspension of spherical particles to order c2[END_REF][START_REF] Macosko | Rheology: principles, measurements, and applications[END_REF], increasing head losses. With time, some intermittent peaks on the pressure drop are commonly observed, most likely coming from partial restrictions and detachments of hydrate masses from the wall [START_REF] Pham | Experimental Flowloop Study on Methane Hydrate Formation and Transport from Water-Oil Dispersion in Presence of Anti-Agglomerants[END_REF][START_REF] Lorenzo | Hydrate Formation in Gas-Dominant Systems Using a Single-Pass Flowloop[END_REF].

As the mixture flows along the pipeline, the hydrate particles undergo the basic processes of crystallization of growth, agglomeration and breakage [START_REF] Mersmann | Crystallization Technology Handbook -Second Edition Revised and Expanded[END_REF][START_REF] Myerson | Handbook of Industrial Crystallization[END_REF]. The question to be answered is will the slurry be stable, or will the particles present an important agglomeration, settling down and causing partial or complete obstructions that lead to flowline plugging? Figure 1.1 depicts the case of gas-liquid slug flow, where water is dispersed in the oil phase (shearstabilized emulsion). This will be the scenario modeled in part II of this thesis, but the micro-scale quantifications are extensible to other flow patterns. The applicability will be let clear as the developments are done.

Next, the fundamentals, definitions, basic laws and open questions in each of the two main fields of this thesis (gas hydrates and multiphase flow) are discussed in separate sections. Since this is a modeling study, one key point is the availability of simple, engineering-oriented closure correlations. The multidisciplinary nature of this study implies into a massive number of tables, which were chosen to be presented separately in appendix A. 

Gas Hydrates

A crystal is a solid whose atoms (or molecules) are arranged in a periodically repeating pattern (lattice) that extends in three dimensions [START_REF] Mersmann | Crystallization Technology Handbook -Second Edition Revised and Expanded[END_REF]. Some substances crystallize in a structure where the solvent is present as part of the crystal lattice. Those crystals are known as solvates and, whenever the solvent is water, they are called hydrates [START_REF] Myerson | Handbook of Industrial Crystallization[END_REF]. Gas hydrates are hydrates where the solute is a gas. The crystalline structure of gas hydrates is formed by gas molecules (guest molecules) entrapped inside cages (cavities) of hydrogen-bonded water molecules [3], and therefore gas hydrates are also known as clathrate hydrates. Depending on the ratio of the gas-to-cage mean radii, different stable types of cages form [START_REF] Sloan | Natural gas hydrates in flow assurance[END_REF]3], as presented in Figure 1.2. The nomenclature for the cages follows Jeffrey apud [3] and is denoted as i m i n , being i n the number of edges in a face type i , and i m the number of faces of this kind. The properties associated to the cages are found in Table 2.1 of Sloan and Koh [3].

One cage alone cannot be repeated in the three spatial coordinates so as to form a crystalline structure, since those cages do not fit in any of the 14 Bravais lattices [START_REF] Myerson | Handbook of Industrial Crystallization[END_REF]. Therefore, the crystalline structure is formed by different combinations of the hydrate cages. Seven crystalline structures are possible with the combination of two cages of Figure 1.2, named sI to sVII. However, only the structures sI and sII have been experimentally identified so far. Yet, a different structure was identified by Ripmeester et al [START_REF] Ripmeester | A new clathrate hydrate structure[END_REF], called sH, which combines three different cages. The properties associated to the crystalline structures are found in Table 2.2(a) of Sloan and Koh [3].

The formed crystalline structure depends mainly on the ratio of the gas molecule to the mean cage size. If the molecule is too voluminous, it does not fit into a certain cage; whereas if it is too small, the interactions between guest and cage are not sufficiently strong to stabilize the cage structure, causing it to collapse. An optimal size for the guest molecule is in between 0.86 and 0.98 of the cage mean radius [START_REF] Sloan | Natural gas hydrates in flow assurance[END_REF]. However, the crystalline structure is composed of cages with quite different mean radii, and therefore a single gas species usually does not stabilize all the existing cages. In those cases, either: (i) some cages will remain empty, leading to the definition of occupancy (% amount of occupied cages); or (ii) a mixture of gases is necessary to stabilize the crystalline structure. Notwithstanding the fact that gas hydrate formation is a mass change process, literature has extensively treated it analogously to a chemical reaction [START_REF] Vysniauskas | A kinetic study of methane hydrate formation[END_REF][START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF][START_REF] Bergeron | Reaction rate constant of methane clathrate formation[END_REF][START_REF] Bergeron | Reaction rate constant of propane hydrate formation[END_REF], although it was always clear that no molecular rearrangement exists. A 'stoichiometric reaction law' for gas hydrate formation is stated as [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Zerpa | Multiphase flow modeling of gas hydrates with a simple hydrodynamic slug flow model[END_REF]  

Onset of hydrate formation
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where  is called hydration number and represents the ratio between the number of water and gas molecules consumed to form hydrates. Eq (1.1) is sometimes stated with coefficient one in its right hand side, but the results are the same as long as all other equations are consistent with the stoichiometric law adopted.

There is a range of hydration numbers related to each crystalline structure and to their occupancy. E.g., for sI crystalline structures, the minimum theoretical value 5.75   relates to a 100% cage occupancy, which is reached only for very slow crystallization rates (low driving forces). For larger driving forces, the hydration number is higher, and the value of 6   is commonly adopted for both sI and sII hydrates [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Zerpa | Multiphase flow modeling of gas hydrates with a simple hydrodynamic slug flow model[END_REF]. The hydration number can be calculated di- rectly through thermodynamics by using a cage occupancy criterion for the structure stability, and gas adsorption over time will cause the average hydration number to decrease, but this will not be considered in this thesis.

The definition of the reaction law of eq (1.1) also implies in the definition of 'one mol of gas hydrates'. Since gas hydrates are not molecules, but a crystalline structure whose occupancy varies, the concept of 'mol of hydrates' is fictitious. It is however useful to understand the relation between the mass and 'molar quantity' of hydrates, that is, the 'molar mass of hydrates'. Its definition depends on the 'reaction law' adopted, and for eq (1.1) it comes Therefore, for a constant hydration number, the gas consumption rate () g hyd dn dt  is directly related to the volume of hydrates ()
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where  is the hydrate porosity. One should notice that the porous crystal density, without considering the mass of any fluid entrapped inside its capillaries, relates to the density of the hydrate solid matrix h  (perfect crystal) by  

1 cryst h   



. The matrix density h  varies with the cage occupancy and its estimation comes from the total mass per crystal unit cell divided by the unit cell volume, see pages 268-270 of [3]. Eq (1.

3) can therefore be used to estimate the linear growth rate of a surface in direction L in terms of the molar gas consumption as

    2 2 2 1 11 1 cryst g h h hyd d dn M dL dL dt dt dt dt L                 (1.4) where 2 2 1 d dL L   
is the shape factor of the growing surface with characteristic length L , where Hydrate formation occurs when enough gas and water are available near the active surface of crystallization (also called growing surface) and when the pressure and temperature conditions at this surface are appropriate. That is, the energy of the gas and water molecules close to the active surface of crystallization needs to exceed the energy of the same molecules in the crystal form (concept of metastability), producing an energetically favorable process. Considering that water is always available at the growing surface, then the driving force is defined as the difference between the chemical potential of the guest (gas component) inside the water phase / gw  and the chemical potential of the same guest inside the hydrate phase / gh  at the system P&T [3,102] 
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Figure 1.3 shows the chemical potential of the guest inside the liquid water and inside the hydrate crystal against the system pressure for a constant temperature and a constant guest concentration inside water. At the gas-water-hydrate equilibrium pressure eq P for the given system temperature, the chemical potential of the guest inside the water and inside the hydrate are the same,

    / , / ,
eq eq g w P T g h P T   . Literature presents several experimental [3,[START_REF] Adisasmito | Hydrates of carbon dioxide and methane mixtures[END_REF][START_REF] Guembaroski | An experimental study on the phase equilibrium of carbon dioxide hydrates in the presence of thermodynamical inhibitors[END_REF][START_REF] Fan | Hydrate Formation of CO2-Rich Binary and Quaternary Gas Mixtures in Aqueous Sodium Chloride Solutions[END_REF][START_REF] Fan | Experimental and modeling studies on the hydrate formation of CO2 and CO2-rich gas mixtures[END_REF][START_REF] Jager | The effect of pressure on methane hydration in pure water and sodium chloride solutions[END_REF][START_REF] Mohammadi | Carbon monoxide clathrate hydrates: Equilibrium data and thermodynamic modeling[END_REF][START_REF] Nakamura | Stability boundaries of gas hydrates helped by methane -Structure-H hydrates of methylcyclohexane and cis-1,2-dimethylcyclohexane[END_REF][START_REF] Yang | Measurement and prediction of phase equilibria for water + methane in hydrate forming conditions[END_REF][START_REF] Englezos | Incipient equilibrium data for propane hydrate formation in aqueous solutions of sodium chloride, potassium chloride and calcium chloride[END_REF][START_REF] Nixdorf | Experimental determination of hydrate equilibrium conditions for pure gases, binary and ternary mixtures and natural gases[END_REF] and modeling [START_REF] Jager | The next generation of hydrate prediction: II. Dedicated aqueous phase fugacity model for hydrate prediction[END_REF][START_REF] Ballard | The next generation of hydrate prediction: I. Hydrate standard states and incorporation of spectroscopy[END_REF][START_REF] Anderson | Inhibition of gas hydrates by methanol[END_REF][START_REF] Kontogeorgis | Modelling of associating mixtures for applications in the oil & gas and chemical industries[END_REF][START_REF] Chapoy | Gas hydrates in low water content gases: Experimental measurements and modelling using the CPA equation of state[END_REF][START_REF] Ballard | The next generation of hydrate prediction IV: A comparison of available hydrate prediction programs[END_REF][START_REF] Ballard | The next generation of hydrate prediction: Part III. Gibbs energy minimization formalism[END_REF][START_REF] Ferrari | Experimental measurements and modelling of carbon dioxide hydrate phase equilibrium with and without ethanol[END_REF][START_REF] Sirino | Development of multiphase flash in presence of hydrates[END_REF][START_REF] Sirino | Multiphase flash calculations for gas hydrates systems[END_REF][START_REF] Munck | Computations of the formation of gas hydrates[END_REF][START_REF] Kakitani | Study of phase equilibrium of methane hydrate and mixture of methane and carbon dioxide hydrate[END_REF][START_REF] Delavar | Thermodynamic modeling of gas hydrate formation conditions in the presence of organic inhibitors, salts and their mixtures using UNIQUAC model[END_REF] studies on the estimation of the equilibrium pressure for a given system temperature and some software (Multiflash TM [START_REF]InfoChem/KBC Advanced Technologies PLC, User Guide for Models and Physical Properties[END_REF], PVTsim [START_REF] Calsep | PVTsim Technical Overview[END_REF], CSMGem [START_REF] Jager | The next generation of hydrate prediction: II. Dedicated aqueous phase fugacity model for hydrate prediction[END_REF][START_REF] Ballard | The next generation of hydrate prediction: I. Hydrate standard states and incorporation of spectroscopy[END_REF][START_REF] Ballard | The next generation of hydrate prediction IV: A comparison of available hydrate prediction programs[END_REF][START_REF] Ballard | The next generation of hydrate prediction: Part III. Gibbs energy minimization formalism[END_REF]) are widely used for this purpose.

The problem faced here is not modeling the equilibrium conditions where hydrates form (CSMGem [START_REF] Jager | The next generation of hydrate prediction: II. Dedicated aqueous phase fugacity model for hydrate prediction[END_REF][START_REF] Ballard | The next generation of hydrate prediction: I. Hydrate standard states and incorporation of spectroscopy[END_REF][START_REF] Ballard | The next generation of hydrate prediction IV: A comparison of available hydrate prediction programs[END_REF][START_REF] Ballard | The next generation of hydrate prediction: Part III. Gibbs energy minimization formalism[END_REF] is adopted for such purpose), but on estimating the kinetics of hydrate formation, that is, the hydrate formation rate coming from the off-equilibrium (metastable) crystallization process. When the system pressure is higher than the gas-water-hydrate equilibrium one, the chemical potential of the gas when saturated inside the liquid water is higher than inside the hydrate phase, thus a driving force for phase change exists.  against the system pressure for a constant temperature and composition. (a) At gas-water-hydrate equilibrium conditions, the chemical potentials are the same. (b) At pressures higher than the equilibrium one, the gas component reaches a lower energy state if in the hydrate phase, thus creating a driving force. (c) The actual chemical potential of the gas component inside liquid water is lower because of smaller concentrations at the growing surface coming from mass transfer of the gas component from the gaseous free phase up to the active surface of crystallization. Credits to Asst. Prof. Baptiste Bouillot, who helped building this conceptual picture.

Considering that the chemical potential of the guest molecules inside hydrates does not change with pressure (since pressure has low effect on solid properties), the driving force comes

        / , / , / ,
/, eq eq g w P T g h P T g w P T g w P T

              (1.6)
where  stands for the chemical potential of the guest inside water at the conditions of the active surface of crystalliza- tion, and eq  stands for the chemical potential of the guest in the gas-water-hydrate equilibrium conditions. The chemi- cal potential is the molar Gibbs free energy at constant P&T processes and comes from the integration of the Gibbs-Duhem equation [START_REF] Prausnitz | Molecular Thermodynamics of Fluid-Phase Equilibria[END_REF][START_REF] Bouillot | Introduction aux méthodes thermodynamiques pour le génie des procédés: choix d'un modèle thermodynamique et simulation[END_REF] 
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where , sv are the molar entropy and the molar volume of the gas, and / gw f is the guest fugacity inside the water.

Eq (1.7) is often simplified by taking the fugacity term into consideration only for constant P&T processes, or at least for small variations of those. The fugacity, by its turn, is related to the concentration of gas inside the water. Mass transfer occurs from the gaseous free phase up to the growing surface, causing lower concentrations and therefore smaller fugacities and smaller chemical potentials than if water was saturated with gas, Figure 1.3(b,c). For infinitely diluted solutions, the excess approach using Henry's ideality (Henry's law) comes [START_REF] Prausnitz | Molecular Thermodynamics of Fluid-Phase Equilibria[END_REF][START_REF] Bouillot | Introduction aux méthodes thermodynamiques pour le génie des procédés: choix d'un modèle thermodynamique et simulation[END_REF] where  is the activity coefficient, / gw x is the molar fraction of gas inside water and / gw C is the molar concentration of gas inside water. Henry's constant can be defined in two ways [START_REF] Sander | Compilation of Henry's law constants (version 4.0) for water as solvent[END_REF]: (i) the solubility form, eq (1.8), expressed in [mol/(m 3 Pa)]; and (ii) the inverse form that represents volatility, eq (1.9), expressed in [Pa].

The volatility form is the most often applied in the literature on gas hydrates, coming from the pioneer work of Englezos et al [START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF]. However, the volatility form may cause pitfalls coming from the use of the dimensionless fraction of gas / gw

x . Should the gas fraction be defined in another basis (e.g., mass instead of molar), then / inv gw H will present a different value for the same gas, but with the same units of [Pa] [START_REF] Smith | Avoid common pitfalls when using Henry's law[END_REF]. The solubility form is therefore the one adopted throughout this thesis.

Van't Hoff extrapolation is one way to estimate the Henry's "constant" as a function of temperature [START_REF] Sander | Compilation of Henry's law constants (version 4.0) for water as solvent[END_REF] 11 exp

sol h HH R T T             valid for   20 T T K    with 298.15 TK  (1.10)
where

sol h 
is the enthalpy of solubilization and H  is the Henry's constant at a reference temperature T  . A compilation of H  and sol hR  values for various solutes inside water is given by Sander [START_REF] Sander | Compilation of Henry's law constants (version 4.0) for water as solvent[END_REF]. Finally, one could argue about the applicability of Henry's law for non-dilute systems, such as the case of methane in oil at high pressure scenarios, which is the case study along this thesis. The values herein used for Henry's constant of gas inside oil comes from solubility measurements crossed with fugacity of methane estimated through NIST RefProp [START_REF] Lemmon | REFPROP Reference Fluid Thermodynamic and Transport Properties[END_REF], which held good values as long as the pressure level of the system remain close to the measured conditions, and the linearity of Henry's law is expected to hold as long as concentration and pressure stays in the same order of magnitude along the entire crystallization process. More is discussed in Demonstration #1 of appendix B.

The formation of the gas hydrate phase is a crystallization process that follows the basic three steps of nucleation, growth and agglomeration/breakage [3,[START_REF] Mersmann | Crystallization Technology Handbook -Second Edition Revised and Expanded[END_REF]. These three processes happen simultaneously and the mathematics to describe them is called population balance [START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Sampaio | Non-isothermal population balance model of the formation and dissociation of gas hydrates[END_REF][START_REF] Balakin | Population balance model for nucleation, growth, aggregation, and breakage of hydrate particles in turbulent flow[END_REF][START_REF] Espitalier | Les Fondamentaux de la Cristallisation et de la Précipitation[END_REF][START_REF] Ramkrishna | Population Balances: Theory and Applications to Particulate Systems in Engineering[END_REF][START_REF] Balakin | Modelling agglomeration and deposition of gas hydrates in industrial pipelines with combined CFD-PBM technique[END_REF][START_REF] Yeoh | Multiphase Flow Analysis Using Population Balance Modeling: Bubbles, Drops and Particles[END_REF], which consists in a Partial Differential Equation (PDE) for the particle size distribution and will be more deeply explored in chapter 4. Several mathematical methods to solve the population balance exist [START_REF] Ramkrishna | Population Balances: Theory and Applications to Particulate Systems in Engineering[END_REF], namely: (i) analytical solutions for simplified cases, often via Laplace transformation;

(ii) simplification of the PDE in a system of Ordinary Differential Equations (ODEs) for the moments of particle size distribution, called Method of Moments (MoM); (iii) Lattice-Boltzmann Method (LBM); or (iv) discretization and numerical solution of the PDE.

Onset of Formation (Nucleation)

Along this thesis, the expression onset of formation is preferred instead of nucleation. Nucleation refers to a molecular scale which is out of scope here. Fundamentals of crystal nucleation are found in [START_REF] Mersmann | Crystallization Technology Handbook -Second Edition Revised and Expanded[END_REF][START_REF] Kashchiev | Nucleation: Basic theory with applications[END_REF][START_REF] Mullin | [END_REF]. Further literature review on nucleation of gas hydrates is presented in [START_REF] Ribeiro | Modelling of hydrate formation kinetics: State-of-the-art and future directions[END_REF][START_REF] Ke | A review of gas hydrate nucleation theories and growth models[END_REF], with fundamentals coming from the studies of Kashchiev and Firoozabadi [START_REF] Kashchiev | Induction time in crystallization of gas hydrates[END_REF][START_REF] Kashchiev | Nucleation of gas hydrates[END_REF]. Review of the hypotheses on how the first gas and water molecules form clusters that grow up to a critical nuclei size are found in [START_REF] Khurana | A Review of Clathrate Hydrate Nucleation[END_REF][START_REF] Cui | Fundamental mechanisms and phenomena of clathrate hydrate nucleation[END_REF][START_REF] Warrier | Overview: Nucleation of clathrate hydrates[END_REF], with application to Molecular Dynamic Simulation (MDS). In this section, however, the aim is to understand: (i) the basics of the homogeneous nucleation theory; (ii) why heterogeneous nucleation is said to be stochastic and will most probably never be fully controlled in industry; and (iii) a simple manner on how to determine the onset of formation of gas hydrates inside a flowline.  [START_REF] Mersmann | Crystallization Technology Handbook -Second Edition Revised and Expanded[END_REF][START_REF] Myerson | Handbook of Industrial Crystallization[END_REF]. However, when the nuclei form, the energy of the intermolecular bounds decrease, as a more stable state is achieved. This is related to the variation of the chemical potential between the components in the gaseous and liquid phases and the components in the hydrate phase, where 0   stands for the hydrate phase as the stable one at the given P&T conditions of the system and at gas concentration inside water close to the active surface of crystallization. The variation of Gibbs energy during nucleation comes 

Nucleation

h ij h G L L M          or 23 / 4 4 3 h ij h G r r M          for a spherical nucleus (1.11) Figure 1.4(a)
shows the classic plot of the Gibbs free energy variation of the system during clustering of the first nuclei. The clustering process is stochastic and comes from the Brownian motion of the molecules. If the cluster size results in lower system energy, then it is stable and forms a nucleus. The critical radius is defined at the maximum of the Gibbs free energy variation

  / 2 ij h crit h M r     (1.12)
and for values of cluster radii above the critical one, nucleation is spontaneous. This points out that the regions where   is higher (e.g., where temperature is lower) or where / ij  is lower (e.g., over impurities or over wallimperfections) incur in smaller crit r , and those spots are said to be energetically favorable for nucleation. Nucleation in systems without impurities is called homogenous and is hardly ever reached. Since impurities at the nuclei size-scale (~ 150 crystal building units for homogeneous nucleation [START_REF] Kashchiev | Induction time in crystallization of gas hydrates[END_REF][START_REF] Kashchiev | Nucleation of gas hydrates[END_REF]; the crystal building unit can be considered as the hydrate unit cell in the size-scale of ~ 20 Å = 2 nm [3], thus impurities at the size-scale of or smaller should be controlled), then nucleation is said to be always heterogeneous.

Nucleation is the initial condition for the population balance. For water-continuous flow and considering that nucleation happens in the water bulk, the maximum nuclei size (homogeneous nucleation) is given by eq (1.12), whereas the minimum nuclei size (heterogeneous nucleation) can be set to zero [START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF]. For oil-continuous flow, the water droplet surface is the preferential nucleation site and it is fair to consider that the initial size of the particles is in the same order of magnitude of the droplets size prior to nucleation, although a quick reorganization of the phases might happen if the first nuclei destabilize the multiphase flow interfaces, thus leading to much larger initial particles [START_REF] Song | Characterization of the coupling between gas hydrate formation and multiphase flow conditions[END_REF].

Information on the number of nucleated particles is also necessary. A progressive nucleation approach, Figure where predictive values for , ab are presented by Kashchiev and Firoozabadi [15,[START_REF] Kashchiev | Nucleation of gas hydrates[END_REF] but are impurity-dependent. Oth- erwise, , ab shall be curve fitted from experiments [START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF], but those will then be experiment-dependent, since the exper- iment will forcibly contain impurities at the nuclei size-scale. More than the stochastic behavior of the initial clustering process, the fact that impurities are never controlled at the 100s-of-nm size scale implies that nucleation will always be, to some extent, stochastic in industrial applications. To avoid an expression for the nucleation rate, the concept of instantaneous nucleation is adopted, Figure 1.4(b).

Since nucleation happens at a considerably high driving force in order to break the barrier of surface energy creation of  flow, the droplets can be considered to instantly convert into hydrate particles. Notice that the particles are porous and present hydrophilic nature, therefore water is not instantly crystallized, but gets instantly entrapped inside the capillaries of the porous medium. Therefore, the initial number of particles can be considered to be the same of the number of droplets prior to the onset, as long as the initial particle size remains in the same order of magnitude of the droplet size prior to the onset of formation.

Finally, information about a critical subcooling (critical threshold) to overcome the energy barrier for nucleation is necessary to estimate the position of the onset of hydrate formation in the pipeline. Table A.2 presents the range of critical subcooling experimentally observed in literature, which goes from 0.5 to 15 K. Again, this value is stochastic, since impurities are not controlled in the nm-scale. The common value adopted in literature is 3.6 K [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Zerpa | Multiphase flow modeling of gas hydrates with a simple hydrodynamic slug flow model[END_REF], coming from Matthews et al [START_REF] Matthews | Flow Loop Experiments Determine Hydrate Plugging Tendencies in the Field[END_REF], but any other could be adopted.

Growth Kinetics

Once particles nucleate, they grow whenever the availability of gas and water at the crystal surface is sufficient to create a positive driving force. This surface is called active surface of crystallization or growing surface. The crystallization law expresses the rate of gas consumption as proportional to the active surface A and to the driving force as
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where , i k  is the constant of proportionality of crystal integration with  evaluated at the growing surface, and n and m are the order of the crystallization law when a different driving force is used (fugacity f or concentration C ). The driving force is oftentimes seen as the subcooling of the system () eq TT  , but this only gives good results if the gas concentration at the active surface equals the saturation concentration in water. Otherwise, when mass transfer resistances are important, basing a crystal integration law in the subcooling and without further modeling the system of mass transfer resistances induce biased results, as only heat transfer-limited systems can be described by such driving force.

It is important to define crystal integration [START_REF] Mersmann | Crystallization Technology Handbook -Second Edition Revised and Expanded[END_REF], which relates to the time the gas and water molecules take to form the hydrogen bonds of the clathrated structure. It is also called intrinsic kinetics [START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF], attachment of building units [START_REF] Kashchiev | Induction time in crystallization of gas hydrates[END_REF][START_REF] Kashchiev | Nucleation of gas hydrates[END_REF] or 'reaction' [START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF]. To avoid the use of Gibbs-Duhem equation, eq (1.7), the driving force is herein related to a fugacity driving force, with the respective constants of proportionality for crystal integration , if k , which will from now on be called i k . A compilation of i k values found in literature is presented in Table A.1, and one can notice that the value spreads over six orders of magnitude for the most common case of methane hydrates explored in literature. Small attention was given in literature for that specific constant of proportionality, because it is negligible for gas-water systems as mass transfer resistances acting in series to it are much higher. Therefore, crystal integration never limits hydrate formation in such systems. However, as will be shown in chapter 3 and 4, the crystal integration is directly related to how fast the porous medium seals in oil-continuous systems, which is determinant into understanding the existence of liquid bridges that lead to agglomeration. From all closure values that will be discussed along this thesis, i k is the most critical one because of the wide spread range in its order of magnitude, and enhanced measurements of this value should be addressed in future experimental studies. In this thesis, an order of magnitude of i k will be estimated from experiments and extrapolated to other theoretical cases.

In crystallization literature, the concentration driving force is commonly adopted [START_REF] Mersmann | Crystallization Technology Handbook -Second Edition Revised and Expanded[END_REF], as it relates directly to the mass transfer resistances of the system, that is, can be directly coupled with Fick's law in diffusive systems, or to Newton's law in convective systems. But one should keep in mind that, if eq C is not coupled with heat transfer, then this type of driving force will bias the results into mass transfer-limited systems, in the same way the subcooling () eq TT  bias results into heat transfer-limited systems. This points out again to the use of a fugacity driving force. By considering a quasi-constant 'Henry's constant' (one should bear in mind that the 'Henry's constant' depends on temperature, eq (1.10), and that the temperature evolves along the flowline) and a constant activity coefficient  at both the active surface and at the gas-water-hydrate equilibrium conditions, then the crystal integration law comes

,/ / 1 m g i f g w eq gw hyd dn k H Cf A dt H         (1.15)
which lets the solubility of gas in water (Henry's constant) to play a role on the expression of the crystal integration rate. Notice that C is the gas concentration inside water at the active surface of crystallization. 

  [START_REF] Englezos | Kinetics of gas hydrate formation from mixtures of methane and ethane[END_REF][START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF][START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF][START_REF] Bassani | Coupling of a Growth Kinetic Model of Gas Hydrate Formation With Gas-(Water-in-Oil) Slug Flow[END_REF]. Demonstration #2 of appendix B shows that the first order crystallization law based in a fugacity driving force holds as long as large variations in driving forces do not occur (up to 30 bar of fugacity difference for methane). The simplification of the unitary activity coefficient, by its turn, implies into considering an ideal solution, which holds for gases with low affinity with liquids (e.g., methane-in-water), but tends to fail for higher affinities such as methane-in-oil. Such consideration is necessary to simplify mathematics, and will later be absorbed by the constant of proportionalities regressed from experiments. If a more complete approach is sought, one needs to use Gibbs-Duhem equation, eq (1.7), to evaluate the driving force in terms of the chemical potential, coupled with a proper equation of state, thus avoiding any hypotheses on m and  [START_REF] Prausnitz | Molecular Thermodynamics of Fluid-Phase Equilibria[END_REF]. This is however beyond the purpose of this thesis and the use of the crystallization law of eq (1.15) will prove sufficient in chapters 3 and 4 to capture water conversion and agglomeration trends.

While water is usually assumed abundant (exception is the case of water permeation through the porous particle in oil-continuous systems), the gas concentration depletes as it is consumed on the growing surface of the particle, triggering a mass transfer process of the gas component from the gaseous free phase to the active surface. Crystallization literature [START_REF] Mersmann | Crystallization Technology Handbook -Second Edition Revised and Expanded[END_REF][START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Myerson | Handbook of Industrial Crystallization[END_REF] often assumes an overall mass transfer resistance (sometimes erroneously called diffusion resistance even when the system is submitted to convection) of ( 
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where the driving force is then taken from a reference such as the gas free phase with known concentration  

,, g T P x C . This model only holds when mass transfer and crystal integration resistances are in series, applicable for gas-water systems, and that is the reason why crystal integration is often said negligible (that is, 1 ()

w i d H k k  
holds) [START_REF] Turner | Methane hydrate formation and an inward growing shell model in water-in-oil dispersions[END_REF][START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Skovborg | A mass transport limited model for the growth of methane and ethane gas hydrates[END_REF]. When the gas consumed presents an asymptote in time, as experimentally observed in several works [START_REF] Turner | Methane hydrate formation and an inward growing shell model in water-in-oil dispersions[END_REF][START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF][START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF][START_REF] Melchuna | Experimental study and modeling of methane hydrates crystallization under flow from emulsions with variable fraction of water and anti-agglomerant[END_REF][START_REF] Pham | Experimental Flowloop Study on Methane Hydrate Formation and Transport from Water-Oil Dispersion in Presence of Anti-Agglomerants[END_REF][START_REF] Straume | Study of gas hydrate formation and wall deposition under multiphase flow conditions[END_REF], then   A certain degree of curve fitting of growth kinetics models with experimental data is always necessary because of:

(i) the empirical or semi-empirical nature of the models; or (ii) the lack of knowledge on microscopic parameters when dealing with predictive models. This implies that, if the mathematical model represents a potentiometer behavior, it will forcibly describe well the experiments used for curve fitting, even if physics is not consistent. At the same time, there is a common sense in the literature of gas hydrates that the kinetic models are apparatus-dependent. Much discussion about the stochasticity of the growth kinetics has been raised, but this is unreasonable as the mass transfer in the macroscale is deterministic and explained by Newton's law for convection mass transfer resistances at play, and that a unifying model with the correct physics that is able to capture the different trends observed in literature still needs development.

Vysniauskas and Bishnoi [START_REF] Vysniauskas | A kinetic study of methane hydrate formation[END_REF] proposed the first model for hydrate growth kinetics in water-continuous systems based on an analogy with chemical reaction
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where P is the system pressure, T is the system temperature and i A is the contact surface between gas and water. The empirical values for , , , [START_REF] Vysniauskas | A kinetic study of methane hydrate formation[END_REF] for methane hydrates, and Table 2 of [START_REF] Vysniauskas | Kinetics of ethane hydrate formation[END_REF] for ethane hydrates. This kind of kinetic model is called an Arrhenius-type empirical model and was further simplified and regressed for gas-water-oil systems by Turner [START_REF] Turner | Clathrate hydrate formation in water-in-oil dispersions[END_REF] and Boxall [START_REF] Boxall | Hydrate Plug Formation from <50% Water Content Water-in-Oil Emulsions[END_REF]   Eq (1.18) is the most used growth kinetic correlation in literature for agglomeration and plugging trend models [START_REF] Zerpa | Overview of CSMHyK: A transient hydrate formation model[END_REF] and when coupling with multiphase flow models [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Zerpa | Multiphase flow modeling of gas hydrates with a simple hydrodynamic slug flow model[END_REF][START_REF] Boxall | Hydrate Plug Formation from <50% Water Content Water-in-Oil Emulsions[END_REF][START_REF] Rao | Multiphase flow modeling and deposition of hydrates in oil and gas pipelines[END_REF]. The Arrhenius-type models capture the heat transfer limitation aspect, that is, as hydrates form, they release heat and reduce the driving force, which auto-regulates hydrate formation and causes a linear gas consumption. In gas-water-oil systems, however, the gas consumption usually presents an asymptotic trend [START_REF] Turner | Methane hydrate formation and an inward growing shell model in water-in-oil dispersions[END_REF][START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF][START_REF] Melchuna | Experimental study and modeling of methane hydrates crystallization under flow from emulsions with variable fraction of water and anti-agglomerant[END_REF][START_REF] Melchuna | Topological modeling of methane hydrate crystallization from low to high water cut emulsion systems[END_REF]. That is why this type of subcooling-based models, where driving force is given by () eq TT  and no mass transfer limitation is modeled (that is,

, a K a b E   are presented in Table 2 of
cte i A 
), was earlier said to bias results into heat transferlimited systems. This points out the necessity of modeling the mass transfer limitations before simplify a chemical potential-based or a fugacity-based driving force into subcooling.

Few predictive models are found in the literature for hydrate particles formed in the liquid bulk in flowing conditions, see [START_REF] Ribeiro | Modelling of hydrate formation kinetics: State-of-the-art and future directions[END_REF][START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF] for gas-water systems and [START_REF] Turner | Methane hydrate formation and an inward growing shell model in water-in-oil dispersions[END_REF][START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF] for gas-water-oil systems. Efforts in hydrate film growth modeling is also found with focus on deposition [START_REF] Mochizuki | Clathrate-hydrate film growth along water/hydrate-former phase boundariesnumerical heat-transfer study[END_REF][START_REF] Mori | Estimating the thickness of hydrate films from their lateral growth rates: application of a simplified heat transfer model[END_REF][START_REF] Uchida | Microscopic observations of formation processes of clathratehydrate films at an interface between water and carbon dioxide[END_REF][START_REF] Freer | Methane hydrate film growth kinetics[END_REF], hydrate formation in liquid-liquid flat and spherical surfaces [START_REF] Shindo | Kinetics and mechanism of the formation of CO2 hydrate[END_REF][START_REF] Lund | Study of the Pseudo-Steady-State Kinetics of CO2 Hydrate Formation and Stability[END_REF][START_REF] Shindo | Kinetics of the formation of CO2 hydrate on the surface of liquid CO2 droplet in water[END_REF][START_REF] Shindo | Kinetics of formation of CO2 hydrate[END_REF][START_REF] Teng | Hydrate formation on the surface of a CO2 droplet in high-pressure, low-temperature water[END_REF],

and in spray reactors [START_REF] Gnanendran | Modelling hydrate formation kinetics of a hydrate promoter-water-natural gas system in a semi-batch spray reactor[END_REF], which are however not explored in this thesis. A state-of-the-art of hydrate growth kinetic model for different applications is given by Yin et al [START_REF] Yin | A review of gas hydrate growth kinetic models[END_REF].

The following four mass transfer resistances are reported in literature for water-continuous systems [START_REF] Englezos | Kinetics of gas hydrate formation from mixtures of methane and ethane[END_REF][START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Skovborg | A mass transport limited model for the growth of methane and ethane gas hydrates[END_REF][START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF][START_REF] Malegaonkar | Kinetics of carbon dioxide and methane hydrate formation[END_REF][START_REF] Clarke | Determination of the intrinsic kinetics of CO2 gas hydrate formation using in situ particle size analysis[END_REF][START_REF] Bergeron | Reaction rate constant of methane clathrate formation[END_REF][START_REF] Bergeron | Reaction rate constant of propane hydrate formation[END_REF][START_REF] Galfré | Captage du dioxyde de carbone par cristallisation de clathrate hydrate en présence de cyclopentane: etude thermodynamique et cinétique[END_REF].

(A) Gas absorption by the continuous phase: the molar amount of gas absorbed in time where index b comes from the concept of bulk (homogeneous concentration in space, but concentration can vary in time), a hypothesis that is often considered in literature and stands for highly agitated systems and dilute dispersions.

The absorption coefficient comes from coupled convection and/or diffusion across the interface, which is highly dependent on the system velocity field. Values are reported in literature for the product / abs g b b kA  , called specific absorption coefficient, and are summarized in Table A.3. A lower plateau is found for diffusive absorption, and a superior plateau is found for convective absorption. The interface between the gas and the continuous phase is usually considered at equilibrium, therefore the concentration . One could argue that an off-equilibrium hypothesis for the interfaces should be adopted. But not only it would imply in an extra degree of freedom for the model, as it seems unreasonable not to consider equilibrium at the interface, at least at the infinitesimal level of the first layers of molecules 1 .

(B) Spatial distribution of the gas inside the continuous phase: for dense dispersions and low agitations, particles start competing at depleting the gas from the continuous phase. That is, not all particles receive the same driving force for crystallization and the hypothesis of the bulk existence is not valid. As far as this literature review went, the gas distribution in the continuous phase was never modeled for gas hydrates [START_REF] Ribeiro | Modelling of hydrate formation kinetics: State-of-the-art and future directions[END_REF][START_REF] Turner | Methane hydrate formation and an inward growing shell model in water-in-oil dispersions[END_REF][START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Sampaio | Non-isothermal population balance model of the formation and dissociation of gas hydrates[END_REF][START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF][START_REF] Bergeron | Reaction rate constant of methane clathrate formation[END_REF][START_REF] Bergeron | Reaction rate constant of propane hydrate formation[END_REF]. Whereas the absorption law of eq (1. [START_REF] Englezos | Kinetics of gas hydrate formation from mixtures of methane and ethane[END_REF]) is a surface problem occurring at the gas-liquid interface, the spatial distribution of gas inside the liquid continuous phase is a volume problem. In this thesis, the absorption plus distribution (surface plus volume) will be called dissolution. where out r is the outer radius of a spherical particle and out C is the gas concentration at the outer surface. Index i represents one single particle. The mass transfer coefficient is given by correlations of the Sherwood number in terms of the Reynolds and the Schmidt numbers, whose definitions are commonly found in mass transfer books [START_REF] Bird | Transport Phenomena[END_REF]. Classic expressions for m h over spherical particles are presented in Table A.4. 1 Let's develop the idea. The first layer of molecules at the interface does not present a considerable mass and therefore transient terms do not play an important role. If transient terms are not present, then equilibrium exists (steady-state). This holds as long as the gaseous phase is homogeneous, which is expected for a flowing system. Otherwise, convection in the gas phase should also be accounted for, and again the interface could be considered at equilibrium. The consideration of an interface at equilibrium as boundary condition for a bulk that is off-equilibrium is similar to the consideration of a constant temperature as boundary condition for a heat transfer problem where the final result sought is the temperature distribution inside the body.

(D) Crystal integration in the outer surface of each particle: modeled through eq (1.15) using   . The capillaries of the porous structure enhance the active surface of crystallization, because gas diffuses through them and crystallizes in their walls, but were not modeled in literature so far.

The modeling of phenomena (A) to (D) links the gas fugacity at the free gaseous phase is often neglected in literature and only the recent model of Sampaio et al [START_REF] Sampaio | Non-isothermal population balance model of the formation and dissociation of gas hydrates[END_REF] takes it into consideration. For an oil continuous phase, this term can be neglected since oil is not consumed during crystallization. This incurs in a further hypothesis that the gas-bulk absorption layer and the gas concentration boundary layer around the particles do not present considerable variations during crystallization; and that oil is not entrapped in the porous structure.

For gas-oil-water systems with oil-continuous phase, efforts have been done to understand the case of a hydrate porous shell encompassing the water droplets [START_REF] Turner | Methane hydrate formation and an inward growing shell model in water-in-oil dispersions[END_REF][START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF][START_REF] Gong | Natural gas hydrate shell model in gas-slurry pipeline flow[END_REF][START_REF] Dalmazzone | DSC measurements and modelling of the kinetics of methane hydrate formation in water-in-oil emulsion[END_REF][START_REF] Bassani | Revisited model for inward and outward growth of gas hydrate particles in water-in-oil emulsions[END_REF]. In chapter 2, this shell approach is put in question for flowing systems. Anyhow, further mass transfer resistances at least similar to these shell-type models need consideration, since the water-gas contact is hindered by the existence of the oil and hydrate phases. The following basic laws will be used in chapter 3 to prove that, even if a shell exists, the active surface of crystallization are the capillary walls of the porous particle, and not the inner surface that forms the water core.

(E) Gas diffusion through the shell: for the gas to reach the inner surface of the particle, called water core, it has to diffuse: (i) through the solid matrix of the hydrate shell; or (ii) through the water entrapped inside the capillaries of the hydrophilic porous shell. Once the gas reaches the inner surface, crystal integration with related core shrinkage happens.

Literature considers Fick's law for the gas diffusion through the hydrate shell where r is the radial coordinate pointing inwardly to the particle, with 0 r  at the outer surface and out in r r r  at the inner surface of the particle. The diffusivity D is modeled in literature as the hydrate solid matrix diffusivity [START_REF] Turner | Methane hydrate formation and an inward growing shell model in water-in-oil dispersions[END_REF] or as an effective diffusivity of water inside both the hydrate solid matrix and the water trapped in the shell porous structure, which varies when hydrates age [START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF]. The first boundary condition is a known concentration at the outer surface, coming from the mass transfer between particle and bulk. Here, a hard criticism must be done on how literature currently models this problem: (i) gas solubility inside the solid matrix of gas hydrates at the low temperature conditions of hydrate formation is negligible, thus no diffusion through the solid matrix is expected (I published some further discussions in [START_REF] Bassani | Revisited model for inward and outward growth of gas hydrate particles in water-in-oil emulsions[END_REF]); and (ii) the gas diffusion through the water trapped in the capillaries would cause crystallization in the capillary walls, and since crystal integration is much faster than diffusion, gas is not expected to travel far distances into the shell in order to promote core shrinkage (this is proved in chapter 3). Shindo et al [START_REF] Shindo | Kinetics of the formation of CO2 hydrate on the surface of liquid CO2 droplet in water[END_REF] proposed a source term in eq (1.22) coming from this crystallization as gas diffuses through the capillaries, although they omit that the crystallization surface is related to the capillary walls c r  , whereas the diffusion surface relates to the capillary cross section 2 c r  , where c r is the capillary radius. Therefore, for small capillaries, in the size scale of 100's-of-nm, as observed by microscope in [START_REF] Klapp | Grain size measurements of natural gas hydrates[END_REF][START_REF] Staykova | Formation of Porous Gas Hydrates from Ice Powders: Diffraction Experiments and Multistage Model[END_REF], the crystallization in the capillary walls will prevail since (F) Water permeation through the porous hydrate particle to its outer surface: water permeates through the porous particle and tends to spread over its outer surface because hydrates have higher affinity with water than with oil. The water permeation rate Q through all the capillaries of the porous particle comes from a Hagen-Poiseuille flow (creep- ing flow through porous media, where friction on the capillary walls is the main resistance to flow) driven by the capillary induced pressure where K is the porous medium permeability and b L is the porous medium length. Several models for the permeability are presented in porous media books [90,[START_REF] Civan | Porous Media Transport Phenomena[END_REF], and curve fitting is always required to some extent because of the lack of a complete description of the micro-scale capillary bundle geometry (i.e., size distribution, tortuosity and interconnectivities between capillaries). The classic model is the one of Kozeny-Carman [START_REF] Kozeny | Über kapillare leitung des wassers im boden[END_REF][START_REF] Carman | Fluid flow through granular beds[END_REF]. The growth kinetic model of Shi et al [START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF] adopts Kozeny [START_REF] Kozeny | Über kapillare leitung des wassers im boden[END_REF] original model, whereas the classic paper of Mori and Mochizuki [START_REF] Mori | Mass transport across clathrate hydrate films -a capillary permeation model[END_REF] for permeation through hydrate films adopts Kozeny-Carman [START_REF] Carman | Fluid flow through granular beds[END_REF]. The main difference between the original model of Kozeny and then enhanced one by Carman is the use of a capillary tortuosity c  vs the same one squared 2 c  . Dullien [90] fur- ther proposes that Kozeny-Carman permeability should: (i) be divided by 3, since only one third of the capillaries are pointing in the flowing direction; and (ii) be multiplied by a geometric factor  coming from the capillary bundle ge- ometry, also called interconnectivity between capillaries [START_REF] Civan | Porous Media Transport Phenomena[END_REF]. The Kozeny-Carman-Dullien permeability then comes where  is the particle porosity. Analytical expressions for  considering connection between capillaries in series and in parallel with two different values for radius, length and number of capillaries are presented in page 173 of Dullien [90], and are very sensitive into the determination of K . The missing parameter  is the one that needs curve fitting, and as proposed by Dullien [90], anomalously large capillary tortuosity oftentimes fitted from experiments should not be used to explain the differences found when comparing Kozeny-Carman model with experiments. Tortuosity stays in the range of 18 c   [90,[START_REF] Carman | Fluid flow through granular beds[END_REF][START_REF] Ghanbarian | Tortuosity in Porous Media: A Critical Review[END_REF] and is a purely geometric parameter. Yet, the  -parameter and the porosity  evolve in time because of crystallization on the capillary walls, therefore permeability is time-dependent,   t K . Shi et al [START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF] considered an empirical logarithmic, time-dependent expression for   t K . For a predictive description, the problem is similar to the one described in pages 36 to 38 of Civan [START_REF] Civan | Porous Media Transport Phenomena[END_REF], called permeability alteration by scale deposition, but needs further adaptation for the gas hydrates problem. Once the water flow rate Q arriving at the outer surface of the particle is quantified, it is possible to estimate the gas consumption because of particles' outer growth. Crystal integration may as well limit growth in the case of a small supply of gas to the outer surface, but this was neglected in the literature for mathematical simplification purposes. This competition, which in chapter 3 will be modeled by a minimum function, will prove key to understand the surface state of the particles (if they present or not a water layer around it), which is the starting point for the agglomeration model developed in chapter 4.

The modeling of mass transfer processes for growth kinetics in a gas-water system was firstly done by Englezos et al [START_REF] Englezos | Kinetics of gas hydrate formation from mixtures of methane and ethane[END_REF][START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF] and afterwards extended to consider the mass transfer between particle and bulk, and the agglomeration of particles by Herri et al [START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF]. Phenomena (A), (C) and (D) are considered, whereas phenomenon (B) is neglected. The case of shelled particles in oil-continuous flow was firstly modeled by Turner et al [START_REF] Turner | Methane hydrate formation and an inward growing shell model in water-in-oil dispersions[END_REF] considering phenomena (A) and (E); and then expanded by Shi et al [START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF] to consider phenomenon (F) as well, albeit neglecting phenomenon (A). Phenomenon (F) was modeled through an effective diffusivity that changes over time, which captures the porosity decrease as hydrates age, but the total gas consumption because of hydrate formation does not consider the consumption on the capillary walls, nor the crystal integration on the outer surface. This points out that a more universal model, coupling all the aforementioned phenomena, needs to be developed in order to capture the several limitation processes of hydrate formation with applicability to different systems, which will as well lead to a better quantitative comprehension of offequilibrium growth kinetics and will demystify the "stochastic" behavior generally perceived by the gas hydrates community.

Agglomeration

Agglomeration of particles is related to a more pronounced increase of the average size of the particle population than crystal growth, but the volumetric fraction (concentration) of hydrates remains the same as long as no porosities are created. Porosities can occur, as will be described in chapter 2, but the hypothesis of no-porosity creation is often adopted to mathematically simplify the agglomeration term (kernel of agglomeration) coming from statistical mechanics. Figure 1.6 splits agglomeration into four smaller steps, which already includes breakage. Agglomeration is related to two particles only, because simultaneous collision between three or more particles is highly improbable [START_REF] Espitalier | Les Fondamentaux de la Cristallisation et de la Précipitation[END_REF], unless the system is very dense. Particles have relative motion between them, coming either from fluid motion in laminar or turbu-lent regimes [START_REF] Saffman | On the collision of drops in turbulent clouds[END_REF], or from diffusion, called Brownian motion [89]. After particles' collision, they may stick to each other when attractive forces are at play, coming from either electrostatic or interfacial forces, and form what is called an aggregate [START_REF] Espitalier | Les Fondamentaux de la Cristallisation et de la Précipitation[END_REF]. The same relative motion between the particles can disrupt the aggregates. Whenever water and gas are available at the outer surface of the aggregate, and the particles remain aggregated for a sufficient time-lapse, crystalline bridges consolidate the aggregate into an agglomerate [START_REF] Cameirão | Etude expérimentale et modélisation d'une précipitation avec agglomération entre cristaux de morphologies différentes : application au molybdate de strontium[END_REF]. Agglomerates are much harder to split, related to the tensile strength of the crystal [START_REF] Liew | A Micro-Mechanical Model for the Rate of Aggregation during Precipitation from Solution[END_REF], and that phenomenon is called breakage. The approach that will be used here comes from statistical mechanics and lies on the fact that probability describes well the interactions of the population of particles, because this population is large. This is similar to what is adopted from gas kinetic theory coming from Boltzmann [START_REF] Gombosi | Gaskinetic Theory[END_REF]. Therefore, what matters are probabilities (or rates) of collision, consolidation and disruption, and together they give an important parameter in the population balance analysis that is called the kernel of agglomeration. The breakage rate, in turn, is out of scope in this thesis, as it requires the modeling of the fluid-structure interactions, or at least some assumption and/or fitting in order to determine in how many debris the particles will be split into, and their relative sizes. Of course that probability models exists [START_REF] Yeoh | Multiphase Flow Analysis Using Population Balance Modeling: Bubbles, Drops and Particles[END_REF], but that would incur in a higher number of degrees of freedom of the model. As well, if breakage is not considered, then the hydrate model can be said conservative in the sense of plugging. That is, the model herein will focus on the worst scenario possible, where breakage never occurs.

The probability of collision col

k between two particles depends on their relative motion. To classify the regime of relative motion between the particles, the scales of Batchelor b and Kolmogorov k must be defined [START_REF] Paul | Handbook of industrial mixing: science and practice[END_REF] 1 flow regime (static, laminar or turbulent), their relative motion will be Brownian if the particles are smaller than the Batchelor scale, Figure 1.7(a). In this case, the carrier fluid will never cause relative motion between particles. For particles between the Batchelor and Kolmogorov scales and if the fluid is non-static, laminar relative motion between particles takes place, Figure 1.7(b). Even if the carrier fluid regime is turbulent, the particles are too small to escape the turbulent eddies. Therefore, from the particles' perspective, their relative motion is laminar. For the case of particles larger than the Kolmogorov scale and when the fluid is at turbulent regime, then the particles can escape the turbulent eddies and collide in a turbulent manner, Figure 1.7(c). 
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Table A.6 summarizes the main expressions for the probability of collision regarding the relative motion between the particles, and mathematical development is found in Agarwal [START_REF]Efficiency of Shear-Induced Agglomeration of Particulate Suspensions Subjected to Bridging Flocculation[END_REF]. The simpler expression is the one of Smoluchowki [89] for constant shear rate systems, and as it will be employed in chapter 4, some further discussion is given in Demonstration #9 of appendix B. The collision rate usually does not consider attractive or repulsive forces in between particles. This gives rise to the existence of a collision efficiency col  . Figure 1.8 depicts the main attractive and repulsive forces discussed in literature, coming from electrostatic theory. Particles have instantaneous dipolar forces that create an overall attractive force related to the distance between them, called London-van der Walls forces [START_REF] Mersmann | Crystallization Technology Handbook -Second Edition Revised and Expanded[END_REF], Figure 1.8(a).

Furthermore, the existence of an electrostatic charge in the outer surface of the particle induces the creation of a layer of ions of opposite charges called double layer of counter ions, thus repelling particles from each other, Figure 1.8(b). The summation of both attractive and repulsive potentials is called DLVO theory. According to this theory, the potential has a peak at a certain distance from the particle's outer surface, as depicted in Figure 1.8(d). If the energy furnished by the relative motion between particles is capable of disrupting the potential barrier for particles' approximation, those particles will collide and aggregate. A third repulsive force, called drainage force, can also play a role because of the inertia of the water drained (the virtual mass) when the particles approach themselves, Figure 1.8(c). The same liquid film can present lubrication forces, if ever the continuous phase have affinity with the solid particle, coming from the disjoining pressure occurring in thin films (< 100 µm) [START_REF] Ghiaasiaan | Two-phase flow, boiling and condensation: In conventional and miniature systems[END_REF]. A fourth force, not represented in Figure 1.8, comes from the impulse during collision between particles, which can cause their rebound [START_REF] Balakin | The collision efficiency in a shear flow[END_REF]. Those are probably not important for hydrate particles, as hydrate particles are deformable.

These forces are important for small particles, especially the ones coming from electrostatic theory, valid for interparticular distances of up to 100 nm [START_REF] Espitalier | Les Fondamentaux de la Cristallisation et de la Précipitation[END_REF]. That is, particles larger than 1 µm do not have enough surface of contact in this inter-particular scale length. Because: (i) the droplets of the finest oil-water shear-stabilized dispersions are usually larger than 30 µm [START_REF] Turner | Methane hydrate formation and an inward growing shell model in water-in-oil dispersions[END_REF][START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF][START_REF] Bassani | Coupling of a Growth Kinetic Model of Gas Hydrate Formation With Gas-(Water-in-Oil) Slug Flow[END_REF][START_REF] Brauner | The prediction of dispersed flows boundaries in liquid-liquid and gas-liquid systems[END_REF], and (ii) the droplets give the order of magnitude of the initial size-scale of hydrate particles, then (iii) DLVO theory should not be used to explain agglomeration in oil-dominant systems. DLVO theory was applied for hydrates particles in order to explain the efficiency of agglomeration [START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Sampaio | Non-isothermal population balance model of the formation and dissociation of gas hydrates[END_REF][START_REF] Colombel | Cristallisation et agglomération de particules d'hydrate de fréon dans une émulsion eau dans huile : étude expérimentale et modélisation[END_REF] by the use of the classic expression of van-de-Ven and Mason [START_REF] Van De Ven | The microrheology of colloidal dispersions VII. Orthokinetic doublet formation of spheres[END_REF]. But even for particles nucleated inside the water bulk, which can present particles in the submicron scale, it is unclear how the friction between the water molecules of the hydrate crystal structure and the water molecules of the water continuous phase would cause a preferential direction for the electric charges, thus the double layer of counter ions should not play a role. The neutralization of the double layer of counter ions is extensively pointed out in literature as a reason why surfactant additives act as anti-agglomerant additives, but this will be reanalyzed in chapter 2, as application of DLVO theory to gas hydrates seems unreasonable.

This gives rise to a second branch of attractive forces that lead to agglomeration, coming from interfacial theory and called liquid bridges. A liquid bridge forms whenever contact between two fluids and a solid occurs. For collision between hydrate particles inside an oil-continuous phase, the liquid bridges form if a water layer covers the hydrate particle, as depicted in Figure 1.9(a). Those will be called wet particles along this thesis and the variables that explain binding forces are the oil-water interfacial tension / ow  and the oil-water-hydrate wetted angle // o w h  , defined in the water side. If water is the continuous phase and because hydrates present hydrophilic nature [START_REF] Hirata | How liquids wet clathrate hydrates: some macroscopic observations[END_REF], the oil will never touch the outer surface of the particle, preventing the formation of liquid bridges upon particle-particle collision. That is why particles remain in a smaller size-scale for water-continuous systems when compared to oil-continuous systems [START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF].

For water-continuous systems, liquid bridges form upon collision of particles with the gas-wetted walls, coming from gas-water-wall wetted angles, and those lead to deposition. The liquid bridges that lead to agglomeration in oildominant systems are the topic of chapters 2 and 4, and the liquid bridges that lead to deposition in water-continuous systems are the topic of chapter 7.

In both cases, the liquid bridge is composed of water. If the flow furnishes enough energy to disrupt the liquid bridge forces, then the aggregate splits and the particles get re-dispersed in the flow, Figure 1.9(b). If this not occurs after a certain time-lapse, then the water of the liquid bridge crystallizes, Figure 1.9(c). As already commented, the number of particles in the system is high, then what matters is the competition of the probability of the disruption and consolidation processes. This competition leads to the concept of the agglomeration efficiency, a number between 0 and 1 that that represents how many of collided particles turn into agglomerates [START_REF] Espitalier | Les Fondamentaux de la Cristallisation et de la Précipitation[END_REF][START_REF] Cameirão | Etude expérimentale et modélisation d'une précipitation avec agglomération entre cristaux de morphologies différentes : application au molybdate de strontium[END_REF][START_REF] David | Crystallization and precipitation engineering-III. A discrete formulation of the agglomeration rate of crystals in a crystallization process[END_REF]. The modeling of the phenomena happening in the particle-and interparticle-scales after an efficient collision, that is, the quantification of the agglomeration efficiency, is still an open-question in literature. DLVO theory is much more developed in this sense but, as commented, not applicable to gas hydrates. For the liquid bridge theory, the agglomeration is considered proportional to the outer surface of the particle covered by the liquid bridge-former fluid, called binder [START_REF]Efficiency of Shear-Induced Agglomeration of Particulate Suspensions Subjected to Bridging Flocculation[END_REF][START_REF] Smellie | Flocculation, subsidence and filtration of phosphate slimes: VI. A quantitative theory of filtration of flocculated suspensions[END_REF][START_REF] Thielmann | The effect of primary particle surface energy on agglomeration rate in fluidised bed wet granulation[END_REF][START_REF] Chua | A priori prediction of aggregation efficiency and rate constant for fluidized bed melt granulation[END_REF][START_REF] Balakin | The collision efficiency of liquid bridge agglomeration[END_REF]. For gas hydrates, a new question arises: are the particles wet and therefore submitted to liquid bridge binding forces? Because water is furnished by permeation through the particle porous medium up to the outer surface, and since the particle porosity decreases with time, then particles can eventually dry out, ceasing the agglomeration process. The answer to that question (are particles wet or dry?) will be given in chapter 4.

Only few studies consider agglomeration applied to gas hydrates. A classic one is a contribution by Camargo and Palermo [START_REF] Camargo | Rheological Properties of Hydrate Suspensions in an Asphaltenic Crude Oil[END_REF][START_REF] Camargo | Propriétés rhéologiques de suspensions d'hydrate dans des bruts asphalténiques[END_REF] for oil-dominant systems, where the authors present an analytical expression for the agglomerate size at equilibrium of mechanical shear and adhesion forces between particles. Herri et al [START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF] used MoM (Method of Moments) to transform the PDE into a system of ODEs, which was solved by a 4 th -order Runge-Kutta method (low computational cost), applied to systems without oil. They considered agglomeration with the classic collision probability of
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Smoluchowski [START_REF] Espitalier | Les Fondamentaux de la Cristallisation et de la Précipitation[END_REF]89] for constant shear rate, coupled with the empirical agglomeration efficiency of van-de Ven and Mason [START_REF] Van De Ven | The microrheology of colloidal dispersions VII. Orthokinetic doublet formation of spheres[END_REF]. Balakin et al [START_REF] Balakin | Population balance model for nucleation, growth, aggregation, and breakage of hydrate particles in turbulent flow[END_REF][START_REF] Balakin | Modelling agglomeration and deposition of gas hydrates in industrial pipelines with combined CFD-PBM technique[END_REF][START_REF] Balakin | Experimental study and computational fluid dynamics modeling of deposition of hydrate particles in a pipeline with turbulent water flow[END_REF] considered agglomeration as by Herri et al [START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF] and as by Camargo and Palermo [START_REF] Camargo | Rheological Properties of Hydrate Suspensions in an Asphaltenic Crude Oil[END_REF][START_REF] Camargo | Propriétés rhéologiques de suspensions d'hydrate dans des bruts asphalténiques[END_REF] in different papers, coupling the solution with the hydrodynamics of the slurry (capable of, e.g., predicting the deposition of hydrates). The same group also presents some further insights on the physics of the agglomeration process (collision probability induced by shear, and agglomeration efficiency induced by liquid bridge formation [START_REF] Balakin | The collision efficiency in a shear flow[END_REF][START_REF] Balakin | The collision efficiency of liquid bridge agglomeration[END_REF][START_REF] Balakin | Agglomeration of solid particles by liquid bridge flocculants: Pragmatic modelling[END_REF]), but they however do not apply these fundaments to the gas hydrates case. Sampaio et al [START_REF] Sampaio | Non-isothermal population balance model of the formation and dissociation of gas hydrates[END_REF] solved a Direct Quadratic Method of Moments (DQMoM procedure of Marchisio et al [START_REF] Marchisio | Quadrature method of moments for population-balance equations[END_REF][START_REF] Marchisio | Solution of population balance equations using the direct quadrature method of moments[END_REF][START_REF] Marchisio | Quadrature method of moments for aggregation-breakage processes[END_REF]), applied to a bivariate distribution of particle size and its temperature in systems without oil. Application of the PBM functions in the ANSYS-Fluent [173] package for the gas hydrate particles was done recently by Song et al [START_REF] Song | Numerical simulation of pipeline hydrate particle agglomeration based on population balance theory[END_REF].

The problem still faced in the solution of the population balance is the lack of instrumentation capable of measuring the evolution of the particle size distribution in time. Herri et al [START_REF] Herri | Interest of in situ turbidimetry for the characterization of methane hydrate crystallization: Application to the study of kinetic inhibitors[END_REF] tested turbidimetry, which is applicable for dilute systems (solid fractions < 2%) and small particles (10 150 μm)



. Literature of gas hydrates often applies Focus Beam Reflectance Method (FBRM), which however measures the chord length distribution and is related to uncertainties in dense flows coming from mask and shadow effects, as discussed in Figure II.12 of Melchuna [START_REF] Melchuna | Experimental study and modeling of methane hydrates crystallization under flow from emulsions with variable fraction of water and anti-agglomerant[END_REF].

Multiphase Flow

Multiphase flow is the simultaneous flow of different phases (solid, liquid, gas) either of the same substance (e.g., liquid water and its vapor) or not (e.g., air and water). The focus here is on multiphase flow applied to offshore oil and gas production, where a mixture of hydrocarbons coexists in the liquid (oil) and gaseous (natural gas) phases. Evaporation and condensation of hydrocarbons can occur in the production process because of P&T variations along the flowline. Water with salt (brine) and solids (sand, chiefly) are highly likely to be produced together with the hydrocarbons.

The presence of water and of waxy oils may promote the formation of gas hydrates and wax, respectively, introducing new solid phases into the system that are constantly evolving as the fluids flow. The case of hydrate formation implies the consideration of at least four phases: oil, water, gas and hydrates.

For such complex flows, mixture models are often adopted. Those models predict the mixture properties by using a homogeneous approach based on the phase fractions [START_REF] Shoham | Mechanistic modeling of gas-liquid two-phase flow in pipes[END_REF]. This kind of approach however lacks information about the interfaces, which is paramount for the coupling with growth kinetics. On the other hand, the complete discretization of the conservation equations for gas, oil and water with treatment of the interfaces through, e.g., Volume of Fluid (VoF) [START_REF] Hirt | Volume of fluid (VOF) method for the dynamics of free boundaries[END_REF], or by any specific flow pattern model such as slug capturing [START_REF] Simões | Numerical prediction of non-boiling heat transfer in horizontal stratified and slug flow by the two-fluid model[END_REF][START_REF] Conte | Numerical and experimental study of slug initiation for gas-liquid two-phase flows[END_REF][START_REF] Renault | A Lagrangian slug capturing scheme for gas-liquid flows in pipes[END_REF], with further lagrangian tracking of the particles [START_REF] Zhu | Discrete particle simulation of particulate systems: Theoretical developments[END_REF][START_REF] Capecelatro | An Euler-Lagrange strategy for simulating particle-laden flows[END_REF], imply in an insurmountable computational cost with the digital technology available today.

The literature involving two phases, that is, gas-liquid flows [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF][START_REF] Simões | Numerical prediction of non-boiling heat transfer in horizontal stratified and slug flow by the two-fluid model[END_REF][START_REF] Shoham | Mechanistic modeling of gas-liquid two-phase flow in pipes[END_REF][START_REF] Bassani | Modeling the scooping phenomenon for the heat transfer in liquid-gas horizontal slug flows[END_REF][START_REF] Andreussi | Void distribution in slug flow[END_REF][START_REF] Bendiksen | The Dynamic Two-Fluid Model OLGA: Theory and Application[END_REF][START_REF] Bendiksen | An experimental investigation of the motion of long bubbles in inclined tubes[END_REF][START_REF] Rogero | Experimental Investigation of Developing Plug and Slug Flows[END_REF], liquid-liquid flows [START_REF] Brauner | Liquid-liquid two-phase flow[END_REF][START_REF] Brauner | The prediction of dispersed flows boundaries in liquid-liquid and gas-liquid systems[END_REF][START_REF] Brauner | Modeling of phase inversion phenomenon in two-phase pipe flows[END_REF][START_REF] Brauner | Flow pattern transitions in two-phase liquid-liquid flow in horizontal tubes[END_REF][START_REF] Lovick | Droplet size and velocity profiles in liquid-liquid horizontal flows[END_REF][START_REF] Angeli | Flow structure in horizontal oil-water flow[END_REF][START_REF] Trallero | A Study of Oil-Water Flow Patterns in Horizontal Pipes[END_REF][START_REF] Flores | Characterization of Oil-Water Flow Patterns in Vertical and Deviated Wells[END_REF][START_REF] Rodriguez | Interfacial-tension-force model for the wavy-stratified liquid-liquid flow pattern transition[END_REF][START_REF] Hu | Population balance modelling of phase inversion in liquid-liquid pipeline flows[END_REF] and solid-liquid flows [START_REF] Peker | Solid-liquid two-phase flow[END_REF][START_REF] Crowe | Multiphase Flows with Droplets and Particles[END_REF][START_REF] Gore | Effect of particle size on modulating turbulent intensity[END_REF][START_REF] Roco | Critical deposit velocity in slurry flow[END_REF][START_REF] Shook | Slurry flow: principles and practice[END_REF][START_REF] Gillies | Solids transport by laminar Newtonian flows[END_REF][START_REF] Gillies | Modelling high concentration settling slurry flows[END_REF][START_REF] Gillies | Deposition velocities for newtonian slurries in turbulent flow[END_REF], is considerably well advanced. The studies nowadays focus on enhancing closure correlations for scenarios closer to oil production (e.g., larger pipelines, viscous or non-Newtonian fluids, higher pressures) and on enhancing mathematical solution procedures. However, only few works on three-or-more-phase flows exist [START_REF] Ding | Hydrate Formation and Plugging Mechanisms in Different Gas-Liquid Flow Patterns[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Hanafizadeh | Experimental investigation of air-wateroil three-phase flow patterns in inclined pipes[END_REF][START_REF] Kee | Flow patterns and water wetting in gas-oil-water three-phase flow -a flow loop study[END_REF][START_REF] Zerpa | Multiphase flow modeling of gas hydrates with a simple hydrodynamic slug flow model[END_REF][START_REF] Joshi | Experimental investigation and modeling of gas hydrate formation in high water cut producing oil pipelines[END_REF][START_REF] Pavlidis | Two-and three-phase horizontal slug flow simulations using an interface-capturing compositional approach[END_REF][START_REF] Colmanetti | Phase inversion phenomena in vertical three-phase flow: Experimental study on the influence of fluids viscosity, duct geometry and gas flow rate[END_REF][START_REF] Rosas | Measurements of horizontal three-phase solid-liquid-gas slug flow: Influence of hydrate-like particles on hydrodynamics[END_REF][START_REF] Joshi | Experimental flowloop investigations of gas hydrate formation in high water cut systems[END_REF][START_REF] Rocha | Effects of water and gas injection and viscosity on volumetric fraction, pressure gradient and phase inversion in upward-vertical three-phase pipe flow[END_REF][START_REF] Cazarez | Modeling of three-phase heavy oil-water-gas bubbly flow in upward vertical pipes[END_REF]. The case of hydrate formation under flowing conditions is a three-phase gaswater-oil flow problem with the formation of a fourth solid phase (the gas hydrate crystal) that exchanges mass and produces heat.

The strategy used in this thesis is to split the multiphase flow into smaller pseudo two-phase flows, as depicted in Figure 1.10. The density of the gas is one to three orders of magnitude smaller than that of the oil, water and hydrates.

Therefore, oil, water and hydrates can be treated as a pseudo-liquid phase that flows alongside with the gas. Since density is directly related to the inertia and to the heat capacity of the fluid, then gas-liquid two-phase flow models will be applied to understand the pressure and temperature distributions along the pipeline, and to predict the interfacial surface between the gas and the liquid continuous phase.

Figure 1.10. Strategy for multiphase flow modeling. The strategy consists in using gas-liquid flow models to determine P&T distributions along the pipeline, as gas has a much smaller inertia compared to the other phases. The liquid phase is composed of oil and water prior to the onset of formation, and liquid-liquid flow models act as closure for the determination of the continuous phase, the oil-water apparent viscosity, and the droplet size (used as initial particle size for the population balance). After the onset of formation, the water is completely entrapped inside the spongeous particles (valid for oil-continuous systems), thus the liquid is composed of oil and hydrates. Solid-liquid flow models for the slurry viscosity and stability act as closure for the gas-liquid flow model.

Liquid-liquid and solid-liquid flow models will therefore act as closure to determine the properties of the pseudoliquid. For the oil-water flow before the onset of hydrate formation and when dealing with dispersed systems, what matters is the continuous phase, the droplet size and the apparent viscosity of the dispersion. As will be discussed in chapter 2, the water almost instantly vanishes as a free phase after the onset of hydrate formation in oil-continuous systems, and gets entrapped in the porous structure of the hydrophilic hydrate particles. Therefore, a hydrate-in-oil flow describes the pseudo-liquid after the onset of hydrate formation. In this case, what matters is the apparent viscosity of the slurry and its stability, oftentimes given by a critical settling velocity. The gas-liquid, liquid-liquid and solid-liquid flows will be treated separately in the next sections.

The following definitions are for any multiphase flow model and more details can be found in multiphase flow books [START_REF] Crowe | Multiphase flow handbook[END_REF][START_REF] Shoham | Mechanistic modeling of gas-liquid two-phase flow in pipes[END_REF][START_REF] Peker | Solid-liquid two-phase flow[END_REF][START_REF] Crowe | Multiphase Flows with Droplets and Particles[END_REF][START_REF] Azzopardi | Gas-liquid flows[END_REF]. The ratio between the volume occupied by one phase   and the volume occupied by the mixture  is called (volumetric) phase fraction R  and is often simplified as the ratio of the occupied areas A  to the total area A of a flowline when dealing with a constant cross section

A R A      (1.27)
Literature commonly uses the name void fraction for the gas fraction and liquid holdup for the liquid fraction [START_REF] Shoham | Mechanistic modeling of gas-liquid two-phase flow in pipes[END_REF].

The actual velocity 

Liquid Q U A     (1.28)
The occupied cross sectional area of the phase must be solved together with the actual velocity of the phase by converging mass and momentum balances for all the phases [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF][START_REF] Simões | Numerical prediction of non-boiling heat transfer in horizontal stratified and slug flow by the two-fluid model[END_REF][START_REF] Conte | Numerical and experimental study of slug initiation for gas-liquid two-phase flows[END_REF][START_REF] Bassani | Modeling the scooping phenomenon for the heat transfer in liquid-gas horizontal slug flows[END_REF]. For an easier manipulation, the concept of superficial velocity j  arises, defined as the velocity the phase would have were it flowing alone in the same flowline of cross sectional area
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The superficial and actual velocities are related through the phase fraction as

j U R     (1.30)
A hydrodynamic multiphase flow model consists in estimating the phase fractions R  using the superficial velocities j  and properties of the phases as inputs. The phase fractions are then used to estimate the actual velocities of the phases U  , the occupied areas A  and the wetted perimeters S  . These serve to estimate friction factors and heat transfer coefficient between phases and between the phases and wall, and inside the momentum and energy balance give the P&T distribution along the pipeline. The latter define the driving force for hydrates formation.

The use of the superficial velocities of each phase as inputs are more often found in academic studies, whereas in industrial applications the total mixture flow rate Q is preferred. Both are related to each other by recognizing that the mixture superficial velocity J is the sum of the superficial velocities of all phases
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The mixture flow rate alone (or its related mixture superficial velocity) is not sufficient to describe the multiphase flow. Further information on the relative amount between the phases fed to the flowline is required. As a guideline, the number of phases in the mixture equals the number of necessary hydrodynamic input parameters (e.g., for two-phase flow, one should supply two superficial velocities, or the mixture superficial velocity and a phase fraction2 ). A common adopted input is the ratio of the flow rate of each phase to the flow rate of the mixture. Alternatively, one can adopt the ratio of superficial velocities for a flowline with a constant cross sectional area, known as the non-slip phase fraction

,ns Qj R QJ    (1.32)
The non-slip phase fraction of liquid in a gas-liquid flow is called liquid loading LL , and the non-slip phase fraction of water inside a water-oil flow is called water cut
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Liquid loading and water cut definitions apply to two-phase flow interactions only. When dealing with more phases, attention must be given to whether the phase fraction is related to the entire mixture (all the phases), or if it is relative to a carrier phase.

Gas-Liquid Flow

The gas-liquid flow dictates the pressure and temperature variations along the pipeline. The liquid is considered as a homogeneous mixture of oil (o), water (w) and hydrates (h), whose properties x are oftentimes estimated as
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It is important to stress out that eq (1.35) is a weighted average in terms of a mass balance and is applicable to, e.g., density estimation, but it should be carefully handled to other properties. For thermal properties, such as the specific heat, an energy balance must be used, where the specific heat of each phase is weighted by the respective phase density and phase fraction [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate formation with heat and mass transfer[END_REF]. The heat capacity

, P c  
of each phase, in turn, can be estimated through the mass balance of eq (1.35). Viscosity shall be estimated through a momentum balance. Because the stresslet around the droplets and particles is as non-linear phenomenon, a simple weighting process of the viscosities of the phases (as used e.g. in early black box models [START_REF] Shoham | Mechanistic modeling of gas-liquid two-phase flow in pipes[END_REF]) should be avoided. Specific empirical models for dispersion viscosities (i.e., dispersed bubble flow, dispersed liquid-liquid flow, and slurry flow) are presented in Table A. [START_REF] Mersmann | Crystallization Technology Handbook -Second Edition Revised and Expanded[END_REF]. Finally, some properties should be evaluated as the one of the continuous phase, such as the thermal conductivity. That is, the continuous phase is the one responsible to wet the wall and therefore its conductivity dictates the thermal boundary layer that is formed and that causes convection.

Gas-liquid flow assumes different flow patterns, that is, geometric configuration of the interfaces inside the pipeline.

Flow maps as the one presented in Figure 1.11 are used to estimate the flow pattern depending on the superficial velocities of the phases. Several stability models for transition between gas-liquid flow pattern are available in literature [START_REF] Barnea | A unified model for predicting flow-pattern transitions for the whole range of pipe inclinations[END_REF][START_REF] Shoham | Mechanistic modeling of gas-liquid two-phase flow in pipes[END_REF][START_REF] Taitel | A model for predicting flow regime transitions in horizontal and near horizontal gasliquid flow[END_REF][START_REF] Barnea | Flow pattern transition for downward inclined two phase flow; horizontal to vertical[END_REF][START_REF] Ruder | A definition of gas-liquid plug flow in horizontal pipes[END_REF][START_REF] Thaker | Characterization of two-phase slug flow sub-regimes using flow visualization[END_REF][START_REF] Picchi | A unified model to predict flow pattern transitions in horizontal and slightly inclined twophase gas/shear-thinning fluid pipe flows[END_REF][START_REF] Hurlburt | Prediction of the transition from stratified to slug and plug flow for long pipes[END_REF][START_REF] Alves | An experimental analysis on the influence of flow direction changes on the transitions in gas-liquid, slug-to-stratified downward flows[END_REF]. Flow maps depend mainly on the properties of the phases, and on the flowline diameter and inclination.

Stratified flow is defined as the simultaneous flow of two independent fluid layers, occurring in horizontal pipelines at low flow rates of both phases, where the gas regime may be laminar or turbulent. Turbulent regimes induce waves (wind effect [START_REF] Jeffreys | On the formation of water waves by wind[END_REF]) in the interface of the phases, giving rise to a sub-pattern called stratified wavy. At higher liquid superficial velocities, those waves increase in amplitude, accelerating the gaseous phase and causing a depressurization of the restricted gas flow, dragging the liquid up to the top wall. This is similar to a Kelvin-Helmholtz stability, but in confined channels [START_REF] Shoham | Mechanistic modeling of gas-liquid two-phase flow in pipes[END_REF][START_REF] Ghiaasiaan | Two-phase flow, boiling and condensation: In conventional and miniature systems[END_REF], and leads to transition to slug flow.

Slug flow is characterized by the intermittent passage of elongated bubbles that flow over a liquid film; and by liquid slug bodies, which may contain gas dispersed bubbles. Together, those structures form what is known as a unit cell (not to be confused with the crystalline unit cell of gas hydrates). Small mixture superficial velocities are related to nonaerated slugs, giving rise to the sub-pattern called plug flow or elongated bubble flow or Taylor bubble flow [START_REF] Barnea | A unified model for predicting flow-pattern transitions for the whole range of pipe inclinations[END_REF][START_REF] Thaker | Characterization of two-phase slug flow sub-regimes using flow visualization[END_REF].

The slug flow is related to higher head losses and heat transfer rates relatively to the stratified flow because of a recirculation zone behind the elongated bubbles [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF][START_REF] Cook | Pressure drop calculation and modelling of inclined intermittent gas-liquid flow[END_REF][START_REF] França | Mechanistic Modeling of the Convective Heat Transfer Coefficient in Gas-Liquid Intermittent Flows[END_REF], where the slug scoops the liquid that is shed by the film coming from different velocities of the unit cell structures [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF][START_REF] Shoham | Mechanistic modeling of gas-liquid two-phase flow in pipes[END_REF][START_REF] Bassani | Modeling the scooping phenomenon for the heat transfer in liquid-gas horizontal slug flows[END_REF]. For horizontal pipelines and for increasing water flow rates, the shear stresses of water induce breakage of the elongated bubbles into smaller ones, giving rise to the bubble flow pattern. The name (fine) dispersed bubble flow is used when the bubbles are spherical and homogeneous in size [START_REF] Brauner | The prediction of dispersed flows boundaries in liquid-liquid and gas-liquid systems[END_REF]. Starting from the slug flow and increasing the gas flow rate, the elongated bubbles eventually coalesce to form a gas core, which flows surrounded by a liquid film. This pattern is named annular. The shear stresses of the gas core may induce detachment of liquid bodies (wisps) that flow within the gas core, a sub-pattern called wispy annular [START_REF] Sharaf | Structures in gas-liquid churn flow in a large diameter vertical pipe[END_REF]. Annular flow is very unstable in horizontal pipelines, since the gas core needs to deliver sufficient energy from shear to maintain the liquid film at the top wall, enduring gravity. This only occurs at high gas flow rates. Churn flow may occur between slug and annular [START_REF] Hewitt | To churn or not to churn[END_REF], especially in inclined and vertical pipelines. Churn is related to the inversion of direction of the liquid film velocity in the slug flow pattern, induced by gravity. This inversion destabilizes the gas-liquid interface, splitting the elongated bubble into a chaotic pattern.

As a rule-of-thumb, oil and gas production operations occur within a certain range of mixture superficial velocities, usually between 1 3 m/s J  . Low superficial velocities mean low production, whereas high superficial velocities mean augmentation of the head losses, with consequent increase of the pumping requirements. Therefore, in horizontal pipelines, stratified flow relates to gas-dominant flows, whereas slug flow is associated to liquid-dominant flows. In vertical ducts, bubble flow is the most probable flow pattern for liquid-dominant flow, whereas slug or churn are the most probable flow patterns for gas-dominant flows. Slug flow will exist for liquid and gas flow rates of the same order of magnitude. It is important to notice, however, that most studies in flow pattern determination were done for air-water at ambient conditions and in laboratory-scale flow loops [START_REF] Barnea | A unified model for predicting flow-pattern transitions for the whole range of pipe inclinations[END_REF][START_REF] Taitel | A model for predicting flow regime transitions in horizontal and near horizontal gasliquid flow[END_REF]. Flow pattern transition criteria for scenarios similar to the ones found in the industry, that is, larger flowline diameters [START_REF] Ali | Two-phase flow patterns in large diameter vertical pipes[END_REF][START_REF] Omebere-Iyari | Two-phase flow patterns in large diameter vertical pipes at high pressures[END_REF], heavier gases/higher pressures, and viscous [START_REF] Barnea | On the effect of viscosity on stability of stratified gas-liquid flow-application to flow pattern transition at various pipe inclinations[END_REF] or non-Newtonian [START_REF] Picchi | A unified model to predict flow pattern transitions in horizontal and slightly inclined twophase gas/shear-thinning fluid pipe flows[END_REF] oils are a recent topic of research.

For the sake of simplicity, the interest in gas hydrate formation under multiphase flow is for horizontal pipelines in offshore conditions. The mixture comes heated from the wellbore (~ 80 o C) and exchanges heat with the ocean (~ 4 o C)

through the flowline wall. The pressure is kept considerably high (~ 100 bar for normal production; up to 300 bar for harsh conditions, e.g., the pre-salt production in Brazil) throughout the horizontal line. Since the horizontal lines are considerably long (10 to 80 km), the mixture will at some point cool down and achieve the conditions of hydrate formation, if thermodynamic inhibitors are not used. That is, the first formation of hydrate particles occurs, most likely, in the horizontal line. In vertical lines, the ocean temperature increases upwardly, and pressure considerably drops down because of the decrease in the hydrostatic column. That is, the driving force for hydrate formation decrease as the mixture flows in vertical ascendant pipelines (risers). Therefore, the vertical section of the flowline is mostly associated to slurry transportation, and not to hydrate formation. The focus of this thesis is on liquid-dominant flows in horizontal pipelines, where slug flow prevails for the reported production conditions, at least by considering the flow maps nowadays available in literature. The effects that hydrate formation might cause into changing the flow pattern transition is out of scope in this thesis.

Different approaches for modeling slug flow are found in literature, namely: steady-state mechanistic models [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF][START_REF] Shoham | Mechanistic modeling of gas-liquid two-phase flow in pipes[END_REF][START_REF] Bassani | Modeling the scooping phenomenon for the heat transfer in liquid-gas horizontal slug flows[END_REF][START_REF] Cook | Pressure drop calculation and modelling of inclined intermittent gas-liquid flow[END_REF][START_REF] Bassani | Modeling the effects of hydrate wall deposition on slug flow hydrodynamics and heat transfer[END_REF], transient drift flux models [START_REF] Zerpa | Multiphase flow modeling of gas hydrates with a simple hydrodynamic slug flow model[END_REF][START_REF] Danielson | A simple model for hydrodynamic slug flow[END_REF], transient two-fluid (slug capturing) models [START_REF] Simões | Numerical prediction of non-boiling heat transfer in horizontal stratified and slug flow by the two-fluid model[END_REF][START_REF] Conte | Numerical and experimental study of slug initiation for gas-liquid two-phase flows[END_REF][START_REF] Renault | A Lagrangian slug capturing scheme for gas-liquid flows in pipes[END_REF][START_REF] Issa | Simulation of slug flow in horizontal and nearly horizontal pipes with the two-fluid model[END_REF],

transient slug tracking models [START_REF] Nydal | Dynamic slug tracking simulations for gas-liquid flow in pipelines[END_REF][START_REF] Medina | Numerical simulation of the heat transfer in fully developed horizontal two-phase slug flows using a slug tracking method[END_REF][START_REF] Taitel | Effect of gas compressibility on a slug tracking model[END_REF] and hybrid capturing-tracking models [START_REF] Kjeldby | Lagrangian slug flow modeling and sensitivity on hydrodynamic slug initiation methods in a severe slugging case[END_REF][START_REF] De Almeida | Numerical simulation of slug flow using a hybrid methodology based on slug capturing and slug tracking models[END_REF]. When it comes to heat transfer modeling, fewer studies exist [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Medina | Numerical simulation of the heat transfer in fully developed horizontal two-phase slug flows using a slug tracking method[END_REF][START_REF] Simões | Numerical prediction of non-boiling heat transfer in horizontal stratified and slug flow by the two-fluid model[END_REF][START_REF] Medina | Numerical simulation of two-phase liquid-gas slug flow with heat transfer in horizontal ducts[END_REF][START_REF] Medina | Hydrodynamics and heat transfer simulation for two-phase intermittent flow in horizontal pipes[END_REF]. In this thesis, the steady-state mechanistic approach is adopted [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Bassani | Modeling the scooping phenomenon for the heat transfer in liquid-gas horizontal slug flows[END_REF] and its modeling will be the focus of chapter 5. Closure of such model is done through: (i) three empirical correlations that are intrinsic of slug flows, namely the unit cell translational velocity (Table A.7), the slug flow frequency (Table A.8), and the slug aeration (Table A.9); and (ii) single-phase flow correlations for the friction factor (Blasius-type models [START_REF] Fox | Fox and McDonald's Introduction to Fluid Mechanics[END_REF]) and for the heat transfer coefficient (Gnielinski [START_REF] Bergman | Fundamentals of Heat and Mass Transfer[END_REF][START_REF] Gnielinski | New equations for heat and mass transfer in turbulent pipe and channel flow[END_REF]).

Liquid-Liquid Flow

Liquid-liquid (oil-water) flow can be regarded as a gas-liquid flow with a density ratio near unity and viscosity ratio from unity (light oils) to very high values (viscous oils). Because of the relatively low difference between densities of both phases, gravity has a less pronounced effect in liquid-liquid systems than in gas-liquid systems. Therefore, wallwetting properties and interfacial tensions become important in predicting the flow pattern [START_REF] Brauner | Liquid-liquid two-phase flow[END_REF]. The flowline materials and surface conditions affect the flow pattern transitions as well. A hydrophobic (or hydrophilic) wall extends the range of operational conditions of an existing oil (or water) continuous phase, whereas a rough wall enhances the dispersion formation coming from the promotion of turbulence.

The classification of liquid-liquid flow patterns is still subjective [START_REF] Brauner | Liquid-liquid two-phase flow[END_REF][START_REF] Angeli | Flow structure in horizontal oil-water flow[END_REF][START_REF] Flores | Characterization of Oil-Water Flow Patterns in Vertical and Deviated Wells[END_REF][START_REF] Arirachakaran | An analysis of oil-water phenomena in horizontal pipes[END_REF][START_REF] Trallero | Oil-water flow patterns in horizontal pipes[END_REF][START_REF] Du | Flow pattern and water holdup measurements of vertical upward oil-water two-phase flow in small diameter pipes[END_REF], see e.g. Table 2.2 of Torres-Monzón [START_REF] Torres-Monzón | Modeling of oil-water flow in horizontal and near horizontal pipes[END_REF] for different names attributed to each flow pattern. But a general classification can be made in terms of the continuous phase (water or oil continuous) and in terms of the type of flow pattern (segregated flow, dispersed flow or intermittent/transitional flow). Depiction of flow patterns in horizontal and vertical flows are given in Figure 1.12 for light oils, according to the study of Brauner [START_REF] Brauner | The prediction of dispersed flows boundaries in liquid-liquid and gas-liquid systems[END_REF]. Segregated flows are comprised mostly by stratified flows. The stratified wavy flow is related to the entrainment of one phase into another, where a layer of dispersion may occur (e.g., oilin-water dispersion & water flow). When both layers are dispersions (that is, a layer of oil-in-water dispersion & a layer of water-in-oil dispersion), the pattern is called transitional flow or dual flow. For low density difference between the phases, or for vertical flows where gravity acts perpendicularly to the flowline axis, stratified flow does not exist. In these cases, when no dispersive forces are present, larger bodies of one phase into another appear. Core flow (also called annular flow) is also regarded as a segregated flow and is related to highly viscous oils, where dispersive forces coming from turbulence are unlikely to be important. For dispersed flow to exist, dispersive forces (breakup forces) need to prevail over surface forces. The main breakup mechanisms comprise high shear stresses, rapid acceleration of the flow and turbulent fluctuations in the continuous phase, where the latter is the most important in flowlines [START_REF] Brauner | Liquid-liquid two-phase flow[END_REF]. The surface force, which resists deformation and breakup of a body, comes from the oil-water interfacial tension. Sub-patterns of dispersed flows are classified in terms of the homogeneity of the dispersion and the size and shape of the droplets. Fine dispersed flow is when droplets are spherical and homogeneously dispersed in the continuous phase, also called emulsion flow. Notice that in literature of multiphase flow, the expression "emulsion flow" or simply "emulsion" is what in literature of gas hydrates is called a shearstabilized emulsion. Because chemically-stabilized emulsions are out of scope in this thesis, then the name emulsion will always apply to the shear stabilized ones along this thesis. Intermittent flow comprises slug flow, churn flow and transitional flows. Slug and churn flows for oil-water systems are related to highly viscous oils [START_REF] Brauner | Liquid-liquid two-phase flow[END_REF] because of their low dispersive forces inside the oil phase, otherwise the large bodies would split into smaller ones. The elongated bubbles in oil-water slug flows do not present the well-defined shape as in gas-liquid flows. The 'elongated bubble' may be formed by a swarm of oil droplets [START_REF] Brauner | Liquid-liquid two-phase flow[END_REF][START_REF] Arirachakaran | An analysis of oil-water phenomena in horizontal pipes[END_REF], which intermittently flows through the pipeline followed by a body of water.

Several studies on transition criteria for liquid-liquid flow patterns are available in literature [START_REF] Brauner | Liquid-liquid two-phase flow[END_REF][START_REF] Brauner | The prediction of dispersed flows boundaries in liquid-liquid and gas-liquid systems[END_REF][START_REF] Brauner | Modeling of phase inversion phenomenon in two-phase pipe flows[END_REF][START_REF] Brauner | Flow pattern transitions in two-phase liquid-liquid flow in horizontal tubes[END_REF][START_REF] Arirachakaran | An analysis of oil-water phenomena in horizontal pipes[END_REF][START_REF] Hasan | A New Model for Two-Phase Oil/Water Flow: Production Log Interpretation and Tubular Calculations[END_REF][START_REF] Ahmed | Liquid -Liquid horizontal pipe flow -A review[END_REF]. For hydrate formation, the main interest is to understand: (i) the average droplet size, which will give the order of magnitude of the initial size of hydrate particles in chapter 6, (ii) the continuous phase, as different kinetics and agglomeration phenomena enter at play when oil or water compose the continuous phase, to be discussed in chapter 2, and (iii) the apparent viscosity of the oil-water dispersion, which gives the head losses to be modeled in chapter 5. The apparent viscosity models are summarized in Table A. [START_REF] Mersmann | Crystallization Technology Handbook -Second Edition Revised and Expanded[END_REF] and are the same as for solid-liquid flows. More will be discussed about them in section 1.2.3.

Droplet Size

Table A.10 presents different semi-empirical models for the droplet size. The expressions proposed by Brauner [START_REF] Brauner | The prediction of dispersed flows boundaries in liquid-liquid and gas-liquid systems[END_REF] are suggested, expanded from Hinze [START_REF] Hinze | Fundamentals of the hydrodynamic mechanism of splitting in dispersion processes[END_REF] and Hughmark [START_REF] Hughmark | Drop breakup in turbulent pipe flow[END_REF], and following Kolmogorov's theory. 

 

, where f is the friction factor. Brauner [START_REF] Brauner | The prediction of dispersed flows boundaries in liquid-liquid and gas-liquid systems[END_REF] further considers the phase fraction of the dispersed phase in that expression. As stated by Karabelas [START_REF] Karabelas | Droplet size spectra generated in turbulent pipe flow of dilute liquid/liquid dispersions[END_REF], this assumption is 'open to criticism', but the final results have been found to describe the experimental data satisfactorily. For the case of droplets with sizes larger than the most energetic turbulent eddy, max 0.1D d D  , Hughmark [START_REF] Hughmark | Drop breakup in turbulent pipe flow[END_REF] shows that the fluctuating turbulent velocity controls the maximum drop size, with

' 1.3 2 c u U f  [242]
. For the flow of a water-oil dispersion concomitantly to a gas phase: (i) the cross-sectional area may change from a circle to a circle-section (horizontal pipe) or annular-section (vertical pipe); and (ii) the existence of the gaseous phase changes the liquid velocity profile and can induce turbulence on it. Therefore, further improvements might be introduced by replacing a suitable expression for the fluctuating velocity ' u in the case of gas-oil-water flow.

The use of an expression for   

Phase Inversion

Phase inversion criteria are important to determine the contact between the phases (i.e., gas-oil or gas-water), which affect: (i) the nucleation sites and the initial morphology of the particles; (ii) the mass transfer resistances that play a role in growth kinetics (mechanisms A to F discussed in section 1.1.2); and (iii) the wall-wetting phase associated to friction and heat exchange between the mixture and the flowline wall. Table A.11 summarizes some phase inversion criteria. The use of Brauner and Ullmann [START_REF] Brauner | Modeling of phase inversion phenomenon in two-phase pipe flows[END_REF] predictive model is suggested, based on the minimum surface energy of the system. Notice that the continuous phase properties and its Reynolds and Weber numbers affect the droplet size.

Therefore, keeping the same mixture velocity, the total surface of the water-in-oil droplets of, say, a 30% water cut system is different than the total surface of the oil-in-water droplets of a 30% oil cut system. The inversion occurs at the water cut where the surface energy of the water-in-oil and the oil-in-water dispersions are the same. As a rule-of-thumb, the higher the phase viscosity, the less turbulent is its flow for the same velocity. Therefore, the continuous phase tends to be the less viscous one. That is, the water cut of inversion is, as a rule-of-thumb, smaller than 50%. A water cut of inversion with approximately 15% is experimentally observed for highly viscous oils [START_REF] Brooks | Phase inversion in non-ionic surfactant-oil-water systems-III. The effect of the oil-phase viscosity on catastrophic inversion and the relationship between the drop sizes present before and after catastrophic inversion[END_REF], where phase inversion is limited by the packing of oil droplets. This minimum value shall be adopted when dealing with 200cP
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, or whenever the phase inversion criteria adopted predicts WC 15% inv  . Transition from water-to oil-continuous is not exactly the same as from oil-to water-continuous, that is, phase inversion presents hysteresis [START_REF] Du | Flow pattern and water holdup measurements of vertical upward oil-water two-phase flow in small diameter pipes[END_REF]. The range where transitional (dual) flow happens is called ambivalence range [START_REF] Brauner | Liquid-liquid two-phase flow[END_REF][START_REF] Selker | Factors affecting which phase will disperse when immiscible liquids are stirred together[END_REF], and the concept of continuous phase is not valid. For lower mixture velocities, the ratio of droplet-to-pipe diameter increases. Therefore, energy terms coming from the liquid-wall contact start being important. In this case, the hydrophilic or hydrophobic nature of the wall affects the critical water cut of inversion, as presented in Figure 6 of Brauner and Ullmann [START_REF] Brauner | Modeling of phase inversion phenomenon in two-phase pipe flows[END_REF]. During phase inversion, the necessary energy to remove one phase and to make the other phase to rewet the wall causes the hysteresis to occur, and that explains a range of ambivalence of ~ 10% in water cut, see Figure 8 of Brauner and Ullmann [START_REF] Brauner | Modeling of phase inversion phenomenon in two-phase pipe flows[END_REF]. Surface-active impurities, such as surfactants additives, affect the ambivalence range as well, explained by the variation of oil-water interfacial tension in the presence of impurities that, once undergoing phase inversion, take time to advect and to re-contaminate the fresh interface, during which the oil-water interfacial tension without impurities exist. Presence of contaminants explains a much wider ambivalence range [START_REF] Brauner | Modeling of phase inversion phenomenon in two-phase pipe flows[END_REF].

Solid-Liquid Flow

Solid-liquid flow patterns are classified as dispersed (homogeneous or heterogeneous) or with a bed formation. The flow map of Doron and Barnea [START_REF] Doron | Flow pattern maps for solid-liquid flow in pipes[END_REF] is presented in Figure 1.13 in a mixture velocity vs the solid concentration plot.

Dispersed flow (also called slurry flow) always has a certain level of heterogeneity, but differences of up to 20% in solid phase fraction along the cross sectional area of the flowline are categorized as homogeneous dispersed flow [START_REF] Crowe | Multiphase Flows with Droplets and Particles[END_REF]. This is usually related to high mixture velocities, small particle sizes, and small solid concentrations, where the lift forces always overcome the apparent weight (combined weight and buoyancy) of the particles. Therefore, the particles are carried out along the flowline with negligible slip velocity and the slurry is called stable. This is the desired scenario for hydrate management. As particles agglomerate, the slurry tends to destabilize. The apparent weight starts to compete with turbulent dispersive forces and the dispersion may transition to heterogeneous. In this case, the slip velocity is no longer negligible and the particles start accumulating in the flowline [START_REF] Rao | Multiphase flow modeling and deposition of hydrates in oil and gas pipelines[END_REF]. With higher solid fractions and/or higher particle sizes, the apparent weight might overcome lift forces, then part of the slurry settles down and forms a bed. This bed moves slower than the liquid continuous phase, therefore causing a cross sectional restriction and a considerable increase in head loss [START_REF] Rao | Multiphase flow modeling and deposition of hydrates in oil and gas pipelines[END_REF][START_REF] Bassani | Modeling the effects of hydrate wall deposition on slug flow hydrodynamics and heat transfer[END_REF][START_REF] Lorenzo | Modelling hydrate deposition and sloughing in gas-dominant pipelines[END_REF]. The liquid phase accelerates locally because of the cross sectional restriction and may cause some sandbank movements atop the bed, commonly known as The local increase in the shear stresses caused by the partial restriction may cause the beds/deposits to detach, called sloughing [START_REF] Straume | Experimental study of the formation and deposition of gas hydrates in non-emulsifying oil and condensate systems[END_REF]. Those detached masses flow for some time-lapse and get stuck again, causing pressure drop oscillations [START_REF] Ding | Hydrate Formation and Plugging Mechanisms in Different Gas-Liquid Flow Patterns[END_REF][START_REF] Pham | Experimental Flowloop Study on Methane Hydrate Formation and Transport from Water-Oil Dispersion in Presence of Anti-Agglomerants[END_REF][START_REF] Joshi | Experimental investigation and modeling of gas hydrate formation in high water cut producing oil pipelines[END_REF][START_REF] Joshi | Experimental flowloop investigations of gas hydrate formation in high water cut systems[END_REF][START_REF] Lorenzo | Modelling hydrate deposition and sloughing in gas-dominant pipelines[END_REF], which is a sign that plugging is imminent. The final blockage occurs when: (i) the pumping power of the flowline cannot overcome the pressure drop coming from the partial restrictions; or (ii) once accumulation of particles reaches its maximum packing factor, in the range of ,max 0.52 0.73 s R  for mono-dispersed spherical particles [START_REF] Paar | The influence of particles on suspension rheology[END_REF]. This incurs in a porous media flow, as presented in Figure 1.13.

Two important parameters will be estimated from the solid-liquid flow literature: (i) the critical settling velocity, in order to assure that the flow is always dispersed, and (ii) the apparent viscosity of the slurry, as suspended flows promotes extra shear stresses.

Critical Settling Velocity

In order to assure continuous and stable flow, operations shall remain under the dispersed flow pattern and as homogeneous as possible, that is, with negligible slip between particle and liquid and with negligible accumulation. There is a critical mixture velocity where a certain particle population, with related particle size distribution, will be on the verge of settling down. This velocity receives different names in literature: (critical) deposition velocity, (critical) settling velocity, limit deposit velocity, suspending velocity or (critical) slurry velocity [START_REF] Peker | Solid-liquid two-phase flow[END_REF][START_REF] Shook | Slurry flow: principles and practice[END_REF]. Table A.12 presents a compilation of expressions for the critical settling velocity of slurries. Their applicability is of course linked to the experimental dataset used for the curve fitted parameters, often done for sand and coal. Those particles present a much higher solid-to-liquid density ratio than gas hydrates, and extrapolation of those without further fitting with proper experimental tests (e.g., using inert particles that mimic gas hydrates [START_REF] Rosas | Measurements of horizontal three-phase solid-liquid-gas slug flow: Influence of hydrate-like particles on hydrodynamics[END_REF]) might induce bad numerical results.

These correlations are however able to capture, at least to some extent, the physics of the slurry stability: (i) the solidliquid density ratio relates to the apparent weight, which causes the settling of the slurry; (ii) the mixture velocity relates to lift forces, which act on stabilizing the slurry; (iii) the particle diameter and the solid phase fraction are determinant in understanding the competition between those forces; and (iv) the particle shape influences its drag coefficient. The complex part of dealing with hydrate particles is that they agglomerate, and therefore the critical settling velocity needs to be coupled with an expression for the stable agglomerate size. This will be treated in chapter 8.

Apparent Viscosity

Very fine particles at a very low concentration do not influence the velocity field of the liquid. In this case, the system is called one-way coupled [START_REF] Crowe | Multiphase Flows with Droplets and Particles[END_REF], since the liquid flow influences the particle movement, but not the opposite. The use of apparent viscosity correlations are a one-way coupled type of modeling the solid-liquid interactions. Those are largely applied to studies of plugging trends in the gas hydrate literature. Table A.13 summarizes some common expressions for the apparent viscosity of dispersions, which usually comes in the form of slurry c K
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, where c  is the viscosity of the continuous liquid phase and K is a multiplier parameter that depends on the solid phase fraction  . The pioneer study is from Einstein [START_REF] Einstein | Eine neue Bestimmung der Moleküldimensionen[END_REF][START_REF] Einstein | Berichtigung zu meiner Arbeit: "Eine neue Bestimmung der Moleküldimensionen[END_REF], who solved the Stokes equations for dilute dispersions of small (submicron), noninteracting, mono-dispersed, rigid, spherical particles, finding the total shear stress around the particles (called stresslet)

that is summed to the shear stresses of the flow without particles. Note that, in the conditions of Stokes flow, the solutions can be superposed [START_REF] Guazzelli | A physical introduction to suspension dynamics[END_REF][START_REF] Taylor | Low Reynolds Number Flows[END_REF].

Einstein found the analytical coefficient 5 1 2 K

 

. This value of 5/2 that multiplies the particle concentration is called intrinsic viscosity [START_REF] Macosko | Rheology: principles, measurements, and applications[END_REF] and is particle shape-dependent. Values for other shapes can be retrieved from page 33 of Bird et al [START_REF] Bird | Transport Phenomena[END_REF]. Further analytical development was done by Batchelor and Green [START_REF] Batchelor | The determination of the bulk stress in a suspension of spherical particles to order c2[END_REF][START_REF] Batchelor | The stress system in a suspension of force-free particles[END_REF][START_REF] Batchelor | The effect of Brownian motion on the bulk stress in a suspension of spherical particles[END_REF] to retrieve a second order term in the particle concentration 2   for pure straining and for Brownian movement of the particles. Other important developments are the ones of Frankel and Acrivos [START_REF] Frankel | The constitutive equation for a dilute emulsion[END_REF], who considered the fluid flow inside of a droplet (non-rigid particle) into decreasing the intrinsic viscosity; and of Krieger and Dougherty [START_REF] Krieger | A mechanism for non-newtonian flow in suspensions of rigid spheres[END_REF], who empirically modeled the doublet (collision of two particles) interactions for dense dispersion of small, rigid particles. Several other expressions exist using non-linear dependencies on  and trying to capture the interactions that occur in dense flows, but their applicability is oftentimes restricted to the case scenarios of curve fitting [START_REF] Krieger | A mechanism for non-newtonian flow in suspensions of rigid spheres[END_REF][START_REF] Mooney | The viscosity of a concentrated suspension of spherical particles[END_REF][START_REF] Liu | Rheology of Suspensions[END_REF][START_REF] Mills | Non-Newtonian behaviour of flocculated suspensions[END_REF][START_REF] Fangary | The effect of fine particles on slurry transport processes[END_REF][START_REF] Shook | Chapter 11 -Slurry pipeline flow[END_REF]. The model of Mills [START_REF] Mills | Non-Newtonian behaviour of flocculated suspensions[END_REF] is the most commonly one adopted in the literature of gas hydrates, and it is a variation of Krieger and Dougherty's [START_REF] Krieger | A mechanism for non-newtonian flow in suspensions of rigid spheres[END_REF] shape. The consideration of an apparent viscosity model captures the increase in the pressure drop along the flowline as hydrates keep forming and agglomerating [START_REF] Shi | New Simulator for Gas-Hydrate Slurry Stratified Flow Based on the Hydrate Kinetic Growth Model[END_REF][START_REF] Zerpa | Overview of CSMHyK: A transient hydrate formation model[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Zerpa | Multiphase flow modeling of gas hydrates with a simple hydrodynamic slug flow model[END_REF][START_REF] Rao | Multiphase flow modeling and deposition of hydrates in oil and gas pipelines[END_REF]. However, the mathematics coming from Stokes flow is not well posed, as hydrate particles are much larger than the ones considered for the solution of the Stokes equations.

The one-way coupled approach is hardly ever the case of gas hydrates, which grow and agglomerate forming larger particles and denser flows. In this case, the system is two-way coupled, where the particles exert an important influence in the liquid phase as well. Complete discretization of the forces surrounding the particles and their Lagrangian tracking incurs in a high computational cost. A simpler approach is to understand how the particles can modulate the turbulence of the liquid carrier phase [START_REF] Crowe | Multiphase Flows with Droplets and Particles[END_REF][START_REF] Gore | Effect of particle size on modulating turbulent intensity[END_REF]. In Computational Fluid Dynamics (CFD), that leads to the concept of turbulent viscosity, which shall not be confused with apparent viscosity. The turbulent viscosity stands to the fact that particles may damp or promote turbulence [START_REF] Gore | Effect of particle size on modulating turbulent intensity[END_REF]. Small particles ( 0.1 Pe d  [START_REF] Gore | Effect of particle size on modulating turbulent intensity[END_REF], where 0.1 e D  is the length of the most energetic eddy far from the wall) will follow the turbulent eddy for at least part of its lifetime, therefore consuming its energy and damping turbulence. In turn, larger particles ( 0.1 Pe d  [START_REF] Gore | Effect of particle size on modulating turbulent intensity[END_REF]) do not follow the eddy and promote turbulence because of the relative motion between the particle and the fluid, which create local vortexes (that is, locally breaking the eddies). Because hydrates present an important particle size from their onset, in the mm-scale for oildominant systems, they will mostly increase turbulence of the liquid phase, increasing head losses.

There are other two-way coupled phenomena recently reported [START_REF] Rosas | Measurements of horizontal three-phase solid-liquid-gas slug flow: Influence of hydrate-like particles on hydrodynamics[END_REF][START_REF] Rosas | Análise experimental do escoamento líquido-sólido-gás no padrão golfadas em um duto horizontal[END_REF][START_REF] Cavalli | Estudo Experimental do Escoamento Trifásico Sólido-Líquido-Gás em Golfadas em Dutos Horizontais[END_REF] on how the particles interact with gasliquid flows, focusing on the slug flow pattern, which is the one modeled in this thesis. Experimental evidences show that, even for low solid fractions, the introduction of the particles can cause [START_REF] Rosas | Measurements of horizontal three-phase solid-liquid-gas slug flow: Influence of hydrate-like particles on hydrodynamics[END_REF]: (i) elongated bubble acceleration (up to 10%), (ii) slug flow frequency increase (up to 20%), (iii) increase in slug aeration (occasionally transitioning from plug to slug flow), and (iv) decrease of the elongated bubble length (up to -20%). Further experimental data is needed in order to predict variations of closure correlations for gas-liquid flow in terms of the solid fraction. The presence of the particles changes as well the stability criteria for gas-liquid flow patterns. As discussed by Rao [START_REF] Rao | Multiphase flow modeling and deposition of hydrates in oil and gas pipelines[END_REF], the nucleation of particles promote instabilities on the gas-liquid interface, facilitating transition from stratified to slug flow. Yet, the agglomeration of solid particles and further entrapment of water and sometimes oil can cause a cream-or gel-like non-Newtonian behavior, see videos of Chen et al [START_REF] Chen | Insights into the formation mechanism of hydrate plugging in pipelines[END_REF].

All of these two-way coupled phenomena extrapolate the range of applicability of most models and correlations available in the multiphase flow literature. These two-way coupled phenomena will not be explored in this thesis. Here, I stick to the use of apparent viscosity models in a one-way coupled approach and considering the same functions for submicron particles coming from Einstein. In chapter 6, section 6.3.5, some further implications of this assumption will be made clear.

Multiphase Flow Models Considering Hydrate Formation

The first modeling attempts of coupling gas hydrate formation to multiphase flow began to appear in the last decade, although they are far from predicting all the interactions of such a complex problem. Gong et al [START_REF] Gong | Natural gas hydrate shell model in gas-slurry pipeline flow[END_REF] consider a shelltype kinetic model coupled to gas-liquid stratified flow, whereas the liquid is composed of a water-in-oil emulsion.

Both the shell kinetics [START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF] and the stratified flow were enhanced and coupled afterwards by Shi et al [START_REF] Shi | New Simulator for Gas-Hydrate Slurry Stratified Flow Based on the Hydrate Kinetic Growth Model[END_REF]. Recently, Shi et al. [START_REF] Shi | A new transient model for hydrate slurry flow in oil-dominated flowlines[END_REF] did some CFD efforts to model particle tracking and to introduce pressure-velocity coupling using a staggered grid. Rao [START_REF] Rao | Multiphase flow modeling and deposition of hydrates in oil and gas pipelines[END_REF] and Zerpa et al [START_REF] Zerpa | Multiphase flow modeling of gas hydrates with a simple hydrodynamic slug flow model[END_REF] considered an Arrhenius-type kinetic model and coupled it to the transient drift flux model of Danielson [START_REF] Danielson | A simple model for hydrodynamic slug flow[END_REF], which captures the evolution from stratified to slug flow. In their work, the influence of gas hydrate formation in the superficial velocities and phase fractions becomes clear. They also discuss some interactive phenomena between hydrate formation and flow pattern transition, and further discussions and experimental evidences are given by Ding et al [START_REF] Ding | Hydrate Formation and Plugging Mechanisms in Different Gas-Liquid Flow Patterns[END_REF][START_REF] Ding | Investigation of natural gas hydrate slurry flow properties and flow patterns using a high pressure flow loop[END_REF]. In my MSc studies [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate formation with heat and mass transfer[END_REF], I used the same Arrhenius-type kinetic model, but coupled with a steady-state mechanistic approach for slug flow, providing insights about the influence of gas hydrate formation on the region lengths, phase fractions, and frequency associated to slug flows. In a different type of modeling, Balakin et al [START_REF] Balakin | Population balance model for nucleation, growth, aggregation, and breakage of hydrate particles in turbulent flow[END_REF][START_REF] Balakin | Modelling agglomeration and deposition of gas hydrates in industrial pipelines with combined CFD-PBM technique[END_REF] used computational fluid dynamics to simulate the slurry transportability of water-oilhydrate systems coupled to agglomeration using population balance, but the gas phase was not considered.

All these models present important advances in the coupling of multiphase flow and gas hydrates. However, what still limits the capabilities of these models is not the multiphase flow description, but the comprehension of the offequilibrium processes coming from the particle porous structure, growth kinetics and agglomeration in systems containing oil. That is, much is being done regarding mathematical solution procedures into building powerful CFD software, but some fundamental physics is still being let apart. As will be made clear along this thesis, the two types of growth kinetic models adopted for oil-continuous systems prove inconsistent. The Arrhenius-type models [START_REF] Vysniauskas | A kinetic study of methane hydrate formation[END_REF][START_REF] Zerpa | Overview of CSMHyK: A transient hydrate formation model[END_REF][START_REF] Turner | Clathrate hydrate formation in water-in-oil dispersions[END_REF] bias the results into heat transfer-limited systems, whereas the shell-type models [START_REF] Turner | Methane hydrate formation and an inward growing shell model in water-in-oil dispersions[END_REF][START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF][START_REF] Bassani | Revisited model for inward and outward growth of gas hydrate particles in water-in-oil emulsions[END_REF] present inconsistencies in solubility and diffusion modeling, as well as the fact that growth kinetics can be proved to occur in the porous scale and not in a water core. The existence of water cores is also put in question in flowing systems, to be discussed in chapter 2. For the agglomeration, the main assumption in literature is that attractive forces comes from electrostatic theory [START_REF] Pham | Experimental Flowloop Study on Methane Hydrate Formation and Transport from Water-Oil Dispersion in Presence of Anti-Agglomerants[END_REF][START_REF] Colombel | Cristallisation et agglomération de particules d'hydrate de fréon dans une émulsion eau dans huile : étude expérimentale et modélisation[END_REF],

which is not important in the droplet and particle size scales of oil-water shear-stabilized emulsions. Liquid bridge bind-ing forces need to be used instead [START_REF] Balakin | The collision efficiency of liquid bridge agglomeration[END_REF], but their existence depends on the outer surface state of the particles, which comes from the understanding of growth kinetics. Those are the elements explored in this thesis, and only afterwards these off-equilibrium processes are better explored (chapters 2 to 4) that hydrate formation will get coupled to multiphase flow (chapter 5 and on).

The Role of this Thesis in Literature (Detailed Objectives)

With the literature review done, two important aspects overlooked in the literature so far show very important to be taken into consideration for better understanding the off-equilibrium problem of gas hydrate formation in systems containing oil:

(a) The water entrapped in the porous structure was never considered in the growth kinetic models. As will be evidenced in chapters 2 and 3, much of the physics is happening in the capillary-scale. This will be herein called sponge approach.

(b) Electrostatic theory is not-well posed to understand agglomeration of gas hydrate particles, nor to understand the role of anti-agglomerant additives. Mathematical description using liquid bridge theory is necessary 3 , which depends on understanding if the particles' outer surface is wet or dry (that is, if they present a water layer or not).

These two aspects will be the central topics of chapters 2 to 4, giving completely new physical interpretations compared to what is currently described in literature. Some important quantifications comprise:

1. The gas consumption rate during hydrate formation (chapter 3).

2. The time-scale for capillary closure (chapter 3) and for the particle to dry out (chapter 4).

3.

A criterion to understand if particles are wet or dry (chapter 4).

4. The agglomeration efficiency and the kernel of agglomeration using liquid bridge theory and considering that particles dry out with time (chapter 4).

5. The evolution of the average agglomerate size in time up to reaching a stable, maximum agglomerate size (chapter 4).

The new mathematics developed is then coupled to multiphase flow in chapter 5 (gas-liquid slug flow, considering water-in-oil dispersions), and sensitivity results to find the main mechanisms on how gas hydrates and multiphase flow interact are discussed in chapter 6. The understanding of these mechanisms accomplishes the scientific objective of this thesis (to enhance comprehension of gas hydrate formation inside multiphase flow).

The analysis done in part II (chapters 3 to 6) is considerably extensive and complex. Part III (chapter 7 and 8) is a generalization of the concepts and quantifications of part II, and gives directives for future studies focusing on:

(i) The proposal of a generalized classification of the trends of water conversion and temperature for different systems into four types of limitations (active surface, dissolution, heat transfer and pressure drop limitations, done in chapter 7).

(ii) The proposal of a dimensionless parameter that explains the efficiency of agglomeration and deposition in more generalized scenarios (chapter 7).

(iii) The proposal of a simple criterion to classify the stability of hydrates slurries in oil-dominant systems, which accomplishes with the engineering objective of this thesis (chapter 8).

Engineering-wise speaking, part II only serves to prove the simplifying hypotheses that assure the validity of part III.

Therefore, if a more direct reading is sought, one should skip part II, but sections 3.4 and 4.4 for the simplified growth kinetics and agglomeration models.

Aperçus du Chapitre 1

Deux aspects négligés dans la littérature jusqu'à présente se montrent importants pour améliorer la compréhension du problème de non-équilibre de la formation des hydrates de gaz dans des conditions de production d'huile et de gaz :

(a) L'eau piégée dedans la structure poreuse n'a jamais été prise en compte dans les modèles de cinétique de crois- 

MULTISCALE PHENOMENA DESCRIPTION

This chapter presents a new approach on how to describe the multiscale phenomena of gas hydrate formation, growth, agglomeration and transportability under multiphase flow conditions. The following experimental evidences are used as basis for the phenomena description: Equation Chapter (Next) Section 1

(A) Water is never entirely converted into hydrates, but gas consumption presents an asymptote, proving that a phenomenon of kinetic limitation occurs [START_REF] Turner | Methane hydrate formation and an inward growing shell model in water-in-oil dispersions[END_REF][START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF][START_REF] Melchuna | Topological modeling of methane hydrate crystallization from low to high water cut emulsion systems[END_REF][START_REF] Joshi | Experimental flowloop investigations of gas hydrate formation in high water cut systems[END_REF].

(B) Gas hydrates present a highly porous structure, visualized through microscope [START_REF] Klapp | Grain size measurements of natural gas hydrates[END_REF][START_REF] Staykova | Formation of Porous Gas Hydrates from Ice Powders: Diffraction Experiments and Multistage Model[END_REF].

(C) Particles formed are visually much more voluminous than a perfect crystal should be in terms of the amount of gas consumed during the experiment [START_REF] Straume | Study of gas hydrate formation and wall deposition under multiphase flow conditions[END_REF][START_REF] Straume | Experimental study of the formation and deposition of gas hydrates in non-emulsifying oil and condensate systems[END_REF].

(D) Gas hydrates present a hydrophilic nature [START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF][START_REF] Hirata | How liquids wet clathrate hydrates: some macroscopic observations[END_REF][START_REF] Li | Factors controlling hydrate film growth at water/oil interfaces[END_REF].

(E) When hydrates form, the oil-water emulsion can present a phase separation or inversion [START_REF] Song | Characterization of the coupling between gas hydrate formation and multiphase flow conditions[END_REF][START_REF] Straume | Study of gas hydrate formation and wall deposition under multiphase flow conditions[END_REF][START_REF] Straume | Experimental study of the formation and deposition of gas hydrates in non-emulsifying oil and condensate systems[END_REF][START_REF] Høiland | Wettability of Freon hydrates in crude oil/brine emulsions[END_REF][START_REF] Vijayamohan | Experimental investigation of gas hydrate formation, plugging and transportability in partially dispersed and water continuous systems[END_REF].

(F) The water phase vanishes once hydrates form in oil-continuous systems [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF][START_REF] Melchuna | Measurements of dispersant additive on hydrate/ice slurry transport[END_REF].

(G) In the presence of surfactant additives, the hydrate porous structure can completely trap all available liquid (water and oil), called dry-out phenomenon [START_REF] Melchuna | Measurements of dispersant additive on hydrate/ice slurry transport[END_REF].

(H) Higher driving forces can promote stable slurries in oil-continuous systems [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF].

(I) The use of additives can change the wetted angle of water-oil-hydrates [START_REF] Erstad | Influence of Petroleum Acids on Gas Hydrate Wettability[END_REF].

(J) The multiphase flow pattern can change all the steps of gas hydrate formation and agglomeration [START_REF] Ding | Hydrate Formation and Plugging Mechanisms in Different Gas-Liquid Flow Patterns[END_REF], whereas the existence of hydrates can consequently change the flow patterns and structure characteristics [START_REF] Ding | Investigation of natural gas hydrate slurry flow properties and flow patterns using a high pressure flow loop[END_REF][START_REF] Rao | Multiphase flow modeling and deposition of hydrates in oil and gas pipelines[END_REF][START_REF] Rosas | Measurements of horizontal three-phase solid-liquid-gas slug flow: Influence of hydrate-like particles on hydrodynamics[END_REF]. (i) as hydrates form, gas is consumed, commonly with an asymptotic trend when dealing with oil-continuous systems [START_REF] Turner | Methane hydrate formation and an inward growing shell model in water-in-oil dispersions[END_REF][START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF][START_REF] Melchuna | Topological modeling of methane hydrate crystallization from low to high water cut emulsion systems[END_REF][START_REF] Joshi | Experimental flowloop investigations of gas hydrate formation in high water cut systems[END_REF]; (ii) pressure oscillations occur because of partial deposition and sloughing of hydrate masses [START_REF] Pham | Experimental Flowloop Study on Methane Hydrate Formation and Transport from Water-Oil Dispersion in Presence of Anti-Agglomerants[END_REF][START_REF] Lorenzo | Modelling hydrate deposition and sloughing in gas-dominant pipelines[END_REF];

(iii) which relates to flow rate oscillations as well. Gas hydrates form over time in pressure cell apparatuses, but in a flowline it might be interpreted as a length scale because the mixture flows and carries away the particles along the flowline as they form. The macro-scales used so far in phenomena description in literature explain: (i) interactions of the multiphase flow pattern prior to the onset of formation with the initial particle size and particle morphology; and

(ii) the slurry stability, that is, the trend the particles/agglomerates have to settle down depending on their size and on the flow rate of the mixture. However, agglomeration and flow deceleration because of gas consumption act on destabilizing the slurry [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF], and explanation of these comes from smaller scales. Gas hydrates formed during production are porous because of the high driving forces and presence of impurities. In the intermolecular-scale (~ 1-20 Å, i.e., 0.1-2 nm, Figure 2.1(a)), the water molecules of the hydrate structure are in harmony with the water molecules in the liquid form, whereas in contact with the non-polar hydrocarbons, the water molecules tend to structure to minimize the energy. This causes a concavity on the water-oil interface near the hydrate surface, which in the capillary-scale is interpreted as a wetted angle. Inside of a capillary of the porous structure The presence of surfactants act at changing the interfacial properties near the water-oil-hydrate interface in the capillary-scale, Figure 2.1(b), and if the wettability nature of hydrates is inverted to lipophilic, then oil penetrates the capillaries and seals water into the porous structure. Therefore: (i) water becomes unavailable for liquid bridge formation, that is, particles do not present the sticky behavior anymore and are called dry particles; and (ii) particle consolidation is prevented. In this sense, affinity between phases (in the intermolecular-scale) and interaction of phases inside the porous structure (in the capillary-scale) explain agglomeration trends (in the particle-and interparticle-scales), which are important into predicting plugging trends occurring at the multiphase flow-and flowline-scales. These multiscale processes will be detailed throughout this chapter.

Multiphase Flow Pattern and Particle Morphology

Gas hydrates form at the energetically most favorable sites, which are usually located: (i) where gas and water are available in abundance, (ii) where the temperature is lower, and/or (iii) where the increase in energy because of the creation of a new surface (the crystal seed) is minimum, that is, over impurities or wall imperfections. Hydrate formation on the flowline walls is therefore one energetically favorable site because of the material roughness and because of lower temperature compared to the mixture bulk, especially in non-insulated pipelines. However, in order for hydrates to form at the wall, water needs to be present at the wall (that is, water needs to be the continuous phase) and the gas should have a considerable solubility in water (e.g., CO2 presents solubility in water of one order of magnitude higher than CH4 for the same P&T conditions [START_REF] Sander | Compilation of Henry's law constants (version 4.0) for water as solvent[END_REF]). Hydrate formation over the walls in the form of deposits cause a gradual increase in head loss, decreasing the mixture flowrate. Deposits are also dangerous because they can detach (sloughing process [START_REF] Straume | Study of gas hydrate formation and wall deposition under multiphase flow conditions[END_REF]) and further accumulate in a flowline restriction, causing quick plugging [START_REF] Ding | Hydrate Formation and Plugging Mechanisms in Different Gas-Liquid Flow Patterns[END_REF][START_REF] Lorenzo | Modelling hydrate deposition and sloughing in gas-dominant pipelines[END_REF]. As a ruleof-thumb, simple hydrocarbons (methane, ethane, propane, etc.) are non-polar and therefore present low solubility in water compared to its solubility in oil. Therefore, the interfaces between water and a phase abundant in the gas component (the gas free phase or the oil) are the most energetically favorable sites for the onset of hydrate formation. For modeling purposes of part II of this thesis, only hydrate formation in the interfaces will be considered. Notice that the formation of gas hydrates in the gas-water interface is energetically unfavorable compared to the nucleation in the water bulk, as proved by Kashchiev and Firoozabadi [START_REF] Kashchiev | Nucleation of gas hydrates[END_REF]. The first seeds nevertheless appear close to the gas-water interface because of higher abundance of gas.

The gas-water and water-oil interfaces depend on the three-phase flow pattern assumed by the mixture prior to the hydrates onset of formation. The flow patterns are mainly dependent on the superficial velocities of the phases, flowline diameter, and fluid and interfacial properties [START_REF] Brauner | Liquid-liquid two-phase flow[END_REF][START_REF] Shoham | Mechanistic modeling of gas-liquid two-phase flow in pipes[END_REF]. Gas-oil-water flow pattern are a combination of gas-liquid and liquid-liquid flow patterns, which were described in chapter 1.

Although a perfect characterization of all the structure sizes and all boundary conditions of three-phase gas-oil-water flow patterns is not yet well established in the literature, herein the expected particle morphology that happen over large and small surfaces, and in dilute and dense flows, is discussed. Hydrate formation in large surfaces are presented in Figure 2.2(a) and generate flake-like particles that will most probably detach from the interface because of liquid shearing. Representation of oil-water interface is given in Figure 2.2(a), but the concept extends to gas-water interface as well. Large interfaces happen mostly in stratified, intermittent (in the elongated bubbles) and free phase flows. In cases of large interfaces where the gas is the predominant phase at the bulk (e.g., annular flow), the particles grow directly over the wall as a deposit [START_REF] Ding | Hydrate Formation and Plugging Mechanisms in Different Gas-Liquid Flow Patterns[END_REF][START_REF] Sa | Hydrate Management in Deadlegs: Detection of Hydrate Deposition Using Permittivity Probe[END_REF][START_REF] Sa | Hydrate Management in Deadlegs: Hydrate Deposition Characterization in a 1-in[END_REF][START_REF] Zhang | Hydrate Management in Deadlegs: Effect of Header Temperature on Hydrate Deposition[END_REF][START_REF] Zhang | Hydrate Management in Deadlegs: Effect of Wall Temperature on Hydrate Deposition[END_REF], and slurry flow will not occur.

In smaller interfaces, the hydrates quickly encompass the entire drops/droplets. In the case of a dense flow, Figure 2.2(b,c), the drops are very close to each other or even constantly touching themselves, and particles larger than the droplets prior to the onset occur from the beginning (see experimental observation of these particles in Figure 4 of Chen et al [START_REF] Chen | Insights into the formation mechanism of hydrate plugging in pipelines[END_REF]). The formation of such particles arise from a quick reorganization of the oil-water flow during the onset of formation because of instabilities of the droplets surfaces coming from variation on the interfacial tensions. Experimental evidences will be shown in chapter 3, Figure 3.5, and the exact mechanism during the time-lapse of the onset of formation was discussed in a recent paper of Song et al [START_REF] Song | Characterization of the coupling between gas hydrate formation and multiphase flow conditions[END_REF].

For dilute dispersed flow, the droplets do not interact between themselves during the onset of formation, Figure 2.2(d-e). For water-in-oil emulsions, literature considers that gas hydrates form as shells encompassing the water droplets [START_REF] Sloan | Natural gas hydrates in flow assurance[END_REF][START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF][START_REF] Shi | New Simulator for Gas-Hydrate Slurry Stratified Flow Based on the Hydrate Kinetic Growth Model[END_REF][START_REF] Gong | Natural gas hydrate shell model in gas-slurry pipeline flow[END_REF][START_REF] Melchuna | Experimental study and modeling of methane hydrates crystallization under flow from emulsions with variable fraction of water and anti-agglomerant[END_REF][START_REF] Turner | Direct conversion of water droplets to methane hydrate in crude oil[END_REF]. Tangential growth is considered as predominant over radial growth, explained by a higher diffusion resistance through the just-formed hydrate layer, as shown in Figure 2.2(f). This preferential growth is called heterogeneous kinetics and leads to the formation of a shelled particle that entraps a water core, Figure 2.2(g). Whereas experimental evidences of this shell formation exist for static systems [START_REF] Li | Factors controlling hydrate film growth at water/oil interfaces[END_REF][START_REF] Lee | Methane-ethane and methane-propane hydrate formation and decomposition on water droplets[END_REF][START_REF] Sun | The growth kinetics of hydrate film on the surface of gas bubble suspended in water or aqueous surfactant solution[END_REF], there is no experimental evidence for flowing systems where the interfaces are constantly deformed and renewed.

If the continuous phase is not static, then relative motion between the hydrate seed crystals and the water droplet enter at play, as presented in Figure 2.2(h). In this case, the just-formed crystals freely rotate and/or translate and no preferential growth direction exists. This is called homogeneous kinetics and, in this case, a water core will not be formed, Figure 2.2(i). The particles therefore form a sponge-like structure. Experimental evidences (A) and (C), presented in the introductory section of this chapter, were used in literature to support the shell approach. However, the same evidence could come from water entrapment in the hydrate porous structure, supporting the sponge approach of Figure 2.2(i).

Further cannot be inferred from the observations nowadays available, but spongeous particles sound more reasonable to occur in flowing systems. As will be discussed along this chapter and proved mathematically in chapter 3, what matters is what is occurring inside the capillaries of the porous structure that entrap water, may a water core exist or not. (d,e) the first crystal seeds form in the droplet interface; (f,g) in static systems, tangential growth prevails (heterogeneous kinetics), forming a porous hydrate shell that encompasses a water core; (h-i) in flowing systems, relative motion between crystal seeds and droplets do not promote any preferential growth direction (homogeneous kinetics), and the water core is not created. This causes sponge-like particles, a new concept of the particle morphology that will prove efficient into understanding off-equilibrium processes of hydrate formation in systems containing oil.

Affinity Between Phases and Liquid Entrapment in the Hydrate Porous Structure

In any of the cases of hydrate formation (over large surfaces, over drops in dense flows, or over droplets in dilute flows), the particles will present different length scales of porosity, as shown by microscopy in Figure 1 of Staykova et al [START_REF] Staykova | Formation of Porous Gas Hydrates from Ice Powders: Diffraction Experiments and Multistage Model[END_REF]. The smaller length-scale of porosity comes from crystal growth. High driving forces, ionic forces and impurities that are present in oil production promote initial preferential growth directions, as depicted in 
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After that, the gas consumption because of crystal growth of the far end of the dendrites reduces the driving force for their lateral growth, forming the porous structure, Figure 2.3(c,d). One could also argue that the heat release during crystallization would also incur in limitation of lateral growth and further promote the dendritic structures, but at least for convective heat transfer (flowing systems), this is negligible, as discussed in Demonstration #3 of appendix B. Further water expulsion occurs because hydrates have different density than water, which also promotes the formation of the grooves. The dendritic growth of gas hydrates towards the water phase is observed experimentally in Figure 2 of Adamova et al [START_REF] Adamova | Visual Studies of Methane Hydrate Formation on the Water-Oil Boundaries[END_REF], but the dendrites they report are in a much larger scale since the experiments are for static systems.

Larger porous-scales come from agglomeration and consequent imprisonment of the interstitial liquid, Figure 2.3(e,f).

Agglomeration of different sizes of particles will cause different length scales, e.g., agglomeration of small crystals seeds just formed over a droplet, agglomeration of particles formed encompassing droplets, and agglomeration of agglomerates. (c,d) the gas cannot reach deeper regions of the formed grooves because of gas consumption, forming dendritic structures. Further water expulsion through the grooves of the dendrites contributes to the formation of such structures. (e,f) Agglomeration traps interstitial liquid and forms larger scales of porosity. Notice that collision probability between more than two particles is highly improbable. In (e,f), the agglomerate represented is formed of several daughter particles, but they do not necessarily collided at the same time step.

(e)

Porosity from growth

Porosity from agglomeration Labels: HC = hydrocarbon, P = polar end of the surfactant, NP = non-polar end of the surfactant.
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Figure 2.4 shows the liquid entrapment inside the capillaries. Near the oil-water-hydrate interface and at an intermolecular-scale, Figure 2.4(a), the water molecules of the crystal form hydrogen bonds with the water molecules in the liquid phase. Meanwhile, the non-polar molecules of the oil phase do not interact with the crystal. This promotes an asymmetry in the polarity near the oil-water-hydrate interface that pushes forward the water molecules. In the capillaryscale, this is observed as a concavity of the oil-water interface, described by a quantity called wetted angle. Since the body of water inside the capillary is small (low inertia), the oil-water interfacial tension promotes its displacement, Figure 2.4(b). This is called capillary force and tends to expulse the water that is initially trapped inside of the particle, which gives rise to the concept of water permeation rate through the porous particle.

If ever surfactants are used, they tend to accumulate in the interfaces between polar (water, hydrate) and non-polar phases (oil), Figure 2.4(d). Those attractions make the asymmetry of the polarity near the oil-water-hydrate interface:

(i) to decrease, causing smaller water permeation rates, (ii) to vanish, ceasing capillary forces and ceasing permeation, or (iii) to invert the oil-water interface concavity, inverting capillary forces and causing oil to penetrate into the porous structure. The exact effect of the surfactant will depend on its strength and concentration. Experimental evidence (G) corroborates to hypothesis (iii) of oil entrapment in the capillaries, and shows that the hydrate structure can completely entrap all liquid in the system (water and oil) for low liquid loading systems and when surfactants are used.

It is important to notice that Figure 2.4 is valid for small length scales of the porous structure, where capillary forces are important. In the case of porous scales formed by agglomeration, Figure 2.3(e,f), the interstitial liquid entrapped is preferably the liquid that has affinity with hydrates (e.g., water when no surfactants are used), but can as well be the other one if the created pores attain larger sizes (where capillary forces are less important) and if the latter is the continuous phase. An example is the imprisonment of oil observed by Chen et al [START_REF] Chen | Insights into the formation mechanism of hydrate plugging in pipelines[END_REF] even without the use of surfactants. 
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Still in the same article, the authors discuss the appearance of an "ice cream-like" non-Newtonian fluid in the presence of additives, which can be explained by a higher degree of entrapment of oil in the hydrate network formed. This is a further evidence of the easier oil entrapment when hydrates affinity is inverted.

Based on these assumptions, Figure 2.5 presents the hypothesized morphology of the particles with and without surfactant additives that are able to invert hydrate wettability. Representation is given for the initial hydrate formation over small droplets of fine dispersed flows, but the concept can be applied to any kind of flow pattern, as capillary-and multiphase flow-scales are in completely different orders of magnitude. Without surfactants, the hydrate porous structure entraps water only, as shown in Figure 2.5(a,b) for oil-continuous flow, and in Figure 2.5(e-h) for water-continuous flow. The porous structure acts as a sponge, making all water of the system to vanish almost instantly in oil-continuous systems, experimental evidence (F). In the case of water-continuous systems, and if the system remains dispersed after the onset of formation, Figure 2.5(e,f), the small, flake-like particles get detached from the oil droplets and disperse into the water bulk because of chemical affinity. The water consumption and entrapment in the sponges can further cause phase separation (stratification) for low agitated systems, Figure 2.5(g), or phase inversion for intermediary water cuts that were already close to phase inversion before the onset of formation, Figure 2.5(h). Both phase separation and inversion were experimentally observed in literature, evidence (E). In the case of phase separation, the hydrate particles migrate to the water because of chemical affinity. It is important to notice that an initial case of water continuous flow can, after the onset of hydrate formation, behave similarly to a case of oil-continuous flow, that is, Figure 2.5(b) and (h) present the same morphology and therefore will be submitted to the same phenomena.

In the multiphase flow-scale, the use of surfactants decrease the size of the droplets prior to the onset of hydrate formation [START_REF] Brauner | The prediction of dispersed flows boundaries in liquid-liquid and gas-liquid systems[END_REF]. In the capillary-scale, as already discussed, the use of surfactants enhance the affinity of the oil phase with hydrates and, as the first crystals rotate and translate over the droplets (Figure 2.5(c) for oil-continuous and Figure 2.5(i) for water-continuous flow), the sponge structure entraps both oil and water. Even if a strong surfactant is present and hydrates get preferentially lipophilic, they still have affinity with water, and both oil and water get entrapped. It is considered here that the inner volume of the particle will present the liquid contained in the droplet, whereas the outside of the particle will contain the continuous phase, Figure 2.5(d,j). For modeling purposes in chapter 3, it will be shown that only what's happening close to the outer surface matters, and neither the phase (water or oil) entrapped inside any type of structure (sponge or shell) changes the mathematical description. The exact morphology of this inner volume should be latter tested for scientific curiosity purposes, that is, Figure 2.5 is hypothesized. For engineering purposes and at least in the case-scenarios herein studied, the description of the phenomena happening close to the outer surface of the particles are sufficient.

The use of surfactant additives in oil-continuous systems cause oil to always penetrate the far end of the capillaries, Figure 2.5(d), thus making impossible for water to reach the outer surface of the particle. This has an important role on the active surface of crystallization and on the disruption and consolidation rates for the agglomeration process, discussed in the next sections. Figure 2.5. Expected spongeous morphology of hydrate particles in oil-and water-continuous systems, with and without surfactants. Surfactants cause the droplet size to decrease (multiphase flow-scale) and the hydrate spongeous structure to entrap oil if they invert the hydrate wettability (capillary-scale). Oil-continuous systems: (a,b) without surfactant, the hydrate porous structure entraps only water; (c,d) with surfactant, oil penetrates the capillaries, whereas the inner volume of the particle entraps the water of the droplet. Water-continuous systems without surfactant: (e) the hydrate porous structure entraps water only, (f) and flake-like particles detach from the oil-water interface and migrate to the water bulk because of chemical affinity. The water imprisoned in the spongeous structure may cause: (g) phase separation, and particles disperse in the water bulk, or (h) phase inversion, giving the same morphology of (b). Watercontinuous systems with surfactants: (i) as the first crystals form and grow in the droplet surface, and if hydrate wettability is inverted, the oil constantly wets the particle, but the growth direction is always toward the water phase and, since hydrate still have affinity with water, the sponge entraps water as well; (j) the inner volume of the particle entraps the oil of the droplet, whereas water is considered to penetrate the capillaries close to the outer surface (hypothesized morphology, needs further testing).

Water Permeation vs Crystallization in the Capillary Walls

Crystal growth occurs preferentially at the water-hydrate surface, which can be: (i) in the outer surface of the particle, if water is available there, especially in the case of water continuous flow, Depiction of wet and dry particles and the competition between permeation and crystal integration close to the outer surface of the particle. If gas diffusion in water is faster than water permeation: (a) water is slowly expulsed from the capillary; (b) gas diffuses in water and reaches the capillary wall, where it crystallizes; (c) a hydrate cap is formed, blocking the capillary entrance; (d) the water is sealed inside the porous structure, and the particle turns dry. If water permeation is faster than gas diffusion in water: (e) water is expulsed from the capillary; (f) gas cannot diffuse in the direction of the capillary walls because it gets constantly expulsed by a counter-convection; (g) water reaches the outer surface of the particle and spreads over it because of chemical affinity, further crystallizing and causing outer growth of the particle; and (h) a water layer covers the outer surface of the particle, and the particles turns wet. An initially wet particle can dry out with time, as the porous structure gets sealed.

For high water permeation rates, convection does not let gas to diffuse near the entrance of the capillary, Figure 2.7(e). In this case, water reaches the outer surface and spreads over it, Figure 2.7(f,g). Gas can then penetrate this water layer and crystallize with consequent outer growth of the particle. In this case, a water layer will always be available at the outer surface of the particle, Figure 2.7(h), and the particle is called wet. The existence of wet or dry particles is key to understand agglomeration, as will be discussed in the next section.

(a) (b) (c) (b) (c) (d) (h) Figure 2.8.
Micro-cracking of the porous structure. The hydrate porous structure is said to be 'alive', since capillaries close because of crystallization in their walls, but the capillaries may as well reopen or new capillaries may form by crystalline cracking. (a,b) Flow-induced stresslet over the particles, or any collisions with further particle deformation, causes water squeezing and crystalline cracking. (c-e) Crystallization in the capillary walls causes water expulsion, because the volume of crystal formed is higher than the volume of water that is consumed. (d) If the growth were slow and homogeneous, then water would slowly get from the capillary. (e) However, the entrance zone of the capillary presents higher growth rates (higher gas concentration), causing water squeezing and consequent crystalline cracking.

The two mechanisms of Figure 2.7 will most probably compete and change predominance over time. In the beginning, the higher amount of capillaries, with related larger radii and smaller lengths (that is, smaller head losses) cause higher water permeation rates. As the particle starts to grow outwardly, the capillaries increase in length, increasing head losses as well. Then gas starts to gradually penetrate, forming caps over some of the capillaries. These caps are fragile and may present easy cracking because of collision and deformation of the particles, or because of stresslet induced by the flow, Figure 2.8(a,b), turning it possible for water to permeate again. The filling-up process of the capillaries can itself cause water squeezing from the particle, since the formed crystal is more voluminous than the consumed water, Figure 2.8(c-e). Filling-up occurs in the inward direction, Figure 2.8(e), which causes water squeezing. Because water is incompressible, any squeezing incur in an important force, which cracks the just-formed caps, or can even induce the cracking of the solid hydrate matrix into new capillaries. This phenomenon implies the modeling of the fluid-structure interactions, which is beyond the purpose of this thesis, and these phenomena will come from experimental fitting in chapters 3 and 4.

Finally, as the predominance changes from water permeation to gas diffusion over time, the particles get sealed. Oftentimes a considerable amount of unconverted water remains inside the spongeous particles, experimental evidence (A). For further hydrate formation, gas diffusion through the solid crystal matrix is necessary, which is negligible at the low temperatures hydrates form. Or yet enough particles squeezing should exist to break the (every time stronger and
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stronger) hydrate caps. Another way of exposing new capillaries filled with water to the oil continuous phase comes from breakage of the particles, as discussed in the next section (called dynamic aspect, or renovation of wet surfaces).

The Role of Surfactants on Avoiding Agglomeration

In the literature review, it was pointed out that in order for hydrate particles to agglomerate, they first need to collide.

But not just because two particles collide that they will form an agglomerate, giving rise to the concept of agglomeration efficiency, which is a value in between zero and one that relates the amount of particles that collide with the amount of particles that actually agglomerate. The agglomeration efficiency can be split into consolidation and disruption, as already shown in Figure 1.6.

So far, literature considers that surfactants act at neutralizing electrostatic attractive forces [START_REF] Pham | Experimental Flowloop Study on Methane Hydrate Formation and Transport from Water-Oil Dispersion in Presence of Anti-Agglomerants[END_REF][START_REF] Sun | New surfactant for hydrate anti-agglomeration in hydrocarbon flowlines and seabed oil capture[END_REF], thus reducing the agglomeration efficiency. As discussed in chapter 1, electrostatic theory explains forces in the submicron-scale [START_REF] Espitalier | Les Fondamentaux de la Cristallisation et de la Précipitation[END_REF].

But the droplets of the finest shear stabilized-emulsions are usually higher than 30 µm [START_REF] Melchuna | Experimental study and modeling of methane hydrates crystallization under flow from emulsions with variable fraction of water and anti-agglomerant[END_REF][START_REF] Brauner | The prediction of dispersed flows boundaries in liquid-liquid and gas-liquid systems[END_REF], and these give the order of magnitude of the initial size scale of the hydrates. Therefore, electrostatic theory should not be used to explain the role of surfactants as anti-agglomerants of hydrates in water-oil dispersed systems. I outline that electrostatic theory has its niche when dealing with seed crystals or for particles coming from attrition (very fine breakage), and it explains as well the agglomeration of such small particles with larger ones, as what matters is the size of the smaller particle during agglomeration. However, fast flowline plugging comes from agglomeration of large with large particles. This points out the necessity of a new explanation of how surfactant additives promote anti-agglomerant effects.

Once particles collide, they flow together for some time. This is called an aggregate and can be easily disrupted by flow shearing. When oil and water is available at the outer surface of the particles, a liquid bridge forms and hold the aggregate together. This only happens if oil is the continuous phase, surfactants are not used, and the porous structure is not yet sealed (that is, if particles are wet). The liquid bridge cause binding forces, thus making aggregate disruption considerably harder (the particles are 'sticky'), and the particles remain aggregated for a longer time-lapse after collision. If this time-lapse is enough to crystallize the water content of the liquid bridge, the aggregate consolidates into an agglomerate.

From the above-mentioned phenomena, the important ones for catastrophic agglomeration of gas hydrates that lead to plugging are the collision of particles, the formation of liquid bridges, and the consolidation. The collision of particles is higher when particles are larger. The larger the drops/droplets of the oil-water dispersion prior to hydrate formation, the larger the initial particles (that is a rule-of-thumb, as some quick reorganization during the onset of formation may occur [START_REF] Song | Characterization of the coupling between gas hydrate formation and multiphase flow conditions[END_REF]). Surfactants act at decreasing the oil-water interfacial tension, thus decreasing droplets size and initial size of particles [START_REF] Brauner | The prediction of dispersed flows boundaries in liquid-liquid and gas-liquid systems[END_REF][START_REF] Hinze | Fundamentals of the hydrodynamic mechanism of splitting in dispersion processes[END_REF], with related smaller collision rates. This occurs in both oil-and water-continuous systems, as depicted in Figure 2.9.

Figure 2.9. Agglomeration steps for oil-and water-continuous systems, with and without surfactants. Surfactants decrease and homogenize the droplets size, decreasing the collision rate. (a,b) The presence of surfactants in oilcontinuous systems acts on eliminating the liquid bridges (if wettability nature of hydrates is inverted to lipophilic). This enhances the disruption of aggregates and eliminates any available water for consolidation. One should yet keep in mind that, if the surfactant is too strong and the liquid loading is medium to low, a complete dry out of the system may occur, evidence (G), which is not good for flow assurance. (c,d) The presence of surfactants in water-continuous systems is less important in the agglomeration steps, as liquid bridges are not at play. The time-lapse the particles remain together is much smaller in water-continuous systems, thus decreasing substantially the consolidation rate. In watercontinuous systems, flow assurance is mostly related to deposition in the walls, and that will be explored in chapter 7.

Liquid bridges make particles 'sticky', creating a time-lapse for consolidation. With the use of surfactants capable of inverting hydrates wettability into lipophilic, and considering oil-continuous systems, then oil permeates into the capillaries, and no liquid bridges form after particles collision. That is, binding forces cease to exist and the disruption rate increases, Figure 2.9(a,b). In the other hand, in water-continuous systems, the use of surfactants does not affect the disruption rate, as liquid bridges are not at play.

Consolidation of particles into agglomerates will only happen if water is available at the outer surface of the aggregate. For the case of water continuous flow, there is always a degree of consolidation, but since the time-lapses that the particles stay aggregated are considerably smaller because of the inexistence of binding forces, then disruption is most Disruption likely to occur. The consolidation rate might yet be reduced by the presence of surfactants if ever it incurs in decreasing the crystal integration rate, that is, if ever the surfactant additive presents kinetic inhibition effects [START_REF] Liew | A Micro-Mechanical Model for the Rate of Aggregation during Precipitation from Solution[END_REF][START_REF] David | Developments in the Understanding and Modeling of the Agglomeration of Suspended Crystals in Crystallization from Solutions[END_REF][START_REF] Cameirão | Validation of a Model for Multiple Agglomeration[END_REF]. This can be interpreted as the surfactant blocking the active surface for crystallization, or disturbing the electromagnetic field for the formation of the hydrogen bonds of the new hydrate cages, occurring in the intermolecular-scale. This is however a hard phenomenon to be isolated during experimentation, and the mechanism coming from liquid bridge formation and interfaces reorganization probably prevails, whereas kinetic inhibition stays secondary.

In the case of oil-continuous systems without surfactant, the only way to block water availability in the outer surface is by sealing the particles. This depends on the driving force and diffusion resistances of the system, and if a quick sealing of the particles is promoted, then they will have a smaller time-window for agglomeration, promoting a better dispersed system. Experimental evidence (H) goes alongside with that explanation, because higher driving forces (subcoolings) and smaller permeation rates (use of surfactants) enhance slurry stability. This will be mathematically shown in chapter 4.

The easiest way to avoid consolidation in an oil-continuous system is therefore by the use of surfactants that are able to invert the wettability nature of hydrates into lipophilic, letting oil to penetrate the sponges and completely avoiding liquid bridge binding force from the onset of formation. This causes the consolidation rate to completely vanish, Figure 2.9(b), and the particles will be inert in the sense of agglomeration. Of course that such strong surfactants may promote chemically stable water-oil emulsions, related to other problems such as: (i) non-Newtonian behavior that increase head losses, and/or (ii) the complete vanishing of liquid from the system, evidence (G), which also incurs in plugging. Therefore, there is a commitment into finding an additive strong enough to weaken permeation rates and causing inert, dry particles, but not too strong in order to promote non-Newtonian behaviors or complete dry out of the systems. Their efficiency will probably relate to the flow pattern (that is, liquid loading, water cut and mixture velocity), as a certain concentration of surfactants will spread over all the interfaces, which are flow pattern-dependent; and as the smaller the liquid loading, the higher the probability of a complete dry out of the system.

Finally, it is important to discuss the dynamic aspect of the population of hydrate particles. is, more than controlling capillary filling-up in the beginning of hydrate formation, breakage of particles should as well be controlled so as to avoid exposure of new wet surfaces. Of course that, if enough breakage happens, than the system will always remain dispersed, and that's a dynamic process that can only be computed using population balance models.

The use of surfactants in oil-continuous flow helps the new exposed surfaces to dry out faster, as oil will almost instantly penetrate the capillaries after breakage, Figure 2.10(g-j). It is important however to notice that, as the particles break and expose new capillaries, the oil-water-hydrate interfacial surface that the surfactant needs to cover increases. The theory of Figure 2.10(g-j) is applicable if the surfactant concentration can saturate the entire oil-water-hydrate interface in any moment of the flow. The avoidance of agglomeration, at least for oil-continuous systems, is therefore a commitment between (i) The use of effective surfactant additives at dosages that cover the entire oil-water-hydrate interfacial surface at any moment of the flow (considering the porous structure formed and any eventual particle breakage), but not strong enough to promote chemically-stabilized emulsion or complete dry out of the system.

(ii) High driving forces (subcooling) that promote a faster sealing-up of the particles.

(iii) An optimal system agitation in order to promote finer droplets and finer initial particles, and in order to promote aggregate disruption, but that at the same time avoid an important renovation of the wet surfaces coming from breakage, and avoid water squeezing coming from particle deformation because of collisions and/or important stresslets. and(d-f) upon collision, these new surfaces form liquid bridges that promote agglomeration. With surfactants that invert hydrates wettability: (g-j) even if particles break, oil penetrates the just exposed capillaries, avoiding the renovation of the wet surfaces.

Settling of Slurry

Flowline plugging in oil-continuous systems comes from instabilities of the slurry flow, thus causing the particles/agglomerates to settle down, forming beds that restrict the flow cross sectional area, leading to increased head losses [START_REF] Bassani | Modeling the effects of hydrate wall deposition on slug flow hydrodynamics and heat transfer[END_REF]. Beds can still move, but if they consolidate to the wall, they form a static deposit. Deposits can as well form by nucleation and growth directly in the wall, but will never occur on oil-wetted walls, as water is not available there. Deposition coming from onset on the wall, or coming from liquid bridge creation once particles are exposed to the gas and collide to the wall, are out of scope of modeling in this thesis. Further ideas will later be introduced in chapter 7. For the quantitative modeling of chapters 3 to 6, where the focus is on oil-continuous systems, what matters is agglomeration with slurry destabilization, described next.

Slurry stability criteria are mainly dependent on the mixture velocity, on the average size of particles/agglomerates, and on the particle-to-liquid density ratio. They are usually expressed by means of a critical settling velocity, and some models are summarized in Table A.12. That is, there is a minimum velocity that assures slurry stability for a given
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Without surfactant

With surfactants that invert hydrate wettability average particle size and concentration. Thence, it is key to understand: (i) growth kinetics of gas hydrates, which causes gas/water consumption with related flow deceleration [START_REF] Ding | Hydrate Formation and Plugging Mechanisms in Different Gas-Liquid Flow Patterns[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Rao | Multiphase flow modeling and deposition of hydrates in oil and gas pipelines[END_REF], with its competition with gas expansion or contraction coming from P&T variations along the flowline, as well as other phase changes such as evaporation, condensation or solubilization (modeled in chapter 5); and (ii) crystal growth (chapter 3) and agglomeration (chapter 4) in order to estimate the evolution of (at least the average) agglomerate size.

However, there is yet one aspect that should be incorporated into the said criteria of slurry stability, which will however not be quantified in this thesis. As presented in Figure 2.11, if a wet particle collides with the oil-wetted wall, it sticks to it and can further consolidate, forming a static deposit. The criteria for critical settling velocities consider only lift vs buoyancy forces, and are fitted for inert particle in the agglomeration-sense, such as sand and coal. That 'stickiness' because of liquid bridge formation is higher when the wall material is hydrophilic, e.g., steel. A hydrophobic coating of the inner flowline will potentially decrease the deposition rate, but this coating should support mechanic erosion of the flow (the mixture usually contains sand) and chemical corrosion (since water contains salt) over the lifetime span of a flowline (~ 20 years).

Figure 2.11. Liquid bridge formation during particle-wall collision that is not considered in slurry stability models. In oil-continuous systems without surfactants, if particles are wet and collide with the wall, liquid bridges cause binding force and, if ever the particle is not re-suspended by lift forces, then it consolidates to the wall and forms a stationary deposit. This phenomenon is not captured by the criteria summarized in Table A.12, where fitting is often done for inert particles such as sand and coal.

Contributions of Chapter 2

In chapter 2, enhanced phenomena description was given regarding gas hydrate formation by considering microscales that were overlooked in literature. The description considers the same experimental evidences commonly found in experimental literature, but further consider two important facts for oil-continuous systems: (i) that all free water vanishes during the onset of hydrate formation and gets instantly entrapped in the hydrophilic porous particles, where the relative motion between crystal seeds and water droplets incur in homogenous kinetics, thus the active surface of crystallization are the capillary walls and the particle's outer surface, leading to what was called sponge approach, Figure 2.2; and (ii) that electrostatic forces are not important for the mm-scale particles experimentally observed in shear-stabilized water-in-oil emulsions, thus the key aspect to be understood is whether the particles are wet (with a water layer around the particle) so they promote liquid bridges after particles' collision, whose binding forces create the

(a) (b) (c)

time-lapse for consolidation 4 . The existence of wet or dry particles comes from the competition between water permeation through the particle, and crystal integration in the capillary walls (particle sealing-up process), Figure 2.7. This description gives a new explanation on the anti-agglomerant effects of surfactants coming from wettability inversion, 

GROWTH KINETICS

This chapter presents the mathematical description of growth kinetics in oil-continuous systems occuring at the porous-scale of the particles. Some important quantifications done are: (i) the proof that crystallization occurs at the capillary walls and not in an (if ever existing) water core, (ii) the particle sealing-up process (surface porosity decrease in time), and (iii) a simplified expression for gas consumption during hydrate formation considering gases with much higher solubility in oil than in water (e.g., CH4 or any other hydrocarbon gas) and for oil-continuous systems. At this point, the reader should be familiar to the sponge morphology of the particle, Figure 2.2 and Figure 2.5; to the affinity between phases and to the capillary forces that cause water permeation through the spongeous particle up to its outer surface, Figure 2.4; and to the filling-up vs crystallization processes occuring in the capillary-scale close to the outer surface, Figure 2.7. For the mathematics, the reader should be familiar with the concepts of Henry's constant and fugacity, with the 1 st order crystallization law based on fugacity, and with the basic laws (absorption, mass transfer over spherical particles, permeation, diffusion) reviewed in section 1.1.2. Equation Chapter (Next) Section 1

Growth Kinetics Model

The model is based on the crystallization law presented in eq (1.15) for a fugacity-based driving force. By considering a unitary activity coefficient 1

  and a first-order law

1 m  (see validity in Demonstration #2 of appendix B), it comes   1 g i w eq w hyd dn k C H f A dt H    (3.1)
where A is the active surface of crystallization, i k is the constant of proportionality of crystal integration, w H is the Henry's constant of gas in water, and   , eq eq g T P ff  is the gas fugacity evaluated at the gas-water-hydrate equilibrium pressure eq P related to the system temperature T . This expression depends on the concentration of gas inside water C at the active surface of crystallization. The maximum concentration is the saturation of gas in water,

sat w g C H f  ,
where g f is the gas fugacity at the gaseous free phase. Sometimes,

  w g eq H f f  (or simply g eq
ff  , or the related subcooling eq T T T    ) is considered in literature as the driving force for hydrate growth. This is only true if there is no mass transfer between the gaseous free phase to the crystal growing surface, that is, if the system is at equilibrium, represented by the in gray dashed line of Figure 3.1. This represents the maximum theoretical driving force. But growth kinetics is always off-equilibrium, otherwise phase change would not occur. Therefore, all mass transfer processes for the gas to reach the active surface of crystallization cause the driving force to decrease, represented by the black continuous line of Figure 3.1. The challenge faced when quantifying hydrate growth kinetics is the correct description of the mass transfer resistances. Figure 3.1. Gas fugacity and gas concentration distribution in oil-continuous systems with suspended hydrate particles. The particle size is over exaggerated (depiction is out of scale), and only one particle is depicted. The gas that is absorbed is considered to be equally distributed, at the same concentration b C , to all p n particles of the system.

The main hypotheses comprise: (i) liquid-dominant gas-oil-water flow, with oil-continuous phase; (ii) at hydrates onset, both water and oil are saturated with gas; (iii) known initial particle size (in this chapter, coming from the experiment); (iv) agglomeration and deposition are neglected in this chapter (agglomeration is introduced in chapter 4, deposition is discussed in chapter 7); (v) the bulk of the continuous phase system is considered at constant pressure and temperature (P&T variations are introduced in chapter 5), and (vi) the capillaries, particles and the mixture bulk are at thermal equilibrium (see proof in Demonstration #3 of appendix B). The mathematics will be developed considering that, after diffusion of gas through the capillaries and gas consumption in the capillary walls, if ever enough gas arrives to (an ever existent) water core, then it will crystallize in the inner surface of the shell, causing core shrinkage. The difference between the shelled and the spongeous particle, in a mathematic perspective, comes from the boundary condition of the mass balance inside the capillary. It will be proved that the gas is consumed very quickly in the capil- formed in a flowing system, will most likely split into smaller, sponge-like particles. The solution is afterwards simplified to the spongeous particles, without any numerical difference at least for the particles reported in here and that are in the mm-scale. Figure 3.1 depicts a general scheme of the mass transfer system, with plots of the gas fugacity and gas concentration distributions. The gas is submitted to the following processes: (a) solubilization into oil; (ii) absorption by the oil continuous phase; (iii) distribution to all particles (the concept of bulk is used, therefore all particles receive the same concentration; further discussion on the bulk hypothesis is given in section 3.2); and (iv) mass transfer from bulk to particle. (v) Once gas arrives at the particle, it solubilizes in water (either into the water accumulated at the outer surface, or into the water trapped in the capillaries of the porous particle). Two distinct growing surfaces are considered: (vi) the capillary walls (gas diffuses through the water entrapped in the capillary while simultaneously crystallizing in its walls, causing the porous structure to seal-up in time); and (vii) the outer surface of the particle (the water that is permeated through the hydrate porous structure crystallizes in the outer surface). The aim is to develop a predictive expression for the gas consumption rate during hydrate formation using as inputs the system temperature and pressure, the fluid properties and the flow hydrodynamics. The descriptive modeling will further give insights on the outer surface state of the particle (if wet or dry), which will be important for latter coupling with agglomeration in chapter 4.

Gas Concentration in the Bulk

The gas consumption rate other might be used as long as interfacial surfaces and absorption coefficients are known 5 . The concept of bulk is considered, that is, the existence of part of the continuous phase where the concentration is homogeneous (constant in space). This concentration however evolves in time. Applying a gas molar balance in the bulk similar to eq (1.21), considering that the volume variation in time of the oil bulk is negligible (

0) b d dt
 , using the absorption law of eq (1.19) and considering an initially saturated bulk 5 This is often put in question. Let's develop the idea using a controversial example. In the point-of-view of a human being living on Earth, Earth is flat. That's why we design cars and buildings with a flat base, and that's why we use Cartesian coordinates, which give consistent results at the human being size-scale (m-scale). But in Earth's size-scale (~ 40.000 km), Galileo's best choice are spherical coordinates. There is a difference of seven orders of magnitude between human beings and Earth, which is about the same difference between the capillaries (100s-of-nm) and the flow pattern structures (mm to m-scale). That is, for the capillaries, it doesn't matter the flow pattern, what matters is the amount of gas furnished at their entrance. The physical quantities that link the capillary-scale to the multiphase flowscale is the gas concentration furnished at the outer surface of the particle, which comes from the interfacial surface and mass transfer coefficient of the multiphase flow pattern, alongside to the thermodynamic state (P&T) of the system. That is, any multiphase flow model for any flow pattern that is able to correctly estimate these quantities can be coupled, in future works, to the mathematics occurring in the capillary-scale that will be developed in chapter 3. Of course that model-specific hypotheses shall yet be regarded, such as oil being the continuous phase.

 

/, The oil-continuous phase absorbs gas from the gaseous free phase, while the hydrate particles consume gas for crystal growth. The depiction is for gas-liquid slug flow pattern, but the growth kinetics model can be further applied to other flow patterns, as long as one is able to estimate interfacial surfaces and mass transfer coefficients, and as long as oil is the continuous phase. (b) Simplified control volume for the mass balance considering a bulk region in the oil continuous phase.

1 1 p n abs g o g i b o g b i bb hyd k A dn dC H f C dt dt       with 0 b o g t C H f   (3.

Crystallization in the Outer Surface of the Particle (Outward Growth)

In oil-continuous flow, water gets almost instantly entrapped in the hydrates porous structure after the onset of formation. Hydrates are very porous because of the high driving forces and impurities in the studied scenario [START_REF] Mersmann | Crystallization Technology Handbook -Second Edition Revised and Expanded[END_REF][START_REF] Straume | Study of gas hydrate formation and wall deposition under multiphase flow conditions[END_REF][START_REF] Mori | Mass transport across clathrate hydrate films -a capillary permeation model[END_REF]; and are hydrophilic [START_REF] Hirata | How liquids wet clathrate hydrates: some macroscopic observations[END_REF] as far as the oil phase is overall non-polar and surfactants are not present. Therefore, outward growth is subjected to water availability at the outer surface. The oil-water-hydrate wetted angle // o w h  causes a capillary-induced flow that drains the entrapped water out of the porous particle. In the case of creeping flow through the porous particle, friction on the capillary walls is the main resistance to flow, thus Darcy's law can be used to estimate the water permeation flow rate [90,[START_REF] Civan | Porous Media Transport Phenomena[END_REF], eq (1.23). The permeability is estimated through Kozeny-Carman-Dullien model, eq (1.24) [90,[START_REF] Kozeny | Über kapillare leitung des wassers im boden[END_REF][START_REF] Carman | Fluid flow through granular beds[END_REF]. The permeation flow rate of water through the porous hydrate then comes

/ / / 2 cos 3 cp o w o w h w c rr Q       (3.3)
where ,, where  is the hydration number following the 'stoichiometric' relation of eq (1.1); and , ww M  are the density and molar mass of water. This is the maximum hydrate formation rate in the outer surface. However, if sufficient water permeates through the particle, then water will be abundant and a crystal integration process based on the gas fugacity difference will limit outer growth. The gas consumed for outer growth is modeled by a minimum function between permeation and crystal integration processes , , 2 min ; 4

gi out o w p i eq wo out dn C Q r k f dt M H              (3.5)
where the fugacity in the outer surface comes from the equilibrium of the oil-water interface using Henry's law, 

C

is the concentration that plays a role in mass exchange between the particle and the bulk

  , , 2 , / , , 2 ,/ 11 4 4 
g i g i p m p b b out o out o b m p b p hyd hyd dn dn r h C C C C dt h dt r              (3.6) 
where ,/ m p b h is the mass transfer coefficient between particle and bulk, and 

dn dt k r C H f H h dt r                             (3.7)
which is an expression for the total gas consumption during outer growth of the particle.

Crystallization in the Capillary Walls

The hydrate porous structure is considered entirely filled with water, since hydrates have hydrophilic nature [START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF][START_REF] Hirata | How liquids wet clathrate hydrates: some macroscopic observations[END_REF].

The inversion of hydrate wettability when strong surfactants at enough dosage are at play will not be quantified. (i) stagnant water (water actually permeates at a low velocity, i.e., creeping flow, but the consequent convection is ne-glected for the sake of simplification); (ii) steady-state concentration profile; and (iii) Fick's law for diffusion of gas through water; then the molar balance applied to the control volume of Figure 3.

Straight, cylindrical capillaries with an average radius

3(b) becomes   2 2 2 20 i w c w eq c w k dC D r dz C H f r dz H dz      (3.8)
where C is the gas concentration inside the water entrapped in the capillary, w D is the gas diffusivity in water and w H is the Henry's constant of gas inside water. This differential equation is very similar to the literature of gas hydrate formation in CO2 droplets [START_REF] Shindo | Kinetics and mechanism of the formation of CO2 hydrate[END_REF][START_REF] Lund | Study of the Pseudo-Steady-State Kinetics of CO2 Hydrate Formation and Stability[END_REF][START_REF] Shindo | Kinetics of formation of CO2 hydrate[END_REF][START_REF] Teng | Hydrate formation on the surface of a CO2 droplet in high-pressure, low-temperature water[END_REF][START_REF] Lund | Study of the pseudo-steady-state kinetics of CO2 hydrate formation and stability[END_REF], but for steady-state. It is also very similar to the modeling of fins in heat transfer books [START_REF] Bergman | Fundamentals of Heat and Mass Transfer[END_REF], and the capillary can be said a "mass-transfer fin" that enhances the active surface of crystallization when compared to smooth, spherical particles with surface  for a cylindrical capillary. This was badly modeled in literature of gas hydrates so far and is essential to prove that water core shrinkage is negligible. In dimensionless form, the differential equation comes where the Hatta number of the capillary c Ha expresses the competition between crystal integration in the capillary walls and gas diffusion through water along the capillary 6 . The dimensionless axial position is relative to the capillary radius, eq (3.11), whereas the dimensionless gas concentration is the driving force relative to the three-phase gas-waterhydrate equilibrium condition, eq (3.12). This dimensionless concentration ( ) ( ) 0

w eq w eq C H f H f  is the definition of supersaturation adopted in this study (definitions are author-dependent, so attention must be given here).

The first boundary condition at 0 z  is a known concentration at the outer surface of the particle, inside the water phase. In dimensionless form , ,, 0 0

out w w eq out w out z w eq z w CH C f C C C Hf        (3.13)
which is estimated by considering the dissolution of gas passing from oil to water, considering local equilibrium at the oil-water interface , ,, The second boundary condition is taken as an existent water core that will completely consume the remaining gas that crosses the entire capillary length, thus causing core shrinkage

  22 2 c
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cc c c c i c w c w eq zL z ci z L z L ww z L w L rk dC CC dz D H k dC r D r C H f dz H              (3.15)
The inner core is herein considered to exist just to further prove that it is very unlikely that gas can penetrate considerable distances up to reaching water core at enough concentrations that would promote core shrinkage. That is, the mathematics for growth kinetics considering sponge and shell approaches is the same given that most part of the gas will be consumed along the capillaries prior to reach the (if ever existent) water core. The capillary length is the capillary tortuosity multiplied by the hypothesized shell width, CC   , since gas diffusion through solid is negligible at the given system temperatures [START_REF] Bird | Transport Phenomena[END_REF][START_REF] Bassani | Revisited model for inward and outward growth of gas hydrate particles in water-in-oil emulsions[END_REF]. This boundary condition naturally converges to the non-existence of inner growth (sponge-approach) in the case of large capillary lengths, where gas consumption is such that no driving force exists at the end of the capillary. In mathematics, it comes

  c c out in L r r   ,
If   c p in c r r r   , then z , with 0 z C   and 0 z dC dz   (3.16)
Solving eq (3.9) with boundary conditions of eqs (3.13) and (3.15) for the shelled particle yields (see Demonstration

#4 of appendix B)               c cc cc cc , c
Ha cosh Ha sinh Ha 2 cosh Ha sinh Ha Ha cosh Ha sinh Ha 2

c out z c w c c LL C C z z LL          (3.17) Knowing that     lim sinh lim cosh xx xx  
 and that the hyperbolic sine and cosine converge for considerably small arguments ( 2.5)



, then eq (3.17) can be rewritten as

      c , c cosh Ha sinh Ha out w z C C z z    for c Ha 2.5 c L  (3.18) 
Notice that eq (3.18) is the solution of eq (3.9) when considering that no driving force exists in the inner surface of the shelled particle, that is, by using the boundary condition of eq (3. 
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where  represents how the resistance because of mass transfer between the particle and the bulk affects consumption in the capillary walls. When ,/ 0  in order to find the total amount of gas consumption per unit volume. The evolution of the number of capillaries will be treated in the next section, whereas the number of particles comes from the agglomeration model, introduced in chapter 4.

m p b h      ,

Porosity Decrease in Time (Particle Sealing-Up Process)

Whereas a constant averaged capillary radius is considered throughout the entire crystallization process, the evolution of the number of capillaries per particle in time is taken into consideration. Herein, a capillary is counted only if its extremity is open to the outer surface, that is, if it exchanges mass with the oil-continuous phase. Otherwise, gas diffusion through the solid hydrate matrix would be necessary for the gas to get in contact with water, which is negligible at the low temperatures gas hydrates form [START_REF] Bird | Transport Phenomena[END_REF][START_REF] Bassani | Revisited model for inward and outward growth of gas hydrate particles in water-in-oil emulsions[END_REF]. The capillaries fill-up in time because of crystallization in their walls, but new capillaries can as well be formed because of the tensioning and cracking of the crystalline structure, as already discussed from Figure 2 That is, the maximum driving force in the capillary comes from the boundary condition of eq (3.13). By relating the gas consumption rate to the volume of hydrates formed, eq (1.4) for c Lr  , the maximum constriction rate of a capillary comes (see Demonstration #7 of appendix B)

      ,, 0 11 c h i h i out w w eq w eq out w h w h w z dr M k M k C H f H f C cte dt H H           (3.22) considered quasi-static, that is, , out w C
varies slightly between two consecutive time steps, therefore constant during the time step, but updated step-by-step during the model solution. By integrating from the initial capillary radius up to zero (total closing) and from time zero to the time the capillary takes to close close t , and reorganizing the terms

   , , 1 1 hw close c in hi out w w eq H tr Mk C H f     (3.23)
where , c in r is the initial capillary radius, whose notation can be simplified to the averaged capillary radius c r . From eq (3.23), the time a capillary takes to close is directly proportional to its initial radius and inversely proportional to the crystal integration rate and to the driving force. Considering a monodispersed distribution of capillaries (that is, all capillaries have the same size), then 

 (3.24)
Whereas the death rate is estimated through mass transfer in the capillary, the birth rate is an open question in this thesis. Assuming that the particles are highly deformable, flow oscillations and/or any collisions cause water squeezing from the 'sponge', promoting internal tensions and micro-cracking of new capillaries. This birth rate should then be related to the mixture flow rate, incurring into modeling the fluid-structure interaction, which is out of scope here and would considerably increase the degrees of freedom of the model. Another phenomenon that incur in the birth of new capillaries is the filling-up process of the capillaries, which squeezes out part of the trapped water because the volumetric growth of hydrates is higher than the volumetric consumption of water. If the capillaries fill-up homogeneously, then no internal tensions would happen, as was already discussed from Figure 2.8(d). However, the filling-up process occurs mainly close to the outer surface, where driving forces are higher, thus a local pressurization occurs and squeezes the water, creating internal tensions and cracking the structure. The just blocked capillaries will then reopen, or even new capillaries can form. It is therefore fair to consider a birth rate proportional to the death rate, as the higher the filling-up rate of the capillaries, the higher the internal tensions created because of water squeezing

c c c c c close n B D B D t      (3.25)
where  represents the birth-to-death ratio of capillaries. A value in the range of 01   shall be adopted, where:

(i) 0   represents no birth of capillaries, that is, all the capillaries would definitively close during the time lapse

close t ; (ii) 1
  represents that the same amount of capillaries that close will open, and no average filling-up of capillaries would happen over time, with no mass transfer limitation; and (iii) 1

  represents a higher quantity of capillaries being created than the ones being filled, which has no physical meaning when considering that the filling-up process generates the internal tensions for the birth of capillaries. When comparing the time hydrates take to form and reach their asymptote of formation (~ 30 min to 2 h [START_REF] Melchuna | Experimental study and modeling of methane hydrates crystallization under flow from emulsions with variable fraction of water and anti-agglomerant[END_REF]), and the time the capillaries take to close (~ 30 ms to 30 s; eq (3.23) evaluated with values of Table 3.1), then the value of  needs to be slightly lower than unity. Interpretation of this birth-to-death ratio is done as follows: 1  

1 c c close dn n dt t     with , 0 c c in t nn   (3.26)
and solving this ODE using close t from eq (3.23), the number of capillaries per particle is found to exponentially decrease in time as

    ,, exp 1 1 hi c c in out w w eq h c w Mk n n C H f t rH           (3.27)
where lim 0

c t n   for 01 
 , that is, the capillaries will all close given enough time, which explains the asymptote of gas hydrate formation at water conversions much lower than 100% [START_REF] Turner | Methane hydrate formation and an inward growing shell model in water-in-oil dispersions[END_REF][START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF][START_REF] Melchuna | Topological modeling of methane hydrate crystallization from low to high water cut emulsion systems[END_REF][START_REF] Joshi | Experimental flowloop investigations of gas hydrate formation in high water cut systems[END_REF] coming from the decrease in the active surface for crystallization up to complete blockage of the gas-water contact. That is, the remaining water stays sealed inside the hydrate porous structure. Finally, the porosity at the outer surface of the particle 7 relates to the number of open-capillaries as 

    in , exp 1 1 hi out w w eq h c w Mk C H f t rH              (3.29)
where , out w

C

relates to the bulk concentration through eq (3.14). This is an important quantification on how the spongeous particles seal up in time. In chapter 4, this will be shown to cause the particles to eventually dry out, causing agglomeration to cease.

Total Gas Consumption Rate (Hydrate Formation Rate)

The total gas consumption rate coming from hydrate formation at the outer surface and at the capillary walls of all p n particles is 7 Not to be confused with the porosity in the inner volume of the particle, which is expected to remain nearly constant and at a high value. The filling-up process of the capillaries occurs near the outer surface of the particle, in the range of the gas penetration length, , 0. Eq (3.30) needs coupling with eq (3.

2) for the bulk concentration, and a 1 st order, upwind discretization scheme is sufficient 8 . The final system is 22  (gas consumption rate and bulk concentration). Finally, the hydrate formation rate and the water consumption rate, in molar basis, comes from the 'stoichiometric' relation of eq (1.1)

  

        (3.32) 
where hydration number  is considered constant along the entire crystallization process.

Model Closure and Comparison with Experimental Data

Total closure of predictive models for hydrate formation is very hard to achieve. Here, methane hydrates (sI structure)

were selected for model trend validation because of the larger availability of closure parameters. They are still scarce, however. Table 3.1 presents the range of values found in literature. Details are given in the tables of appendix A. The model was regressed against a case-study measured in the flow loop at Mines Saint-Etienne, with characteristics by Melchuna et al [START_REF] Melchuna | Experimental study and modeling of methane hydrates crystallization under flow from emulsions with variable fraction of water and anti-agglomerant[END_REF][START_REF] Melchuna | Topological modeling of methane hydrate crystallization from low to high water cut emulsion systems[END_REF]. The fluids used were methane, deionized water and Kerdane [283] (a light oil with composition from C11 to C14) at medium water cut (32.25 vol%, oil-continuous). Methane is saturated in the liquid phase, that is, there is no free gaseous phase in the flow loop and the system presents 100% of liquid loading. The main characteristics of the flow loop and of the measured case are presented in Table 3.2.

8 Although the concentration in the bulk presents an inversion in concavity, shown in section 3.3 and pointing towards a 2 nd order discretization at least, the use of 1 st order discretization shows sufficient for the time steps considered and for the cases analyzed. The model presents very small computation cost, so numerical optimization is not necessary. Furthermore, the case-study of methane hydrates in oil-continuous flow shows not too sensitive to the gas concentration in the bulk, as it is always kept at a considerable high value, thus further considerations in the numerical solution of the ODE for b C would only imply in a more complex model, without important enhancement of the results. Notice as well that the ODE will be abandoned once the model is simplified for engineering purposes in section 3.4.

Parameter

Range of values from literature Adopted value Constant of proportionality of crystal integration a [START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF][START_REF] Al-Otaibi | Kinetic studies of gas hydrate formation using in situ particles size analysis and Raman spectroscopy[END_REF][START_REF] Al-Otaibi | Kinetics of structure II gas hydrate formation for propane and ethane using an in-situ particle size analyzer and a Raman spectrometer[END_REF][START_REF] Sharma | Gas hydrate particle size measurements[END_REF] (CH4 hydrates)   for aged hydrates in permafrost [START_REF] Klapp | Grain size measurements of natural gas hydrates[END_REF] o Visualized in microscope for natural gas hydrates in permafrost [START_REF] Klapp | Grain size measurements of natural gas hydrates[END_REF] and CH4 hydrates formed over ice [START_REF] Staykova | Formation of Porous Gas Hydrates from Ice Powders: Diffraction Experiments and Multistage Model[END_REF]. p Evaluated by considering serial and parallel connection non-uniformities with capillaries of one order of magnitude of difference in size, length and number (page 173 of Dullien [90]; range of values found by multiplying eq (4.3.9) by eq (4.3.10), that is, existence of both non-uniformities). q Antonoff's rule [START_REF] Davies | Interfacial phenomena[END_REF], valid for immiscible, non-interacting fluids. r Hydrates are hydrophilic [START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF][START_REF] Hirata | How liquids wet clathrate hydrates: some macroscopic observations[END_REF]. s Only a few capillaries actually stay closed due to squeezing of a very incompressible fluid, the water. t The flow loop used is large and flow is considerably dense. Infinite sets of regressed parameters are possible because of the considerable high number of degrees of freedom of the model, which unfortunately is very common when dealing with descriptive, micro-scale modeling such as the coupling of crystal integration and porous medium as done here. An example is the model of Shi et al [START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF], which is the most advanced descriptive model of growth kinetics for oil-continuous system so far (using the shell approach), and several degrees of freedom are reported. Figure 3.4 compares model and experiment for the molar amount of gas consumed over time, which shows that the model is capable of predicting the asymptotic trend of gas consumption over time.

                 
A sapphire window was inserted in the flow loop to estimate the size of water droplets prior to hydrate formation.

The flow is submitted to an expansion and change of cross section geometry as it passes through the sapphire window because of design restrictions, that is, the sapphire window is not circular. This introduces uncertainties in the measured droplet size. The droplet average size is therefore interpreted as an order of magnitude (droplets are in the mm-scale), but not as an exact value. Figure 3.5 presents photographs of the water-in-oil dispersion flow before the onset of formation and 10 s after. Here, the evidence that water gets entrapped in the spongeous particles almost instantly after the onset of hydrate formation is made clear.

A key parameter that triggers the entire crystallization process is the constant of proportionality of crystal integration i k . In literature, i k is experimentally regressed: (i) by considering the law of eq (3.1), or a similar one for driving forces on chemical potential [START_REF] Kashchiev | Driving force for crystallization of gas hydrates[END_REF], concentration [START_REF] Mersmann | Crystallization Technology Handbook -Second Edition Revised and Expanded[END_REF], or molar fraction [START_REF] Bergeron | Reaction rate constant of methane clathrate formation[END_REF]; and (ii) by using a model for the mass transfer resistances in order to predict the gas concentration C at the growing surface in means of the gas fugacity   , g f T P at the gaseous free phase. The reported values for sI methane hydrates spreads over several orders of magnitude, The model of this chapter can be used to predict i k by considering that: (i) right after the onset of formation, there is no porous structure yet, thus no permeation or crystallization in capillaries exist; (ii) the growing surface is equal to the droplets surface; and (iii) gas is saturated inside water, thus the driving force is the maximum one, g eq ff  . From eq (3.1)  is the volume of liquid (water + oil). Eq (3.33) is valid for a homogeneously dispersed flow (i.e., low water cut and high mixture velocity [START_REF] Brauner | The prediction of dispersed flows boundaries in liquid-liquid and gas-liquid systems[END_REF]), where droplets are fairly round; and considers that all droplets interact equally during the onset of formation (concept of instantaneous nucleation [START_REF] Kashchiev | Induction time in crystallization of gas hydrates[END_REF]). From Figure 3.5, it can be seen that the hypothesis of instantaneous nucleation is valid because all droplets are converted to hydrate particles in the first 10 s of crystallization. However, the flow prior to nucleation is dense, incurring in a considerable range of droplet radius, 0.4 2 mm d r 

   2 , 1 4 nuc g i d d g eq hyd t t dn k dt n r f f         (3.
. Using the values of Table 3.1 and the experimental value of . This shows the high sensitivity of eq (3.33) to the droplet size (that is, to the interfacial surface estimation), giving deviations in about one order of magnitude for i k . The regressed values are nonetheless in between the proposed values of Englezos et al [START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF] and Shi et al [START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF], which is at least reassuring. Here, ) is adopted and sensitivity of the model will be tested in section 3.3.4.

During the onset of formation, all droplets are considered to crystallize evenly because the bulk is saturated of gas.

But the same cannot be said during growth. The flow is considerably dense and the small amount of gas contained in the small oil film in between particles is quickly consumed during the onset of formation. Since no mass transfer resistances caused by the gas distribution inside the continuous phase was considered (hypothesis of bulk), then only a part of the particles (the ones closer to the gas-oil interface) will crystallize at the rate estimated by the model. The number of particles that undergo crystallization is herein considered proportional to the number of droplets as where 01 p   is called the efficiency of particles interacting with the bulk. The value of 1 p   is achieved when the gas is distributed evenly in the oil continuous phase (that is, if the bulk hypothesis is valid). This happens if the particles do not interact among themselves, that is: (i) the flow is dilute, (ii) the distance of the farther particles to the gas-oil interface is small and (iii) the system is highly mixed. As the system increase in size and the flow becomes dense, the interaction between particles cannot be neglected. In this case, the gas concentration furnished to each particle depends on the distance of the particle to the gas-oil interface. That is, the gas consumption by the particles closer to the gas-oil interface disturbs crystallization of the farther particles, causing an uneven crystallization, where the hypothesis of bulk is not valid. Here, as this distribution process is not modeled, the fitting of parameter p  is necessary.

From Figure 3.5, it is clear that the particles are larger than the droplets prior to nucleation and that the flow is dense.

A possible way of diluting the flow and avoiding agglomeration is by using surfactant additives. However, some other properties of the phases would be unknown in the presence of the said additives (e.g., reference for the order of magnitude of i k ), therefore additives were not used in this specific case-study. Yet, dilution in the flow loop employed would not avoid the use of p  -parameter, since the available experimental apparatus at Mines Saint-Etienne presents long distances to gas-oil interface 10 (no free gaseous phase, thus 0 p   is expected). The introduction of a gas free phase (e.g., the flow loop of Ding et al [START_REF] Ding | Hydrate Formation and Plugging Mechanisms in Different Gas-Liquid Flow Patterns[END_REF][START_REF] Ding | Investigation of natural gas hydrate slurry flow properties and flow patterns using a high pressure flow loop[END_REF][START_REF] Ding | Hydrate Deposition on Cold Pipe Walls in Water-in-Oil (W/O) Emulsion Systems[END_REF]) reduces the distance of particles to the gas-oil interface, but incur in designing liquid-gas separation prior to the pumping system, and gas reinjection after it, which is not an easy task when dealing with large, pressurized systems.

Finally, for parameters regression, the average droplet size was adopted to estimate the initial particle size, filmed , in coherence with microscope visualization [START_REF] Klapp | Grain size measurements of natural gas hydrates[END_REF][START_REF] Staykova | Formation of Porous Gas Hydrates from Ice Powders: Diffraction Experiments and Multistage Model[END_REF]; and the tortuosity at 5 c   , coherent with discussion given by Dullien [90].

Although an infinite set of regressed values exist, their combined values need to explain the asymptote of gas consumed shown in Figure 3. 

Sensitivity Analysis to Find the Limiting Steps of Crystallization

This section stresses the model sensitivity to the main closure parameters with the aim at understanding the possible limiting steps of crystallization for the experimental observations of Figure 3.4 and Figure 3.5, and to further discuss other limiting steps that could play a role in different scenarios. For mass transfer resistances in series (absorption, mass transfer, or permeation vs crystal integration for outer growth), the limiting step is given as the phenomena that predicts the lower value of molar transfer rate g dn dt . For resistances in parallel (outer growth vs crystallization in the capillaries), the higher value of g dn dt represents the limiting step. This is similar to electric circuits. More than one phenomenon can be at play if they predict the same order of magnitude for g dn dt . Since the phenomena evolve in time (e.g., particles seal up), then the limiting step can change. The knowledge of the limiting steps of crystallization will later be used to simplify the growth kinetic model for the case of study.

Characteristic Trends

Figure 3.6 presents the trends captured by the model when using the values of the default case given in Table 3.1.

The surface porosity decreases exponentially in time, blue line of Figure 3.6(a). As the pores close, the active surface of crystallization decreases, thus decreasing the gas consumption rate, red line of Figure 3.6(a). This explains the gas consumption asymptote that was experimentally observed in Figure 3.4. The slight discontinuity in the gas consumption rate of Figure 3.6(a), marked by a vertical gray dashed line, occurs when the limiting phenomena for outer growth toggles from crystal integration to permeation, and will be further discussed in section 3.3.4. The gas concentration in the bulk has a dive in the first minutes of crystallization, Figure 3.6(b), because of a higher amount of gas consumption and consequent higher depletion of the bulk. This triggers the absorption process and then the bulk starts to get replenished. With the decrease of gas consumption, as the asymptote of hydrate formation is achieved, the gas reaches concentrations close to saturation in the bulk at the end of the crystallization process. It is worth noting that, even if a steep dive occurs in the gas concentration in oil at the beginning of crystallization (~ 25 mol/m 3 ), this is reflected as only a small dive in gas concentration in water (~ 1 mol/m 3 ), explained by a much higher solubility of methane in oil than in water () ow HH . One issue one may argue from the curves presented in Figure 3.6(b) is the fact that, although water and oil are considered saturated at the onset of formation, there is a discontinuity in the curves of concentration during the onset. That happens because the gas concentration distribution is considered to instantly pass from the equilibrium to the offequilibrium profiles shown in Figure 3.1, where the transient term that captures a slow transition of the concentration profile was not modeled. This discontinuity is not pronounced, which points out that this hypothesis is fair. 

Gas Absorption by the Bulk: influence of the gas solubility in oil and of the absorption coefficient

Gas absorption limits crystallization if the maximum absorption rate is in the same order of magnitude of the gas consumption rate measured in the experiment. By using the absorption law, first term of the RHS of eq (3.

2), and by recognizing that when absorption limits hydrate formation, then the gas concentration in the bulk drops to the equilibrium 

       
of the specific absorption coefficient summarized in Table 3.1 (see as well Table A.3). This parameter represents mechanisms (i) and (ii) and relates to the multiphase flow pattern. For any adopted value and considering the gas solubility of Table 3.1, with 10 ow HH 

, there is always enough gas inside oil and therefore absorption never limits crystallization.

Although the gas concentration in water at the outer surface of the particle drops in up to ~ 6% in the beginning of hydrate formation, Figure 3.7(b), high supersaturations are kept because the bulk remains full of gas, even when absorption is low (red line of Figure 3.7(c)), and the surface porosity of the particles still decreases as fast as in the case of high absorption (black line). In both cases, the gas consumption rate presents a decreasing trend, Figure 3.7(d), characteristic of limitation by the particle sealing-up process.

Therefore, absorption-limited processes are expected to be more important when the gas solubility in the continuous phase present the same order of magnitude (or lower) than the solubility of the same gas in water. Absorption-limited crystallization is expected: (i) for CO2 hydrates in oil-continuous flow, because CO2 solubility in water is one order of magnitude higher than CH4 in water ( 3.1. Evolution in time of: (a) gas consumed because of hydrate formation, (b) gas concentration in the outer surface of the particle inside water, (c) surface porosity and (d) gas consumption rate because of hydrate formation. Absorption of gas by the bulk is capable of limiting crystallization for systems with low/medium mixing and when gas solubility in oil (continuous phase) is in the same order of magnitude of gas solubility in water. More will be qualitatively discussed in chapter 7 about gas distribution to each particle into limiting hydrate formation, called dissolution-limitation, but this is not captured by the model.

Sensitivity of the model to the ratio of gas solubility in oil and water is also presented in Figure 3 , the absorption process does not limit hydrate formation if the system is highly mixed. This results may however be biased by the assumptions done during modeling, because the gas distribution to each particle can as well lead to limitation in hydrate formation, and because the model is not able to capture that phenomenon. That is, this happens because p  comes from curve fitting and is kept constant during this sensitivity analysis. More will be discussed in chapter 7, called dissolution-limited systems. For lower absorption coefficients (orange and green lines), and when ow HH 

H o >> H w ; k abs A g/b /V b = 1x10 -2 H o >> H w ; k abs A g/b /V b = 5x10 -4 H o = H w ; k abs A g/b /V b = 1x10 -2 H o = H w ; k abs A g/b /V b = 1x10 -3 H o = H w ; k abs A g/b /V b = 5x10 -4
, absorption starts to play a role. The gas consumed assumes a straight line trend, Figure 3.7(a), which is commonly observed in gas-water systems [START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF],

and the latter are as well classified as absorption-limited systems [START_REF] Skovborg | A mass transport limited model for the growth of methane and ethane gas hydrates[END_REF]. The gas concentration inside water at the outer surface decreases in up to ~ 35% and takes much longer time to be replenished towards saturation, 

Mass Transfer between Particle and Bulk: influence of particle slip

Mass transfer between particle and bulk limits crystallization if the maximum mass transfer rate is in the same order of magnitude of the experimental gas consumption rate per particle. In the case of mass transfer being the only limiting process for hydrate formation, then: (i) absorption is negligible and the bulk concentration tends to the saturation con- 



incur in considering that all particles change mass evenly with the bulk, therefore this criterion does not take particle-particle interactions into consideration (that is, it does not consider the gas distribution in the continuous phase up to each particle).

The key parameter that plays a role on particle-bulk mass transfer is the relative velocity between the particle and liquid The slip velocity depends on the size of the particle, the particle/fluid density ratio, and the hydrodynamics of the continuous phase [START_REF] Palani | Study of slip velocity and application of drift-flux model to slip velocity in a liquid-solid circulating fluidized bed[END_REF]. There are some existing correlations for an average solid-liquid flow slip velocity, but here I stick to the use of its limiting values: (i) the minimum slip is zero, when the fluid carries perfectly the particles (laminar flow, small particles, particle/fluid density ratio near unity); and (ii) the maximum slip is in the order of magnitude of the mixture velocity J , and happens when the mixture cannot carry the particles (beds), or yet for a highly turbulent flow 11(relative motion between eddies).

/
Figure 3.8(a) presents sensitivity of the estimated amount of gas consumed over time in means of the slip velocity between particle and bulk. It can be observed that even for the no-slip case (red line), particle-bulk mass transfer does not play a role in limiting crystallization. This occurs because of the high gas solubility in oil compared to the gas solubility in water, as already discussed from Figure 3.6(b). Even if the mass transfer coefficient is small and the gas concentration gradient in the mass transfer boundary layer around the particle is high; the gas arrives in a sufficiently high concentration at the oil in the outer surface of the particle; and once it solubilizes in water, there is no considerable change in the furnished gas concentration in water, red and black lines of Figure 3.8(b).

However, when gas solubility in oil is in the same order of magnitude of gas solubility in water () ow HH 

, then particle-bulk mass transfer can act on limiting crystallization for low mixing systems ( / 0.1% pb UJ  , green and orange lines). This limitation presents a linear gas consumption, Figure 3.8(a), and is observed in literature for watercontinuous systems [START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF], where particle-bulk mass transfer is related as a secondary limiting process [START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF], the gasbulk absorption being the primary one [START_REF] Skovborg | A mass transport limited model for the growth of methane and ethane gas hydrates[END_REF]. The model captures the transition of limitation from particle-bulk mass transfer to the particles sealing-up process in a similar fashion to what was discussed in the previous section for absorption: (i) when particle-bulk mass transfer limits hydrate formation, a lower gas concentration in water is furnished to the outer surface of the particles, Figure 3.8(b); (ii) the porosity has a slower decrease in time because of the lower supersaturation furnished to the capillary entrance, Figure 3.8(c); (iii) as the porosity attains smaller values, gas is consumed at a lower rate for crystallization and the particle-bulk mass transfer is able to furnish higher supersaturations; and

(iv) the limitation process changes from particle-bulk mass transfer to crystallization in the capillaries, characterized by a drop of the total gas consumption rate, Figure 3.8(d), and a change in the characteristic trend of the gas consumed over time from linear to asymptotic, Figure 3.8(a). It is important to notice the considerably large discontinuities during the onset of formation in the gas concentration in water at the outer surface of the particle, Figure 3.8(b), when the sys-tem is limited by particle-bulk mass transfer. These discontinuities come from the steady-state hypothesis for the gas concentration distribution in section 3.1.3 and are important for the green and orange lines. 3.1. Evolution in time of: (a) gas consumed during hydrate formation, (b) gas concentration in the outer surface of the particle inside water, (c) surface porosity of the particle, and (d) gas consumption rate. Particle-bulk mass transfer limits crystallization only for low mixing systems and when the gas solubility in the continuous phase is in the same order of gas solubility in water. Simulations do not consider interactions between particles in dense dispersions.

At this point, it is possible to conclude that: (i) given the much higher solubility of natural gas components (hydrocarbons) in oil than in water; then (ii) the oil-continuous phase acts as a distributor of gas from the gas-oil interface up to the outer surface of each particle; and (iii) particle-bulk mass transfer and gas-oil absorption are negligible no matter the agitation of the system. For the case of gas solubility in the continuous phase being in the same order of magnitude of gas solubility in water (e.g., CO2 hydrates with oil continuous phase; or water-continuous systems), then:

(i) absorption and particle-bulk mass transfer are negligible for highly agitated systems; but (ii) must be considered in lower agitated systems. Notice that gas distribution inside the continuous phase is not accounted in this analysis, which is expected to be higher in dense flows and in systems where the distances between particles and gas-oil interface is large (discussion of p  -parameter given in section 3.2; for the results presented, 0.03 p   is kept constant, Table 3.1).

The modeling of p  is still an open question and represents one of the main weaknesses of this model.

Outer Growth vs Crystallization in Capillaries: influence of the constant of proportionality of crystal integration and of the porous medium interconnectivity

Whereas gas absorption and particle-bulk mass transfer act as resistances in series to crystal integration, crystal integration itself is composed of parallel resistances: (i) crystal integration in the capillary walls, which competes with diffusion of gas in water inside the capillary, eq (3.19); and (ii) crystal integration in the outer surface, which can be limited by water permeation through the hydrate porous particles or crystal integration itself coming from the supersaturation of gas, eq (3.7). Both (i) and (ii) depend on the porosity of the particle, whereas (i) is determinant on estimating the porosity evolution in time. Therefore, one should understand: (a) which crystallization surface is prevailing, outer surface or capillary walls; and (b) if ever outer growth is prevailing, which is its limiting phenomenon (water permeation or crystal integration).

By using the second term inside of the minimum function of eq (3.7) to estimate the crystal integration in the outer surface, the following criteria are proposed: the main phenomena. For the case of intermediary  , all three phenomena may be competitive. It is important to notice, however, that the only phenomena from these three that is mathematically capable of predicting the asymptotic behavior of gas consumption when P&T are constant is the crystallization in the capillary walls. Therefore, if experiments present such asymptote and P&T are kept constant, then crystallization in the capillary walls is the limiting step.

(E)
The main crystallization surface (outer surface or capillary walls) and the presence or not of water in the outer surface (permeation vs crystal integration) are dependent on i k and  , which are difficult to measure. The presence of the asymptote on gas consumption of Figure 3.4 points out that crystallization in the capillary walls is the limiting phenomenon for the case of study, since P&T were kept constant in this experiment.

The model and the criteria (E,F,G) are used to understand the limiting phenomena for a case of low , the absorption and particle-bulk mass transfer are negligible, that is, their maximum gas transfer rates present much higher values than the gas consumption rate of the experiment. As already discussed in the last sections, this comes from the fact that methane is much more soluble in oil than in water.

For the low i k case, the gas consumption in the outer surface, green line of Figure 3.9(a), is much lower than the consumption in the capillaries (red line) throughout most part of the crystallization process. Therefore, the porosity decrease is the main limiting step of crystallization, and outer growth only starts playing a role at the end of the crystallization process, after ~ 100 min. This is in agreement with criterion (E). Outer growth is limited by the low crystal integration, characteristic of a low i k -value, and water always permeate the hydrate porous media and accumulates in the outer surface, Figure 3.9(b). Water accumulation in the outer surface is not ideal, since collision between particles will then promote liquid bridge formation, making the particle to be sticky (wet) and enhancing agglomeration. Close to the end of crystallization, when porosity achieves low values, permeation starts to be the limiting process for outer growth, seen as the crossing between red and blue lines of Figure 3.9(b). This inversion of limitation process, marked by the vertical gray dashed line, explains the small discontinuity of the gas consumption rate in the end of crystallization. This discontinuity can be further smoothed by considering a distribution of capillary sizes of the porous medium, where different c r have different time-scales of closure. That would however increase the complexity of the model and the degrees of freedom for fitting.

For the high i k case, Figure 3.10, and if ever water is always available at the outer surface, then gas hydrate formation because of crystal integration in the outer surface would overpredict the experiments (since ,, , g i g i out cryst int hyd dn dt dn dt    ; Figure 3.10(a), green > black line). Therefore, water permeation through the porous hydrate particle necessarily limits outer growth (blue and purple lines vs green line). This is in agreement with 3.1. (a) Comparison of gas transfer rates of all phenomena against experiments. (b) Water permeation vs crystal integration to predict limiting process of outer growth. Crystallization in the capillary walls is the limiting step over most part of the hydrate formation process, attaining similar values to outer growth at the end. Crystal integration limits outer growth for the major part of the process, therefore water accumulates at the outer surface. . All other parameters come from Table 3.1 and fitting is achieved with The water permeation rate is however restricted to the use of a  -parameter, which is unknown a priori.

Results are plotted for the extreme values of  presented in Table 3.1. In both cases, permeation limits outer growth for the entire crystallization process (blue and purple lines < green line). Yet, growth in capillaries is much more important than outer growth for the considered range of 0.001 0.02   (red line >> blue and purple lines), and therefore the model presents low sensitivity to  , Figure 3.10(b).

Notice that, since crystal integration is faster for higher i k , regression of 

i k     
determines the competition of the limiting phenomena for outer growth between water permeation and crystal integration, which determines the existence of wet or dry particles and relates to agglomeration. This will be better explored in chapter 4.

Influence of Driving Force, Particle Size, Initial Porosity and Capillary Radius

In this section, sensitivity of the model around the default values of Table 3.1 is tested for different driving force (subcooling), particle size and porous media parameters (initial porosity and average capillary radius). Figure 3.11 presents results for the gas consumed over time. The default case of Table 3.1 is always plotted in black as a reference. . The model captures higher consumption rates for higher driving forces, and therefore the asymptote is reached in less time, explained by a faster sealing of the particles. The asymptotic value is approximately the same for all driving forces (~ 2 mol for the 10 L of liquid in this experiment). However, this may not be realistic, as higher driving forces are related to higher initial porosities and smaller capillary radius. One should bear in mind that the model does not captures the interaction between the porous medium and the driving force other than the porosity decrease in time.

Figure 3.11. Sensitivity of gas consumed over time to: (a) the driving force (for different system temperatures, keeping a constant pressure of 80 bar), (b) the particle radius (agglomeration is neglected), (c) the initial surface porosity of the particles, and (d) the average capillary radius. All other parameters come from Table 3.1. The default case is presented in black.

Figure 3.11(b) presents sensitivity to the particle radius. Smaller particles are related to higher values of the asymptote of gas consumed, but do not interact with its curvature. That is, the particle radius acts as a linear multiplier (inversely proportional) of hydrate formation. The particle radii are considered equal to the droplet radii prior to nucleation. For a fixed water cut and liquid volume, the number of droplets increases with decreasing droplet size. Because only the outermost part of the particle is actually interacting with crystallization (concept of crit L ), then a higher number of particles means a higher active surface as well. If the droplet size is indefinitely small, then at some point the gas distribution process to each particle inside the continuous phase will start playing a role (otherwise, hydrate would form instantly for very small droplets, which is never experimentally observed even in highly agitated systems [START_REF] Turner | Methane hydrate formation and an inward growing shell model in water-in-oil dispersions[END_REF][START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF]). Estimation of the droplet radius depends on the multiphase flow conditions (mixture velocity, water cut) and fluid properties (viscosity of continuous phase, oil-water interfacial tension), but that coupling will only be held in chapter 6 (once multiphase flow is described). Figure 3.11(c) presents the gas consumed over time for different initial porosities of the hydrate particle. Higher initial porosities imply in larger time-scales to seal the particle, affecting the asymptotic value. Therefore, the initial porosity acts as a linear multiplier (directly proportional) of hydrate formation, but do not change its curvature. The smaller the capillaries, the higher the active surface per unit volume, which implies in higher gas consumption rates. However, smaller capillaries close faster, thus reaching asymptotes in less time (when maintaining the same  - parameter). Therefore, the capillary radius acts as a linear multiplier (directly proportional) and curvature changer (inversely proportional) of hydrate formation.

 in = 50%  in = 60%  in = 70%  in = 80%  in = 90% (c)
Unfortunately, the model is not yet prepared to capture how the driving force causes the initial porosity and capillary radius to change. In chapter 6, after agglomeration and multiphase flow are described, simulations of 30 km-length flowlines will be thrown, and the driving force will present substantial variations. More of the theoretical plots shown in here will be discussed in section 6.6, and those plots will answer the often-posed question of when the model fails.

Simplified Model for Gas Consumption of Methane Hydrates in Oil-Continuous Flow

Based on the closure values for CH4 hydrates of Table 3.   . From eq (3.14), solubilization of gas from oil to water in the outer surface of the particle gives

, out w w g C H f 
, that is, saturation of gas in water (concept of oil bulk acting as a distributor of gas from the gaseous free phase up to each particle). Gas consumption in the outer surface is negligible compared to the gas consumption occurring at the capillary walls, given the low values of porous medium interconnectivity, which imply in low permeation rates. Therefore, eq (3.30) simplifies to 

      6 WC exp 1 1 2 g in w w i h i p L g eq g eq p c h c hyd dn H D k M k f f f f t dt r r r                 (3.35)
For engineering purposes, all the micro-scale unknown parameters related to the porous medium, to the crystal integration and to the gas distribution inside the continuous phase are grouped into two parameters 12 , , , , ,

in c i p r k k k     .
Yet, for simplified purposes, it is interesting to deal with subcooling instead of fugacity. Using a linear relation 

, fT f k T   
    2 1
driving force, flow shear, additives

i c k kf r     (3.38)
where WC is the water cut, L  is the volume of liquid (water + oil), p r is the particle size, w H is the Henry's constant (solubility form) of the gas inside water (see Sander [START_REF] Sander | Compilation of Henry's law constants (version 4.0) for water as solvent[END_REF] for compilation of various gases), w D is the gas diffusivity in water, T  is the subcooling,  is the hydration number (relates to the gas hydrate crystalline structure and cage occupancy), h M is the 'molar mass' of hydrates defined in eq (1.

2), h  is the density of a perfect hydrate crystal (no porosity included), and t is time.

As mentioned, the not-easily-found parameters are: k , which assume one unique value that represents, respectively, the asymptote and the curvature of the experimental data of gas consumed over time. By using Table 3 for CH4 hydrates in light oil-continuous flow, but these values shall be carefully handled to other scenarios prior to regression with a wider database. Figure 3.12 (blue line) presents the behavior of eq (3.36) against the experimental results. The simplified model underpredicts the asymptotic value in ~ 11% when compared to the complete model presented in section 3.1. That is, all the non-considered phenomena (gas absorption, particle-bulk mass transfer and outer growth) correspond to only 1/10 th of the case of study 12 .

12 Let's do analogy with Pareto's principle, which state that roughly 80% of the effects come from 20% of the causes.

For the case-study, the decrease of the active surface coming from crystallization in the capillary walls (which is 1/5 = 25% of the effects modeled, the other four being absorption, particle-bulk mass transfer, and outer growth because of permeation and because of crystal integration) incur in description of approximately 90% of the problem. That is, the other 10% can be abandoned for the sake of simplification, and instead of implementing a complex growth kinetic model with several degrees of freedom, one can use an one-line, explicit expression such as the one of eq (3.36) to predict the gas consumption rate during hydrate formation, and can still expect to capture the majority of the results. The shape of eq (3.36) is similar to the Arrhenius-type expression commonly employed by the gas hydrates community, with the shape 

Contributions of Chapter 3

In chapter 3, the crystallization in the capillary walls of the hydrate porous particles and how the porosity decreases in time was modeled, called sponge approach. This is pioneer in the literature of hydrate growth kinetics. After considerable descriptive modeling and sensitivity tests for methane hydrates in oil-continuous systems, the model was simplified to a one-line, explicit expression for the gas consumption rate during hydrate formation, eq (3.36). That expression is similar to the Arrhenius-type models in literature, but further introduces an exponential decaying term coming from the particle sealing process, which is able to capture the asymptotic trend of hydrate formation that is commonly observed in experiments of oil-dominant systems. Other three important quantifications were done along this chapter:

(i) the criterion c Ha 2.5 c L  in order to neglect core shrinkage, which point out that mm-scale particles cannot be described by the shell models often adopted in literature, (ii) the particle porosity decrease in time, eq (3.29), and

(iii) the competition between water permeation and crystal integration at the particle's outer surface, eq (3.7). The latter two will be key to understand agglomeration in chapter 4.

Aperçus du Chapitre 3

Ce chapitre développe la mathématique de la cinétique de croissance des hydrates de gaz dans les systèmes en phase continue huile. Le processus de remplissage des capillaires à cause de la cristallisation à l'échelle du milieu poreux est quantifié (ça veut dire, l'évolution de la porosité de surface externe de la particule) et ensuite couplée aux phénomènes de transfert de masse déjà décrits dans la littérature (l'absorption de gaz par la phase liquide continu, le transfert de masse entre particules et liquide, et la croissance externe des particules provenant de la perméation d'eau). La gamme des paramètres de fermeture rapportés dans la littérature pour les hydrates de méthane est utilisée pour comprendre les étapes limitantes de la cristallisation. Les résultats montrent que l'évolution de la porosité est à l'origine de la tendance asymptotique de la formation des hydrates. De plus, l'absorption de gaz par la phase continue et le transfert de masse entre les particules et la phase continue est négligeable pour les systèmes en phase continue huile lorsqu'on considère un gaz qui est beaucoup plus soluble dans l'huile que dans l'eau (cas du méthane). Le modèle est donc simplifié à des fins d'ingénierie en utilisant les étapes limites de la cristallisation, donnant lieu à une équation semi-empirique explicite du taux de consommation de gaz lors de la formation d'hydrates, eq (3.36), basée sur deux paramètres indépendants qui nécessitent une régression expérimentale.

AGGLOMERATION

This chapter presents the mathematical description of agglomeration in oil-continuous systems, and how the particle and interparticle-scale (collision) interacts with the porous-scale (agglomeration efficiency coming from the wet vs dry surface state of the particles), with the flow-scale that couples micro-fluid dynamics of Kolmogorov's theory with macro-fluid dynamics described by velocity, viscosity and diameter. Some important quantifications done are: (i) the agglomeration efficiency based on the existence of liquid bridges, (ii) a modified Damköhler number to classify particles as wet or dry, (iii) the time-scale for particle to dry out, and (iv) an expression for the stable, maximum agglomerate size in the system. Furthermore, a map is proposed at the end of the chapter in order to classify particles that are inert throughout the entire crystallization and therefore will never lead to an important agglomeration. This map relates interfacial properties and subcooling, but the lift forces that suspend the agglomerates and comes from the flow description will only be introduced in chapter 8. Equation Chapter (Next) Section 1

At this point, the reader should be familiar to: (i) the concept of wet particles that form liquid bridges under collision, which causes a time-lapse for consolidation, Figure 2.7; (ii) to the agglomeration steps presented in Figure 1.6; and

(iii) to the water permeation vs crystal integration that leads to outer growth of the particle, section 3.1.2. The mathematics that will be developed in this chapter (statistical mechanics) have a higher level of complexity than the other chapters of this thesis, but demonstrations are given for didactic purposes, especially regarding the method of moments applied to solve the population balance. Furthermore, some complexity in comprehension migth arise from the use of Kolmogorov's and Smoluchowski's theories. Further discussion of the applicability of these theories are given in appendix B.

Agglomeration Model

The purpose of the agglomeration model is to predict the evolution of the particle average size in time. The mathematics that describe agglomeration is called Population Balance [START_REF] Ramkrishna | Population Balances: Theory and Applications to Particulate Systems in Engineering[END_REF][START_REF] Yeoh | Multiphase Flow Analysis Using Population Balance Modeling: Bubbles, Drops and Particles[END_REF], which consists of a Partial Differential Equation (PDE) where the parameter to be solved is the Particle Size Distribution (PSD), given by   , f L t , where L is the particle size and t is time. This distribution is shown in Figure 4.1. Several mathematical approaches exist to solve the PDE. The one adopted here is the Method of Moments (MoM), which consists into integrating the particle size distribution weighted by the particle size to the j th order. The moment of the particle size distribution of j th order is defined as

0 j j M fL dL    (4.1)
Therefore, the PDE is transformed into a systems of Ordinary Differential Equations (ODEs) of size jj  . Infinite moments exist, but here the interest is on the 0 th to the 3 rd orders because of their physical meaning: (i) the moment of 0 th order represents the number of particles by unit volume of liquid

L  , given in 3 -3 particles m m          ; Figure 4.1.
Representation of the mathematic approach adopted to solve the population balance. The particle population is represented by a particle size distribution, which is integrated to find the moments that relate to the average parameters, such as the number of particles () p n , the particle average size () (ii) the moment of 1 st order represents the sum of the length of the particles per unit volume

32 particles m m m ;           (iii)
the moment of 2 nd order is proportional (by a shape factor 2  ) to the total interfacial surface between the particles and the continuous liquid phase per unit volume

2 3 1 particles m m m           ; and
(iv) the moment of 3 rd order is proportional (by a volume factor 3  ) to the total volume of the particles per unit volume

  33 particles m m     
. Based on these definitions, the number of particles in the system p n , the average particle radius 
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where 2 4   and 3 43   are the shape and volume factors for spherical particles when considering the radius p r as characteristic length. That is, by the solution of a 44  ODE system for 0 M to 3 M , one retrieves the evolution of the average parameters of the particle size distribution. Special attention is given here for the particle radius, which is the main interest when slurry stability enters at play (analysis of chapter 8). The outer surface is also important to estimate the particle/bulk interface that plays a role in the mass transfer system for growth kinetics of chapter 3. The particle volume (or its volumetric fraction) will further be important to estimate the apparent viscosity of the hydrate-oil slurry once coupled to multiphase flow (chapter 6).

Next, the 44  ODE system for the population balance using MoM is demonstrated for didactic purposes, and then a new expression is developed for the kernel of agglomeration considering binding forces because of liquid bridge formation upon collision of wet particles.

Population Balance using the Method of Moments

Consider a closed control volume (CV) encompassing the liquid phase and let   , f L t be the size distribution of the particles per unit volume, given in [(particles/m)/m 3 ]. This size distribution varies in time because of particles' growth, birth (nucleation, breakage) or death (agglomeration). A general expression for the population balance is [START_REF] Ramkrishna | Population Balances: Theory and Applications to Particulate Systems in Engineering[END_REF]       birth and death variation in time growth

CV CV CS d f d Gf d h tL           (4.6)
where L is the particle size,

G L t
   is the linear growth rate of the particles, and h is the generation term of the balance equation, also known as birth and death terms. Considering that the control volume has a constant volume  , and that G and f are uniform inside the control volume, dividing by the volume  and considering that the birth and death terms are composed by nucleation (nuc) and agglomeration (agg) of particles

  nuc agg Gf f hh tL       (4.7)
where breakage is out of scope in this thesis, since it is difficult to predict the amount of debris left by the particle breakage and their relative sizes. Multiplying by j L and integrating over the size range of the distribution (i.e., from 0 to infinite)
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where each term is developed separately in the next sections.

Moment Variation in Time

Term (i) of eq (4.8) represents the variation in time of the moment j M . Its definition, given eq (4.1), is easily recognized inside eq (4.8). Therefore, term (i) comes

  00 j j jj M M f L dL fL dL i t t t           (4.9)

Particle Outer Growth

Term (ii) of eq (4.8) represents the particle outer growth. Assuming that the linear growth rate G , given in [m/s], has negligible variation with the particle size,
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where the regularity condition [START_REF] Ramkrishna | Population Balances: Theory and Applications to Particulate Systems in Engineering[END_REF] 
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Using eq (3.7) developed in chapter 3 for the gas consumption in the outer surface of one particle, and further recognizing that the average particle size and the average outer surface for the population of particles is written in terms of the moments as
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Notice that G actually depends on the particle size, but the simplification of 0 GL    was nevertheless used to mathematically simplify term (ii), eq (4.10). It will be latter shown that what matters most for the particle size increase in time is the agglomeration term, not the growth term, and therefore this hypothesis holds. One should further notice that the shape and volume factors discussed in eq (4.4) and (4.5) were neglected [START_REF] Yin | A review of gas hydrate growth kinetic models[END_REF] [START_REF] Cardoso | Design options for avoiding hydrates in deep offshore production[END_REF]   , because the agglomerates are not necessarily spherical, as the particles of chapter 3. The geometrical sense will be introduced by the agglomerate shape coefficients 12 , KK when dealing with the particle population, and will be discussed latter.

Onset of Formation (Initial Condition)

Term (iii) of eq (4.8) represents the nucleation of the first particles in the system. Nucleation is considered to be instantaneous [START_REF] Kashchiev | Nucleation of gas hydrates[END_REF], that is, when nucleation of the first particles occurs (at 0 t  ), a number of particles , p in n nucleates with an average radius , p in r , and no further nucleation occur for 0 t  . The nucleation is therefore the initial condition for the population balance, and the name "onset of formation" is preferred, since no modeling of the nucleation itself is done in this thesis (notice that nucleation modeling requires description of the molecular and intermolecular-scales [START_REF] Khurana | A Review of Clathrate Hydrate Nucleation[END_REF][START_REF] Warrier | Overview: Nucleation of clathrate hydrates[END_REF]). By the experimental evidence that the porous particles instantly entrap all the available water during the onset of formation [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF][START_REF] Melchuna | Measurements of dispersant additive on hydrate/ice slurry transport[END_REF][START_REF] Kakitani | Dynamics of Hydrate Behavior in Shut-In and Restart Condition in Two and Three Phase System[END_REF], then the number of particles relates to the initial particle radius as

, 3 , WC 3 4 L p in p in n r    (4.13)
where WC is the water cut and L  is the volume of liquid (water + oil). In this chapter, the initial particle size comes from visualization of the experiment, but in chapters 6 and 8 it will be considered that they present the same order of magnitude of the water droplet size prior to the onset of hydrate formation. Finally, from eq (4.

2) and by using the relation between moments 
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where agg K is called the kernel of agglomeration. At the same time, the rate of particles of volume v that vanish be- cause of their agglomeration with particles of volume ' v is [START_REF] Espitalier | Les Fondamentaux de la Cristallisation et de la Précipitation[END_REF][START_REF] Ramkrishna | Population Balances: Theory and Applications to Particulate Systems in Engineering[END_REF]       ', '

'

agg v v v v v v K f f dv dv (4.16)
The total agglomeration rate agg h to form particles with volume v is evaluated upon integrating eq (4.15) over all particles from volume 0 to v (divided by 2 so as to not count the interactions between 1 v and 2 v twice) minus the integration of eq (4.16) upon all (0 to infinite) particles ' v , therefore [START_REF] Espitalier | Les Fondamentaux de la Cristallisation et de la Précipitation[END_REF] 
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meration of particles and ' vv (4.17)

Since agglomeration uses the volume as variable for the distribution v f , then the moment in volume must be defined

0 j vj v M f v dv    (4.18)
Using eq (4.17) for the total agglomeration rate agg h , the equivalent of term (iv) of eq (4.8) in volume comes
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By considering the kernel of agglomeration agg K to be independent of volumes 12 , vv; by recognizing that

12 , v v v  that is 12 , v v v
 , meaning that the limit of integration in 1 v can be changed from v to infinite; by recognizing that v and ' v are independent; and by using the definition of the moment in volume of eq (4.18); then eq (4.19) comes
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Eq (4.20) represents the agglomeration contribution to the moments in volume. However, the population balance of eq (4.8) if for the moments in size. The volume and the size of the particle are related by the volume factor as

3 v vL   .
The moment in volume therefore relates to the moment in size as
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, that is, the number of particles in any representation (volume or size) is the same, and by using the volume factor v  (which is independent of L for a fixed particle geometry), the integrals of eq (4.20)

can be converted to size as

      12 33 , 1 2 1 2 0 00 2 j agg j vj agg v agg vj v LL K M L L f f dL dL K M M       (4.22)
By using the relation of eq (4.21) and by recognizing that

0 0 0 0 vv M M M         12 33 , 1 2 1 2 0 00 2 j agg 3j agg agg 3j LL K M L L f f dL dL K M M      (4.23)
and by transposing the index
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For 0 j  and recognizing that 1 L and 2 L are independent, the integrals have analytical solution
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For the cases of 3 jn  , with n  , eq (4.24) does not have analytical solution, and a series expansion for term
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Truncating for the first term,    
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, introducing in eq (4.24), considering a constant of proportionality j K coming from the truncation called agglomerate shape coefficient and which is independent on the size L , and solving the integral for 
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where 2 0.113 K  [START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF] also absorbs the division by 2. Demonstration #8 presents some further interpretations of the agglomerate shape coefficients 1 K and 2 K , and the validity of using Herri et al [START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF] fitted values in the present model. For 3 j  , the integrals of eq (4.24) have analytical solution and the expansion in series is not necessary, therefore
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that is, agglomeration does not change the particle volume (per unit volume of liquid), which comes from the hypothesis of no porosity creation during agglomeration. Therefore, term (iv) of eq (4. , for 2 0, for 3
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Final Shape of the Population Balance

Inserting eqs. (4.9), (4.10), and (4.30) in (4.8), the population balance written in the Method of Moments up to the 3 rd order comes
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which is solved with a 4 th order Runge-Kutta Method using the initial conditions of eq (4. If the surface of the particle is wet, that is, water is furnished to the outer surface by permeation through the porous medium, then a liquid bridge forms, holding the aggregate together. The aggregate can either disrupt because of flow shear, or consolidate (crystallization of the liquid bridge into a crystal bridge, 'welding' both particles), forming an agglomerate. The agglomerate is much more stable than the aggregate, since the force holding the agglomerate together comes from the yield stress of the solid crystal, whereas the force holding the aggregate comes from the oil-water interfacial tension. In this model, once an aggregate consolidates, it is considered not to break. As well, as porosity of the particle decreases with time, the particle stops furnishing water to its outer surface, and the particle eventually dries out after a time scale dry t . Dry particles do not form liquid bridges anymore, and therefore agglomeration is considered to cease, reaching a stable (maximum) agglomerate radius ,max p r .

The kernel of agglomeration is given by [START_REF] Espitalier | Les Fondamentaux de la Cristallisation et de la Précipitation[END_REF] where the colliding particles are considered to have the same radius, The final result sought is the average particle size evolution in time. In order for two particles to agglomerate, they need to efficiently collide. If the particle is wet, the binding forces caused by the liquid bridge compete with disruptive forces induced by the flow. An agglomerate forms if the particles remain aggregated for enough time so the liquid bridge consolidates into a crystal bridge. With time, the particles dry out because of porosity decrease, thus the liquid bridges do not form anymore, and agglomeration stops, reaching a stable agglomerate size.

The collision efficiency is neglected, that is,

1 col  
, since the available models depend on the interparticle distance [START_REF] Espitalier | Les Fondamentaux de la Cristallisation et de la Précipitation[END_REF], and therefore incur in Lagrangian tracking of each particle, which considerably increases the complexity of the problem. If ever the Lagrangian tracking of the particles is considered, then forces coming from the inertia of the liquid drained in between particles [START_REF] Spielman | Viscous interactions in Brownian coagulation[END_REF] and the impulse forces after collision [START_REF] Balakin | The collision efficiency in a shear flow[END_REF] could as well be considered. The collision efficiency can be further related to the energy potential between particles, that is, to electrostatic forces when dealing with submicron-scale particles [START_REF] Fuchs | Über die Stabilität und Aufladung der Aerosole[END_REF]; or to the energy necessary to disrupt the water layer around the wet particles in order to form the liquid bridge when dealing with particles in the mm-scale. This is not considered here.

A simplified scheme of the agglomeration steps for any crystallization process was presented in Figure 1.6, and the same was afterwards applied to different systems containing gas hydrates in Figure 2.9. The agglomeration steps of where the coefficient '2' was already considered in eq (4.17). From the second line, the agglomeration efficiency comes from the competition between the disruption and consolidation rates as [START_REF] Espitalier | Les Fondamentaux de la Cristallisation et de la Précipitation[END_REF][START_REF] Cameirão | Etude expérimentale et modélisation d'une précipitation avec agglomération entre cristaux de morphologies différentes : application au molybdate de strontium[END_REF][START_REF] Cameirão | Validation of a Model for Multiple Agglomeration[END_REF]]
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The consolidation rate c k follows the approach of David et al [START_REF] David | Crystallization and precipitation engineering-III. A discrete formulation of the agglomeration rate of crystals in a crystallization process[END_REF], but further highlights some extra parameters of the crystal such as its porosity and the ratios of density and molar mass between hydrate and water. The consolidation rate is the inverse of the time required to crystallize the water volume contained in the liquid bridge between the particles [START_REF] Cameirão | Etude expérimentale et modélisation d'une précipitation avec agglomération entre cristaux de morphologies différentes : application au molybdate de strontium[END_REF], , where  is the hydration number, giving

1 cc kt  , as shown in
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represents the density of the porous hydrate (without water entrapped in the capillaries), and h  is the density of a perfect hydrate crystal (density of the solid matrix of the porous medium). Finally, the volumetric formation rate of hydrates is related to the linear outer growth rate G of eq (4.12) through
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, where b A is the particle surface covered by the liquid bridge (the crystalizing surface), and the multiplication by 2 comes from the fact that both particles have the same surface b A crystallizing at velocity G . From all of these considerations, the consolidation rate comes
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The particle surface covered by the liquid bridge 
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where the particle outer surface is related to the moments by 
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where the particle volume is related to the moments by 

  2 2 3 1 c M G kg M    (4.42) 21 1 2 hw wh M gg M      (4.43)
where 2 g is a factor that considers the liquid bridge geometry (from 1 g ) and the ratio of water to hydrate properties, and lies in the range of To model the disruption rate, an energy approach similar to the one used in droplet size models [START_REF] Brauner | The prediction of dispersed flows boundaries in liquid-liquid and gas-liquid systems[END_REF][START_REF] Hinze | Fundamentals of the hydrodynamic mechanism of splitting in dispersion processes[END_REF] 
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where the particle outer surface is related to the moments by 
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where the factor 4 g represents the geometry of the liquid bridge and the hydrate-to-water properties ratio, and lies in the range 
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where G comes from eq (4.12). This expression for the kernel of agglomeration relates the agglomeration efficiency between two wet particles that form a liquid bridge of interfacial tension / ow  with: (i) the crystal growth velocity G , which depends on the driving force (subcooling) of crystallization, and (ii) the shear rate  of the flow, associated to the probability of collision between two particles, and to the disruption rate of aggregates. If the particles are dry, then the agglomeration efficiency goes to zero, as no binding force exists to create the time lapse for aggregate consolidation, that is, 0 agg K  and agglomeration ceases. Therefore, the remaining question is whether the particles are wet or dry.

Transition of Particles from Wet to Dry

From the discussion given in Figure 2.7, a particle is wet when permeation occurs faster than crystal integration in the outer surface; and the particle is dry when permeation is slower than crystal integration in the outer surface. This is similar to a Damköhler number, commonly used for chemical reactions, but here it is modified for crystallization vs permeation resistances and for applicability to gas hydrates
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where Q is the water permeation rate through the particle, is the driving force at the outer surface. Expressions for Q and f were already developed and linked to the mass transfer resistances of the system in chapter 3. In eq (3.7), the first term inside the minimum function represents permeation, and the second one represents crystal integration. Using these expressions and neglecting the implicit term of the crystal integration, the modified Damköhler number comes Here, the porosity  was let in the numerator in order to evidence that, as the particles seal up and the porosity de- crease following eq (3.29), the systems tends to a transition from wet to dry particles. That is, an initially wet particle can dry out with time. When the particle becomes dry, the liquid bridge that holds the aggregate together cease to exist, that is, there is no interfacial tension between the aggregate and, mathematically-speaking, / 0 ow   . In this case, the disruption rate tends to infinite, d k  from eq (4.47), causing the agglomeration efficiency to tend to zero, 0 agg   from eq (4.36). Therefore, the kernel of agglomeration also tends to zero, 0 agg K  from eq (4.32), and the system stops agglomerating once the particles dry out. That is, the criterion of eq (4.53) predicts that, at some point, the system stops agglomerating, achieving a stable, maximum agglomerate size. The model trend is abrupt since all water is considered to vanish from the entire outer surface of all particles at the same time, whereby it will most probably gradually vanish. As discussed by Balakin et al [START_REF] Balakin | The collision efficiency of liquid bridge agglomeration[END_REF], the ratio of surface covered by the liquid bridge-former fluid (the binder) is related to an extra term of probability to form the agglomerates. If this is ever considered in criterion of eq (4.53), it would soften the abrupt cease of agglomeration. This is however not considered in here in order to avoid any extra fitting.
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Finally, it is important to state that the agglomeration model is coupled to the growth kinetics model of chapter 3, which estimates the amount of gas consumed and the porosity decrease in time. However, the model of chapter 3 was developed for non-agglomerating systems, where the number of particles p n and the average particle radius p r remains constant along the entire simulation. When the system agglomerates, the moments of the particle size distribution need to be used instead of the number, length and surface of the particles. The necessary modifications are shown in Demonstration #10 of appendix B.

Model Closure and Comparison with Experimental Data

The model is regressed and compared to the experimental dataset of Kakitani [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF]. The characteristics of the rockflow cell apparatus 13 are given in Table 4.2 and the grid test is given in Table 4.3. Several windows are placed along the rock-flow cell. Some selected photos were treated manually in order to extract an average particle size and its evolution in time so as to compare with the agglomeration model. The correct way to do so would be by the use of an instrumentation capable of measuring the Particle Size Distribution   , f L t , which however is an open issue in hydrates research for large particles and dense systems. Notice that the commonly adopted instrumentation is the FBRM (Focus Beam Reflectance Method), which gives a measure of the chord length distribution, not the particle size one, and stands for the 1-1000 µm range of measurement, far smaller than the agglomerates of this study. The method adopted (manual treatment of images), although not precise, is able to identify the order of magnitude of the average particle size. Table 4.1 presents the closure values adopted. As already discussed in chapter 3, complete closure of such model is hard to achieve, thus the interest lies on the evaluation of the orders of magnitude of both input and output parameters, and the trends that the model is able to capture. Closure for micro-scale parameters of the crystal integration process (the constant of proportionality i k ) and of the porous medium (initial porosity in  , capillary radius c r , tortuosity  , and interconnectivity  ) are considered the same as in chapter 3, but the initial porosity, in this chapter adopted to be 90% instead of 60%, leading to longer times for the particle to dry out. This is done for fitting purposes. The porous medium interconnectivity is considered to depend on the subcooling, where the maximum limiting value of 0.02 is used for the cases of 7.5 K subcooling, and the minimum value of 0.001 for the cases of 18 K subcooling, see Table 3.1.

The agglomeration model introduces new closure values regarding the flow of the continuous phase. The oil viscosity is hard to accurately determine at 70 bar (gas solubilization causes a viscosity decrease), and a value of ~ 10 cP is considered to represent the order of magnitude of it. The oil viscosity affects the estimation of the shear rate. Herein, the shear rate is considered to be in the order of magnitude of a turbulent, single-phase, developed, steady-state flow in 13 A rock-flow cell is a pressure cell in the shape of a pipeline, where motion between phases comes from the 'rocking' of the cell in an upward/downward oscillatory motion. See Figure 3.3 of Kakitani [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF]. This type of apparatus mimics the multiphase flow inside a flowline and is good for macroscopic, qualitative observations. The downside comes from the fact that the flow is gravity-induced, therefore the range of shear rate (agitation) attained is low. Finally, there are some intrinsic parameters of the model that need fitting. For the kinetic model, there are two parameters,  and p  . The first one is the birth-to-death ratio of capillaries, where  , which depends on the gas spatial distribution inside the continuous phase (not modeled, since a bulk is considered, that is, the same concentration is supplied to every particle). This parameter depends on the system agitation, on the distance of the particles to the gas-oil interface, and on the flow being dense or dilute. In chapter 3, 0.03 p   was regressed because the system is very large and gas absorption occurs in a restricted area. Herein, for the rock-flow cell, 0.15 p   for the 7.5 K subcooling cases, which is one order of magnitude higher, explained by the use of a smaller apparatus, but is still smaller than unity because the system agitation is low. For the cases of 18 K subcooling, the regressed value was 0.06 p   , explained by a higher competition of gas consumption between particles when the driving force is higher. The intrinsic parameters of the agglomeration model are the agglomerate shape coefficients, where Herri et al [START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF] values are adopted, 1 0.262 K  and 2 0.113, K  and the proportionality factor between consolidation and disruption rates, where 4 9 g  is adopted as being a central value in the range of the geometrical model considered, eq (4.49). . The diffusivity of gas in oil is considered to be one order of magnitude higher than the one in water,
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. Notice that this procedure, although approximated, does not have significant sensitivity in the results because hydrocarbon gases are much more soluble in oil than in water, and therefore the particle-bulk mass transfer resistance is negligible. c Henry's constant of the mixture inside water is adopted as being Henry's constant of methane inside water, since methane presents lower solubility than propane and thus limits crystallization. The reference value of Table 3.1 for Henry's constant in oil is adopted for both methane and gas mixture. The order of magnitude for oil is representative of any hydrocarbon gas dissolved in any oil. d Reference value of Table 3.1 for the oil surface tension. e Density of the solid matrix of hydrates, coming from Multiflash TM [START_REF][END_REF]. The molar mass comes from the relation
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f For the gas mixture, it is considered that the component with smaller diffusivity in water (that is, propane) limits the diffusion of the gas mixture through the capillaries. g The fugacity of the gas mixture is estimated through Lewis and Randall rule (similar to Dalton's law, but for the fugacity), None // 1% mass a Approximate initial particle size-scale from experiments. Some experiments present stratification and/or formation during shut-in (stratified, static system), which evolve to particle radius in the mmscale after few minutes. b Arquad ® 2HT-75 from Sigma-Aldrich [299]. 

Agglomeration Trends Captured by the Model

In this section, the trends captured by the model are discussed and compared to visualization of the rock-flow cell experiments of Kakitani [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF]. The gas consumption behaves approximately in the same way for all experiments, reaching an asymptote of ~ 0.15-0.25 mol after 4 h. It is important to emphasize that, if the experiment is maintained for a time scale of one order of magnitude higher (e.g., 1 day), then a new asymptote is reached; and if the time scale is again increased in one order of magnitude (e.g., 1 week; see experiments of Turner et al [START_REF] Turner | Methane hydrate formation and an inward growing shell model in water-in-oil dispersions[END_REF] in this time-scale), then a new asymptote is reached again.

However, the exponential function of the porosity evolution mathematically reaches, at some point, an asymptote, and the value of the asymptote reached depends on the experimental dataset used to regress , p  . Here, the time-scale of 4 h was used, which implies that, if ever the gas consumption model is used to predict times-scales larger than that, then the model will erroneously predict an asymptote after 4 h. The time-scale chosen is representative of the flow inside flowlines (e.g., a 15 km flowline with mixture velocity of 1 m/s). Another important fact is that the model overpredicts gas consumption when bed formation occurs, noticeable for case #2 (marked in red in Figure 4.4, and pointed out in Other cases (namely #1,3,4,6) present minor deviations from the exponential gas consumption predicted by the model, those related to partial bed formation or to dense systems, occurring when agglomeration is more pronounced (low subcooling) and when the shear rate is smaller.

The gas consumption model behaves better when dealing with dispersed systems (no agglomeration, that is, high subcooling, and when the shear rate is high), namely cases #5 and #7. As a main conclusion, the hypothesis of homogeneously dispersed system of chapter 3 causes a higher particle-bulk interfacial surface (a larger number of smaller particles), thus overpredicting the gas consumption for scenarios of non-dispersed flow. As well, discontinuities in gas consumption can be used to experimentally determine the existence of bed formation and/or heterogeneous/dense dispersions.

The agglomeration model, by its turn, presents mainly three trends for the experimental dataset considered: the experimental procedure adopted by Kakitani [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF] (notice that she was interested on formation during shut-in/restart processes, and when it occurs in the restart, then the system takes a few minutes to reach a steady flow pattern, during which this anomalous large structures were observed), or (ii) to a free water phase that, during few minutes, is still not entrapped by the porous particles (that is, there is not yet sufficient porous media to entrap all the water), causing particles to be wet because of a free water phase. Both (i) and (ii) are not considered in the model.


The second phenomenon that is not captured (and not considered) by the agglomeration model is the breakage of the large agglomerates into fine particles at the end of the experiment, called attrition. This is usually observed after 2 h.

These fine particles will not jam and not lead to a quick plugging of the flowline, and represent the ideal slurry flow sought for hydrate management. The slurry flow is however related to increase in the mixture apparent viscosity, an aspect widely treated in literature [START_REF] Camargo | Rheological Properties of Hydrate Suspensions in an Asphaltenic Crude Oil[END_REF][START_REF] Zerpa | Overview of CSMHyK: A transient hydrate formation model[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Zerpa | Multiphase flow modeling of gas hydrates with a simple hydrodynamic slug flow model[END_REF][START_REF] Fidel-Dufour | Rheology of methane hydrate slurries during their crystallization in a water in dodecane emulsion under flowing[END_REF][START_REF] Colombel | Discussion of agglomeration mechanisms between hydrate particles in water in oil emulsions[END_REF][START_REF] Yan | Flow characteristics and rheological properties of natural gas hydrate slurry in the presence of anti-agglomerant in a flow loop apparatus[END_REF][START_REF] Moradpour | Bimodal model for predicting the emulsion-hydrate mixture viscosity in high water cut systems[END_REF]] and that will be introduced in chapter 6. 

Influence of Driving Force (Subcooling)

The values of , p  were experimentally regressed for case #1, whereas all other closure parameters were equal to the values of Table 3 
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Higher subcoolings promote higher initial porosity, smaller capillary radius, higher tortuosity, and smaller interconnectivity. These porous medium interactions with driving force occur in size-and time-scales much smaller than the ones considered in the model, and therefore are not captured by it. Since tortuosity shall not vary too much (see discussion in Dullien [90], which states that abnormally large tortuosity fitted from experiments are most probably coming from the non-consideration of interconnectivity of the capillary bundle), and that the model is very sensitive to both the initial porosity and the capillary radius (as already presented in Figure 3.11(d)), then only variations on the porous medium interconnectivity will be considered. for the 18 K subcooling case. Gas fugacity comes from NIST RefProp [START_REF] Lemmon | REFPROP Reference Fluid Thermodynamic and Transport Properties[END_REF] evaluated at ( , )

PT for the free gaseous phase and at ( ,

)
eq PT for the equilibrium gas-water-hydrates. Equilibrium pressure comes from CSMGem [START_REF] Jager | The next generation of hydrate prediction: II. Dedicated aqueous phase fugacity model for hydrate prediction[END_REF][START_REF] Ballard | The next generation of hydrate prediction: I. Hydrate standard states and incorporation of spectroscopy[END_REF][START_REF] Ballard | The next generation of hydrate prediction IV: A comparison of available hydrate prediction programs[END_REF][START_REF] Ballard | The next generation of hydrate prediction: Part III. Gibbs energy minimization formalism[END_REF]. Mixture fugacity evaluated using Lewis-Randal rule. Interfacial properties evaluated without additive.

The porous medium interconnectivity is related to a certain number of capillaries having partial or complete restrictions, or to the fact that the capillary bundle has different capillary radii connected in series or in parallel. Both incur in variations of the permeability of the porous particle, that is, both are able to change the time taken for the particle to dry out. In chapter 3, a range of interconnectivity varying in between 0.001 0.02   was proposed. The highest value of interconnectivity is therefore adopted for the case of low subcooling (7.5 K), and the smaller value for the case of high subcooling (18 K). From Figure 4.6(b), it is observed that, by using a smaller interconnectivity, the particles are dry from the onset of their formation, thus completely avoiding any agglomeration. Therefore, the particle remains in the ~ 1 mm-scale over the entire simulation. As a conclusion, the subcooling itself does not drastically changes the wet vs dry criterion or the kernel of agglomeration, but its effect on the porous medium parameters causes the time the particle takes to dry out to drastically decrease. More will be discussed in section 4.4.

It is yet important to comment about the behavior of the gas consumption model. It is experimentally observed that the increase in the subcooling cause no significant variation in the order of magnitude of gas consumption. The model however predicts higher gas consumption, see Figure 3.11(a). Furthermore, when the system remains dispersed, the particle-bulk interfacial surface is larger. Both cause the predicted gas consumption to more than double for the cases of high subcooling compared to the cases of low subcooling. Since this is not experimentally observed, then it points out to an influence of the subcooling in the efficiency of the particles interacting with the bulk p  . In order to fit the experimental data, 0.06 p   was regressed for the high subcooling cases. This smaller value is explained by a higher competition between the particles when the system is more dispersed (higher number of particles) and when the subcooling is higher.

Influence of Shear Rate (Agitation)

The closure of case #5 is used to simulate cases #3-4 for smaller shear rates at high subcooling. Since the subcooling is kept high in cases #3-5, they do not present important agglomeration. As well, from the method used to capture the particle size (manual treatment of photos, that is, small statistic sample, and by using camera lenses that do not allow good observation of structures smaller than 1 mm), conclusions on the stable agglomerate size for shear rate variations cannot be retrieved.

Notice that all the cases of lower shear rates at low subcooling of the database of Kakitani [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF] incur in bed formation, thus out of the applicability of the model. Therefore, shear rate (agitation) is considered to be important into determining bedding when agglomeration occurs (that is, low subcooling systems). Notice that shear rate also does not affect directly the gas consumption, since it affects the gas-bulk absorption resistance and the particle-bulk mass transfer resistance only, and both are negligible phenomena when considering hydrocarbon gases in oil-continuous flow, as proved in sections 3.3.2 and 3.3.3. Shear rate can however indirectly affect the gas consumption, since smaller shear rates cause bed formation, thus decreasing gas consumption (as discussed in section 4.3, by affecting fluid-particle interactions).

Notice that the dataset used has a small variation in the agitation (shear rate) of the system. For larger variations, the efficiency of particles interacting with the bulk () p  is expected to increase with the system agitation, increasing the gas consumption. For the agglomeration process, a theoretical curve of the kernel of agglomeration vs shear rate is plotted in For the low subcooling case, shear rate is therefore expected to influence agglomeration, but the large agglomerates will quickly tend to settle down, forming a bed. As a conclusion, the shear rate (system agitation) is secondary on predicting agglomeration (subcooling is more important), having no influence when particles dry out fast (high subcooling); and being mostly important on determining bed formation and not agglomeration when particles take longer time to dry out (low subcooling).

Influence of Surfactant Additives (Interfacial Properties)

The closure of case #2 is used to simulate case #6 (7.5 K subcooling, but with 1% mass of additive), and of case #5

to simulate case #7 (18 K subcooling, but with 1% mass of additive). creases by approximately 40%. A second mechanism on decreasing the stable agglomerate size consists on smaller water permeation rates coming from lower interfacial tensions, thus making particles to dry out faster, to be addressed in the next section.

Simplified Agglomeration Model for Gas Hydrates in Oil Continuous Flow

The aim of this section is to propose a simplified, engineering-oriented model for the time the particles take to dry out, for the particle size evolution in time, and for the stable (maximum) agglomerate size. The main simplification is that all moments of the particle size distribution are approximated to a representative order of magnitude along the entire process of agglomeration (see proof of hypothesis in Demonstration #12 of appendix B). This is necessary to avoid the solution of the system of ODEs of the population balance, eq (4.31). Eq (4.31) is simplified to the moments of 0 th and 1 st order only, and for the agglomeration term only, recognized as being the main process of increasing the particle size in time

2 0 0 1 1 1 0 2 agg agg K dM M dt dM K K M M dt          (4.54)
By deriving the relationship between particle size and the moments

0 1 1 1 1 2 0 0 0 0 1 p p dr dM M M dM M d r M dt dt M M dt dt M         (4.55)
and by using eq (4.54) M is a representative order of magnitude of the moment of first order of the particle size distribution. The kernel of agglomeration, eq (4.50), is simplified to the variables of interest (subcooling, shear rate, interfacial properties, and oil and gas properties) as . Notice that the linear growth rate G , eq (4.12), is simplified by considering: (i) that when particles are agglomerating, they are wet, therefore the crystal integration (second term of the minimum function) is the limiting step for outer growth, and (ii) that when considering a gas much more soluble in oil than in water, and that oil is the continuous phase, then the particle-bulk mass transfer resistance is negligible The shear rate  is not easy to evaluate. Kolmogorov's theory is adopted, which considers a proportionality of the shear rate to the energy dissipation rate The criterion to determine if a particle is wet or dry, eq (4.53), is used to estimate the time taken for a particle to dry out. This happens when eq (4.53) equals unity C C H f , valid when gas-bulk absorption and particle-bulk mass transfer are negligible (for much higher gas solubility in oil than in water when oil is the continuous phase, concluded from chapter 3). Using  in eq (4.61) and solving for the time the particles take to dry out   
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Notice that 12 , kk were used in eq (3.36) for the simplified gas consumption model, repeated below 

  12 WC exp 1 g fT h L w w fT ph hyd dn k T M k H D k k T t dt r             (3.
              5 2 2 mol 8.2 10 1 m sPa k      with  
k                  , p agg p in r f r  with 2.5, for T 7.5 K 1,for T 18 K agg f      

Evaluation of the Simplified Agglomeration Model

The evaluation of the simplified model is straightforward. With the knowledge of the mixture velocity U (for the rock-flow cell, 2 UL  

), the friction factor is evaluated from eq (4.60). The values of 17 ,, Case #2 is plotted in black as reference, using duction in the binding force that holds the agglomerate together (the liquid bridge), thus increasing the disruption rate.

agg fT k k f k  come from
Smaller interfacial tensions also incur in smaller water permeation rates through the particle, thus the time for particles to dry out is reduced. For oil-water interfacial tensions of Anyways, the wetted angle should have a minor effect on the kernel of agglomeration, as the geometry adopted captures the order of magnitude of the surface and volume of the liquid bridge. The use of surfactant additives increases the wetted angle (tends to invert affinity of hydrates from hydrophilic to lipophilic). Higher wetted angle causes smaller water permeation rate through the porous particles, thus reducing the time for the particle to dry out, and the system reaches smaller stable agglomerate sizes. For wetted angles of 80 o or higher, agglomeration is avoided in the case of study. is shown in parenthesis, and some velocities are extrapolated to real production scenarios (in the order of magnitude of 1 to 3 m/s). It is important to remember that when the system agglomerates (low subcooling) and the velocity (or the shear rate) is small, then bed formation is most likely to occur, which is not captured by the model. Although Figure 4.8(d) is theoretical, it highlights that, for higher velocities, the kernel of agglomeration is reduced because of increased disruption. In turn, the time taken for the particle to dry out is not influenced by the flow velocity, as it is dependent on mass transfer and driving force, and because particle-bulk mass transfer and gas absorption are not limiting steps of the crystallization in the case study. For high velocities, however, the efficiency of particles interacting with the bulk p  is expected to increase and to affect the crystallization, thus affecting the time for the particles to dry out. This is however not captured by the model. Furthermore, at high velocities (high shear rate), breakage/attrition may be important, but those are also not considered in the model. Finally, Figure 4.9 presents (a) the time for particle to dry out, eq (4.63), and (b) the increase in the agglomerate radius, ,max , () p p in rr  from eq (4.65), against the subcooling. It is observed that both present the same trend, a steep decrease with subcooling related to the decrease in the interconnectivity of the porous medium. Several lines are plotted for different oil-water interfacial tension and oil-water-hydrate wetted angle. Higher subcooling show to be the more important factor to avoid agglomeration, whereas lower interfacial properties are secondary, which is in agreement with the experimental observations of the dataset of Kakitani [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF].

Criterion for Inert Non-Agglomerating Particles (Dry Particles)

The problem is simplified one step further by the fact that, for hydrate management purposes, agglomeration shall be avoided at the maximum and, therefore, prediction of the agglomerate size itself is not necessary. What is necessary, instead, is a criterion to understand if the system will be dispersed or not after the onset of hydrate formation. And this is fairly simple given the developed model: the system will not agglomerate when the time for particles to dry out is zero, 0 dry t  , that is, when particles are dry from the onset of their formation. By making eq (4.63) equal to zero and by recognizing that   ln 1 0  , the transition from a system that agglomerates to a system that does not is given by

  4 / / / cos o w o w h fT T k T k      (4.71)
where T  is the subcooling of the system, 

/



, which depends on the oil composition, the water salinity, the system pressure and temperature, and especially on the use of additives. The continuous line represents eq (4.71), and separates particles that are dry from their onset (inert to agglomeration) from particles that are wet (that will present a degree of agglomeration). The dataset of Kakitani [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF] is represented by the crosses. This plot can be used in two distinct ways:

1. If the interfacial properties are known in the presence/absence of additive, then the subcooling needs to be designed in order to assure a dispersed system. The subcooling, in turn, comes from the competition of heat release because of hydrate formation (from growth kinetics) and the heat transfer with the external medium (which depends on the flowline insulation).

2. If the subcooling is known, then an additive that assures the correct interfacial properties need to be chosen.

Further testing of eq (4.71) is required prior to industrial application, especially in order to regress the necessary parameters 4 min max 6 ( , , , , ) fT k a k  for systems using crude oils, natural gases, brine, and additives. Furthermore, even if the system presents dry particles, those particles can still settle down promoting a moving or stationary bed depending on the flow shear (mixture velocity), although it is most likely that those particles will not stick to the wall since they are dry. Furthermore, particles that present a certain degree of agglomeration can still be transported suspended, as long as one assures the necessary lift forces (mixture velocity). Therefore, coupling with multiphase flow is necessary to propose a criterion for safe production. A similar map as the one shown in Figure 4.10 that further considers the settling of the agglomerates will be presented in chapter 8 after the coupling with multiphase flow in chapters 5 and 6.

Figure 4.10. Criterion to predict if particles are dry right after the onset of hydrate formation. The line comes from eq (4.71). If particles are dry from their onset, then agglomeration is avoided. The particles can still settle down forming beds, but will not consolidate to the wall as no liquid bridges are present. The wet particles will undergo a certain level of agglomeration until they dry out, but depending on the lift forces coming from the flow, the agglomerates can still disperse in the mixture. This map does not consider the aspects coming from the multiphase flow, which will only be introduced in chapter 8.

Contributions of Chapter 4

In chapter 4, a criterion to understand if particles are wet or dry was developed, coming from the competition between water permeation through the particle and crystal integration in the particle's outer surface, leading to a modified Damköhler number, eq (4.52). A new expression for the kernel of agglomeration coming from liquid bridge formation when particles are wet was developed, eq (4.50). Because the particles seal-up in time, an initially wet particle dries out in the time-scale quantified by eq (4.63). By crossing this time-scale with the kernel of agglomeration and with a simplified population balance, a one-line, explicit expression for the maximum, stable agglomerate size was developed, eq (4.65). The latter is fundamental to understand slurry instabilities that lead to flowline plugging, to be discussed in chapter 8.

Aperçus du Chapitre 4

Ce chapitre décrit la mathématique de l'agglomération des hydrates de gaz dans les systèmes en phase continue huile.

Une nouvelle expression est développée pour l'efficacité d'agglomération en considérant l'existence de particules hu- mides ou sèches, eq (4.48). Si la particule est humide, l'eau est disponible dans sa surface extérieure, permettant ainsi la formation d'un pont liquide qui tient l'agrégat ensemble pendant un certain temps. Si cette échèle de temps est suffisante, les particules se consolident dans un agglomérat. Le critère pour qu'une particule soit humide ou sèche provient des compétitions entre la perméation de l'eau à travers la particule poreuse et la consommation d'eau pendant la cristallisation dans la surface externe de la particule, donnant lieu à un nombre adimensionnel modifié du type Damköhler, eq (4.52). La nouvelle expression de l'efficacité d'agglomération est couplée à un bilan de population résolu par la méthode des moments et en considérant des expressions simples pour le taux de collision et le taux de cisaillement induit par l'écoulement. Ces dernières proviennent de la théorie de Smoluchowski et de Kolmogorov, respectivement. Comparé aux données expérimentales, le modèle présente un écart de ±40% et se montre capable de prédire moins d'agglomération à des sous-refroidissements plus élevées et pours des propriétés interfaciales inférieures (ça veut dire, avec l'utilisation des additifs tensioactifs). L'influence du sous-refroidissement sur la modification des paramètres du milieu poreux (en particulier en ce qui concerne l'interconnectivité entre capillaires) est importante pour la détermination du temps que les particules prennent à sécher totalement. Le modèle est simplifié à des fins d'ingénierie en considérant des gaz beaucoup plus solubles dans l'huile que dans l'eau (comme le méthane) dans un écoulement en phase continue huile. Un critère simple est ainsi proposé pour prédire si le système présentera des particules sèches et inertes dès sa nucléation, eq (4.71), ainsi comme une expression pour la taille maximale the l'agglomérat, eq (4.65). La compétition des forces de portance et de flottabilité sur la suspension des particules (c'est-à-dire, l'influence de la vitesse de l'écoulement polyphasique) n'est pas discutée dans ce chapitre et sera présentée dans le chapitre 8.

MULTIPHASE FLOW

This chapter describes the multiphase flow model that is coupled to gas hydrates. As discussed in chapter 1, the focus is on the description of gas-liquid flows to predict P&T distributions along the flowline (that is, the driving force for hydrate formation). The liquid phase is a pseudo-liquid composed of oil and water prior to the onset of hydrate formation; and oil and hydrates after it, because water is instantly entrapped in the porous particles during the onset of formation. The model follows the steady-state approach of Taitel and Barnea [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF] for the hydrodynamics, and of previous studies of mine [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate formation with heat and mass transfer[END_REF][START_REF] Bassani | Modeling the scooping phenomenon for the heat transfer in liquid-gas horizontal slug flows[END_REF] for the heat transfer. Some extra phenomena are modeled in this thesis: (i) the contribution of the gaseous phase in the energy balance, usually neglected because GL   in low pressure scenarios; the gas sensitive heat, the gas heat transfer with the walls, the heat transfer because of gas exchange between two consecutive unit cells, and the gas expansivity are quantified; (ii) the energy dissipation terms in the energy balance; and (iii) the gas solubilization into the liquid, or release from the liquid, because of P&T variations along the pipeline, which leads to corrections in the mass balance (flow acceleration or deceleration) and to an extra source term in the energy balance because of this phase change. The focus in this chapter is on the modeling of heat transfer, which substantially evolved from the previous studies [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate formation with heat and mass transfer[END_REF][START_REF] Bassani | Modeling the scooping phenomenon for the heat transfer in liquid-gas horizontal slug flows[END_REF], whereas hydrodynamics is summarized from literature. Demonstrations of the hydrodynamic slug flow model are given in appendix B for didactic purposes. Equation Chapter (Next) Section 1

The multiphase flow model was already validated against experimental data and empirical correlations for low pressure scenarios [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate formation with heat and mass transfer[END_REF][START_REF] Bassani | Modeling the scooping phenomenon for the heat transfer in liquid-gas horizontal slug flows[END_REF], and its sensitivity to the closure correlations was tested [START_REF] Bassani | Sensitivity analysis of a mechanistic heat transfer slug flow model to the frequency[END_REF][START_REF] Bassani | Sensitivity analysis of a horizontal stationary heat transfer slug flow model on the elongated bubble velocity[END_REF]. As experimental data is not available for high pressure scenarios, where the new terms modeled are more influent, then extra validation is not given here. The main deviation ranges are summarized in a specific section. Results are shown for gas-liquid flow without hydrates, where the liquid phase is composed of one component only (water or oil). Simulations and closure regarding oil-water emulsions and hydrate-oil slurries will be introduced in the next chapter. The results here focus on the influence of the new terms modeled, and on the sensitivity of the unit cell geometry of the slug flow to the mixture velocity and to the liquid loading, and are only plotted for horizontal flows (although the model also extends to inclined and vertical flows). At the end of the chapter, a simplified method to evaluate the slug flow geometry is proposed in means of a correlation for the elongated bubble length regressed against a substantially large simulation dataset.

Multiphase Flow Model (Slug Flow)

For the range of superficial velocities reported in oil and gas production, slug flow is the most likely flow pattern to occur. Gas-liquid slug flows are characterized by the intermittent succession of elongated bubbles (B) and slug bodies (S), which together forms what is called the (slug flow) unit cell (U). Figure 5.1 presents a depiction of the unit cell.

Each one of these regions (named , BS

 

) contain both phases  , that is, the gas (G) and the liquid (L). Each phase inside each region is called a slug flow structure  , namely: the gas in the elongated bubble (GB), the liquid film that flows underneath the elongated bubble (LB), the liquid in the slug body (LS) and the gas bubbles dispersed in the slug body (GS). The slug flow geometry is completely characterized by four parameters, namely the elongated bubble () B L and slug lengths () S L , and the volumetric phase fractions in each region. Step-by-step solution procedure of slug flow hydrodynamics and heat transfer with hydrate formation.

The elongated bubble profile is estimated by Taitel and Barnea's [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF] approach, that is, a combined gas-liquid momentum balance that gives an ordinary differential equation for the liquid film height. This ODE is integrated until convergence with the mass balance for the liquid in the unit cell. This model needs closure empirical correlations for the slug flow frequency, for the unit cell translational velocity, for the slug aeration and for the drift velocity of the gas dispersed bubbles in the slug. As outputs, it defines the volumetric fraction of the phases in each region and the region lengths. The actual velocities of the phases in each region are then estimated through the mass balance and used to find:

(i) the shear stresses of the structures to estimate pressure in the next node by the momentum balance; and (ii) the heat transfer coefficient of the structures to estimate the mixture temperature in the next node by the energy balance. With known P&T and mixture velocity, and with the description of all interfacial surfaces, the growth kinetics and agglomeration models of chapters 3 and 4 can be evaluated at the node. The superficial velocities are then updated to the next node, accounting for phase expansion/contraction and all phase changes (gas solubilization/release, and gas and water consumption because of hydrate formation). Evaporation and condensation processes are not considered here. The gas and water properties are updated node by node through flashes using NIST RefProp [START_REF] Lemmon | REFPROP Reference Fluid Thermodynamic and Transport Properties[END_REF], using the local P&T of the node. The properties of the oil and hydrate phases are however kept constant because of lack of information on their behavior with P&T. The process of estimating slug flow geometry, pressure, temperature, hydrate growth kinetics and agglomeration, and updating the superficial velocities, is repeated step-by-step, in an upwind-wise logic, until reaching the end of the pipeline.

Superficial Velocities (Mass Balance)

The mass balance is used to update the superficial velocities of the phases j  from node n to node 1 n  . A general expression is given by a term of phase compressibility and other because of phase change (see Demonstration #14 of appendix B) The  sign depends on the 'direction' of phase change, that is, if the phase is being consumed or formed. Eq (5.1) is valid for a flowline with constant cross sectional area A . The molar gas consumption rate of the phase caused by hydrate formation g hyd dn dt comes from the growth kinetic model, eq (3.30) for the complete description, or eq (3.36) for the simplified description. The evaporation/condensation term is neglected in this thesis. The solubilization term will be discussed in a specific section.

                 
Some hypotheses are done: (i) the oil, water and hydrate phases are incompressible; (ii) the gas solubilization term is only important to correct the gas superficial velocity, because gas solubilization or release does not causes important variations in the liquid phase density (reported to be in the order of ized in water [START_REF] Watanabe | The Influence of Dissolved Gases on the Density of Water[END_REF]); (iii) oil is not trapped in the hydrate porous structure; and (iii) the hydrate formation follows the stoichiometric law of eq (1.1), with a constant hydration number  . Therefore, the expression to update the superficial velocities of gas, oil, water and hydrates along the flowline come

                1 11 sol./rel. 1 Gn gg G G n G n G n G n U n hyd n n dn dn M z jj A L dt dt             (5.2)     1 o n o n jj   (5.3)         1 g w w n w n w Un hyd n dn M z jj A L dt      (5.4)           1 1 g h h n h n h Un hyd n dn M z jj A L dt       (5.5)
Notice that the gas consumption because of hydrate formation There is a common misinterpretation of the meaning of the superficial velocity that I want to address next. This is a fictitious parameter, as it does not stand for the actual velocity of the phase, nor consider the slip between phases and/or any morphology. They are only a transformed volumetric flow rate, divided by a constant value that is the cross section of the pipeline. Therefore, even if water vanishes as a free phase from the system after the onset of formation, there is still volume of water inside the porous particle. And the water superficial velocity stands for this volume, which is still displaced along the flowline. However, if one seeks to evaluate the volumetric flow rate of hydrate particles (or its related superficial velocity), then p h w j j j  shall be used. In the same way, the superficial velocity of liquid (that is, oil, water and hydrates) is

L o w h o p j j j j j j      .
For instance, these proportions are not necessary, but will be used in chapter 6 to evaluate the liquid phase properties when the hydrates routine is turned on, and when water-oil dispersions are considered. Finally, the mixture velocity is estimated from where the solubilization or release rate is the same as modeled in chapter 3, which was called "absorption" as no release was considered in chapter 3

G L G w o h J j j j j j j       (5.6)

Gas Solubilization Into or Release From the Liquid

  // ./ . g abs G L b g L sol rel dn k A C C dt  (5.8)
where

/ GL
A is the gas-liquid interfacial surface, b C is the gas concentration at the bulk and evolves in time as described by eq (3.

2), and

    /, , g L sat L L T g T P C C H f 
is the gas concentration at the gas-liquid interface. The interface is considered at equilibrium, thus the saturation concentration is used in terms of the Henry's constant of gas inside the liquid L H and the gas fugacity in the gas free phase g f . The main difference from chapter 3 is that now P&T evolve as the mixture flows along the pipeline, thus gas can as well be released because of pressure drop. The "absorption" coefficient abs k (which now should be called solubilization/release coefficient, or simply a mass transfer coefficient of the gas-liquid interface) is the same of chapter 3, and is reported in means of a specific value of kA ks    that holds for highly agitated systems [START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Melchuna | Experimental study and modeling of methane hydrates crystallization under flow from emulsions with variable fraction of water and anti-agglomerant[END_REF]. Therefore, eq (5. 

  b B LB S LS L R L R A    (5.10)
When oil-water dispersion is considered, and for a hydrocarbon gas that presents much higher solubility in oil than in water, the bulk volume is approximated to the oil volume

    1 WC b B LB S LS L R L R A     (5.11)
which will be used in chapter 6. 

Slug Flow Geometry (Lengths and Phase Fractions)

The geometry of the slug flow unit cell is characterized by four parameters: the elongated bubble and slug lengths 

RR 

). The momentum balance for the phase  in the differential control volume CV1 of Figure 5.3, located in the elongated bubble region, is [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF] (see Demonstration #15 of appendix B)

  sin cos TB B B i i B TB B d U U S S dH dP U U g g dz dz A dz                        (5.12)
where T U is the unit cell translational velocity (defined as the velocity of the elongated bubble nose),  is the flowline inclination, U  is the actual velocity of phase  in region  ,   are the shear stresses of each structure with the wall (estimated through Blasius friction factor in means of the hydraulic diameters of each structure, Table 5.1),

A  is / g G L dn dt
the cross sectional area occupied by the flowing structures (evaluated upon geometric relations of Table 5.2, using the cross section geometry of the bubble region presented in Figure 5.4), S  are their wetted perimeters, and B H  is the height of phase  in the bubble region. Index i refers to the gas-liquid interface (not to be confused with index i in the growth kinetic model of chapter 3, which stands for one single particle). Applying for both phases , LG     , that is, the elongated bubble is the summa- tion of all steps in z . Here, one should recognize that the elongated bubble have a nose, therefore the steps that count for the elongated bubble length estimation are only the ones after the nose is reached. The nose is defined by an inversion of the LB dH dz sign from positive to negative. A second inversion sometimes occur close to the wall for viscous liquids, and it is unclear if this comes from physics, if it is just the behavior of the model, or if it is originated from the closure correlations that were not fitted for that specific scenario. One should keep in mind that this second inversion can occur, and that it does not represent the elongated bubble nose, so the algorithm of integration should account to this. One way to avoid this second inversion is the use of an initial integration at 0 0.7 
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(5.17) then the liquid mass balance of eq (5.14) is reorganized to (see Demonstration #17 of appendix B)
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increases with integration constant during integration of the elongated bubble profile

LS LS L B GB GS U R j L R R freq   (5.18)
and once this equality is achieved, then integration process of the elongated bubble stops.

Model closure is achieved by the use of three empirical correlations that are intrinsic of the slug flow pattern, namely:

(i) the unit cell translational velocity of Bendiksen [START_REF] Bendiksen | An experimental investigation of the motion of long bubbles in inclined tubes[END_REF], eq (5.19); (ii) the slug flow frequency of Hernandez-Perez et al [START_REF] Hernandez-Perez | Slugging Frequency Correlation for Inclined Gas-liquid Flow[END_REF], eq (5.20); and (iii) the liquid fraction in the slug body from Gregory et al [START_REF] Gregory | Correlation of the liquid volume fraction in the slug for horizontal gas-liquid slug flow[END_REF], eq (5.21). 
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(5.20) The actual velocities are necessary to evaluate eq (5.13). The phase fractions vary at position z along the elongated bubble, thus the actual velocities of gas and liquid inside the elongated bubble region need to be updated to preserve continuity. Considering a mass balance applied to CV2 of Figure 5.3, which relates the fluxes of gas and liquid in the bubble region with the ones of the slug region, one finds [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF] (see Demonstration #18 of appendix B)
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In the previous model of mine [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate formation with heat and mass transfer[END_REF], a consumption term coming from hydrate formation was introduced into eqs (5.22) and (5.23). However, the gas consumption is already taken into consideration in the evaluation of T UJ  . The extra term considered in the previous study captures an extra small deceleration in between both regions of the unit cell, but it is hard to say which structure (bubble or slug) is in front of which. And that term needs this definition. Since the order of magnitude of this term is not important in the numerical results, then it was decided to abandon it.

In the slug region, the expression for the drift velocity of Harmathy [START_REF] Harmathy | Velocity of large drops and bubbles in media of infinite or restricted extent[END_REF], expanded for different pipe inclinations and for the contribution of a swarm of bubbles, term LS R [START_REF] Shoham | Mechanistic modeling of gas-liquid two-phase flow in pipes[END_REF], is used to estimate the velocity of the dispersed bub- bles   
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where / GL  is the gas-liquid interfacial tension. This expression incurs in GS UJ  for horizontal pipelines. The velocity of the liquid in the slug comes from the hypothesis of a constant mixture velocity along the entire unit cell and through the relation between the superficial and actual velocities of the phases
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which implies in LS UJ  for horizontal pipelines. : momentum balance in the elongated bubble region to estimate elongated bubble shape, eq (5.13). CV2: mass balance to estimate film and elongated bubble velocities, eqs (5.22) and (5.23). CV3: momentum balance in the unit cell to find pressure gradient, eq (5.26). The depiction of shear stresses in CV3 is also used to find the viscous dissipation term for the energy balance in the unit cell, eq (5.62). CV4: energy balance in the unit cell to find the sensitive heat, eq (5.30), the thermal scooping, eq (5.44), and the heat transfer with the wall, eq (5.55). CV5 and CV6: complementary control volumes to model the 
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thermal scooping, eq (5.44). CV7: control volume to find expansivity terms for the unit cell energy balance, eqs (5.56) to (5.60).

Table 5.1. Estimation of shear stresses and heat transfer coefficients.

Parameter Equation Shear stress [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF]   . Because of the oil viscosity considered and from the viscosification as the slurry forms, small Reynolds can be achieved (< 2300), but it is hard to believe that the liquid phase will ever behave as laminar because of induced-turbulence in the elongated bubble rear, thus the fully developed value of 3.66 should not be adopted neither, as the velocity profiles are always in constant redevelopment. Here, it is considered that Gnielinski's correlation extends for lower Reynolds numbers, with a minimum value set to 3.66. The same could be argued for the Blasius friction factor, but the friction factor does not present such abrupt discontinuity in the transition between laminar and turbulent regimes as the heat transfer coefficient does. 
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is commonly used in literature, where the liquid fraction in the film is a function of film height and not  (for horizontal flow only).

The wetted angle can also be approximated by The average pressure gradient is estimated by a momentum balance in CV3 of Figure 5.3, which encloses the entire unit cell and translates at velocity T U . The modeled phenomena are: (i) the friction between each flowing structure and the wall [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF], (ii) the friction between the phases [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF], (iii) the pressure drop related to the recirculation in the wake zone behind the elongated bubble [START_REF] Cook | Pressure drop calculation and modelling of inclined intermittent gas-liquid flow[END_REF] and (iv) the gravitational terms in the slug and in the elongated bubble regions [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF]. The inertia term (momentum variation because of flow acceleration/deceleration) are not modeled in the steadystate approach, as a pressure-velocity coupling is required, which is intrinsic of transient modeling. 
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where the shear stresses are estimated from Table 5 The empirical coefficient K of eq (5.26) represents the head loss caused by the sudden expansion of the liquid filled area when it is captured from the film rear by the slug front, phenomenon known as scooping [START_REF] Shoham | Mechanistic modeling of gas-liquid two-phase flow in pipes[END_REF]. Coefficient K is estimated from single-phase flow charts and depends on the ratio of diameters during expansion, herein approximated by [START_REF] White | Fluid Mechanics[END_REF]). This is an order of magnitude for K , whereas the often adopted values in literature are 0.3 K  [218] and 0.4 K  [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Bassani | Modeling the scooping phenomenon for the heat transfer in liquid-gas horizontal slug flows[END_REF]. Here, 0.4 K  is adopted.

LB LB A d R DA .
Eq (5.26) has analytical solution when considering that the slug flow parameters (phase fractions and region lengths)

and the phase properties are nearly constant, valid for sufficiently small nodal distances z  . However, the slug parameters and phase properties need update along the flowline as P&T change. Therefore

      1 nn n dP P P z dz     (5.28)
which gives a linear distribution of pressure along the flowline, consistent with experimental data. Non-linear pressure gradient can occur for steep accelerations coming from depressurization, or because of viscosification when hydrates form.

Temperature Distribution (Energy Balance)

In this section, the heat transfer model for slug flow of a previous study of mine [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate formation with heat and mass transfer[END_REF][START_REF] Bassani | Modeling the scooping phenomenon for the heat transfer in liquid-gas horizontal slug flows[END_REF] is expanded by considering the gas contribution in the energy balance. New terms are modeled for: (i) the gas sensitive heat, (ii) the gas heat exchange between two consecutive unit cells (gas thermal scooping [START_REF] Bassani | Modeling the scooping phenomenon for the heat transfer in liquid-gas horizontal slug flows[END_REF]), (iii) the heat transfer between the gas and the wall; and (iv) the gas expansivity. Viscous dissipation terms are also included for both phases and for the gas-liquid interface, and a heat source term is included to consider gas solubilization/release. The energy modeling is changed from an integral to a differential approach for an easier manipulation of the expansivity term. As a downside, some interpretations are harder to make in the differential form, as they incur in more complex mathematics.

Considering decoupled mechanical and thermal energies (that is, neglecting any kinetic or potential energy variations) but the friction-induced heat (i.e., viscous dissipation), the energy conservation equation in the differential form is [80]  
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where p c is the specific heat capacity at constant pressure, k is the thermal conductivity,  is the coefficient of ther- mal expansion, and ''' q is the heat source term. Term (I) represents the energy variation inside the unit cell and is ex- panded to the variation in time (term i) and to the energy crossing the unit cell borders (term ii)
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where u is the relative velocity between the phase and the control volume. Each term will be modeled in separate sections.

Sensitive Heat

Consider the control volume CV4 of 
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where the specific heat capacity of the liquid phase is the same at constant pressure and at constant volume because of its incompressible nature, thus notation L c is used.

Heat Transfer Between Adjacent Unit Cells (Thermal Scooping)

Term (ii) of eq (5.30) represents the net transfer of energy through the borders of the control volume (that is, between consecutive unit cells, phenomenon called thermal scooping) and is given by 
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Using the hypothesis that the mass fluxes entering and exiting the unit cell borders are the same [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF], eq (5.33) is rewritten as function of either the elongated bubble or the slug region
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where the mass flow rate between two consecutive unit cells, also known as scooping mass flow rate [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF], is where  
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is the heat capacity of region  , m U  is the average mixture velocity in region  , T  is the average mixture temperature in region  , T  is the local temperature of each phase  in region  , and h  is the heat transfer coefficient of each structure, estimated through Gnielinski's [START_REF] Gnielinski | New equations for heat and mass transfer in turbulent pipe and channel flow[END_REF] correlation for singlephase flow, Table 5.1. Some simplifying hypotheses are necessary. In the previous studies [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate formation with heat and mass transfer[END_REF][START_REF] Bassani | Modeling the scooping phenomenon for the heat transfer in liquid-gas horizontal slug flows[END_REF], mL UU   since the gaseous phase was neglected. For the slug region S   , the approach

mS LS GS U U U J  
 is valid for horizontal flows, as already discussed from eqs (5.24) and (5.25). For the elongated bubble region and/or for non-horizontal flows, gas and liquid present a non-negligible slip. The consideration of

mB mS U U J
 is nevertheless still fair. Simulations of the previous studies [START_REF] Bassani | Modelagem do escoamento trifásico sólido-líquido-gás em golfadas acoplando transferência de calor e massa com a formação de hidratos[END_REF] showed that the elongated bubble velocity is higher than the mixture velocity, whereas the liquid film velocity is lower, thus supporting the use of an approximately average mixture velocity in the elongated bubble region as 
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Integration of eqs (5.39) and (5.40) along the length of each region gives rise to an expression between the temperatures of the borders of the regions 
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The main differences between eq (5.43) and the original model (eq (29) of [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF]; neglect eq [START_REF] Ribeiro | Modelling of hydrate formation kinetics: State-of-the-art and future directions[END_REF] of [START_REF] Bassani | Modeling the scooping phenomenon for the heat transfer in liquid-gas horizontal slug flows[END_REF] since corrections were introduced in [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF]) are: (i) the contribution of the heat exchange between the elongated bubble and the wall, expressed by GB GB B h S L ; (ii) the use of the mixture velocity to approximate the actual velocities m UJ   , instead of the use of the actual liquid velocity L U  ; and (iii) the use of the mixture heat capacity of each region, instead the one of the liquid phase. Finally, by inserting eq (5.43) into (5.37), and by using eq (5.35) evaluated at the slug region, term (ii
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The wall temperature W T will be related to the external medium temperature in the next section.

Heat Transfer with the Wall

Term (II) of eq (5.29) represents the heat transfer between the mixture and the wall when the radial dimension is neglected. This is similar to the lumped capacitance method of chapter 5 of Bergman et al [START_REF] Bergman | Fundamentals of Heat and Mass Transfer[END_REF], when Biot number is much smaller than unity and only the effects close to the control volume border (the wall) are necessary to be described.

By taking CV4 of Figure 5.3, by weighing the contribution of each flow structure by their region lengths, and by considering the same mixture-wall temperature gradient for all the structures, that is,
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where the heat transfer coefficients are evaluated by Gnielinski's [START_REF] Gnielinski | New equations for heat and mass transfer in turbulent pipe and channel flow[END_REF] correlation, Table 5.1. The heat transfer coefficient of the liquid slug is majored in 30% to represent the intensification on heat exchange caused by recirculation in the elongated bubble wake [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Bassani | Modeling the scooping phenomenon for the heat transfer in liquid-gas horizontal slug flows[END_REF][START_REF] França | Mechanistic Modeling of the Convective Heat Transfer Coefficient in Gas-Liquid Intermittent Flows[END_REF][START_REF] Shoham | Heat transfer during intermittent/slug flow in horizontal tubes[END_REF]. Notice that eq (5.45) assumes that the energy exchange between the gas and liquid phases is an internal phenomenon and therefore does not affect the mixture temperature as a whole, as the energy gained by one phase is lost by the other. Therefore, only heat exchanges with the external medium enter at play. The inner wall temperature W T needs to be related to the temperature of the external medium ext T , as the latter is the boundary condition. Consider the thermal circuit in the radial direction represented in Figure 5.5. The total heat transfer resistances in the slug and bubble regions are 
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where the overall heat transfer coefficients are evaluated from eqs (5.48) and (5.49). 

Gas Expansivity

Term (III) of eq (5.29) represents the contribution of the expansivity of the phases to the energy balance. Expanding the total derivative in time and in the axial direction
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(5.56)

The steps for modeling terms (iii) and (iv) are analogous to the steps used in terms (i) and (ii) of eq (5. 
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Term (iv) of eq (5.56) represents the expansivity contribution in the energy balance because of the pressure variation between the borders of the control volume. That is, even if the mass flow rate z m  entering and exiting the unit cell is considered equal, the pressure at each border is different. Considering a constant pressure gradient along the unit cell, coming from eq (5.26), the pressure difference between the unit cell borders is UU dP PL dz
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. By recognizing the relative velocity between mixture and unit cell borders as ()
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Separating the contribution of each phase and adopting the slug region as reference
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Finally, substituting eqs (5.57) and (5.59) in (5.56), neglecting the liquid expansivity as usually

LG  , term (III) comes   (III) S B GS GB T GS GS T G UU L L DP dP RR T U R U U T LL Dt dz             (5.60)
where dP dz is the average pressure gradient, coming from eq (5.26).

Energy Dissipation

Term (IV) of eq (5.29) represents the energy viscous dissipation, that is, the friction that is transformed into thermal energy. It is estimated as the work done by the flow shear stresses as [START_REF] Simões | Numerical prediction of non-boiling heat transfer in horizontal stratified and slug flow by the two-fluid model[END_REF] 2 (IV)
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The contribution of the viscous dissipation in each unit cell structure is averaged in terms of the region lengths. Applying eq (5.61) to control volume CV3 of Figure 5.3 and considering the separate contributions of the slug, the film, the elongated bubble and the gas-liquid interface
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where the shear stresses are calculated from Table 5.1 using Blasius friction factor.

Phase Change

Term (V) of eq (5. 

hR 

[85] is the enthalpy of solubilization of methane in water, where R is the universal gas constant. The same value of enthalpy of solubilization is adopted when oil is the solvent, as the order of magnitude for such closure value was not found. Notice that 0 g hyd dn dt  when hydrates form, and the negative sign is used to capture the exothermic nature of the phase change. For the solubilization term, sol./rel. 0 g dn dt  stands for the gas solubilization into liquid, which is also exothermic.

Solving the Energy Balance

Substituting the developed terms (i), (ii) and (II) to (V), that is, eqs (5.31), (5.44), (5.55), (5.60), (5.62) and (5.63), into the energy balance of eq (5.29), and multiplying by the unit cell volume
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where the overall heat transfer coefficient of each region . ov h  comes from eqs (5.48) and (5.49), and the heat transfer coefficients of the structures with the wall h  are evaluated from Gnielinski's correlation, Table 5.1, using the actual velocities coming from eqs (5.22) to (5.25) and the hydraulic diameters and wetted perimeters coming from Table 5.2.

Considering negligible variations of the phase properties and of the slug flow parameters (phase fractions, region lengths and actual velocities), valid for a sufficient small nodal spacing z  , then eq (5.65) is a first-order, non-homogeneous, ordinary differential equation for the mixture temperature in terms of the axial flowline coordinate z , which solution for two consecutive nodes is
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This equation expresses the update of temperature between two consecutive nodes of the flowline, where the phase properties and slug flow parameters need update node by node, that is, parameters m to q vary along the pipeline.

Solution Procedure

The solution procedure of the slug flow model follows an upwind-wise logic, were all parameters refer to the current node n in order to estimate pressure, temperature and superficial velocities for the next node, 1 n  . The reader should refer to Figure 5.1 for a general depiction of the solution procedure. The step-by-step use of the equations is described next.

(i)

The model input parameters are the liquid and gas superficial velocities (ii) The properties of the gas and water phases are evaluated at P&T of each node using a flash coming from NIST RefProp [START_REF] Lemmon | REFPROP Reference Fluid Thermodynamic and Transport Properties[END_REF]. Oil and hydrate properties are kept constant. In the case of an oil-water emulsion or a hydrateoil slurry, the properties of the pseudo-liquid phase need evaluation, to be described in chapter 6.

(iii) The closure empirical correlations for the unit cell translational velocity, the slug flow frequency and the gas fraction in the slug body are evaluated at the superficial velocities and phase properties of the node from eqs (5.19) (iv) The unit cell geometry (phase fractions and region lengths) comes from the numerical integration of eq (5.13) (using trapezoidal rule) until achieving convergence with eq (5.18). Intrinsic parameters for the numerical integration that vary with the liquid level are: (a) the mean gas fraction in the elongated bubble, eq (5.17); (b) the slug and elongated bubble lengths, whereas the unit cell length is constant and comes from eq (5.15); (c) the actual velocities of the structures; eqs (5.22) to (5.25); (d) the shear stresses, estimated from Table 5.1; and (e) the geometric relationships inside the elongated bubble region, estimated from Table 5.2.

(v)

The bubble is 'rectangularized', that is, only average phase fractions, average actual velocities and average wetted perimeters are used for the elongated bubble region, giving rise to average shear stresses and average heat transfer coefficients, estimated from Table 5.1.

(vi) The pressure gradient is calculated by eq (5.26). The pressure in the next node 1 n  is estimated by eq (5.28).

(vii) Terms ,, m n p and q of the energy balance are estimated from eqs (5.66) to (5.69). The temperature in the next node 1 n  is estimated from eq (5.70). (viii) If the hydrate formation routine is turned on, then the node is tested for the critical subcooling for onset of hydrate formation. If hydrates form, then the growth kinetic and agglomeration models are evaluated using the models presented in chapter 3 and 4.

(ix) The superficial velocities of the phases are updated to node 1 n  using eqs (5.2) to (5.5).

(x)

Steps (ii) to (ix) are repeated for node 1 n  in order to find P&T and j  of node 2 n  , and so on, in an upwind-wise logic. The simulation ends when the end of the flowline (last node) is reached.

Mesh refinement tests show that a nodal spacing of 1 m is sufficient to assure the hypothesis of no considerable variation in properties and slug flow parameters between two consecutive nodes, necessary when finding the solutions for P&T, eqs (5.28) and (5.70). The model was coded in Fortran90, but it is confidential and for the use of the involved laboratories and partners. It proved very fast and stable. Simulations of considerably long flowlines (30 km) will be presented in chapter 6, and the code takes ~ 10 min to simulate slug flow with hydrate growth kinetics and agglomeration using a single processor core of a common desktop. By employing more cores in the simulation and with further code optimization, less-than-1-min simulations could be achieved in the future. One idea is to integrate that code as an app of a more universal CFD simulator for petroleum applications to get quick estimations of hydrate formation in multiphase flow. Those are suggestions for future studies in the computer engineering sense.

The model results have a continuous nature, as the major part of the equations comes from analytical solution. Discontinuities arise: (i) in the onset of hydrates formation, because of the sudden appearance of a heat source term in the energy balance and because of the sudden use of a higher apparent viscosity for the liquid phase (to be discussed in chapter 6); and (ii) because of discontinuities in the closure empirical models (e.g., transition from turbulent to laminar in the friction factor estimation). Some code instabilities can as well occur during the numerical integration of the bubble profile of Taitel and Barnea's [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF] model, but the code is generally stable. Of course that, as hydrates form and when long flowlines are simulated, then superficial velocities and phase properties present a considerable evolution along the pipeline, and the algorithm sometimes loses stability. If one sees discontinuities in the results and they are not coming from one of the two aforementioned causes, then he/she should check Taitel and Barnea's [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF] algorithm. The problem is often solved by changing the initial guess for the film level or by refining the integration step.

Model Validation

The steady-state slug flow model was already validated in previous studies of mine [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate formation with heat and mass transfer[END_REF][START_REF] Bassani | Modeling the scooping phenomenon for the heat transfer in liquid-gas horizontal slug flows[END_REF] for experimental databases of air-water flow in small diameter (up to 52 mm-ID) at ambient pressure conditions [START_REF] Lima | Estudo Experimental da Transferência de Calor no Escoamento Bifásico Intermitente Horizontal[END_REF][START_REF] De | Experimental characterization of downward slug two-phase flow in slightly inclined pipes[END_REF][START_REF] Naidek | Experimental analysis of horizontal liquid-gas slug flow pressure drop in d-type corrugated pipes[END_REF], and against experimental correlations for the average liquid holdup [START_REF] Chisholm | A theoretical basis for the Lockhart-Martinelli correlation for two-phase flow[END_REF][START_REF] Beggs | A Study of Two-Phase Flow in Inclined Pipes[END_REF], for the pressure drop [START_REF] García | Friction factor improved correlations for laminar and turbulent gas-liquid flow in horizontal pipelines[END_REF][START_REF] Chisholm | A theoretical basis for the Lockhart-Martinelli correlation for two-phase flow[END_REF] and for the average heat transfer coefficient of the mixture [START_REF] Kim | A general heat transfer correlation for non-boiling gas-liquid flow with different flow patterns in horizontal pipes[END_REF]. The deviation ranges reported were: (i) ±15% for the temperature gradient; (ii) ±20% for the pressure gradient, for the gas fraction in the elongated bubble and for the lengths of the unit cell and the elongated bubble; (iii) ±35% for the mixture heat transfer coefficient; and (iv) ±60% for the slug length.

The slug length is the most sensitive parameter predicted by the model. Criticism must be done over the algorithm employed for the integration of the elongated bubble aerodynamic profile, since the slug length is the last parameter estimated and therefore receives all combined uncertainties coming from the closure correlations and the model itself.

Several authors propose to use a fixed value of slug length, which however causes some independency of the ratio between slug and elongated bubble lengths to the pair of superficial velocities. This is still an open question in this type of modeling, and further should be done in the future in order to reduce this high deviation range in S L . For instance, the model returns values in the range of 12 30
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, which is a rule-of-thumb reported by several experimental studies [START_REF] De | Experimental characterization of downward slug two-phase flow in slightly inclined pipes[END_REF][START_REF] Dukler | A model for gas-liquid slug flow in horizontal and near horizontal tubes[END_REF][START_REF] Dukler | A physical model for predicting the minimum stable slug length[END_REF][START_REF] Van Hout | Spatial distribution of void fraction within a liquid slug and some other related slug parameters[END_REF].

It should still be argued that the reported deviation ranges are sensitive to the closure correlations chosen. It was shown in two previous studies of mine [START_REF] Bassani | Sensitivity analysis of a mechanistic heat transfer slug flow model to the frequency[END_REF][START_REF] Bassani | Sensitivity analysis of a horizontal stationary heat transfer slug flow model on the elongated bubble velocity[END_REF] that P&T gradients are sensitive to uncertainties in the correlations for the unit cell translational velocity, but these correlations usually present a small scattering in the range of ±10%. The slug flow frequency, in turn, is reported as highly scattered [START_REF] Antunes | Analysis of slug flow frequency correlations for two-phase gas-liquid horizontal slug flow[END_REF], and deviations can reach the mark of ±300% [START_REF] Schulkes | Slug frequencies revisited[END_REF].

This high scattering comes from the coalescence of elongated bubbles, which is dependent on the distance from the inlet of the experimental apparatus and occurs especially in the entrance section of the flowline. As major part of laboratory flow loops are hardly ever longer than 10 m (straight lines, without curves), then most part of the slug flow frequency correlations have a biased fitting when it comes to describing the "developed" slug flow in kilometric flowlines. Notice that the existence of developed slug flow is in question in literature, as gas expansion along the flowline will always incur in a certain degree of rearrangement of the phases. Also, as the liquid is scooped from the film to the slug, its velocity field always undergoes redevelopment. Here, the "developing" region is referred to the zone of high coalescence rate close to the flowline inlet. Some could argue that a better expression is established slug flow, whereas the expression "developed flow" should be kept to the evolution of the velocity field of a single phase.

Coming back to the discussion, the high degree of uncertainties coming from the slug flow frequency correlations propagate an important uncertainty to the absolute values of the bubble and slug lengths. However, the ratio between these lengths shows insensitive to the slug flow frequency correlation adopted, and as this is what matters for the average P&T gradients, no sensitivity in the latter are found. Indeed, when comparing the deviation ranges of dP dz and dT dz of the steady-state model based on closure for the slug flow frequency with more sophisticated transient slug flow models, it is observed the same deviation range in the order of ±20 to 30% [START_REF] Medina | Numerical simulation of the heat transfer in fully developed horizontal two-phase slug flows using a slug tracking method[END_REF][START_REF] Simões | Numerical prediction of non-boiling heat transfer in horizontal stratified and slug flow by the two-fluid model[END_REF][START_REF] Medina | Numerical simulation of two-phase liquid-gas slug flow with heat transfer in horizontal ducts[END_REF][START_REF] Simões | Simulation of the intermittent flow regime in horizontal pipes with heat transfer using the Two-Fluid model[END_REF]. It should be noticed, however, that the said transient approaches present better predictions of the absolute values of bubble and slug lengths, as they capture coalescence, which is an important information to design gas-liquid separators, flowline corrosion and flow-induced vibrations.

Finally, it should be stressed out that further validation is necessary for viscous liquids, inclined and vertical pipelines, and pressurized systems (heavier gases). But for the extent of this thesis, no further validation was done regarding the previous studies [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate formation with heat and mass transfer[END_REF][START_REF] Bassani | Modeling the scooping phenomenon for the heat transfer in liquid-gas horizontal slug flows[END_REF]. The new terms introduced here play a role only at pressurized scenarios (heavier gases), and as datasets for such conditions are not available, those could not be formally validated. The next section discusses two important aspects: (i) the fact that the new introduced terms give the same results of the previous model [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate formation with heat and mass transfer[END_REF][START_REF] Bassani | Modeling the scooping phenomenon for the heat transfer in liquid-gas horizontal slug flows[END_REF] for low pressure conditions, therefore the validation done so far extends to this thesis; and (ii) the mechanisms captured by the introduction of these new terms are physically consistent at higher pressure levels.

Influence of New Terms of the Slug Flow Model

The slug flow model of this chapter presents some new terms, relative to some previous studies of mine [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate formation with heat and mass transfer[END_REF][START_REF] Bassani | Modeling the scooping phenomenon for the heat transfer in liquid-gas horizontal slug flows[END_REF],

that describe the gas influence in the energy balance, the energy dissipation and the gas solubility in the liquid. These terms were neglected in the previous studies given the hypothesis of a gas density in a much smaller order of magnitude than the liquid density, which holds for systems close to ambient pressure. But that is not the case of gas hydrate formation, related to pressurized systems in the order of the 100s-of-bar.

The aim of this section is to show the influence of these new modeled terms in the results of the slug flow hydrodynamics and heat transfer. For that, the case scenarios showed in Table 5.3 were simulated for both considering and neglecting these new terms, in two system pressurizations (3 and 200 bar), totaling four simulations. No flowline insulation is used in purpose, so as to enhance temperature gradients along the pipeline. Gas hydrate formation is turned off for all simulations. Furthermore, it shall be noticed that the case scenario at 3 bar incurs in the use of shorter pipelines, herein chosen to be 500 m. Harmathy [START_REF] Harmathy | Velocity of large drops and bubbles in media of infinite or restricted extent[END_REF], modified as in Shoham [START_REF] Shoham | Mechanistic modeling of gas-liquid two-phase flow in pipes[END_REF] (zero for horizontal flow) caused by pressure drop is more important than gas contraction because of mixture cooling in this case scenario. That is a characteristic that repeats for other low pressure scenarios, as the gas is very compressible in these conditions. The ideal gas law can be used to understand this behavior: as the pressure drops from a level of 3 bar to ~ 1 bar through the pipeline, the gas is expected to expand by three times in volumes; whereas when the mixture cools downs from 323 K to ~ 305 K, the gas is expected to contract by 5% only. The gas molar transfer rate at the gas-liquid interface, Figure 5.6(d), is always positive, showing that gas is released from the liquid because of pressure drop. However, the order of magnitude of the release rate is energy balance. For higher pressurizations and/or heavier gases than methane, more drastic variations are expected. It should however be kept in mind that, when the gas density increases substantially and enters the order of magnitude of the liquid density, then the system may start behaving as a liquid-liquid system, as discussed by Brauner [START_REF] Brauner | Liquid-liquid two-phase flow[END_REF]. In this case, the slug flow pattern vanishes from the flow map for low viscous liquids, such as water, giving rise to dispersed flow patterns. Therefore, the model herein presented should be carefully handled for much heavier gases, as it can completely miss the geometric configuration of the flow pattern if ever the mixture starts behaving as a liquid-liquid flow. , the same as of the low pressure scenario. This is again a very small variation and is linked to the low affinity methane has with water.

Low Pressure Systems

High Pressure Systems

To evidence such fact, a simulation is thrown for a methane-oil system at 200 bar. The hypothetical oil considered has the same properties of water (although it is known that hydrodynamic and thermal properties can drastically change depending on the oil composition), where the sole parameter changed is the gas solubility in liquid. The Henry's constant of methane in oil are reported in the order of magnitude of 3.1). Figure 5.9 shows the comparison of results between the methane-water and the methane-oil system at 200 bar. The gas molar transfer rate at the gas-liquid interface for the methane-oil system indicates gas release (positive values, Figure 5.9(a)), showing that pressure drop is prevailing over mixture cooling for the mass transfer in the gas-liquid interface, and contrary from what was observed for methane-water systems. Furthermore, in absolute values, the gas transfer rate is one order of magnitude higher for the methane-oil system. In conclusion, the importance of gas solubilization/release is proportional to the affinity between gas and liquid. The gas superficial velocity at the flowline outlet, Figure 5.9(b), presents higher values for the methane-oil system because of the gas release, and results vary in about 12% when compared to the methane-water system for the 5 km flowline. This shows a significant importance of gas affinity with liquid into the prediction of mass transfer for pressurized, long flowline simulations. The higher gas transfer rates of the methane-oil system are however not important for the heat source term in the energy balance. As it is shown in Figure 5.9(c), the temperature profile has no significant variation. That is because the enthalpy of solubilization is relatively small. The enthalpy of solubilization of methane in oil was considered the same as methane in water, which is expected to be an overestimation as methane has greater affinity with oil than with water.

In conclusion, the concept of an ideal solution (no heat source term during solubilization or release) is a valid hypothesis to simplify multiphase flow models. that, for the ~ 13.5% gas-liquid density ratio, about 10% of the friction and heat transfer with the wall comes from the gaseous phase. That is, a rule-of-thumb is that gas contributes to momentum and energy balance in the same proportion of the gas-liquid density ratio. For the higher pressure scenario, energy dissipation and gas expansivity is still negligible. Furthermore, the proportion of 70/30 is still retained between radial and axial transfers, that is: (i) the proportion between friction with the wall and recirculation in the elongated bubble, for the momentum balance; and (ii) the proportion between heat transfer with the wall and thermal scooping, for the energy balance. scooping , , 20 45% scooping + heat transfer with wall
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that is, if ever a homogenous model is adopted, which is one of the simpler approaches for multiphase flow and consists of averaging the gas and liquid properties by the liquid loading and estimating the friction and heat transfer with the wall by the use of a single-phase flow correlations, then the results are expected to present underpredictions in the order of 15 to 45% for the pressure and temperature gradients along the pipeline. That is, for quick engineering estimations, the homogeneous model can be majored by an approximately 30% factor in order to improve its results for slug flow patterns. 

Sensitivity of the Slug Flow Geometry to the Hydrodynamic Inputs

Much have already been explored on how the slug flow evolves along the flowline with the thermodynamic state of the system (P&T) coming from head loss and heat transfer, and the reader shall refer to the discussion done in the previous studies of mine [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate formation with heat and mass transfer[END_REF][START_REF] Bassani | Modeling the scooping phenomenon for the heat transfer in liquid-gas horizontal slug flows[END_REF]. In summary, the slug flow parameters (elongated bubble and slug lengths, and their respective phase fractions) estimated through the steady-state model have: (i) influence of the properties variation with the local P&T conditions, e.g., with mixture cooling, the liquid phase viscosifies, thus leading to slender elongated bubbles and to smaller gas aerations in the slug; whereas the lengths are reorganized in order to achieve mass balance in the unit cell, that is, the bubble length increases and the slug length decreases; and (ii) influence of the local mixture velocity, which can accelerate or decelerate along the flowline because of gas expansion or contraction, where acceleration incurs in higher shear stresses of the elongated bubble that cause thicker aerodynamic profiles, and also causes more gas release in the slug body by an intensification of the bubble wake; this again implies in different region lengths in order for the mass of the unit cell to be conserved. The further consideration of gas release or solubilization, with acceleration or deceleration, incur in the same mechanisms of (ii). The consideration of gas hydrate formation, in turn, incur in both liquid viscosification because of the slurry formation, mechanism (i), and in flow deceleration because of gas consumption, mechanism (ii). Notice that the steady-state model does not captures coalescence, and therefore the interactions of liquid viscosification or mixture acceleration with stronger bubble wakes, and how they enhance the coalescence rate, needs simulation with a transient model such as slug tracking [START_REF] Nydal | Dynamic slug tracking simulations for gas-liquid flow in pipelines[END_REF][START_REF] Medina | Numerical simulation of the heat transfer in fully developed horizontal two-phase slug flows using a slug tracking method[END_REF][START_REF] Taitel | Effect of gas compressibility on a slug tracking model[END_REF] or slug capturing [START_REF] Simões | Numerical prediction of non-boiling heat transfer in horizontal stratified and slug flow by the two-fluid model[END_REF][START_REF] Conte | Numerical and experimental study of slug initiation for gas-liquid two-phase flows[END_REF][START_REF] Renault | A Lagrangian slug capturing scheme for gas-liquid flows in pipes[END_REF].

In this section, the discussion will be different than what was published in [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate formation with heat and mass transfer[END_REF][START_REF] Bassani | Modeling the scooping phenomenon for the heat transfer in liquid-gas horizontal slug flows[END_REF]. The numerical integration of the elongated bubble profile with convergence of the mass balance of the unit cell, eqs (5.13) and (5.18), called Taitel and Barnea's [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF] model, is the harder part to be understood, as it does not originate explicit equations for the elongated bubble length and its phase fractions. Furthermore, some empirical trends captured by the closure correlations for the unit cell translational velocity [START_REF] Bendiksen | An experimental investigation of the motion of long bubbles in inclined tubes[END_REF], the slug flow frequency [START_REF] Hernandez-Perez | Slugging Frequency Correlation for Inclined Gas-liquid Flow[END_REF], and the slug aeration [START_REF] Gregory | Correlation of the liquid volume fraction in the slug for horizontal gas-liquid slug flow[END_REF], play a role in the mass balance and/or in the elongated bubble aerodynamic profile by changing the shear stresses, therefore also of difficult understanding. In this sense, this section focus on understanding how the hydrodynamic inputs (mixture velocity and liquid loading) influence the geometry of the slug flow unit cell.

The case study is the one at 3 bar, Table 5.3, and tests for different conditions will be introduced in section 5.6. Notice that a one-node simulation is sufficient 14 , as the interest is on the determination of the slug flow geometry for a given pair of mixture velocity and liquid loading, and not on the evolution of parameters along the flowline as done in the last section.

Sensitivity to the Mixture Velocity

Figure 5.11 and Figure 5.12 present the sensitivity of the slug flow geometry and of the closure correlation to the mixture velocity ranging from 1 to 4 m/s for a fixed liquid loading of 50%. Figure 5.11(a) shows the behavior of the closure correlation for the unit cell translational velocity, coming from eq (5.19) [START_REF] Bendiksen | An experimental investigation of the motion of long bubbles in inclined tubes[END_REF]. This empirical correlation captures the fact that the unit cell motion is driven mainly by the volumetric displacement of mixture by unit cross section (that is, the mixture velocity J ), and still has an extra contribution caused by the drift of one phase relatively to the other, where the gas, with lower inertia, presents higher velocity. As presented in Figure 5.11(a), higher mixture velocities imply in higher unit cell translational velocities, in a linear trend. Bendiksen [START_REF] Bendiksen | An experimental investigation of the motion of long bubbles in inclined tubes[END_REF] still classifies a different behavior of 0 c and 1 c of eq (5.19) for a critical liquid Froude number of 3.5, however a qualitative change of the linear trend is not observed in Figure 5.11(a). The values proposed are for laboratory measurements and conditions closer to industrial application can imply in different drift between phases. Figure 5.11(b) shows a non-linear increase of the slug flow frequency against the mixture velocity, estimated from eq (5.20) [START_REF] Hernandez-Perez | Slugging Frequency Correlation for Inclined Gas-liquid Flow[END_REF]. Gregory and Scott [START_REF] Gregory | Correlation of liquid slug velocity and frequency in horizontal cocurrent gas-liquid slug flow[END_REF] discuss a parabolic behavior of the slug frequency with the mixture velocity, attending a minimum value on a certain critical velocity. This minimum cannot be observed in Figure 5.11(b) when considering the simulation inputs tested here. The slug flow frequency behavior can be explained in two different manners, herein called weak and strong explanations:

(i) Weak explanation: faster mixture means faster bubbles, therefore smaller periods of the passing structures, incurring in higher frequencies.

(ii) Strong explanation: the higher the mixture velocity, the higher the energy supplied to the gas-liquid interface in order to create perturbations (wind effect [START_REF] Jeffreys | On the formation of water waves by wind[END_REF]) prior to the evolution of stratified to slug flow. Therefore, more perturbations are submitted to Kelvin-Helmholtz instabilities [START_REF] Ghiaasiaan | Two-phase flow, boiling and condensation: In conventional and miniature systems[END_REF], which grow into forming slug bridges [START_REF] Taitel | A model for predicting flow regime transitions in horizontal and near horizontal gasliquid flow[END_REF].

More slug bridges mean smaller unit cells, and yet associated to higher translational velocities with consequent smaller periods of passage, cause the slug frequency to increase. changes the general characteristics of the unit cell, and the quantitative plots of the four parameters (two lengths and two phase fractions) are showed in (a-e). The elongated bubble length, Figure 5.12(a), is observed to have a parabolic form, with a maximum value at a given mixture velocity. The slug length, Figure 5.12(b), in turn, is observed to linearly increase with the mixture velocity. The absolute value of the slug length should be carefully handled, as it is the parameter related to the higher deviations when compared to experimental data. Figure 5.12(d) shows that higher velocities J incur into higher shear stresses, which cause the aerodynamic shape of the bubble to be thicker, and the average gas fraction to increase. Figure 5.12(d) shows the behavior of the liquid fraction coming from eq (5.21) [START_REF] Gregory | Correlation of the liquid volume fraction in the slug for horizontal gas-liquid slug flow[END_REF]. This expression captures the fact that, the faster the mixture, the higher the shear stresses at the elongated bubble wake, therefore increasing the detachment of gas dispersed bubbles into the slug. The liquid viscosity is another important parameter that play a role in this detachment process [START_REF] Gomez | Prediction of slug liquid holdup: Horizontal to upward vertical flow[END_REF], but this is not considered in the expression employed. As a general conclusion, higher mixture velocities incur in the rearrangement of the aerodynamic profile of the elongated bubble and on the detachment of dispersed bubbles from the elongated bubble rear, which cause the gas and liquid phases to reorganize inside the unit cell, thus changing the region lengths.

Sensitivity to the Liquid Loading

This section discusses the sensitivity of the slug flow geometry and of the closure correlations to the liquid loading ranging from 25 to 75% for a fixed mixture velocity of 2 m/s. Figure 5. 13(a) shows that the unit cell translational velocity has no sensitivity to the liquid loading, as its displacement is driven by the total volume of the mixture. That is, the proportion between phases is not important. The liquid loading may influence, however, the drift between phases, that is, the value of coefficient 1 c of eq (5. [START_REF] Englezos | Kinetics of gas hydrate formation from mixtures of methane and ethane[END_REF]), but this is not captured by the empirical expression adopted.

Figure 5.13(b) presents the sensitivity of the slug flow frequency to the liquid loading, eq (5.20) [START_REF] Hernandez-Perez | Slugging Frequency Correlation for Inclined Gas-liquid Flow[END_REF], and a linear dependence is observed. Again, the behavior has a weak and a strong explanation:

(i) Weak explanation: smaller liquid loadings relate to smaller structure lengths, and since the unit cell translational velocity is insensitive to the liquid loading, then smaller lengths mean less space to be traveled, thus higher slug frequencies. The weak explanation does not explain the reason why liquid loadings imply in smaller structure lengths.

(ii) Strong explanation: the strong explanation comes from Kelvin-Helmholtz instabilities in the transition from stratified to slug flow. A depiction of this process is given in Figure 5.14. Higher liquid loadings incur in higher liquid levels of the stratified flow. Therefore, the critical amplitude or frequency of the perturbation that destabilizes the gas-liquid interface into forming slug bridges is smaller. The reason is that gas acceleration and the consequent suction force on the wave crest is more pronounced for the higher liquid level, therefore a higher number of slugs will form, with smaller lengths. Since liquid loading does not influence the unit cell translational velocity, and smaller lengths incur in less space to be traveled, then the slug frequency is higher.

Before analyzing the outputs of Taitel and Barnea's [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF] model, the concept of 'bubble rectangularization' needs to be discussed. Figure 5.15(a) shows the unit cell geometry for different liquid loadings. As can be seen, the aerodynamic shape of the elongated bubble depends only on the mixture velocity, as the shear stresses are driven by the volumetric displacement of the mixture. However, different liquid loadings incur in: (i) different slug flow frequencies that generate different unit cell lengths, and (ii) different elongated bubble lengths, as the truncation of the integration of the elongated bubble profile (mass balance) is different for different liquid loadings. The rectangularization process consists of finding an average phase fraction of the elongated bubble region that represents the same mass of gas and liquid. Solely the average phase fraction, related to average velocities of gas and liquid in this region, are afterwards used to estimate friction factors and heat transfer coefficients. As is evidenced in Figure 5.15(b), after the rectangularization process, the average phase fractions in the elongated bubble region depend on the liquid loading. As a rule-of-thumb, the higher the liquid loading, the smaller the elongated bubble length, and because distances to the bubble nose are smaller, then the average gas fraction in the elongated bubble region is smaller as well.

Figure 5.13. Behavior of closure correlations against the liquid loading: (a) unit cell translational velocity from Bendiksen [START_REF] Bendiksen | An experimental investigation of the motion of long bubbles in inclined tubes[END_REF] and (b) slug flow frequency from Hernandez-Perez et al [START_REF] Hernandez-Perez | Slugging Frequency Correlation for Inclined Gas-liquid Flow[END_REF].

Figure 5.14. Depiction of the influence of higher liquid loading into generating higher slug flow frequency. Higher liquid loadings incur in higher levels of liquid in the stratified flow prior to transition to slug flow. The critical frequency of perturbation of the gas-liquid interface, following Kelvin-Helmholtz instability theory for confined channels, is smaller at higher liquid levels. Therefore, a higher number of smaller slugs are formed, promoting higher slug flow frequency. 

(c) (d)

This is indeed what is observed in Figure 5.16. The higher the liquid loading, the smaller the average gas fraction in the elongated bubble, following an approximately linear trend, Figure 5.16(c). The elongated bubble decreases in size for higher liquid loadings, Figure 5.16(a), but not linearly. The non-linear behavior comes from the following combined effects: (i) the amount of gas to form the elongated bubble decrease as the liquid loading increases, but (ii) the amount of gas per unit length in the elongated bubble (that is, GB R ) decreases. Since these two mechanisms are opposite, then Figure 5.16(a) has a curved trend. From Figure 5.16(b), the slug length increases in a linear manner with the liquid loading, explained by a higher liquid content in the mixture. Notice, however, that the increase in the absolute value of the slug length is one order of magnitude smaller than the decrease of the elongated bubble, and therefore the unit cell decreases as a whole. Figure 5. 16(d) shows that the liquid fraction in the slug body is insensitive to the liquid loading.

As per eq (5.21) [START_REF] Gregory | Correlation of the liquid volume fraction in the slug for horizontal gas-liquid slug flow[END_REF], what matters is the volumetric displacement of the mixture and not the ratio between phases.

One could argue, nonetheless, that the liquid loading affects the recirculation in the elongated bubble rear, which is the leading phenomenon into detaching dispersed bubbles. This is however not captured by the closure model adopted, eq (5.21) [START_REF] Gregory | Correlation of the liquid volume fraction in the slug for horizontal gas-liquid slug flow[END_REF].

Simplified Model: finding a correlation for the elongated bubble length

Although the mathematics of the slug flow model are quite extensive, the final expression for P&T distributions, eqs (5.26) and (5.65), are of straightforward evaluation and depends only on friction factors and heat transfer coefficients coming from single-phase flow and that are commonly found in engineering books. These expressions also need the slug flow geometry, which in turn is of a more complex evaluation as it comes from the integration of the aerodynamic profile of the elongated bubble. A more straightforward way to evaluate the slug flow geometry for quick engineering estimations consists of:

(i) Estimation of gas and liquid properties at the given P&T.

(ii) Evaluation of the four closure correlations that are intrinsic of slug flows ( , , , ) (v) Estimation of the average gas fraction in the elongated bubble region from the mass balance in the unit cell, eq (5.18), reorganized to the following shape

T LS drift U freq R U from eqs (5.19), ( 5 
  drift LS L GB GS B J U R j RR L freq
  (5.73) With this five steps, the unit cell geometry is completely characterized for a given P&T and hydrodynamic input (mixture velocity and liquid loading). But, for such an algorithm to be applicable, a correlation for the elongated bubble length is necessary, which is not commonly found in literature. The slug flow model (Taitel and Barnea's [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF] model) is therefore used to generate a database of simulation results to fit the correlation. The database simulation comprises 5318 simulations covering the range of values presented in Table 5.4. The trick is that, as only a one-node simulation is necessary for the slug geometry, then the code can be looped for steps on the input superficial velocities. This made possible that such a large simulation database could be generated in one morning of work, as long as the code is already implemented (the code is confidential, nonetheless). Table 5.4. Input values to create a simulation database using Taitel and Barnea's [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF] model in order to find and fit the engineering-shaped correlation for the elongated bubble length of eq (5.74). 
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.17(a) show the dimensionless elongated bubble length B LD against the liquid loading, which is described by a power scale of n L j J
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, with 0 n  . Secondary scatterings come from different mixture velocities, flowline diameters and liquid viscosities. This is presented in Figure 5.17(b-d), where the x-axis represents each one of these parameters, and the simulations with same values for the other parameters are grouped in the same color. It should be noticed that the plots of Figure 5.17 , with 0 m  . The other tested parameters, such as the influence of the gas density variation when the system is pressurized, or the liquid density in the range of oil and water values, does not held important variations in the elongated bubble length.

A general relationship is proposed with the following shape   5.4 15 . Notice that the International Systems of Units (SI) was used, thus liquid loading is a value in between 0 and 1 (do not use it in %), the liquid viscosity is in [Pa.s], the diameter is in [m], and the mixture velocity is in [m/s]. The fact that the constant of proportionality C stays in the order of magnitude of unity gives confidence that these combined scales capture the physics behind the elongated bubble length. 

30%

Figure 5.18 shows that eq (5.74) presents similar results to the Taitel and Barnea's [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF] model, inside a deviation range of approximately ±30%. This range could be decreased by considering further scales inside eq (5.74), or by fitting for ranges of liquid loading and/or mixture velocities. But one should bear mind that, if the descriptive model for the slug flow geometry or any of the empirical closure correlations does not behave well in extrapolated scenarios, then the correlation of eq (5.74) will also present discrepancies. That is, extrapolated scenarios (larger diameters, viscous liquids, higher pressures) still require comparison with experimental data. Other suggestion for the future is to fit eq (5.74) directly against experimental databases, as its shape should be of good accuracy because it captures the main trends of the steady-state slug flow model.

Contributions of Chapter 5

In chapter 5, a steady-state slug flow model was extended by considering the gas contribution in the heat transfer.

The modeling approach is considerably different from previous studies, as the differential approach is necessary to evaluate the expansivity term. The mass transfer coming from hydrate formation and from gas solubilization processes represent source terms in the mass and energy balances and leads to acceleration/deceleration of the flow, with further re-structuration of the slug flow unit cell geometry. Finally, the model is used to understand average trends of slug flow against hydrodynamic inputs (liquid loading and mixture velocity), and in a more generalized way, it is used to propose an engineering correlation for the elongated bubble length, eq (5.74). This correlation substantially simplifies the solution procedure of slug flow steady-state models. The results stay in the ±30% deviation range against the complete model, therefore this simplified procedure can be used for quick engineering estimations.

Aperçus du Chapitre 5

Ce chapitre décrit la mathématique de l'écoulement polyphasique. Les phases huile, eau et hydrates sont agroupés en une seule pseudo-phase liquide qui a une inertie beaucoup plus faible que le gaz. Par conséquence, l'écoulement gazliquide est modélisé afin de prédire les distributions de vitesse, de pression et de température. La configuration à bouchon (en anglais, slug flow) est considéré lors du modelage, compte tenu les conditions traditionnelles de production de pétrole et gaz. La disposition géométrique des phases et tous les paramètres hydrodynamiques de la configuration à bouchon sont estimés par l'approche en régime permanent de Taitel et Barnea [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF]. Le transfert de chaleur provient d'un modèle déjà publié avant cette thèse [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate formation with heat and mass transfer[END_REF][START_REF] Bassani | Modeling the scooping phenomenon for the heat transfer in liquid-gas horizontal slug flows[END_REF], incluant de nouveaux termes afin de prédire l'influence de la phase gazeuse en tenant compte de la chaleur sensible, des échanges de chaleur radiale et axiale et de l'expansivité. La dissipation d'énergie et la solubilité du gaz dans le liquide, ou la libération du gaz par le liquide, à mesure que P&T varie au long de la ligne d'écoulement, sont également modélisées. L'évaporation et la condensation sont négligées, mais devraient être abordées dans des travaux futurs, en particulier lorsque la mélange d'hydrocarbures contient des composants sous forme vapeur compte tenu des plages P&T dans les conduites.

La complexité de mise en oeuvre de ces nouveaux termes a rendu impossible l'approche intégrale utilisée dans les études précédentes, donc une approche différentielle est nécessaire, avec un développement mathématique plus facile pour les termes d'expansivité. Les termes gazeux entraînent une amélioration des résultats dans le même ordre de gran-deur du rapport de densité gaz/liquide. Ça veut dire, si 

MULTIPHASE FLOW

In the previous chapters, the necessary information for coupling gas hydrate formation inside multiphase flow was gathered separately, that is, the necessary phenomena description (chapter 2), the mathematics of growth kinetics (chapter 3) and agglomeration (chapter 4) for oil-continuous systems, the mathematics of multiphase flow (chapter 5), and the available closure correlations (chapter 1 and appendix A). The models of growth kinetics, agglomeration and multiphase flow considering oil-dominant systems were validated against laboratory experiments, but there is still an important experimentation barrier in order to retrieve the closure values and/or to enhance the fittings of hydrate models.

Nonetheless, they predict the experimental trends. In this chapter, they will be extrapolated to scenarios closer to industry. Equation Chapter (Next) Section 1

This chapter is therefore focused to answer one question: by coupling these multidisciplinary, multiscale available/developed models, with the currently available closure values/correlations, what are the trends that can be captured? And of course, the explanation of which phenomena is expected to prevail in different situations, why the model presents these trends, and when the model is expected to fail, are discussed throughout this chapter. These answers accomplish the scientific objective of this thesis, that is, to better understand, in a quantitative way, the coupled trends and the phenomena that are able to describe gas hydrate formation in multiphase flow systems applied to hydrate management strategy in oil and gas production operations. In other words, to understand which situations are most likely to avoid plugging. For the superficial velocities

The Simulator of Hydrate Formation inside Multiphase Flow
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For the pressure
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For the temperature
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where the surface porosity of the particle decreases in time as
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For the agglomerate diameter 
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where the kernel of agglomeration is  
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Several intermediary steps were discussed in the previous chapters, such as the estimation of the gas concentration in the bulk b C , the estimation of the linear outer growth rate G , and the estimation of the shear stresses of the slug flow structures   . It can be seen that the model presents complex expressions, but is overall straightforward to implement, as it only comprises of a massive substitution of values in the correct order. This is what brings the low computational cost aspect to this simulator. A general solution procedure was depicted in Figure 5.1 and the exact step-by-step of the use of the equations was discussed in section 3.1.5 for growth kinetics, in section 4.1.1 (subsection: final shape of the population balance) for agglomeration, and in section 5.2 for multiphase flow. The difference against what was presented previously relates to the closure correlations when dealing with water-in-oil and hydrate-in-oil dispersions.

One often-posed question is how a steady-state multiphase flow model is able to capture hydrates forming and agglomerating in time? And the answer is simple: during the time lapse a certain volume of mixture displaces from one node to the other inside the pipeline, it undergoes phase change. That is, time and space steps are coupled by

T z t U   (6.2)
where z  is defined by the user and T U depends on the mixture velocity at each node [START_REF] Bendiksen | An experimental investigation of the motion of long bubbles in inclined tubes[END_REF].

Finally, let's define the water conversion into hydrates as that the conversion depends on the volumetric flow rate, whereas the molar gas consumption depends on the control volume adopted, and is applicable for pressure cells or closed flow loops. Notice that, because water is incompressible, the water conversion is the same in molar, mass and volumetric basis.

Closure Models / Correlations

Some further closure is necessary in order to couple gas hydrate formation and multiphase flow. The gas hydrate model is for oil continuous systems. Therefore, phase inversion shall be checked, node by node, before the onset of formation. The model of Brauner and Ullmann [START_REF] Brauner | Modeling of phase inversion phenomenon in two-phase pipe flows[END_REF] is suggested, and several others are presented in Table A.11
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then oil is the continuous phase (6.4) where     is the kinematic viscosity and the pairs        

;; , 0.37, 0.3 1, 0.4 1, 0.5 nm  are suggested in [START_REF] Brauner | Modeling of phase inversion phenomenon in two-phase pipe flows[END_REF]. For the default case that will be used in this chapter, where 0.85 notice that an ambivalent region of phase inversion exists, where neither the water nor the oil can be said to be the continuous phase. The gas hydrate model holds as long as the gas is absorbed by the oil and then distributed to each particle, and as long as the hydrate particles are inside of the oil phase in order to form liquid bridges after their contact, if wet.

The initial particle size for the agglomeration model is considered to be equal to the water droplet size prior to the onset of formation. The model of Brauner [START_REF] Brauner | The prediction of dispersed flows boundaries in liquid-liquid and gas-liquid systems[END_REF] is suggested, which stands for the maximum droplet diameter and pre- From the experiments of Kakitani [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF], shown in chapter 4, the hypothesis of particle size in the same order of magnitude of the droplet size prior to the onset of formation holds for the higher agitated experiments. For lower agitations, the oil and water interfaces present a quick rearrangement during the onset of formation [START_REF] Song | Characterization of the coupling between gas hydrate formation and multiphase flow conditions[END_REF], in the same time-scale of water imprisonment in the porous medium (some seconds), probably caused by the influence of the crystal seeds on disturbing the surface energy of the droplets, or on disturbing the flow shear rate. The rock-flow cell experiments of Kakitani [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF] indeed show a high stratification trend during the onset, probably caused by the low shear rates of such apparatus. As a general rule-of-thumb, the hypothesis of the initial particle size having the same order of magnitude of the droplet size is expected to hold as long as the water-in-oil dispersion before the onset is dilute. That is, it is expected to hold for high mixture velocities and low water cuts. Better comprehension of the initial particle size is necessary for dense flows, where the use of droplet size models may hinder the actual initial size that feeds the agglomeration model.

Hydrates are considered to form once the P&T conditions of the flow achieve a certain subcooling regarding the equilibrium temperature of gas-water-hydrates eq onset T T T    , then the onset of hydrate formation is achieved (6.6) and a fixed value of 6K onset T  is adopted, although it is reported as highly stochastic, as it depends on impurities in the nm-scale that cannot be filtered. That is, any value presented in Table A.2 can occur regardless the input conditions.

Before the onset of hydrate formation, the liquid phase is composed by a water-in-oil dispersion, and its apparent viscosity is estimated from Frankel and Acrivos [START_REF] Frankel | The constitutive equation for a dilute emulsion[END_REF] as
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where WC is the water cut, that is, the volumetric fraction of water droplets in the water-in-oil dispersion. This correlation considers the intrinsic viscosity of 5/2 of Einstein [START_REF] Einstein | Eine neue Bestimmung der Moleküldimensionen[END_REF][START_REF] Einstein | Berichtigung zu meiner Arbeit: "Eine neue Bestimmung der Moleküldimensionen[END_REF] that holds for non-interacting, small spheres, and further considers that the water inside the droplets present internal flow that decrease the stresslet, comparatively to the rigid particles of Einstein. Frankel and Acrivos' [START_REF] Frankel | The constitutive equation for a dilute emulsion[END_REF] model is extended here for dense dispersions and larger drops, as specific models for such conditions were not found in literature. Notice that, because of the existence of dispersed bubbles in the slug region, a further viscosification shall be considered, and Frankel and Acrivos' [START_REF] Frankel | The constitutive equation for a dilute emulsion[END_REF] model is adopted again in the form where GS R is the gas fraction in the slug. In chapter 5, Gregory et al [START_REF] Gregory | Correlation of the liquid volume fraction in the slug for horizontal gas-liquid slug flow[END_REF] was employed for GS R . Such empirical models that are fitted against air-water flow produce much higher aeration than what is expected for viscous liquids, that is, when oil is the continuous phase. Therefore, in this chapter, Barnea and Brauner's [74,[START_REF] Barnea | Holdup of the liquid slug in two phase intermittent flow[END_REF] is adopted, as it comes from a descriptive modeling of the energy furnished by the turbulent flow (Hinze's [START_REF] Hinze | Fundamentals of the hydrodynamic mechanism of splitting in dispersion processes[END_REF] theory) against interfacial energy when gas is released to the slug . This expression gives very small aerations for the slug bodies in the conditions tested during this chapter, which agrees with the expectations for such extrapolated scenarios of more viscous liquids.

After the onset of formation, the semi-empirical model of Krieger and Dougherty [START_REF] Krieger | A mechanism for non-newtonian flow in suspensions of rigid spheres[END_REF] is used to determine the apparent viscosity of the hydrate-in-oil slurry
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where 3 M is the particle volumetric concentration inside oil, coming from the population balance, eq (4.31), max  is the maximum packing factor (0.64 for randomly packed, monodispersed, spherical particles), and    is the intrinsic vis- cosity (5/2 for spherical particles). Krieger and Dougherty's [START_REF] Krieger | A mechanism for non-newtonian flow in suspensions of rigid spheres[END_REF] expression holds for small spheres in dilute and dense flows, and considers the formation of doublets (aggregates between two spherical particles), but is extrapolated here for larger particles, as specific models for this conditions were not found. For larger particles, the apparent viscosity is expected to decrease [START_REF] Paar | The influence of particles on suspension rheology[END_REF], thus the use of Krieger and Dougherty's [START_REF] Krieger | A mechanism for non-newtonian flow in suspensions of rigid spheres[END_REF] expression can be said conservative. But large particles can promote partial restrictions that substantially increase pressure drop, and those are not captured by the model (more will be discussed in section 6.3.5).

The density of the pseudo-liquid phase (oil, water and hydrates) and its specific heat capacity comes from a homogeneous analysis as

o o w w h h L o w h j j j j j j        (6.11) o o o w w w h h h L o o w w h h c j c j c j c j j j          (6.12)
where 0 h j  before the onset of formation. Notice that eq (6.11) complies with the mass balance, whereas eq (6.12) complies with the energy balance. The thermal conductivity of the pseudo-liquid phase is the one of the continuous phase Lo kk  , as what matters is the contact with the wall. The gas-liquid interfacial tension is the gas-oil one,
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Finally, it shall be stated that the model is not capable of predicting flowline plugging because: (i) pressure-velocity coupling is not modeled (which would imply in a transient approach), thus the model does not capture mixture deceleration with increasing head losses, and (ii) the settling of slurries and their gradual bed formation is not modeled (which would also imply in a transient approach), thus partial restrictions are not captured. Since the model is able to return the agglomerate size, than it can be used to understand the slurry stability in terms of correlations for critical settling velocities, as the ones presented in Table A.12. It was noticed, however, that as the latter were not retrieved for conditions similar to gas hydrates, then they do not behave well, and further should be done in their fitting against a proper database for gas hydrates. In this chapter, a scale analysis on the order of magnitude of agglomeration is done as an indication of possible partial restrictions, to be discussed in sections 6.3.4 and 6.3.5. A proposal on how to couple the model with critical settling velocity correlations will be discussed in chapter 8.

Trends Experimentally Observed in Literature

Literature mainly reports results for the temperature and for the gas consumption (or water conversion) when hydrates form [19,20,

. The plot is usually against time, but it is also representative of the distance along a flowline. Figure 6.2(a) presents the two reported trends of water conversion:

(i) Linear water conversion: occurs when the product between active surface and subcooling (driving force) is constant during hydrate formation. Is often reported in water continuous systems, where gas absorption is considered to be the limiting step of hydrate formation (which comes from a linear law); or in heat transfer-limited systems, where mixture reheats towards equilibrium, and the temperature reaches a constant value (plateau).

(ii) Asymptotic water conversion: occurs when the product between active surface and subcooling (driving force) decreases during hydrate formation. As was discussed in chapter 3, the sealing of the particle incurs in a decreased active surface. Some other limiting steps can also play a role, as agglomeration into decreasing the total particle-bulk interfacial surface; and pressure decrease along the flowline because of head loss, which causes the hydrate equilibrium temperature to decrease. (i) Mixture reheat with a temperature plateau: occurs when the outer medium cannot absorb all the heat release because of hydrate formation. This occurs in insulated pipelines and is called a heat transfer-limited system.

(ii) Temperature is insensitive to hydrate formation: occurs when the outer medium is able to absorb all the heat release because of hydrate formation. It occurs in pressure cells, where the volume is small and the cooling jackets are efficient.

(iii) Combined trend: the mixture reheats after the onset of formation, but afterward starts distancing from the equilibrium temperature. This comes from competitive heat and mass transfer limitations.

The discussion of results in this chapter will be around the explanation of the when and the why each of these behaviors happen. Figure 6.2. Literature reported trends against time (in a pressure cell) or along axial position (in a flowline). (a) Water conversion can be (i) linear or (ii) asymptotic. (b) Compared to the case of no hydrate formation (black line), the temperature can (i) reheat considerably and reach a temperature plateau close to the hydrate formation equilibrium conditions (gray dashed line), (ii) to be insensitive to hydrate formation, or (iii) to present a combined trend, where reheat occurs but the temperature plateau does not form, and then the temperature slowly distances from the equilibrium conditions.

Default Case and General Trends Captured by the Simulator

Table 6.1 presents the input values considered for the default case. All results showed in this chapter turn around the default case and the simulations cover some ranges of design and closure parameters, also presented in Table 6.1. It is important to notice that, from this point on, all simulations are fictitious. Reduction-to-the-obvious will be extensively employed, that is, to discuss how the model is able to capture trends that are physically sound. E.g., surfactant additives lower interfacial tension, thus incurring in smaller droplet sizes; or heavier insulations incur in smaller heat transfer rates with the external medium, thus heat release because of hydrate formation is most likely to prevail. Notice that these are universal trends accepted in science. Whereas it will be shown that the model is physically consistent, numerical values must be carefully handled, as the hydrate model has a degree of curve fitting, and as all closure values and correlations adopted for the simulations are extrapolated to some extent. Furthermore, some synergetic effects surely occur, e.g., how the porous medium depends on the use of additives, on the pressure level of the system and on the shear rate? This is however not captured by the simulator.

The goal of the default case is to show: (a) an asymptotic water conversion, with asymptote far from 100% (as commonly observed in oil-dominant experiments), (b) a mixed trend for the temperature distribution, and (c) a considerable agglomeration, where particles dry out reaching a stable agglomerate size. Those are the main phenomena modeled in this thesis and the sensitivity analysis will show, around the default case, how the several design parameters can be used to change these trends, specially focusing into finding smaller agglomerates. For the default case, the pressurization was kept at a medium level (130 bar), and the initial porosity was kept in the low range (60%) so as the time-scales for capillary closure and for particle to dry out are compatible with the time-scale of the flow in a 30 km-flowline at 1 m/s.

All other closure values were kept the same as of chapter 3, 4 and 5. GS R  . The flow map is plotted for the inlet conditions, and as the thermodynamic conditions evolve along the flowline and as hydrates form, the gas and liquid (slurry) properties change, displacing the flow pattern transitions. The more substantial change is on the liquid phase viscosity, which for the oil phase is considered 10 cP, but for the water-in-oil emulsion comes ~ 14 cP [START_REF] Frankel | The constitutive equation for a dilute emulsion[END_REF], and when hydrates form the slurry can achieve the mark of ~ 50 cP [START_REF] Krieger | A mechanism for non-newtonian flow in suspensions of rigid spheres[END_REF]. The case of 50 cP of liquid viscosity is plotted by the dashed lines in the zoom of Figure 6.3, and it is observed that the viscosification only tends to increase the region of plug/slug flow compared to annular flow. Notice that the models available in literature do not apply for systems with such high pressurization and when solids are present, and usually do not consider viscous oils and large flowline diameters. Unless proper experimentation is done at these conditions, it is hard to state exactly which will be the flow pattern, and substantial differences may arise. But as long as one is able to predict pressure, temperature, interfacial surfaces and velocity (shear rate) for a given flow pattern, and their evolution along the flowline, then any flow pattern (with oilcontinuous phase) can be coupled to the hydrate growth kinetics and agglomeration models developed in this thesis.
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The analysis will proceed considering the plug/slug flow pattern. Figure 6.3. Default case (red line) plotted inside the gas-liquid flow map of Barnea [START_REF] Wu | A critical review of flow maps for gasliquid flows in vertical pipes and annuli[END_REF], showing that plug/slug is the most likely flow pattern to occur at the given superficial velocities and phase properties. The black continuous lines are evaluated with properties at the flowline inlet. In the zoom, the dashed lines represent a liquid viscosification of 50 cP. Credits go to Dr. Cristiane Cozin, who coded the software with the transition criteria.

Temperature Distribution

Figure 6.4 presents the temperature distribution along the pipeline. The gray dashed line represents the equilibrium temperature of hydrate formation, coming from equilibrium models [START_REF] Jager | The next generation of hydrate prediction: II. Dedicated aqueous phase fugacity model for hydrate prediction[END_REF][START_REF] Ballard | The next generation of hydrate prediction: I. Hydrate standard states and incorporation of spectroscopy[END_REF][START_REF] Ballard | The next generation of hydrate prediction IV: A comparison of available hydrate prediction programs[END_REF][START_REF] Ballard | The next generation of hydrate prediction: Part III. Gibbs energy minimization formalism[END_REF] and, for the given gas component (methane), it depends only on pressure. As pressure decreases along the flowline because of head loss, the equilibrium temperature also decreases, affecting the driving force for hydrate formation. The mixture cools down exponentially, consistent with any convection model that considers an external medium with constant temperature as boundary condition [80]. Once the mixture temperature drops below the equilibrium temperature, it is said to be inside the hydrate formation envelope, and hydrates can form. For an off-equilibrium approach, as the one considered here, the onset of formation occurs only after a certain subcooling is reached, herein considered to be 6 K. The onset of formation can be seen by a sudden reheat of the mixture caused by the exothermic nature of hydrate formation. The heat release is higher right after the onset, but starts decreasing because of mass transfer limitations that lead to an active surface decrease with time. Those come from the particle filling-up process (porosity decrease) and from agglomeration (decrease of the total surface between particles and bulk). The competition between the heat release during hydrate formation and the heat transfer plained by a decreasing product between the driving force and the active surface of crystallization. The main contributor to the active surface decrease is the sealing of the particles. The plot of the surface porosity evolution is presented in Figure 6.5(b). Agglomeration also plays a role into decreasing the total interfacial surface between particle and bulk.

Water Conversion

The head loss, by its turn, plays a role into decreasing the driving force. The contribution of each of these mechanisms will be further discussed in section 6.4. The particles agglomerate as they flow along the pipeline, increasing in size. When the particles become dry, the agglomeration process ends, reaching a stable agglomerate diameter. Actually, if the plot is zoomed in, it can be observed that the agglomerate still increases in size because of outer growth. Notice that, when the particle is dry, all water arriving at the outer surface is instantaneously crystallized, thus liquid bridge cannot form anymore and the binding forces that hold the aggregate together cease to exist, preventing agglomeration. But the capillaries are still open, thus growth kinetics still occurs and the particles still grow outwardly. However, outer growth incurs in much smaller size variations than agglomeration, and therefore it can be said that, once the particles dry out, a stable agglomerate size is reached.

Figure 6.6. Agglomerate size evolution along the flowline (default case), against the proposed limits I, II and III for safety alert.

Several models for the settling of slurries exist, as presented in Table A.12. By using those, one can predict if a certain agglomerate size is most prone to settle down or to flow suspended. These models were however not built for gas hydrate applications and are not tested in this chapter. A proposal of their use is given in chapter 8. Here, a scale analysis between the agglomerate and flowline diameters is done in order to establish some limiting values.

 Limit I:

10% p d D 
for safe production. In this case, the agglomerate diameter is at least one order of magnitude smaller than the flowline diameter, and cross sectional restrictions are not expected to be important.

 Limit II:   O 30% p d D 
(in the order of 30%) stands for a risk alert. In this case, the agglomerate diameter enters the order of magnitude of the flowline diameter, and therefore partial restrictions start playing a role on pressure drop. (in the order of 50%) or higher stands for imminent plugging. In this case, the agglomerates occupy a considerable part of the cross section and probably dominate head losses.

Limits I, II and III are only a recommendation and further testing is necessary to refine these criteria. As a guideline, they will always be shown in the plots of the agglomerate diameter along this chapter. represents the head loss before the onset of hydrate formation. As it can be noticed, the head loss increases after the onset of hydrate formation, causing a more pronounced pressure drop. Here, it is important to clear out two distinct mechanisms that play a role in pressure drop after the onset of formation:

Pressure Drop

(i) Viscosification: the formation of a slurry incurs in augmented shear stresses in the flow caused by the stresslet around each particle, as depicted in Figure 6.8(a). In a macro-scale, this is often interpreted as an apparent viscosity of the phase.

(ii) Partial restrictions: as particles agglomerate, apparent weight forces start prevailing over the lift forces that disperse the particles, so they start settling down. Beds are formed, causing cross sectional restrictions, as depicted in Figure 6.8(b). This explains much higher head losses than viscosification [START_REF] Bassani | Modeling the effects of hydrate wall deposition on slug flow hydrodynamics and heat transfer[END_REF]. The local head loss incurs in increased lift forces, which re-suspend the settled particles. This process is commonly observed in experiments by intermittent peaks in the pressure drop signal. The viscosification process (i) is captured by the use of closure correlations for the apparent viscosity, as plotted in Figure 6.7(a). Prior to the onset of formation, the oil-in-water dispersion viscosity is estimated from Frankel and Acrivos [START_REF] Frankel | The constitutive equation for a dilute emulsion[END_REF], eq (6.7). After the onset of formation, the semi-empirical model of Krieger and Dougherty [START_REF] Krieger | A mechanism for non-newtonian flow in suspensions of rigid spheres[END_REF] is used to determine the hydrate-in-oil slurry viscosity, eq (6.10). Some criticism must be done regarding the modeling of vis- cosification, both in this thesis and in the gas hydrates literature. The commonly employed apparent viscosity model is the one of Mills [START_REF] Mills | Non-Newtonian behaviour of flocculated suspensions[END_REF], which is a variant of Krieger and Dougherty [START_REF] Krieger | A mechanism for non-newtonian flow in suspensions of rigid spheres[END_REF], which in turn is expanded from Einstein's [START_REF] Einstein | Eine neue Bestimmung der Moleküldimensionen[END_REF][START_REF] Einstein | Berichtigung zu meiner Arbeit: "Eine neue Bestimmung der Moleküldimensionen[END_REF] and Batchelor's [START_REF] Batchelor | The determination of the bulk stress in a suspension of spherical particles to order c2[END_REF][START_REF] Batchelor | The effect of Brownian motion on the bulk stress in a suspension of spherical particles[END_REF], and hold for small particles in the µm-scale. Notice that Einstein and Batchelor solved

Stokes equations for creeping flow around the spheres, and Krieger and Dougherty further describes, empirically, doublet interactions when the dispersion is dense. This is not the case experimentally observed when agglomeration occurs in oil-dominant system (large particles), and therefore those models are not expected to behave well. The shear stress introduced by the friction between particle and bulk is called stresslet and incur, in the macro-scale, into an increase of the apparent viscosity of the slurry. This effect is more pronounced for small particles, where the total particle-bulk interfacial surface is higher. (b) Larger particles can settle down forming beds and causing partial restrictions that locally increase pressure drop. The constant detachment of these beds with further moving along the flowline causes intermittent peaks in the pressure drop signal. Only (a) is captured by the simulator, as (b) requires a transient multiphase flow framework.

The apparent viscosity of the slurry is actually reported to decrease for larger particles [START_REF] Paar | The influence of particles on suspension rheology[END_REF] by the simple fact that the total particle-bulk interfacial surface decreases, decreasing the total stresslet. However, the "apparent viscosity" from experimental studies of gas hydrate formation is often concluded to increase with agglomeration (see, e.g., [START_REF] Camargo | Rheological Properties of Hydrate Suspensions in an Asphaltenic Crude Oil[END_REF][START_REF] Zerpa | Overview of CSMHyK: A transient hydrate formation model[END_REF][START_REF] Davies | Predicting hydrate plug formation in oil-dominated flowlines[END_REF][START_REF] Shi | Viscosity investigation of natural gas hydrate slurries with anti-agglomerants additives[END_REF], but this constantly repeats in different studies), which is against basic physics. The "apparent viscosity" is oftentimes estimated from pressure drop measurements, where agglomeration is most probably causing partial restrictions, mechanism (ii). Because fitting is done, the true phenomena are hindered. Of course that curve fitted apparent viscosity models describe the pressure drop of the experimental results, as any curve fitted model behaves well with its own dataset. But because the mathematical functions are not physically sound, then extrapolations of such models are not expected to hold. Furthermore, from the evidence that all water gets instantly entrapped into the porous particles in oil-dominant systems, then the particle concentration is mostly constant during the experiment, and will only vary be- cause of particles outer growth (negligible), or because of porosity formation during agglomeration (hard to be modeled). Since the aforementioned correlations are all based on the particle volumetric concentration, then basing a model on an associate increase of particle concentration vs water conversion is physically inconsistent. Unfortunately, this is currently done by many, so this is a key understanding that should be brought to the attention of the gas hydrates community.

The pronounced pressure drop experimentally observed in agglomerating systems should therefore be modeled from bed formation with consequent partial restrictions, and not by fitting apparent viscosity models. The model proposed in this thesis can only capture the viscosification process (i), which is probably overestimated by the use of Frankel and

Acrivos' [START_REF] Frankel | The constitutive equation for a dilute emulsion[END_REF] and Krieger and Dougherty's [START_REF] Krieger | A mechanism for non-newtonian flow in suspensions of rigid spheres[END_REF] models, as they stand for small particles. Nonetheless, it is seen in Figure 6.7(a) that the pressure drop sensitivity to hydrate formation is very shy by considering viscosification only, which points towards the necessity of modeling bed formation using transient approaches. An interesting model recently published by Di Lorenzo et al [START_REF] Lorenzo | Modelling hydrate deposition and sloughing in gas-dominant pipelines[END_REF] is able to capture the intermittent peaks on pressure drop caused by restrictions and detachment of deposits in gas-dominant systems. Their study is suggested as a departure point for such a modeling. (ii) The head loss along the flowline acts on expanding the gas, thus accelerating it.

Velocities

(iii) Depending on P&T conditions, gas can either be solubilized into the continuous phase, decelerating the gas; or released from the continuous phase, accelerating the gas.

(iv) When hydrates form, gas is consumed and deceleration occurs. From Figure 6.9(a), it is observed that the gas is mainly accelerated prior to the onset of hydrate formation. An important deceleration occurs in the beginning of crystallization, but the acceleration mechanisms prevail afterwards, when growth kinetics gets close to its asymptote. Mechanism (i) (gas contraction because of cooling) is mainly important for the initial part of the pipeline, where temperature gradients are higher. After the onset of hydrate formation, its influence decrease because of heat release from the phase change, which causes less temperature variations. Mechanism (ii) (pressure drop expands the gas) has approximately the same order of magnitude along the entire pipeline, as the pressure drops linearly, Figure 6.7(a).

To understand mechanisms (iii) and (iv) (phase change), the molar transfer rate of gas in the gas-liquid interface / g GL dn dt is plotted in Figure 6.10. It is defined as positive when gas is released from the continuous phase, thus accelerating the gas, and already considers the gas consumption caused by hydrate formation. As already discussed in chapter 5, gas release prevails over solubilization in high pressure scenarios when gas has high affinity with the continuous phase (e.g., methane in oil). Therefore, the mixture accelerates. The exception is the beginning of the crystallization process, where gas consumption is high because the active surface is large (particles still present high porosity and the agglomeration process have not occurred yet). A steep dive in / g GL dn dt is observed, which explains the deceleration of the gas found in Figure 6.9(a).

Finally, variations in the gas superficial velocity act on accelerating or decelerating the mixture as a whole, as plotted in Figure 6.9(b). Therefore, any other velocity that depends directly on the mixture velocity, such as the unit cell trans- Gas tranfer rate at gas-liquid interface [mol/s] Solubilization Gas release from liquid prevails for high pressure system and high affinity between gas and oil Gas consumption because of hydrate formation is higher close to the onset Release

Prevailing Phenomena in Momentum and Energy Balances

Figure 6.11 presents the competition between the terms of the momentum and the energy balances along the flowline.

For the momentum balance, Figure 6.11(a), it is observed that friction with the wall represents approximately 2/3 of the momentum balance, where ~ 10% comes from the gaseous phase (gas-liquid density ratio is ~ 11.9% at the flowline inlet). The recirculation of liquid in the slug wake represents 1/3 of the momentum balance. Weight terms are zero for the default case, since the flowline is horizontal, but will certainly be important if application is for risers. (where ~ 10% comes from the gas) is counterbalanced by ~ 55% of heat transfer with the wall and ~ 45% of axial heat transfer between slug flow unit cells (thermal scooping). One interesting fact is that heat transfer with the wall is dominated by the gas phase, which contributes to ~ 65% of this term. This goes against the common sense that the liquid exchanges more heat with the wall because of higher thermal conductivity. The explanation comes from the fact that the liquid phase presents much higher viscosity than the gas (the oil is 10 cP and viscosifies because of the water-oil or hydrate-oil dispersions), therefore damping turbulence and tending to laminar flow. Indeed, the liquid Reynolds number of the slug body drops below 2300 a bit after the onset (which explains the discontinuity in the liquid friction term of Figure 6.11(a), estimated from Blasius), whereas the one of the film drops below 2300 during the onset. The laminar solution for developed single-phase flows introduce a steep discontinuity in the heat transfer coefficient, estimated from Gnielinski's [START_REF] Gnielinski | New equations for heat and mass transfer in turbulent pipe and channel flow[END_REF] correlation for Reynolds close to 3000 or higher.

As already discussed in chapter 5, it is hard to believe that the liquid ever transitions to laminar flow because of the existence of induced-turbulence in the elongated bubble rear; or at least, one cannot employ the solution for developed flow (Nu 3.66)



, because the velocity profiles are never developed in the slug flow pattern, and if this is made so, then heat transfer would be drastically underestimated. Here, Gnielinski's [START_REF] Gnielinski | New equations for heat and mass transfer in turbulent pipe and channel flow[END_REF] correlation was adopted even for Reynolds smaller than 3000, and the correlation incurs in decreasingly smaller heat transfer coefficients, which explains why the liquid exchange less heat than the gas. It is unclear however if these results are physically sound or just a closure problem, and more should be investigated in that sense.

After the onset of formation, the sensitive heat term drops considerably because the mixture temperature presents less variations during phase change. The heat release starts to play an important role, representing ~ 60% of the energy balance. The heat transfer with the wall and the thermal scooping represent each ~ 20% of the energy balance. Advancing in the flowline, and as water conversion reaches the asymptote, the proportion of heat release, heat transfer with the wall and thermal scooping reaches ~ 1/3 each. Closer to the flowline outlet, where both agglomeration and growth kinetics already achieved their asymptotes, and where the mixture is close to thermal equilibrium with the external medium, then the heat release, the sensitive heat, the heat transfer with the wall and the thermal scooping terms are zero. In this case, the remaining terms are the heat absorption caused by the endothermic gas release process, which represents ~ 2/3 of the energy balance, and the energy dissipation, representing the other ~ 1/3. Gas expansivity is negligible for the simulated case over the entire flowline.

Influence of Limiting

Steps when Passing from a Pressure Cell (Laboratory) to a Flowline (Industry)

The most commonly studied case of hydrate formation in literature is in pressure cells (highly agitated batch reactors [START_REF] Englezos | Kinetics of gas hydrate formation from mixtures of methane and ethane[END_REF][START_REF] Turner | Methane hydrate formation and an inward growing shell model in water-in-oil dispersions[END_REF][START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF][START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF]), where P&T are kept constant along the experiment by cooling jackets and by the re-injection of gas as it is consumed during crystallization. Furthermore, hydrate particles are prevented to agglomerate because of the high mixing imposed. In turn, for a flowline: (i) temperature vary because of heat exchange with the outer medium and because of heat release during crystallization, (ii) pressure drops because of head loss, and (iii) particles may present a certain level of agglomeration depending on the local subcooling, interfacial properties and shear rate of the system. All these phenomena incur in limitations of the hydrate formation and are not captured by pressure cells. More sophisticated flow loops exist [START_REF] Melchuna | Experimental study and modeling of methane hydrates crystallization under flow from emulsions with variable fraction of water and anti-agglomerant[END_REF][START_REF] Melchuna | Topological modeling of methane hydrate crystallization from low to high water cut emulsion systems[END_REF][START_REF] Pham | Experimental Flowloop Study on Methane Hydrate Formation and Transport from Water-Oil Dispersion in Presence of Anti-Agglomerants[END_REF][START_REF] Joshi | Experimental investigation and modeling of gas hydrate formation in high water cut producing oil pipelines[END_REF][START_REF] Ding | Investigation of natural gas hydrate slurry flow properties and flow patterns using a high pressure flow loop[END_REF][START_REF] Matthews | Flow Loop Experiments Determine Hydrate Plugging Tendencies in the Field[END_REF][START_REF] Joshi | Experimental flowloop investigations of gas hydrate formation in high water cut systems[END_REF][START_REF] Chen | Insights into the formation mechanism of hydrate plugging in pipelines[END_REF][START_REF] Fidel-Dufour | Rheology of methane hydrate slurries during their crystallization in a water in dodecane emulsion under flowing[END_REF][START_REF] Fidel-Dufour | Influence d'additifs anti-agglomérants sur l'agrégration et les proprietés de transport des hydrates de méthane dans des émulsions eau/dodecane[END_REF] and are able to capture some of the aforementioned phenomena.

Figure 6.12. Schematics of the limiting steps of hydrate formation in a flowline, compared to the commonly studied pressure cell apparatus.

In this section, the influence of temperature variations, head loss and agglomeration are gradually introduced in the simulation of the default case in order to understand the importance of each limiting step. As depicted in Figure 6.12, this is a way to extrapolate laboratory behavior to industrial applications. Let's first consider a case of constant P&T, without agglomeration. Only growth kinetics plays a role at limiting hydrate formation. This case represents the "batch 

Known laboratory behavior

Unknown field behavior

reactor scenario" and is plotted as a gray line in Figure 6.13. The water conversion is asymptotic because of the particle sealing-up process.

When the energy balance is turned on, red line of Figure 6.13, a mixture reheat trend is seen after the onset of hydrate formation, caused by the competition between heat release coming from hydrate formation and heat transfer with the wall. Notice that, in a batch reactor, the heat transfer is enhanced because of the use of cooling jackets, and therefore this reheat trend sometimes does not exists, or is much less pronounced when compared to an insulated pipeline. The temperature gradually drops and distances from the equilibrium temperature (red dashed line) because of the particle sealing-up process and consequent decrease of the heat release term. The water conversion decreases because of the subcooling decrease after the onset. The water conversion however has small sensitivity to it, at least for the default case, as the conditions of this case are mass transfer-limited, coming from the particle sealing-up process. Figure 6.13. Influence in (a) temperature, (b) water conversion and (c) agglomerate diameter along the flowline, when considering heat transfer, head loss and agglomeration. The gray line represents the simulation of a batch reactor experiment, where P&T are constant, and the high shear rate promotes breakage of agglomerates. The black line represents the simulation of a flowline, where P&T evolve along the flowline and a certain level of agglomeration happens. The red line stands when only temperature evolves in the pipeline, without agglomeration; and the blue line when both P&T evolve in the pipeline, without agglomeration.

When the momentum balance is turned on, blue line of Figure 6.13, the pressure drops along the pipeline, causing the equilibrium temperature of hydrate formation to drop as well, represented by the blue dashed line. Therefore, the onset of formation is a bit delayed (as it is estimated from a critical subcooling relative to the equilibrium temperature). The different equilibrium temperature also causes different subcooling along the flowline, causing variations in the water conversion. But again, since the default case is mass transfer-limited, then the water conversion has small sensitivity to the subcooling variation. P&T variations along the flowline incur in direct variations of the driving force (subcooling) for crystallization, and in indirect variations of the active surface, as P&T are able to change the sealing-up process of the porous particle, characterized by the time-scale close t derived in chapter 3. When the agglomeration process is turned on, black line of Figure 6.13, the total particle-bulk interfacial surface decreases. Since the default case is mass transfer-limited, then the importance of agglomeration is more evident in the results, and the water conversion achieves lower asymptotes. The smaller conversions also imply in smaller heat release, therefore the mixture temperature distances faster from the equilibrium one. The black line of Figure 6.13 represents the default case analyzed in section 6.3 and captures the simultaneous interactions between the porous sealing-up process, the agglomeration and the driving force variations coming from heat release and head loss. That is, this type of simulation extends the commonly studied pressure cells apparatus (where the hydrate models were fitted and validated) to what is expected in industrial production of oil and gas.

Influence of Flowline Design Parameters

In this section, the sensitivity of the model to flowline design parameters is tested. All simulations are done around the default case of Table 6.1, which will always be presented by the black line in the plots of this section. Only one parameter is varied at each simulation, following the range shown in the third column of Table 6.1. The aim is to understand which design parameters influence the temperature distribution, the water conversion and the agglomerate diameter evolution along the pipeline, and to discuss the coupled mechanisms that explain such interactions.

System Pressurization

Figure 6.14 presents the model sensitivity to the pressure level imposed at the flowline inlet, varying from 100 to 200 bar. The pressure level directly affects the equilibrium temperature of hydrate formation, as shown by the dashed lines of Figure 6.14(a). That is, a higher pressure level incurs in a higher equilibrium temperature of hydrate formation and, keeping the same external medium temperature and the same insulation, the onset is reached earlier. At higher pressures, the temperature gradient between the mixture and the external medium is higher during the onset of formation, incurring in increased heat transfer with the wall. As a consequence, for smaller pressures, the temperature plateau trend is more pronounced. Figure 6.14(b) presents the water conversion for different system pressurization. The asymptote of water conversion is achieved faster for high pressures, as the driving forces are higher because of the pressure level itself and because of higher distances from the mixture and equilibrium temperature observed in Figure 6.14(a). The system still remains mass transfer-limited, with a similar asymptotic trend of the water conversion.

Figure 6.14(c) presents the agglomerate diameter evolution along the flowline. The water droplet size is seen to have a small influence of the pressure level, as the water and oil properties are not much influenced by it. Notice that, although gas solubilization into liquids at high pressures can drastically change the properties of liquids, especially the dynamic viscosity, this was not considered in this model. Water properties come from NIST RefProp [START_REF] Lemmon | REFPROP Reference Fluid Thermodynamic and Transport Properties[END_REF], which does not considers gas solubilization, whereas oil properties are kept constant along the entire simulation. Therefore, the only way that the model captures any sensitivity to pressure into the droplet size is by different mixture velocities during the onset of formation, coming different acceleration/deceleration trends because of different P&T gradients. This is however a secondary effect that has small influence in the droplet size. The primary effect that need further evaluation is how the pressure level is able to solubilize gas into the liquid (modeled in this thesis), and how the instantaneous gas concentration inside the liquid is able to change its properties (not modeled here). Yet from Figure 6.14(c), higher pressure incurs in higher agglomeration rate. As was discussed from Figure 4.7(a), the kernel of agglomeration increases for higher subcooling (that is, higher pressure) because the consolidation process is faster. In the other hand, the particle sealing-up process is faster, and the particles dry out in smaller time-scales. This is also observed in Figure 6.14(c), where a higher pressure incurs in a smaller stable agglomerate size. The model is still shy into predicting important variations of the stable agglomerate size for different pressure levels, where probable synergetic effects on how the system pressurization affects the porous medium and/or the crystallization properties would explain more drastic variations. These are not captured by the model and more will be discussed in section 6.6. 

Flowline Insulation

(c)

Limit I perature (called temperature plateau), whereas lower or none insulation relate to trend (ii) of temperature (insensitivity to heat release). From Figure 6.15(b), the water conversion shows an overall insensitiveness to the insulation, as all simulated cases around the default one remain mass transfer-limited. The asymptote is nonetheless achieved faster for the non-insulated flowline, because of the higher driving forces (that is, particles seal-up faster). Since water conversion is about the same, then the heat release term is non-sensitive to the flowline insulation (mass transfer-limited case). But the heat transfer with the wall varies substantially with the insulation, and therefore the temperature distribution drastically changes even after the onset of hydrate formation. Figure 6.15. Model sensitivity to the flowline insulation by varying the thermal conductivity of the wall material, whereas its thickness is kept constant, for: (a) temperature, (b) water conversion and (c) agglomerate diameter. Figure 6.15(c) shows the evolution of the agglomerate size along the flowline. For lower or no insulation, the driving force is higher and the particles dry out faster, reaching smaller stable agglomerates. This evidences a conundrum when dealing with hydrate avoidance and hydrate management strategies (i) Heavier insulations keep the mixture warmer for longer time, therefore delaying the onset of hydrate formation.

If ever the mixture can be kept outside the equilibrium envelope of hydrate formation, then hydrates will not form and the flowline can be designed using hydrates avoidance strategy.

(ii) If however hydrates form no matter the insulation employed, then it is actually preferable to use no insulation at all, as the higher the heat transfer rate with the outer medium, the faster the particles dry out.

Of course that the insulation affects other flow assurance parameters. E.g., an important oil viscosification can occur without insulation, increasing the pumping requirements. The final design strategy used by the engineers of each company is beyond the focus of this thesis. Here, the aim is to furnish a quantitative way to estimate hydrate-related flow assurance risks. Notice as well that, depending on the insulation used, different P&T states can be achieved during the onset of formation, which may change the porous medium and crystallization properties, incurring in more drastic vari- ations of the trends showed in Figure 6.15. This is further discussed in section 6.6, called synergetic effects, and the simulator is not yet prepared for such interactions.

k W = 0.1 W/(m . K) k W = 0.3 W/(m . K) k W = 1 W/(m . K) k W = 30 W/(m . K) (a) 

Insertion of Surfactant Additives

Different additives are introduced in production flowlines in order to assure stable flow. Such additives usually have proprietary compositions and vary from company to company. In the macro-scale where multiphase flow occurs, what is necessary to be understood is how a certain additive is able to change physical properties. The additives can as well change meso-scale parameters, such as the porous medium properties (initial porosity, tortuosity, interconnectivity), but those are unknown and beyond the capacity of prediction of the simulator (more is discussed in section 6.6). Additives have two main categories (i) Thermodynamic inhibitors, usually consisting of salts and alcohols that act at displacing the equilibrium envelope of hydrate formation by interactions at the intermolecular-scale with the formed bonds of the crystal unit cell.

(ii) Anti-agglomerants (AAs), as their purpose is to avoid agglomeration between particles.

Thermodynamic inhibitors are generally well understood in literature, and phase equilibrium theory linked to proper modeling of the associative and/or ionic forces is able to describe their influence. The anti-agglomerants have however a much limited comprehension in literature, and trial-and-error methods are still employed to understand the conditions when AAs are efficient. Here, a common misconception shall be pointed out: not just because the additive is called antiagglomerant that it is able to completely stop agglomeration. The name "anti-agglomerant" stands for the purpose of the additive, but not necessarily just because it is named like that, that it is efficient. The understanding of when and why it is efficient is still an open-question in literature. Therefore, in order to better understand the effect of AAs, one needs to understand: (i) how AAs affect the physical properties of the system, and (ii) how these physical properties affect agglomeration. An efficient AA will not necessarily cease agglomeration, but when associated with a certain subcooling and a certain shear rate, will cause the slurry to remain dispersed. Furthermore, in order to assure stable flow, the pressure drop caused by friction with the wall and by the apparent viscosity of the slurry should never overcome the pumping power. Effective AAs are reported as having surfactant properties, but the exact effect of each AA in each oil composition at a given P&T condition can only be retrieved from fluid characterization, which shall be done by each company as long as they want to keep their confidentiality. For the purpose of this thesis, the fact that surfactant additives influence interfacial properties is sufficient to understand how they are able to change the agglomerate size. Figure 6.16 presents the model sensitivity to the introduction of surfactant additives. They are considered to lower the oil-water interfacial tension at a certain percentage relatively to the case without additives. The oil-water-hydrate wetted angle, from the water side, is expected to increase when introducing surfactant additives, and could even invert the wettability nature of gas hydrates, as already explained in chapter 2, therefore preventing any liquid bridge formation.

The wetted angle is however kept constant for all simulations and only the oil-water interfacial tension is decreased.

Notice that the quantity that matters in the particle sealing-up process and in the liquid bridge formation is the decomposition of the force created by the oil-water interfacial tension in the axial direction of the capillary, that is,
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. Furthermore, the surfactant additives could also incur in variations of other properties of the system, such as equilibrium temperature for hydrate formation or any other physical properties (density, viscosity, etc), but those can only be estimated by fluid characterization, and therefore are neglected here. Figure 6.16. Model sensitivity to the insertion of surfactant additives (oil-water interfacial tension is considered to decrease, whereas the oil-water-hydrate wetted angle is kept constant) for: (a) temperature, (b) water conversion and (c) agglomerate diameter. Figure 6. 16(a) shows that the temperature is overall insensitive to the lowering of oil-water interfacial tension. From Figure 6.16(b), it is seen that the smaller the oil-water interfacial tension, the higher the water conversion, explained from a more dispersed system that incurs in a higher total interfacial surface between particle and bulk (increased active surface for crystallization). This can be put in question, however, as indefinitely dilution will, at some point, autoregulate the crystallization because of particle competition into depleting the gas of the bulk (discussion upon p  in chapter 3 and 4).

Figure 6.16(c) shows that the use of surfactants cause finer water droplets, explained from a smaller energy surface when the droplets are formed. This mechanism is captured by the use of Brauner's [START_REF] Brauner | The prediction of dispersed flows boundaries in liquid-liquid and gas-liquid systems[END_REF] model, eq (6.5). The kernel of agglomeration (proportional to the rate of increase of the agglomerate size, that is, the inclination of curves in Figure 6.16(c)) was seen to decrease with the use of surfactant additives in Figure 4.7(c) when considering the same initial particle size. However, the fact that the initial particle size decrease with the insertion of surfactants cause a higher agglomeration rate because of a higher density of particles per unit volume of liquid. That is, in one hand the insertion of surfactants incurs in decreasing the agglomeration rate by weakening the liquid bridges that hold the aggregates together, but in the other hand it increases the number of collisions. The final effect is observed to be an annihilation of the surfactant effect on the agglomeration rate, as the curves of for different oil-water interfacial tensions. The surfactant still incurs in smaller time-scales for particles to dry out, but again it is not as sensitive as in the cases of chapter 4 when the same initial particle size was considered.

As a rule-of-thumb, with the introduction of surfactant additives, the initial particles are smaller and therefore present smaller stable agglomerates. Or, in the case of considering the same initial particle size (as done in chapter 4), then the use of surfactants incur in smaller agglomeration rates and smaller times for particles to dry out. That is, in any case, the use of surfactants decreases the stable agglomerate size. This is the first model in literature that is able to quantify the efficiency of surfactants as anti-agglomerant additives for hydrate management strategies, and points an important direction for engineers to refine their search for better additives, oppositely to the trial-and-error tests nowadays employed. However, it shall be pointed out that the initial particle size is still of great importance, and as the assumption of it being equal to the droplet size is expected to hold only for dilute systems (high agitation, low water cut). This description should be enhanced in the future.

Mixture Velocity

Figure 6.17 and Figure 6.18 present the model sensitivity to the mixture velocity, varying from 0.75 to 1.75 m/s, for a constant liquid loading of 50% and a constant water cut of 30%. The first important aspect brought by the mixture velocity is the pressure distribution along the flowline. For the case of a 10 cP-oil, in a flowline of 75 mm-ID, the head loss increases substantially with the mixture velocity. The simulations of systems with 1.5 and 1.75 m/s have their pressure dropped close to 40 bar yet far from the flowline outlet, as observed in Figure 6.17(a). At such a pressure drop, from 130 to 40 bar, the numerical results show an important gas expansion. Because the multiphase flow is modeled by a steady-state approach, then all gas expansion is reflected into gas acceleration, as seen in Figure 6.17(b), which is not necessarily correct. If ever a transient framework is considered, then pressure-velocity coupling can be modeled. That is, as the pressure drops, the gas expands increasing friction, but the increased friction acts on decelerating the flow, up to convergence to a certain value of the velocity. This is however not captured by the simulator presented.

For the framework herein developed, it can be said that, once the pressure drop stops having a linear behavior, then the gas starts expanding at a much faster rate than it would in real applications, and at some point the integration of the elongated bubble profile (Taitel and Barnea's model [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF]), or at least the algorithm implemented, loses stability. For an important increase in the gas superficial velocity, the flow pattern can even transition to annular. Criteria for slug to annular flow transitions were not tested here (slug flow is considered throughout the entire simulation), but it is considered unlikely to happen, keeping in mind that this steep increase of the gas superficial velocity comes from a bad behavior of the steady-state framework. With this discussion in mind, the simulations for the cases of 1.5 and 1.75 m/s were truncated once destabilization happens, which is the reason why these plots do not go up to the end of the pipeline. The upstream results are not affected, as the solution follows an upwind-wise procedure. Therefore, the mixture velocity affects considerably the equilibrium temperature of hydrate formation, as it is directly dependent on pressure. Figure 6.18(a) present the equilibrium temperature as dashed lines. Higher mixture velocities incur in higher head losses, therefore displacing the onset of formation (considering that the critical subcooling remains the same). This also influences the mixture reheat process, as the temperature gradient between mixture and external medium will be different. A general observation is that higher mixture velocities imply the temperature plateau trend.

Notice that the head loss for the case of 1.75 m/s is so accentuated that onset of formation does not occur, but again, this is probably just a bad behavior of the steady-state framework. A second mechanism for heat transfer also needs to be pointed out. At a first glance, the results shown in Figure 6.18(a) of the mixture temperature before the onset of formation may appear counter intuitive, as higher velocities present smaller temperature gradients. The common sense says that higher velocities incur in higher Nusselt numbers, therefore higher convective heat transfer of the mixture with the wall. For the default case, it should however be noticed that heat transfer between the mixture and external medium is not limited by the multiphase flow convection with the wall, but by the conduction through the insulated pipeline. Therefore, the correct way to analyze the problem is that higher mixture velocities incur in smaller residence times of the mixture in contact with the wall, thus decreasing the temperature gradient along the pipeline. Example: consider a 30 km-length flowline and that the slug flow displaces with the mixture velocity of the inlet. The mixture at 1 m/s takes about 8h20min to cross the entire flowline, whereas the one at 1.5 m/s have only 5h30min, therefore a decreased residence time to exchange heat. The residence timemechanism also contributes to higher mixture reheating after the onset of formation for higher mixture velocities (less time to exchange the heat released from hydrate formation). Figure 6.18(b) presents the sensitivity of the water conversion to the mixture velocity. Smaller mixture velocities incur in achieving the water conversion asymptote earlier, a mechanism that is also explained by the higher residence time. Here, however, a synergetic effect should be expected on how the mixture velocity helps to spatially distribute the gas to each particle in contact with the continuous phase. That is, the p  -parameter, curve fitted from experiments and kept constant for the simulations, is expected to increase with the mixture superficial velocity. The model is not able to capture that effect. More is discussed in section 6.6.

Figure 6.18(c) presents the sensitivity of the agglomerate size evolution to the mixture velocity. The water droplet size that gives the initial value for particle size decreases substantially for higher mixture velocities. This is captured by Brauner's [START_REF] Brauner | The prediction of dispersed flows boundaries in liquid-liquid and gas-liquid systems[END_REF] model, eq (6.5), and is explained by a higher kinetic energy furnished by the flow in order to break and counterbalance the energy creation because of the larger total surface coming from smaller droplets. Furthermore, higher mixture velocities incur in higher disruption rates, therefore decreasing the agglomeration rate. Of course those higher mixture velocities also imply in higher collision probabilities, but as already discussed from Figure 4.7(b), for the considered order of magnitude of shear rate and particle size, an increase in the system agitation incurs in a decrease of the kernel of agglomeration. Finally, the time the particle takes to become dry (in plot Figure 6.18(c) related to "a distance traveled" until the particle becomes dry) is apparently higher, at least at a first glance. However, they present similar values, and the difference comes from the different residence time when the mixture velocity is changed.

In conclusion, the stable agglomerate is observed to considerably decrease in size for higher mixture velocities. Of course that, in the other hand, one should keep track of the head losses, as they might require more pumping power, thus increasing the design cost. However, the latter should not be a problem, as larger diameters (in industry, inner diameters vary from 4 to 8 in) present much less head loss coming from friction with the wall. The 75 mm-ID flowline was employed here because of the range of applicability of slug flow closure correlations, but larger pipelines should ideally have been discussed, if ever closure were available.

Liquid Loading

Figure 6.19 and Figure 6.20 show the model sensitivity to the liquid loading, that is, the amount of liquid (water + oil) inside the mixture. Here, the nominal value is given at the flowline inlet, but one should notice that gas can expand or contract, or solubilize into the liquid, thus changing the liquid loading along the flowline. The liquid loading is also called non-slip volumetric phase fraction or ratio between liquid to mixture volumetric flow rates, and is defined here as
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. The liquid loading is varied from 40 to 70%, whereas the mixture velocity is kept constant at 1 m/s and the water cut at 30%. The liquid loading influences pressure drop, as observed in Figure 6.19(a), but not as drastic as the mixture velocity. Higher pressure drops occur for higher liquid loadings, explained by higher ratios between the slug and unit cell lengths, as shown in Figure 6. 19(b). Since the slug bodies present higher friction than the elongated bubbles, then the higher the SU LL ratio, the higher the head loss along the pipeline. For hydrate formation, this incurs in the decrease of the equilibrium temperature, as plotted by the dashed lines in Figure 6.20(a). The onset of formation is displaced a bit, but the temperature distribution along the flowline is overall insensitive to the liquid loading. The water conversion, Figure 6.20(b), achieves smaller asymptotes for higher liquid loadings, but growth kinetics is not necessarily slower. One should notice that, the higher the liquid loading, the higher the available volume of water to be converted, therefore the water conversion tends to be lower. Example: for 1 m/s J  , the case of 70% of liquid loading at 30% water cut incurs in , 0.21 m/s w in j  , whereas the case of 30% of liquid loading at 30% water cut incurs in , 0.09 m/s w in j  , values that are used as base to estimate the water conversion, eq (6.3).

Figure 6.20(c) presents the sensitivity of the agglomerate size evolution against the liquid loading. Higher liquid loadings generate higher head losses, increasing the shear rate, thus furnishing higher kinetic energy to break and form the droplets. As a consequence, the water droplets that give the initial value of the particle size decrease for higher liquid loadings, but the results show that this mechanism is weak. The kernel of agglomeration, by its turn, decreases as the liquid loading is increased, explained by the increase in the shear rate and therefore increase of the disruption rate. Fi- 
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nally, the time taken for the particle to dry out is higher for higher liquid loadings, but is not as important as the decrease in the kernel of agglomeration. Therefore, higher liquid loading incurs in smaller stable agglomerates. 

Water Cut

Before analyzing the sensitivity results to the water cut, one should notice that the mathematics developed in chapter 3 and 4 have application for oil-continuous systems only. In water continuous flows: (i) water is always in contact with the outer surface of the particle and therefore the surface porosity decrease will never generate an asymptote of the active surface, but will only partially decrease it with time, and (ii) liquid bridges will never form, as hydrates have no affinity with oil, and as long as phase inversion does not occur. Since (i) and (ii) are the basic premises for growth kinetics and agglomeration modeling, then further modeling is necessary for the water-continuous systems. ). The water cut is varied from 10 to 30%, whereas the mixture velocity is kept constant at 1 m/s and the liquid loading at 50%. Figure 6.21(a) shows that higher water cuts imply in higher apparent viscosities for either the water-in-oil dispersion before the onset of formation, as for the hydrate-in-oil slurry after the onset of formation, as the apparent viscosity models adopted, eqs (6.7) and (6.10), depend on the volumetric concentration of droplets and particles, respectively. That is, they depend on the water cut for the water-in-oil dispersion, which is also the initial condition for the concentration of particles. However, the viscosification estimated for different water cuts do not impact significantly in the pressure distribution along the pipeline, as shown in Figure 6.21(b). Therefore, the equilibrium temperature for hydrate formation is practically the same for all water cuts considered, Figure 6.22(a). Still from Figure 6.22(a), it is observed that higher water cuts incur in smaller temperature gradients, explained by a higher specific heat capacity of water relatively to oil ( 4200 J/(kg K) , 1800 J/(kg K))

wo cc    
. The mixture reheat trend is more accentuated for higher water cut, as more water is available in the system for crystallization, thus incurring in higher heat release rates. But as already explained in the last section, the water conversions achieved for higher water cuts are lower because the initial water volume is w in j  when 10% water cut, incurring smaller water conversions for higher water cuts when using eq (6.

3). Another way to explain this mechanism is that, the smaller the water cut, the smaller the available water volume to form hydrates, and since growth kinetics is a surface problem (occurring close to the outer surface of the particle), then higher water conversions are achieved. Figure 6.22(c) presents the sensitivity of the agglomerate size evolution to the water cut. It is noticeable that higher water cuts incur in higher water droplet size. This is explained in the basis that, for the same kinetic energy furnished by the flow (that is, the same mixture velocity), when water cut is high and as long as phase inversion does not occur, then a higher number of droplets will be created if considering the same droplet size. The sole way to conserve energy, given by the total surface of the droplets multiplied by the oil-water interfacial tension, is by forming larger droplets. This mechanism is captured by the use of Brauner's [START_REF] Brauner | The prediction of dispersed flows boundaries in liquid-liquid and gas-liquid systems[END_REF] droplet size model. After the onset of formation, the agglomeration rate increases with water cut, as collision probability is higher in denser systems. The time taken for the particles to dry out shows inversely proportional to the water cut, but with a weak sensitivity to it. As a conclusion, it is shown that the stable agglomerates are much larger for higher water cuts. This agrees with Kakitani's [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF] database. Although only 10% water cut cases were explored from her database in chapter 4, she showed that all experiments in the rockflow cell using 30% water cut incurred in large agglomerates, with size in the order of magnitude of the inner diameter of the apparatus, even for the high subcooling cases and when surfactant additives were used.

Synergetic Effects: when the simulator fails and what should be further understood

So far, the coupling of growth kinetics, agglomeration and multiphase flow models showed capable of predicting the observed trends in experimental literature of gas hydrates. Although the simulations were not fully validated, they are physically sound as discussed along this chapter. However, the simulator is not able to capture the variation of microscale parameters (porous medium, crystal integration) with the design parameters, such as the P&T conditions of the system, and the system chemistry (fluid compositions, salt, additives) and agitation (velocity or shear rate). These are herein called synergetic effects and can cause further coupled mechanisms between hydrate formation and multiphase flow.

Some synergetic effects that are expected to happen are:

(i) For a given gas, the "constant" of proportionality of crystal integration is probably not a constant, but depends on the thermodynamic state (P&T) and on the system chemistry (additives, salt and oil composition). Furthermore, the linear crystallization law based on fugacity holds for a certain range of subcooling (see Demonstration #2 of appendix B), thus i k also holds only for a certain range of subcooling. Therefore

 

additives, salt, gas and oilcompositions, ,, i k f P T T  (6.13) A way to enhance the model is by the use of a crystallization law based on chemical potential, which is an energetic approach and therefore expected to be more reliable than fugacity [START_REF] Kashchiev | Driving force for crystallization of gas hydrates[END_REF]. This should remove the influence of the thermodynamic state ( , , ) P T T  on the numerical value of i k . Of course that mathematics gets more complex when using the chemical potential, as the influence of gas concentration needs to be computed by Gibbs-Duhem equation, eq (1.7), instead of the linear Henry's law adopted in this thesis, eq (1.8).

(ii) All porous medium-related parameters are expected to be influenced by the driving force of crystallization.

Higher driving force, that is, faster crystallization, is related to higher porosities () in  in any crystallization process [START_REF] Mersmann | Crystallization Technology Handbook -Second Edition Revised and Expanded[END_REF]. In the same way, the capillary radius () c r and its tortuosity ()

c
 and interconnectivity ()  will also be affected by the driving force. Another important aspect that changes the formation of the porous medium is related to the crystal integration process i k . Because the growth velocity plays a role in the porous medium of the crystal, then i k is also important into determining the porous medium. That is, all synergetic effects of system chemistry on kA  , by its turn, comes from fittings of experimental works of literature. These three parameters are expected to depend on the flow hydrodynamics (shear rate), which by its turn is dependent on the mixture velocity, liquid loading, water cut, hydrodynamic physical properties such as liquid density and viscosity, and on any phase-to-phase or wall-induced turbulence     / , , , LL, WC, , ,induced turbulence
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The  -parameter can be modeled, in the future, by fluid-structure interactions and how crystalline cracking occurs. This implies, of course, on the knowledge of crystal resistance properties, scarce for gas hydrates, and on understanding on how they change with hydrates ageing. The p  -parameter can be modeled, in the future, by removing the hypothesis of a bulk where concentration is homogeneous in space (0d, transient approach), and further associating the gas concentration distribution with the distance of each particle to the gas-liquid interface (1d, transient approach), thus estimating the gas concentration furnished to each particle. Finally, the / ()
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kA  -parameter could be estimated, in the future, from CFD of the convective problem using as boundary condition for the mass transfer an interface with known concentration (the saturation of gas inside liquid, hypothesis of interface at equilibrium). The difficulty in doing such CFD is on the correct prediction of the velocity field of the continuous phase, which is disturbed by the multiphase flow bodies.

The correct description of the functions that link these parameters imply in much more advanced instrumentation and wider databases of hydrate formation than the ones available for the development of this thesis. But it shall be stated here that, if ever simple, explicit functions linking these parameters are retrieved in the future, then it is very straightforward to implement them in the simulator proposed in this chapter. An attempt of modeling one synergetic effect was done in chapter 4, where the porous medium interconnectivity was linked to the subcooling by a sigmoid function, eq (4.62). This synergetic effect proved able to capture the agglomeration trends of the experiments of Kakitani [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF] in chapter 4, but of course that more testing should be done to stress out the validity of the sigmoid. Among all unknown parameters, the constant of proportionality for crystal integration is the one that incurs in more drastic variations in the model behavior. The reason is that crystal integration is the process that triggers the mass transfer of gas from the gaseous free phase up to the active surface of crystallization. In the literature applied to watercontinuous systems, it is commonly accepted that crystal integration is much faster than any mass transport, and as diffusion and crystal integration incur in mass transfer resistances in series inside water, the crystal integration can be neglected [START_REF] Mersmann | Crystallization Technology Handbook -Second Edition Revised and Expanded[END_REF][START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF]. But, for oil-continuous flow, the crystal integration is directly related to how fast the particle is sealed, decreasing the active surface of crystallization and promoting the asymptote of water conversion. Furthermore, as porosity decreases, the water permeation process gets slower until a point where liquid bridges are avoided, ceasing agglomeration. That is, the i k -value has an important influence on the time-scales for both capillary closure () close t and for the particle to dry out () dry t , eqs (3.23) and (4.63). The inconvenience comes from the fact that this parameter is reported with a high degree of uncertainty in literature, spreading over six orders of magnitude for the same gas (methane), as summarized in Table A.1. As already discussed in chapter 3, a probable cause of such wide spreading comes from the difficulty of isolating the crystal integration process, and from the difficulty of estimating the actual active surface of crystallization considering the entire particle population and their porous nature. Figure 6.23 shows the model sensitivity to the constant of proportionality of crystal integration, considering a change of one order of magnitude higher and lower than the value of the default case (black line). It is remarkable how this sole parameter is able to drastically change all trends of the model. Higher i k incurs in much faster porosity decrease (d), thus the water conversion asymptote is reached very fast (b), and the particle acts as dry from its onset (c). The heat release rate is higher, incurring in a higher mixture reheat trend (a). For the case of lower i k , the particle surface porosity remains open for longer times (d), thus the system toggles to absorption-limited, presenting a linear water conversion (b). This also influences agglomeration and mixture reheat trends (a,c), although not having a defined trend. This points out that the correct determination of i k -synergetic effects should be given priority in future experimental studies. Figure 6. 24(a,b) shows the model sensitivity to the initial surface porosity of the particle in  . Particles with higher initial porosity take longer times to be sealed, incurring in larger time-scales for the particle to turn dry (b). Therefore, larger initial porosity incurs in larger stable agglomerates. However, the water conversion (a) has no important trend with the initial porosity, as the following competition occurs: (i) higher initial porosity incurs in higher active surface, but (ii) the higher agglomeration rate causes a smaller total particle-bulk interfacial surface. No important effect of the initial surface porosity of the particle into the temperature distribution was found (not shown here). Here, it is important to stress out that the mathematics developed in chapter 3 considers a monodispersed capillary radius distribution along the entire particle surface, and that this capillary radius is considered to lay inside the same length scale during the entire crystallization process. This is a pure mathematical simplification, as a polydispersed capillary radius distribution exists, and that the capillary radius decrease in time because of the filling-up process. If ever this mathematical description is given, then the estimation of the water conversion and agglomeration trends will be enhanced. Notice, however, that such a description is much more complex than the one presented in this thesis, and further introduces a degree of freedom in the model related to the polydispersivity of the capillary radii. For the temperature distribution, no important effect to different capillary radii was found (not shown here). The influence of the efficiency of particles interacting with the bulk p  is presented in Figure 6. 25(c,d). This param- eter corrects the model hypothesis of the existence of a bulk, where all particles are modeled as equally interacting with the continuous phase. The particles are expected to interact among themselves, thus competing for the gas supplied, especially when the system is dense and for low agitation. That is, the particles that are farther from the gas-liquid interface do not receive a driving force as important as the ones close to it. The where relatively small values in the order of 0.03 0.15 p   were found for the database fitted. This database is related to large distances to the gas-liquid interface (flow loop of chapter 3) and to low agitations (gravity-induced flow of the rock-flow cell of chapter 4), which explains the small values found for p  . But this value is expected to be appa- ratus-dependent, and therefore the whole range of 01 p   is possible in real application. Figure 6. 25(d) shows that the p  -parameter is directly related to how fast the water is converted into hydrates. For higher p  , the heat release rate will therefore increase, increasing considerably the reheat trend of the mixture, Figure 6.25(c). The cases of 0.6 p   show a temperature plateau behavior close to the equilibrium conditions, considerably decreasing the subcooling, thus hydrate formation is toggled to heat transfer-limited, with a linear water conversion trend. No important trends of p  in the agglomerate size evolution were found (not shown here). for the default case. As discussed in chapter 3, the oil therefore acts as a gas distributor to each particle, as it always presents sufficiently high gas concentrations, thus gas depletion from the bulk is not able to limit growth kinetics and the absorption process is secondary. This behavior is seen in Figure 6.26(a). Notice that this neglects the effects of the spatial gas distribution in the continuous phase and the competition of gas consumption between particles. A synergetic effect may arise from this, but it is not captured by the model, as 
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All water consumed

As the gas solubility in oil is lowered, reaching the same order of magnitude of the solubility in water, ow HH  , the absorption process starts limiting hydrate formation. This incurs in a linear trend of water conversion. Since the model does not capture the mentioned distribution effect p  , then only the simulations with very small absorption coefficients converge to absorption-limited results. But it is known from 100% water cut systems [START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Skovborg | A mass transport limited model for the growth of methane and ethane gas hydrates[END_REF][START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF] that medium to high agitated systems can be limited by absorption and distribution, which points out the necessity of an enhanced model for the gas distribution in the continuous phase. No important variations were seen in the stable agglomerate size or in the mixture reheat trend for the absorption-limited case (not shown here).

Figure 6.26. Sensitivity of water conversion to the gas affinity with the oil-continuous phase, expressed in terms of the Henry's constant () H , and to the specific absorption coefficient of gas by the bulk / () abs g o o kA  . For low agitation and low gas affinity with continuous phase, the system turns absorption-limited, characterized by a linear trend. The model does not captures the gas distribution in the continuous phase, and absorption + distribution limitations (that will be called dissolution-limitations) can occur for medium to high agitations when gas affinity with continuous phase is small, observed in methane-water systems [START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Skovborg | A mass transport limited model for the growth of methane and ethane gas hydrates[END_REF][START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF].

Finally, another important synergetic effect comes from the critical subcooling for the onset of hydrate formation.

Proper modeling of such phenomenon (that is, nucleation) imply in the use of intermolecular-scales, often done by Molecular Dynamic Simulation. The problem still faced in literature lies in the fact that MDS gives results for very small volumes, in the size-scale of nm 3 , because of computer limitations. In turn, such small volumes cannot be measured experimentally, and there is a gap in between size-scales predicted by model and experiments, incurring in difficulties of fitting. Furthermore, from Kashchiev and Firoozabadi [START_REF] Kashchiev | Induction time in crystallization of gas hydrates[END_REF][START_REF] Kashchiev | Nucleation of gas hydrates[END_REF], it is clear the importance of controlling impurity concentration, geometry and wettability in the size-scale of 100s-of-nm. But this type of impurity cannot be filtered in oil and gas production applications. That is, in a practical point-of-view, the onset of formation cannot be modeled (or the models are not expected to present good deterministic results), which is one of the reasons why it is said to behave stochastically (stochasticity naturally occurs in the clustering process before reaching the critical nuclei size, but that is not the case here). Joshi [START_REF] Joshi | Experimental investigation and modeling of gas hydrate formation in high water cut producing oil pipelines[END_REF] discusses some synergetic effects of macro-scale conditions (P&T, flow hydrodynamics) in the critical subcooling for onset of formation, which partially presents a deterministic trend (notice that, even 
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stochastic phenomena have general deterministic trends [START_REF] Ramkrishna | Population Balances: Theory and Applications to Particulate Systems in Engineering[END_REF]). But these observations are considered yet scarce to be employed in the model of this thesis as a synergetic effect, therefore any value inside the range of Table A.2 can occur. Figure 6.27 presents the model sensitivity to the critical subcooling for the onset of hydrate formation, varying from the commonly adopted value of 3.6 K of Matthews et al [START_REF] Matthews | Flow Loop Experiments Determine Hydrate Plugging Tendencies in the Field[END_REF] to values of 9 K. Kashchiev and Firoozabadi [START_REF] Kashchiev | Induction time in crystallization of gas hydrates[END_REF] discusses experimental evidences that critical subcoolings can reach up to 15 K, but at least for the default case herein considered, this is impossible, as the equilibrium temperature of methane hydrates at 130 bar is ~ 15 o C, and that the minimum ocean temperature is 4 o C (temperature of inversion of the behavior of water density, where heat transfer toggles from advective-to diffusive-dominant). Figure 6.27 shows that different critical subcooling for onset of formation incurs in different mixture reheat trends, as it directly affects both the growth kinetics and consequent heat release, and the temperature gradient between mixture and external medium. No important effects were observed in the water conversion and agglomeration trends (not shown here). 

Contributions of Chapter 6

In chapter 6, the main equations developed for hydrate growth kinetics and agglomeration, and for the multiphase flow, were put at a glance. Empirical closure models were chosen from literature in order to propose a simulator. Model sensitivity was thoroughly tested to the main flowline design parameters. The simulator shows able to capture the main trends reported in literature, Figure 6.2. The discussion of when the model is expected to fail and which (empirical) quantifications are still necessary prior to application of the simulator in industry are given in section 6.6. Chapter 6 accomplishes with the scientific objective of the thesis, which is "to enhance comprehension of gas hydrate formation inside multiphase flow, in a quantitative way and considering multiscale, multidisciplinary phenomena overlooked in literature so far". 

T crit = 3.6 K T crit = 6 K T crit = 9 K T crit

GENERAL CLASSIFICATION OF HYDRATE-FORMING SYSTEMS AND DIRECTIVES FOR FUTURE MODELING STUDIES

In this chapter, a general classification of the behavior of hydrate-forming systems is proposed. Water conversion and temperature trends are classified into four types of limitations: active-surface, dissolution, heat transfer and pressure drop. A dimensionless number is proposed in order to understand if particle-particle or particle-wall interactions are effective into creating agglomerates or deposits, respectively. The dimensionless number extends to scenarios different from the one modeled in part II (agglomeration in oil-dominant systems), and directives for future modeling and phenomena that still need quantification are given at the end of the chapter. Equation Chapter (Next) Section 1

Water Conversion and Temperature Trends

The water conversion and temperature trends are classified in four distinct categories, as presented in Figure 7.1. Notice that these limitations can be competitive, and a system that initially have one type of limitation may evolve to another one. E.g., a system that is initially heat transfer-limited (large reheat during onset) can, at some point, turn active surface-limited as porosity slowly decreases with time. The only way to estimate this competition is by throwing a simulation as in chapter 6. That is, the following classification shall be faced as general rules-of-thumb that describe hydrate-forming systems.

Active Surface-Limited Systems

Active surface-limitation is a type of mass transfer limitation, where the active surface of crystallization decreases with time. Two possible phenomena incur in the decrease of the active surface of crystallization:

(i) Particle porosity decrease: the capillaries seal up with time because of crystallization in their walls, thus reducing the active surface. This occurs mainly in oil-continuous systems. As the porosity decreases, a secondary limitation occurs because the water furnished to the outer surface decreases (that is, less permeation). In watercontinuous systems, crystallization occurs mainly at the outer surface because there is no need for the gas to diffuse through the capillaries, and therefore limitations because of porosity decrease are not as important as in oilcontinuous systems.

(ii) Agglomeration: incurs in the decrease of the total surface of particles exposed to the bulk, and therefore decrease the active surface for crystallization. Agglomeration will be addressed in section 7.2.

In a mathematical sense, the crystal integration law is given by

g i dn Af dt
 (valid at the active surface, that is, gas and water mass transfer excluded), and since i A decreases with time, then g dn dt decreases with time. Therefore, the water conversion is asymptotic, as shown in Figure 7.1(a). The temperature, by its turn, should not present an important mixture reheat after the onset, or the temperature plateau close to the equilibrium conditions, otherwise the system can turn heat transfer-limited. Examples of active surface-limited cases were shown in chapter 3 and 4, from experiments of Kakitani [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF] and on the flow loop at Mines Saint-Etienne. Other examples are presented by Turner et al [START_REF] Turner | Methane hydrate formation and an inward growing shell model in water-in-oil dispersions[END_REF] and Shi et al [START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF], although their explanation (upon core shrinkage) was proved to be inconsistent in chapter 3. An example of dissolution-limited system is methane in water-continuous flow, reported by Englezos et al [START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF],

Skovborg and Rasmussen [START_REF] Skovborg | A mass transport limited model for the growth of methane and ethane gas hydrates[END_REF] and Herri et al [START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF]. Another example that can be imagined is the case of CO2 in oilcontinuous flow, although experimental evidences on the behavior of such systems were not found in literature (hypothesis to be tested). A counter-example is the case of CO2 in gas-water systems, where the gas affinity with liquid is high, but the water conversion is nonetheless linear, as observed by Clarke and Bishnoi [START_REF] Clarke | Determination of the intrinsic kinetics of CO2 gas hydrate formation using in situ particle size analysis[END_REF]. Notice that active surfacelimitations occur mainly in oil-continuous systems, as water entrapment in the porous structure is unimportant in watercontinuous systems. Since Clarke and Bishnoi [START_REF] Clarke | Determination of the intrinsic kinetics of CO2 gas hydrate formation using in situ particle size analysis[END_REF] kept P&T constant, then dissolution is the only possible limiting phenomena, which explains the linear behavior found.

One should understand that the model of part II considers absorption only, that is, what is happening in the gas-liquid surface. The gas distribution to each particle was introduced by the use of the curve fitted parameter p  , which is kept constant in different simulations. This biases the results of dissolution-limited systems, as absorption is able to limit hydrate formation for low agitations only and when gas affinity with the liquid is small (result from chapter 6). The distribution process will increase the region where systems are dissolution-limited. This is observed in literature [START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF][START_REF] Skovborg | A mass transport limited model for the growth of methane and ethane gas hydrates[END_REF][START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF][START_REF] Clarke | Determination of the intrinsic kinetics of CO2 gas hydrate formation using in situ particle size analysis[END_REF], where even medium to high agitated systems present dissolution limitations for gases with low affinity with liquid. This point out the necessity of modeling the gas distribution in the continuous phase and to abandon p  in the future.

Heat Transfer-Limited Systems

When the external medium is not able to absorb the heat generated by the exothermic nature of gas hydrate formation, the mixture reheats after the onset of formation. If this reheat is important, the driving force decreases substantially, limiting hydrate formation. An auto-regulation occurs because smaller driving forces incur in smaller heat release. That is, the hydrate formation rate is limited by the amount of heat that can be absorbed by the external medi-um 16 . This causes a temperature plateau close to the equilibrium conditions, as shown in Figure 7.1(c). Therefore, heat transfer-limited cases occur mainly when the system is insulated. A counter-example is any pressure cell in laboratory conditions where efficient cooling jackets control the system temperature. These cases cannot be heat transfer-limited because temperature is constant. One could yet argue that micro-scale heat transfer (that is, the heat generation in the capillary walls, and the heat exchange between particles and bulk) could cause a local reheat, incurring in a local decrease of the driving force. But this was shown negligible in flowing systems in Demonstration #3 of appendix B.

In a mathematical sense, the crystallization is given by A harsh criticism must now be given over the often-adopted Arrhenius-type kinetic models for gas hydrates. The pioneer work is from Vysniauskas and Bishnoi [START_REF] Vysniauskas | A kinetic study of methane hydrate formation[END_REF] for systems without oil, but the group abandoned this type of modeling five year latter with the work of Englezos et al [START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF] based on an absorption law. This absorption-approach was then used for the next 25 years [START_REF] Al-Otaibi | Kinetic studies of gas hydrate formation using in situ particles size analysis and Raman spectroscopy[END_REF][START_REF] Al-Otaibi | Kinetics of structure II gas hydrate formation for propane and ethane using an in-situ particle size analyzer and a Raman spectrometer[END_REF][START_REF] Malegaonkar | Kinetics of carbon dioxide and methane hydrate formation[END_REF][START_REF] Clarke | Determination of the intrinsic kinetics of CO2 gas hydrate formation using in situ particle size analysis[END_REF]. A simplified approach coming from Vysniauskas and Bishnoi [START_REF] Vysniauskas | A kinetic study of methane hydrate formation[END_REF], today known as Turner's [START_REF] Turner | Clathrate hydrate formation in water-in-oil dispersions[END_REF] or Boxall's [START_REF] Boxall | Hydrate Plug Formation from <50% Water Content Water-in-Oil Emulsions[END_REF] model and with the shape   
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, then coupling this expression with heat transfer coming from multiphase flow [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Zerpa | Multiphase flow modeling of gas hydrates with a simple hydrodynamic slug flow model[END_REF][START_REF] Rao | Multiphase flow modeling and deposition of hydrates in oil and gas pipelines[END_REF] forces the results to behave as heat transfer-limited systems, that is, a linear water conversion regulated by the heat transfer resistances with the external medium. But this is not necessarily what will physically happen in every system, this is just how the model behaves mathematically.

One even worst fact is that parameters 1 c and 2 c are often fitted from pressure cells experiments, which have no heat transfer limitation since temperature is kept constant, totally biasing the fitting of such models. The pioneer work of Vysniauskas and Bishnoi [START_REF] Vysniauskas | A kinetic study of methane hydrate formation[END_REF] captures this linear trend, which is at least consistent with the linear trend of dissolutionlimited systems for their case of methane in water. But experimental evidences of methane in oil-continuous systems usually present asymptotic water conversion, which is why the Arrhenius-type kinetic models should never be employed in these case scenarios. Notice that, although this criticism is very harsh, I myself used this type of model not a long time ago [START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF], therefore I should also be blamed by not noticing that inconsistency before. That is because growth kinetics is still an open-field in oil-continuous systems, and I sincerely expect that this thesis introduces some enlight-enment in such subject, in the sense that the community of gas hydrates stops thinking of growth kinetics and agglomeration as a stochastic phenomenon, and stops fitting models that are physically not sound. an asymptotic trend for the water conversion. This is often reported in experiments of pressure cells using an isochoric procedure (see, e.g., Straume [START_REF] Straume | Study of gas hydrate formation and wall deposition under multiphase flow conditions[END_REF]). Isochoric procedure is when no further gas is injected in the system in order to compensate gas consumption when hydrates form, thus pressure drops considerably. And indeed, asymptotic water conversions are reported for such experimental procedures, even in systems of water continuous phase that should behave as dissolution-limited (linear water conversion). See, e.g., Joshi [START_REF] Joshi | Experimental investigation and modeling of gas hydrate formation in high water cut producing oil pipelines[END_REF]. Pressure drop also occurs in flowlines, but is not as harsh as in isochoric experiments. In flowline, pressure drop was observed to play a secondary role on limiting hydrate formation, as was discussed in section 6.4.

Therefore, it is highly recommended not to use isochoric procedures, as it can mask the actual behavior of the systems. One should always prefer to use isobaric procedures (that is, gas re-injection to keep the system pressurized). If done so, one should be able to classify the system limitation by analyzing the behavior of the water conversion and temperature plots in the following manner:

(i) If the mixture considerably reheats after the onset of formation, achieving the plateau close to the equilibrium conditions, then the system is heat transfer-limited (ii) If the reheat and plateau trend do not occur, and/or if the mixture is kept mainly at a constant temperature during all the experiment, then a. If the water conversion is linear, then the system is dissolution-limited b. If the water conversion is asymptotic, then the system is active surface-limited.

If the system is active surface-limited, then by visualization one can discard or not agglomeration. But if agglomeration occurs, it is hard to say if it is the porous decrease or the agglomeration that incur in the higher limitation. Furthermore, the formation of beds and deposits can substantially change the water conversion trend, explained in the next section.

Agglomeration, Bedding and Deposition Trends

The trends discussed in the last section are for dispersed systems. Some differences in water conversion are expected when hydrates agglomerate, form beds and/or deposits 17 . Of course that one needs to understand when the system will present agglomeration and/or deposition. This will be done by dimensionless analysis.

Deposits from Nucleation on the Walls

Hydrates can nucleate directly on the wall, because wall imperfections are energetically favorable. Furthermore, in systems without insulation, the wall temperature is smaller than the bulk temperature, which causes the driving force to be locally favorable for nucleation on the wall. One should notice, however, that nucleation in the wall when oil is the continuous phase cannot happen, because the oil blocks all the transport mechanisms of the water to the wall (water is completely immiscible in oil). Therefore, deposits observed in oil continuous systems are not formed by nucleation on the wall, but by agglomerates that settle down and consolidate to the wall.

Figure 7.2. Expected trends of water conversion for beds and deposits. (a) Deposits in gas-and water-wetted walls probably present a linear water conversion (hypothesis to be tested). Hydrates can either nucleate directly on the wall, or in the case of gas-wetted walls they form by the attachment of particles (see wave effect, Figure 7.3). (b) Beds and deposits in oil-continuous flow cause discontinuities in the water conversion, compared to the asymptotic behavior of dispersed systems (observed by Kakitani [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF] and already discussed in chapter 4). The discontinuity is stronger for static deposits.

Deposits formed by Settled Agglomerates (Beds) that Consolidate to the Wall

If particles agglomerate considerably so they cannot be lifted by the flow, they settle down forming what is called a bed. If water is available at the outer surface of the bed and enough time-lapse is given for the bed consolidation to the wall, a static deposit forms. Notice that, when the agglomerate settles down, the water squeezing process (described in chapter 3 and induced by fluid-structure interactions) is substantially reduced. This incurs in a discontinuity of the water conversion, Figure 7.2(b), already discussed in chapter 4 and experimentally observed by Kakitani [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF]. The bed still 17 The expression 'deposit' is used when the hydrate mass is consolidated ('stitched') to the wall, whereas 'bed' stands for a settled agglomerate that can still move (can still be lifted, translated or rolled). moves, so stresslets and collisions that induce water squeezing are still at play, but in a reduced manner when compared to the dispersed systems. Therefore, a discontinuity in water conversion is observed. But when the bed consolidates to the wall, becoming a static deposit, then water squeezing ceases. This incurs in more drastic discontinuities in the water conversion, Figure 7.2(b), also observed by Kakitani [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF]. The question that remains is when agglomerates are expected to form? Because without agglomerates, there are no beds; and without beds, there are no deposits (unless nucleation directly on the wall). In a flowing system, the shear rate is constantly inducing disruption of collided particles (aggregates). Therefore, the only way aggregates can consolidate into agglomerates is when attractive forces compete with the flow-induced disruption, thus creating a time-lapse for consolidation. The same can be extended for particle-wall collision, and again, if enough time is given for the particle to consolidate to the wall, then deposition happens. The key is therefore to understand the possible attractive forces between particle-particle and particle-wall. Some discussion was already given in chapters 1 to 4 mainly focusing in oil-dominant system. A summarization and extension to other scenarios is done here.

When

The reported forces in literature have two distinct natures:

(i) Electrostatic forces: come from London-van der Walls forces and electric charges over the particles, acting at the submicron scale. Therefore, they do not play a role in systems where particles are visible by eye (mm-scale). Notice that the majority of published visualization data of gas hydrates are for windows placed on a pressure cell (~ 10 mm), or from Particle Video Measurement (PVM ® , observation of structures with sizes from 30 µm to 1 mm). Images from microscope are hardly ever published, and when they are, they focus on the porous structure, not on the system morphology [START_REF] Klapp | Grain size measurements of natural gas hydrates[END_REF], by the fact that the system morphology is in the macro-scale. One could argue that, if the oil-water emulsion is chemically stable (colloid), then the particle can enter the submicron scale. Actually, if they are chemically stable, it means that electrostatic forces are important [START_REF] Macosko | Rheology: principles, measurements, and applications[END_REF]. However, a colloidal flow incurs in important head loss, because of a probable shifting to non-Newtonian behavior [START_REF] Macosko | Rheology: principles, measurements, and applications[END_REF].

Generally the oil-water emulsion is stabilized by shear, not by chemistry, and in this case the droplets are hardly ever smaller than 30 µm. That is, electrostatic forces are out of play. Other argumentation that could be made is that particle nucleation on the water bulk imply in very fine particles. But it is however unclear how the hydrate particles would get initially charged, as the friction is in between the water molecules of the hydrate crystalline structure and the water molecules of the water liquid phase. That is, there is no preferential direction for the electric charges to go. This point out that the use of electrostatic theory for gas hydrates seems unreasonable even in very fine dispersions that might occur in water continuous systems.

(ii) Interfacial forces (liquid bridges): they only exist at the contact of three distinct phases, one being a solid, and the other two being fluids (liquid-liquid or gas-liquid). That is, hydrate particles in water continuous flow will never present liquid bridges in between them, or between particle and the water-wetted wall, by the fact that hydrate particles are hydrophilic. Surfactants can induce an inversion of the wettability nature of hydrates to lipophilic, but notice that not all surfactants will cause this inversion. Therefore, when testing surfactant additives, one should classify the ones that are able to invert the wettability, and the ones that only reduce interfacial properties, as the systems will probably present different morphologies. It is however unclear how a hydrate with inverted wettability (into lipophilic) will ever get in contact with water in order for crystallization to continue, thus growth kinetics will most probably stop in the presence of such surfactants. Liquid bridges are therefore expected only when particles are wet (low subcooling) and: (a) in oil-continuous phase after particle-particle and/or particle-wall collision, or (ii) when particles are wet and are discovered by the gas and then collide to the wall.

That is, the efficient agglomeration after particle-particle collision, or the efficient deposition after particle-wall collision, comes from the analysis of the time-lapse created by the competition between the interfacial forces (liquid bridge) and the disruptive forces caused by the flow shearing. If the time-lapse is enough for consolidation to occur, then agglomeration and/or deposition are efficient. This was modeled in chapter 4 for the agglomeration in oildominant systems, but similar mathematics is expected to describe deposition. Of course that one needs to further adopt proper models for the collision rate between particle and wall (Smoluchowski's [89] expression holds for particleparticle collision), to propose the geometrical model for the particle and the liquid bridge, and to find or fit the necessary closure values. At the end of the day, both agglomeration of deposition efficiencies are described by a dimensionless group that expresses the ratio between disruption and consolidation rates, or yet the ratio between the time-scales of disruption and consolidation. As per advice of my supervisors, and at least for the following shape of the dimensionless group based on liquid bridge formation when particles are wet for gas hydrate applications (which is new in literature), I would like to honor my mother's family name and call it La , which stands for Lange number. From the term inside of the brackets of the agglomeration efficiency developed in chapter 4, eq (4.48), and by recognizing that the moments of the particle size distribution relate to the number of particles p n , to the particle surface p A and volume p 

, and to the liquid volume L  as   
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. Or, if one still wants to use one of these two types of driving force as they imply in easier manipulation, but wants both limitations to be captured, then a complete description of the mass and heat transfer resistances is necessary, as done in chapter 3. Of course that, if one knows a priori that a system behaves as mass or heat transfer-limited, than the driving force given in C  or T  can be hypothesized.

One could yet argue that the best representation is by the use of the chemical potential   [3,[START_REF] Kashchiev | Driving force for crystallization of gas hydrates[END_REF], and indeed it is, as it represents the energy associated to the intra-and inter-molecular bonds of a certain phase, per unit volume. That energy is the physical quantity that is preserved during phase change, so it is the best choice for the driving force. Fugacity was used along this entire thesis as it relates linearly to concentration when adopting Henry's law. That assumption leads to mathematic expressions that can be analytically solved. (7.2) where La 1 implies that disruptive forces prevail, thus the system remains dispersed; and La 1 implies that consolidation prevails, thus the system agglomerates or deposits (depends in the analysis being for particle-particle or particle-wall interactions). This dimensionless group shows some important subgroups that stand for the size-scale and concentration of particles, the hydrate properties, the crystal integration vs liquid bridge forces, the inertial and viscous effects (represented by the Reynolds number), and a group that represents the kinetic energy furnished by the fluid that carry the particle, per unit volume, per unit time.

Finally, two important aspects can be discussed from the shape of eq (7.2), and those will guide the understanding of when and where hydrates agglomerate and/or deposit.

(a) Agglomeration and deposition cannot occur unless liquid bridges exist: the competition between crystal integration at the outer surface of the particle and water permeation through the hydrate porous particle is captured by eq (7.2), and this term is analogous to the analysis of the Damköhler number presented in chapter 4. If water is not able to permeate to the outer surface of the particle, or if all water that permeates is instantly crystallized before accumulating at the outer surface, then the particle is dry and liquid bridges do not form. This implies in 0 b   , thus La  and disruption always prevails, as no binding forces exist in between particles. That is, the system remains dispersed, and agglomeration and/or deposition are prevented. The same occurs in systems that cannot form liquid bridges (e.g., hydrophilic particles inside water). Water can still come from water squeezing because of particle deformation caused by the stresslet of the flow or by the impact of collision, called splash effect. Or water can yet come from the gas-water interface hydrodynamics when dealing with water-continuous systems, which constantly feeds water to form the liquid bridges upon contact to the gas-wetted walls, called wave effect 18 . Both will be discussed in separate sections. (b) When the carrying phase furnishes enough energy, disruption prevails and agglomeration and/or deposition are prevented: when the phase that carries the particles present high velocities c U and/or high density c  , then it furnishes more energy to disrupt the aggregates or to detach the particles that collided with the wall. Notice that velocity and density also enter at the Reynolds number, but as 0.2 1 n   , then the kinetic energy term 



  . That is, if particles collide with the gas-wetted wall and binding liquid bridge forces exist, then the gas will most probably not furnish the necessary energy to detach the particles, and deposition will be efficient. But in the liquid-wetted walls, the particles will most probably get washed away by the liquid.

Directives for Future Modeling Studies and Phenomena that Still Need Quantification

The Lange number of eq (7.

2) that point out the effective particle-particle or particle-wall interactions into forming agglomerates or deposits was presented as a proportionality only. For future modeling, if one wants to use that dimensionless group, the constant of proportionality needs to be quantified. That is, one needs to describe the geometry of the particles and liquid bridges, similarly to parameter 4 g in the analysis of chapter 4. Furthermore, the Lange number relates to the agglomeration or deposition efficiency, and in order to quantify the rates of agglomeration or deposition, one needs to couple it with collision rate models. This was done in chapter 4 by using Smoluchowski's [89] expression for particle-particle collision rate using the averaged shear rate of the flow. Enhanced expressions of collision rate exist for turbulent flow fields and can be, in the future, applied to quantify the agglomeration and deposition of hydrates. The difficulty faced is on the description of the turbulent field, which is already a complex topic for single-phase flows, and gets substantially more complex for multiphase flow systems when hydrates form. This was not explored along this thesis and further modeling in this sense is suggested. Some other important mechanisms that play a role in different scenarios than the one modeled in this thesis are discussed next, and its quantification remains as suggestion for future modeling studies.

Wave Effect

The wave effect is depicted in Figure 7.3 and explains deposition of hydrates in the gas-wetted walls when the system is water-continuous. The particles are carried by the water phase, but tend to float because hw   , thus accumulating at the gas-water interface, Figure 7.3(a). The motion of the gas-water interface is constantly causing the particles to collide with the wall, similarly to a wave in the seashore. This wave comes either from the intermittent nature of slug flows (liquid-dominant systems), from the waves of stratified wavy flows (gas-dominant systems), or from the oscillatory motion of rock-flow cells (in the case of measurements using such apparatus). The water furnished by the wave encompasses the particles and creates a liquid bridge upon gas-water-wall contact. This liquid bridge comes from the flow hydrodynamics and not from permeation of water through the porous particle, as was modeled in chapter 4. That is, the wave effect still needs quantification. Permeation still happens concomitantly to the wave effect, but the hydrodynamics of the wave effect is expected to be much faster.

The driving force for the consolidation of this liquid bridge is very high, because of the inexistence of mass transfer resistances inside the gas phase. In the other hand, the gaseous phase presents low energy (low density) and cannot detach the particle from the wall. This leads to a fast deposition of particles in the gas-wetted walls in water continuous systems. As depicted in (c), are expected to lead to much faster growth than the ones coming from permeation, (d) and (e).

Splash Effect

Upon collision, the particles deform and some water is squeezed out, Figure 7.4(a.i). That happens in a similar fashion to a dishwashing sponge, and even if the outer surface was dry, once squeezed it can release a considerable amount of water. This is herein called splash effect and furnishes the necessary water to form liquid bridges upon any type of collision, that is, particle-particle collision that leads to agglomeration, or particle-wall collisions that lead to deposition.

The mathematics of the splash effect requires quantification of the fluid-structure interactions. Depiction of the splash effect that may lead to liquid bridge formation even if particles are dry during collision. This can happen in any particle-particle or particle-wall collision. Depiction is given for large particles (higher inertia = larger impact of collision) with oil-wetted walls (the collision probability is higher compared to gas-wetted walls; collision with water-wetted walls do not form liquid bridges). (a) Attachment of first particles to the wall: (i) if impact of collision between particle and wall is enough to deform the particle an to squeeze water, then liquid bridge binding forces enter at play; (ii) the particles may consolidate to the wall forming a deposit, or (iv) may detach from it and re-disperse in the flow. (iii) (iv)

The higher the impact of collision, the higher the chance to deform the particle and to promote considerable water squeezing that leads to liquid bridge formation. This is most probably happening upon the collision of large particles (i.e., agglomerates that present higher inertia) with walls. Notice that collision with water-wetted walls do not lead to liquid bridge formation. Collision with gas-wetted walls can occur, but: (i) if the system is water-continuous, then the wave effect will prevail; and (ii) if the system is oil-continuous, then the particles will not accumulate in the gas-oil interface, as ho   , and the gas-oil interface will slow down the particles close to it and will decrease the probability of particle collision with the gas-wetted walls. These are the reasons why Figure 7.4 is done for the collision between large particles and oil-wetted walls, where the splash effect is expected to be more important.

If the impact of collision is large enough to deform the particle and to squeeze water from it, Figure 7.4(a.i), then liquid bridges form even if the particles are initially dry. If consolidation happens faster than detachment, then a deposit forms, Figure 7.4(a.ii). Otherwise, the particle is re-dispersed in the flow, Figure 7.4(a.iv). If the particle is dry and the impact of collision is not strong enough, Figure 7.4(a.iii), then liquid bridge does not form and deposition is prevented, Figure 7.4(a.iv). Therefore, the question to be answered is whether the impact of collision is able or not to squeeze water. This is a complex problem to be solved, as it needs the quantification of fluid-structure interactions, that is:

(i) the two-way coupled problem of particles and fluid, where the fluid carries the particles and cause their collision, and the particles promote variations in the velocity field of the fluid; and (ii) upon collision, the deformation of the particles comes from the structural resistance of the porous particle, which depends on the porous medium state that evolves in time as hydrates age. particles over hydrate deposits are easier to consolidate than the splashed particles over the walls because of higher affinity. In the case of particles that are wet prior to the collision with the wall, Figure 7.4(c), any collision will lead to liquid bridge formation, thus a probability of consolidation will always be at play. Furthermore, if the deposit presents a wet surface, that is, water is constantly fed to the outer surface, Figure 7.4(d), the deposit will grow similarly to what was described in chapter 3 for the outer growth of wet particles.

Secondary Time-Lapse for Consolidation coming from Hydrodynamics of Settled Agglomerates

The Lange number of eq (7.

2) considers a time-lapse for consolidation of the liquid bridges into crystalline bridges, coming from the competition between liquid bridge binding forces and flow-induced disruption. For large agglomerates that settle down, a secondary time-lapse for consolidation comes from the analysis of hydrodynamic forces and resistances to motion (inertial forces). As depicted in Figure 7.5, this time-lapse induced by hydrodynamics of the settled agglomerate (bed) comes from the competition between: (a) apparent weight (weight minus buoyancy) and lift forces in case of agglomerate re-suspension, (b) inertia and drag forces in case of agglomerate translation, and/or (c) moment of inertia and torque induced by flow in case of agglomerate rolling. Consolidation can only happen if water is available at the outer surface of the settled agglomerate, coming from a wet agglomerate or from the splash effect. That is, the time-lapse for consolidation coming from the hydrodynamics of settled agglomerate sums up with the one caused by liquid bridge binding forces modeled by the Lange number of eq (7.

2). In order to quantify lift, drag and flow-induced torque, the description of the turbulent flow and its interactions with the agglomerates is necessary, which is a complex problem especially when dealing with multiphase flow systems. 

Contributions of Chapter 7

In chapter 7, the main trends of water conversion and temperature observed in literature were classified into four categories, Figure 7.1. The reasons why each trend occurs were explained based on the theory developed in part II of this thesis. Finally, a new dimensionless group was developed, called Lange number, eq (7.

2), which represents the competition of disruption and consolidation rates that lead to efficient agglomeration or deposition, depending whether particle-particle or particle-wall collision are at play. Some directives were given on how to use the Lange number for scenarios other than the one explored in part II (agglomeration in oil-dominant systems).

Aperçus du Chapitre 7

Ce chapitre propose une classification généralisée des comportements de la température et de la conversion de l'eau en hydrates, provenant des simulations du chapitre 

EXPERIMENTAL STUDIES

This chapter provides the answer for the following question: will hydrates be safely transported along the flowline?

The analysis comes from the model developed in part II of this thesis for oil-dominant systems, and will be simplified into a chart that classifies if the system is stable or not. This criterion is still bounded by the lack of experimental data, so directives for future experimental studies are given as well. Equation Chapter (Next) Section 1

Proposal of a Criterion for Stable Slurry Flow in Oil-Dominant Systems

The proposed criterion for stable hydrate slurry transportation consists on coupling three explicit expressions for:

(i) Critical settling velocity of the slurry: it is the smaller mixture velocity at which the slurry is stable. It considers that particles are transported when lift forces overcome buoyancy/weight, and depends mainly on the density ratio between particle and continuous phase, and on the particle size and concentration.

(ii) Stable agglomerate size: comes from the simplified agglomeration model developed in chapter 4 and captures the fact that particles dry out with time as the porous medium gets sealed, thus avoiding liquid bridge formation.

It depends on the mixture velocity, subcooling and interfacial properties, and requests as input the initial particle size.

(iii) Initial particle size: this is still an open question, as it was experimentally observed by Kakitani [40] that a finely dispersed water-in-oil system will not necessarily imply in a stable slurry after the onset, and that a water-oil stratified system can evolve to a stable slurry. This occurs because the dry out process of particles plays a very important role in agglomeration. Along this thesis, two considerations were done for the initial particle size:

(a) a fixed value in the mm-scale, observed in the 10 mm-ID flow loop apparatus (chapter 3) and in the 52 mm-ID rock-flow cell apparatus (chapter 4), or (b) the initial size being equal to the water droplet size prior to the onset of formation. Hypothesis (b) links the initial particle size with the dispersion state of the system, which might not be the best assumption, but neither hypothesis (a) is when extrapolating for other scenarios. Hypothesis (b) is expected to hold as long as the entrapment of the water content of each droplet into the porous hydrate particle is faster than any water droplet coalescence caused by disturbances of the oil-water interfaces when the first crystal seeds form. In other words, the assumption of initial particle size being equal to the water droplet size is expected to hold for non-interacting fine droplets in a dilute system (that is, low water cut, high mixture velocity and use of surfactant additives). This is however not the general case of hydrate formation scenarios, and further should be studied in this sense. Here, it will be assumed to hold in order to continue the mathematic development. Droplet size models capture the fact that the turbulent flow furnishes the necessary kinetic energy to disrupt the water-oil interfaces, thus sustaining the higher state of energy coming from the droplets surface creation. These models depend mainly on the Weber and Reynolds number of the continuous phase, coming from the mixture velocity, flowline diameter and properties of the phases.

For the droplet size, the empirical model suggested is the one of Brauner [START_REF] Brauner | The prediction of dispersed flows boundaries in liquid-liquid and gas-liquid systems[END_REF], and for the cases studied in chapter 6, the expression to be adopted is the one for dense flow with 5 D Eo  . Other droplet size models are presented in Table A.10. For the critical settling velocity of the slurry, the model of Oroskar and Turian [START_REF] Oroskar | The critical velocity in pipeline flow of slurries[END_REF] is the most complete one reported in the literature review done in chapter 1, however it has an implicit nature. The simpler expression for engineering purposes is the one of Shook et al apud [START_REF] Poloski | A pipeline transport correlation for slurries with small but dense particles[END_REF], which evidences the influence of the Froude and Archimedes number, but was developed for dense and small particles (up to 200 µm). Another simple expression that evidences the effect of the particle diameter is the one of Spells apud [START_REF] Poloski | A pipeline transport correlation for slurries with small but dense particles[END_REF], but it is reported with considerable scattering for larger particles. Other settling velocity models are presented in Table A.12. The correlation of Spells apud [START_REF] Poloski | A pipeline transport correlation for slurries with small but dense particles[END_REF] is assumed here, but further fitting of the available models against systems that present hydrate-like particles are necessary to assure reliability of the results. The trends are nevertheless expected to hold, as any of the aforementioned settling models capture the competition between lift and buoyancy/weight forces. Some further simplifications are handled to the expression of Spells apud [START_REF] Poloski | A pipeline transport correlation for slurries with small but dense particles[END_REF]: (i) the particle density is close to the one of water, as hydrates and water have similar densities, and as water conversion is commonly smaller than 30%, and (ii) with the same assumption, the slurry density is estimated as

  WC 1 WC slurry w o      
, where WC is the water cut.

Therefore, the production of oil and gas when gas hydrates form is considered stable (safe) when the mixture velocity is equal or higher than the critical settling velocity of the slurry crit JJ 

where the mixture velocity inlet JJ  at the flowline inlet can be used, because in chapter 5 it was observed that the mixture predominantly accelerates along the flowline because of gas release from the continuous phase. That is, the use of inlet J is a conservative hypothesis. This assumption is valid for pressurized systems and gases with high affinity with the continuous phase (hydrocarbon gases in oil-continuous systems). From Spells apud [START_REF] Poloski | A pipeline transport correlation for slurries with small but dense particles[END_REF] with the mentioned simplifications, from eq (4.65) of chapter 4, and from Brauner [START_REF] Brauner | The prediction of dispersed flows boundaries in liquid-liquid and gas-liquid systems[END_REF], the critical settling velocity is evaluated as
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  The criterion is non-linear in several parameters, but a great influence of four parameters was observed: the mixture velocity, the water cut, the subcooling and the oil-water interfacial tension. When plotting in green the stable flow cases, and in red the unstable ones, two defined regions are found in the type of chart of tures the fact that higher subcoolings, smaller oil-water interfacial tensions (that is, the use of surfactant additives), smaller water cuts and higher mixture velocities promote better slurry stability, which is in agreement with Kakitani's [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF] database.
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One often posed question is on how to scale up the laboratory fittings to field conditions. The best choice is on using a dimensionless approach. In chapter 4, it was shown that the nondimensionalisation of the subcooling, in [K], and the oil-water interfacial tension, in [J/m 2 ], comes from the crystal integration vs permeation rates in the outer surface of the particle, giving rise to a modified Damköhler number. This is used for the LHS of eq (8.5). For the RHS of eq (8.5), and if ever one is able to include liquid viscosity and pipeline diameter, a Reynolds number can be used, or at least a modified one that is applicable for multiphase flow. This number represents the hydrodynamic forces that relate to the collision and disruption processes, and to the lift forces over particles. Therefore, an extrapolation of eq (8.5) in dimensionless form is expected to have the following shape This type of dimensionless criterion still needs improvement, as several aspects cannot be inferred with the model proposed in this thesis. The first difficulty is on the estimation of the Damköhler number, as it has the shape of eq (4.52), and depends on still unknown parameters coming from permeation (porous medium) and crystal integration. This point out that further experimentation is necessary to infer such values, called synergetic effects during chapter 6, for different fluid compositions, additives and salt concentrations. The correct shape of the Bassani number can only be 19 I remember being taught by my father, at the age of 8, the Pythagorean theorem by slicing down the squares made of the cathetus and fitting them inside the square made of the hypotenuse. retrieved once these synergetic effects get established. Meanwhile, the absolute form of Bassani number, eq (8.5), needs to be adopted, which compromises the extrapolation of laboratory measurements into field conditions. That is, the values of parameters 1 a and 1 n are expected to be fluid-and system-dependent. About the modified Reynolds number, the criterion discussed in this chapter is not prepared to capture the influence of the flowline diameter and the oil viscosity. Although they appear as independent variables in eqs (8.2) to (8.4), the fitting of the expression for the stable agglomerate size, eq (8.3), was done for a fixed pair of D and o  , and the model proves very sensitive to extrapolations in these variables. That is, further fitting of parameters 467 ,, k k k is necessary and, as they depend on the shear rate of the system, they are expected to somehow depend on , o D  . The modified Reynolds number should also incorporate effects of the water cut and liquid loading. The water cut appears in eq (8.5), coming from its influence on the initial particle size, herein considered equal to the droplet size. The water cut influence on the collision rate coming from Smoluchowski is masked inside parameters 467 ,, k k k , see theoretical expressions in eqs (4.67), (4.68) and (4.70). Notice that the representative order of magnitude of the moment of third order of the particle size distribution was adopted, which is in the same order of magnitude of the water cut,  
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. A further improvement that can be done in the future is to explicit the water cut from 467 ,, k k k . The liquid loading, in turn, does not appear in eqs (8.2) to (8.4), as these were built by considering that the oil motion relates to the mixture velocity. That is, the gas-slurry flow is simplified to a slurry flow, which incurs in LL 100%  , or with at least a few dispersed bubbles that do not promote great influence in the slurry hydrodynamics. The decrease of the liquid loading to the order of 50% is expected to increase the slurry stability, as slug flow is the most probable pattern, which is related to higher induced-turbulence into the liquid phase coming from the wake zone behind the elongated bubbles. That is, for

  LL 50% O 
, the curve of Figure 8.1 is expected to shift to the left, increasing the zone of safe production. The problem lies when the liquid loading decreases substantially, say below 30%, and the flow becomes gas-dominant. In this case, the most probable flow pattern is the stratified one. Stratified flow is a free flow, that is, the slurry is carried by friction at the gas-liquid interface. In this case, friction of liquid with the wall plays an important role into decelerating the liquid relatively to the mixture, as the thin film will be in close contact to the bottom wall. As a consequence, the curve of Figure 8.1 is expected to substantially displace to the right for systems with small liquid loadings, decreasing the zone of safe flow. Actually, it seems very unlikely that a feasible safe production zone would ever exist for small liquid loadings.

Preliminary Comparison with Experimental Data

In this section, the experimental dataset of Kakitani [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF] is compared to the stable flow criterion in its absolute form, eq (8.5). Kakitani [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF] presents 18 experimental points for oil-dominant systems, varying the rotational speed of the rock-flow cell from 6 to 16 rpm (mixture velocity scale estimated from 0.1 to 0.26 m/s), the subcooling from 7.5 to 18 K, and the water cut from 10 to 30%. The liquid loading was kept constant at 50%, and tests were done with and without the insertion of additives. Additives were considered to decrease the oil-water interfacial tension in 25% relatively to the general order of magnitude of 2 ~5 10 N/m   . It should be noticed that Kakitani [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF] classifies the flow as stable when a slurry is formed after particle breakage (or attrition) in the time-scale of 3 to 4 h. Here, the approach is more conservative, and if the system does not quickly converge to a dispersed state in the first 5 min after the onset, then the system is considered not safe for production.

By this considerations, the database of Kakitani [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF] converges to stable flow only for the cases of high subcooling (18 K) and low water cut (10%), with and without additives, for any rotational speed of the rock-flow cell, related to   (8.5). This is because the rock-flow cell has a narrow range of mixture velocities, and shall another apparatus is used to fit the criterion, then the influence of velocity is expected to be more pronounced.

One could yet argue about the estimates of these parameters, but if their value were to change, it would only displace the critical value, while the conclusion would still be the same. Finally, one should notice that the numerical values of Figure 8.1 show inconsistent with the experiments of Kakitani [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF], coming from bad extrapolations of Brauner [START_REF] Brauner | The prediction of dispersed flows boundaries in liquid-liquid and gas-liquid systems[END_REF] and Spells apud [START_REF] Poloski | A pipeline transport correlation for slurries with small but dense particles[END_REF] to the case scenario. This point out that better fitting is necessary, once wider databases are available.

Directives for Future Experimental Studies

Next, some directives are given for future experimental studies, focusing on fitting a criterion similar to eq (8.5) and proposing some ideas for enhanced experimental procedures and instrumentation, and discussing the use of different experimental apparatuses.

Directives for Enhanced Experimental Procedure

From the theory proposed in this thesis, it is suggested that any future experimental procedure applied to gas hydrates transportability should follow three simple directives:

(i) Characterization of interfacial properties: that is, one should measure the oil-water interfacial tension and the oilwater-hydrate wetted angle, with and without the presence of different concentrations of additives and/or salts.

Fairly simple and low-cost experiments exist for ambient conditions, and gas hydrates can be mimicked by other hydrophilic materials such as glass. The use of actual gas hydrate crystals would, of course, enhance the measurements. System pressurization also play an important role, as gas solubilization into oil and water can substantially change interfacial properties [START_REF] Beecher | Effect of Dissolved Gas upon the Viscosity and Surface Tension of Crude Oil[END_REF]. These are however of more difficult implementation.

(ii) Keep the driving force as constant as possible along the experiment: that is, give preference to isobaric procedures instead of isochoric ones. The cooling jackets should as well be efficient into extracting all heat released during hydrate formation, thus maintaining a constant temperature. Notice that the water conversion is proportional to the product between driving force and active surface of crystallization. The active surface of crystallization is hard to be controlled (it would imply in both characterizing the Particle Size Distribution in time and the surface porosity state of each particle). Therefore, if the driving force is kept constant, an asymptotic water conversion implies in a mass transfer-limited system caused by both particle sealing-up process and agglomeration.

If the water conversion is linear, and the system P&T are kept constant, then the system is dissolution-limited.

(iii) Always build the experimental grid test based on the expected results: this seems silly, but at least from the literature review done, several experimental studies are still based on trial-and-error methods. For the criterion proposed in eq (8.5), the suggestion is to fix a certain mixture velocity and then to test increasing subcoolings until a stable slurry is found. The process should then be repeated for different mixture velocities, so the borderline between stable and unstable systems in a T  vs J diagram can be plotted. By repeating for different water cuts and for the use of different surfactant additives, and given that interfacial properties were characterized, then the borderline in a / WC ow T   vs J diagram can be found. Since these experiments are time-consuming (each experiment is 1 to 2 days long), the suggestion is to firstly test the limit values of the apparatus, that is, the higher and the lower mixture velocities. The results for all other velocities should lie in between these two, thus guiding the next experiments. As well, a simple system should be chosen first, such as methane hydrates (as the properties are better understood in literature), and the oil could be mimicked by a pure hydrocarbon such as dodecane (that have known properties). The curve of this system will then guide experiments of more complex systems, and the question to be answered is how the curve is displaced compared to the base case.

These three directives are easy to implement. Further directives rely in a complete characterization of the fluid properties and of the equilibrium envelopes. That is, the subcooling should be estimated from the equilibrium curve in the presence of additives and/or salts. One should also bear in mind that, although oils do not play a role on gas-waterhydrate equilibrium envelopes, they may contain acids in their composition, which in turn will partially dissolve in water. And that dissolution of acids in water may promote a change in the equilibrium envelope.

Directives for Enhanced Instrumentation

The shape of eq (8.5) is expected to be fluid-and apparatus-dependent, thus not the best for extrapolation to industrial scenarios. In order to find a suitable expression for the dimensionless Bassani number of eq (8.7), more fundamental knowledge is necessary on the called synergetic effects discussed in chapter 6. The following experimental directives are focused into determining such synergetic effects.

(iv) Measurement of porosity evolution: instrumentation capable of measuring the state of surface porosity of the particles as crystallization happens, and as the particles flow, would prove very important to retrieve the necessary parameters that describe permeation through the porous particle and to properly fit the growth kinetics model of chapter 3. One proposed way to simplify this is by taking particle samples during the onset of formation and after the asymptotes of growth kinetics and agglomeration have been achieved. Notice that the sample extraction of a pressurized system is not an easy task, and if the sample is depressurized, hydrates dissociate. But if one is able to do so, the samples can then be analyzed in microscope in order to retrieve parameters such as the capillary radius and the surface porosity of the particle. This would evidence the order of magnitude of the evolution of such (PSD) and for the Chord Length Distribution (CLD) exists in literature, they do not prove efficient for gas-oilwater systems because the systems are dense and the particles are considerably large. The method employed in chapter 4, that is, manual treatment of photos in order to find an average particle size evolution, is very timeconsuming and gives a small amount of information to fit population balance models. If ever proper PSD estimation for gas hydrates systems is done, then collision, consolidation and disruption rates could be better quantified.

Furthermore, if such experimental information is available, then the population balance can be expanded to consider not only the average parameters, but their distribution, and to further include other phenomena such as breakage, drainage forces and impulse after collision. The latter of course incur in a higher number of degrees of freedom during the fitting, but this would not be a problem if a wide database with proper instrumentation is available.

In other words, with such instrumentation, functions of
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(vi) Measurement of gas concentration field in the continuous phase: absorption coefficients reported in literature point out that gas absorption by the continuous phase should limit hydrate formation only when the gas has small affinity with the continuous phase, and for low-agitated systems. However, the absorption coefficients are still poorly explored in literature of gas hydrates, and better experimentation with better fitting could cause the latter conclusion to change. A different phenomena however proved important, the gas distribution in the continuous phase. When particles are in close contact to each other, they compete into consuming the furnished gas, and the particles closer to the gas-oil interface consumes the major part of gas coming from absorption. For the model herein proposed, this gave birth to a curve fitted parameter p  , called efficiency of particles interacting with the bulk, which stands for the gas spatial distribution in the continuous phase. In chapter 4, p  shows to be appa- ratus-dependent and to change with the subcooling. If ever the gas concentration field could be measured inside the continuous phase, one should be able to quantify   shear rate, , po f H T   .

Discussions on the Choice of the Experimental Apparatus Type

Three main apparatus types are employed in literature for understanding hydrate formation, agglomeration and transportability. Each one of them has simplifications compared to industrial flowlines. Next, a discussion is given on when and why to choose each one of them.

(vii) Batch reactors: batch reactors (or pressure cells) are the most common apparatus employed in gas hydrates literature. They are the easiest to control temperature and gas consumption rates, as their volume is low. Ag-glomeration can be controlled as well, because shear rates induced by mechanic agitators achieve much greater values than flow-induced shear, thus one can isolate the growth kinetics limited by the particle sealing-up process. That is, batch reactors are a good option for estimating permeation (porous medium) and crystal integration parameters, as those occur in a size-scale independent of the flow pattern, and can be used to fit gas consumption models such as the one of eq (3.36). As a downside, the centrifugal forces and the high shear rates imply in biased macro-scale phenomena, such as the flow pattern and any agglomeration or deposition processes. Furthermore, absorption coefficients are dependent on the multiphase flow advection, therefore should not be fitted from batch reactors.

(viii) Rock-flow cells: consists of a pressure cell where the motion between phases comes from an upward/downward oscillation of the cell that promotes a gravity-induced flow. Gas consumption and P&T control are similar to batch reactors because the system volume is still small. The rock-flow cell has a positive aspect compared to batch reactors into allowing observation of macro-scale morphologies (flow pattern and agglomeration and deposition trends). But one should keep in mind that the shear rates are much smaller than in a flowline. That is, fitting of the shear-dependent terms of the agglomeration model (such as collision and disruption rates) can lead to wrong extrapolations to flowlines. That is, agglomeration, bedding and deposition processes in rock-flow cells are probably much faster than in a flowline. Finally, collision with the lateral walls of the rock-flow cell can influence the system morphology, and the experimentalist should be aware of that.

(ix) Flow loops: a complete multiphase flow loop with hydrate formation seems the ultimate solution for experimentation, as it is the best way to understand interaction of all coupled phenomena, and to test the efficiency of additives. A positive aspect is that the flow pattern is more reliable in a flow loop than in any pressure cell, as the order of magnitude of the shear rate is closer to real applications. Therefore, agglomeration, bedding and deposition processes are more reliable. The major downside is that flow loops can get very pricey, and a starting budget of 1 M euros proves very restricted when putting some aspects in evidence. Because the volume is much higher than in any reactor, controlling gas consumption and P&T is more difficult. Efficient cooling jackets covering all the flow loop extension start being impracticable, and 1 K of temperature variation along the flow loop is commonly reported. If ever one wants to get closer to actual scenarios, by considering the shear rates and flow patterns occurring in production flowlines, then large diameters must be employed, which implies in safety restrictions because of the system pressurization. The pressurization also leads to difficulties on inserting visualization windows. An interesting way to simplify the flow pattern behavior in the macroscale is to mimic hydrate particles. By inserting a controlled particle size and concentration, the multiphase flow and the slurry transportability can be studied from a straight, one-shot, multiphase flow loop at ambient conditions, thus allowing the use of translucent acrylic pipelines [START_REF] Rosas | Measurements of horizontal three-phase solid-liquid-gas slug flow: Influence of hydrate-like particles on hydrodynamics[END_REF]. The chosen fluids shall as well mimic the fluid properties at the P&T conditions of real scenarios. Furthermore, as hydrate formation occurs in a time-scale much larger than the time-scale of fluid motion along the flow loop (e.g., a long flow loop is in the order of 50 m straight, that is, 50 s of time-scale for crossing the entire pipeline for 1 m/s, whereas hydrates form in the hours-scale), then the assumption of a constant particle size and constant concentration along the multiphase flow loop is reliable. But that imply into testing a certain range of particle diameter and concentra-tion. It was also shown in this thesis that the particles turn inert (dry) in the time-scale of 1 h, and therefore the multiphase flow loop with inert particles would represent the major part of the slurry transportation in flowline with kilometric extension. That is, flow loops with inert particles shall be used to study the behavior of slurry transportability against particle size and concentration and to fit the critical settling velocity models.

In conclusion, batch reactors should be used to fit growth kinetic models, rock-flow cells to observe macro-scale phenomena, whereas the easiest way to fit slurry transportability models is by the use of ambient pressure, translucent flow loops using inert particles that mimic hydrates. Complete and reliable flow loops for multiphase flow and hydrate formation are very difficult to be done in the grounds of budgetary, safety and laboratory spatial requirements, but are of course the only way to test the extent of all hypotheses adopted during modeling.

Contributions of Chapter 8

In chapter 8, three explicit, semi-empirical correlations were used to model the hydrate slurry stability, namely the critical settling velocity, the agglomerate stable diameter (developed in chapter 4) and the droplet size prior to the onset of formation (that gives the initial particle size as long as the flow is dilute). Although the fittings of the settling velocity correlation are not compatible with hydrate formation scenarios, the criterion shows capable of predicting a safe and an unsafe zone of production regarding the hydrate slurry stability, Figure 8.1. Directives for future experimentation are given in order to find a dimensionless criterion for safe hydrate management in oil-dominant systems, called Bassani number, eq (8.7), which in absolute form is given by eq (8.5). Chapter 8 accomplishes with the engineering objective of this thesis, "to understand which conditions assure stable hydrate slurry flow, and to propose a simple criterion that can be used for flowline design and management purposes".

Aperçus du Chapitre 8

Ce chapitre simplifie les quantifications faites dans cette thèse en un critère simple pour assurer un écoulement stable des dispersions d'hydrates dans les systèmes huile dominant. La dispersion des hydrates est stable si la vitesse de l'écoulement est supérieure à la vitesse critique de sédimentation. Plusieurs modèles de vitesse critique de sédimentation sont disponibles dans la littérature, comme résumé dans l'annexe A. Ils capturent tous, dans une certaine mesure, les forces de portance en fonction de la flottabilité qui agissent lors de la mise en suspension des particules, ce qui dépend du rapport de densité particules-liquide et de la taille de l'agglomérat. Ce dernier est estimé à partir du modèle simplifié pour l'agglomération stable développé dans le chapitre 4, ce qui dépend du sous-refroidissement, des propriétés interfaciales et du taux de cisaillement de l'écoulement. La taille initiale des particules est évaluée à partir de la taille des gouttelettes d'eau avant la nucléation, hypothèse valable lorsque l'écoulement est dilué (pour des petites fractions d'eau et des agitations fortes), alors que dans les écoulements denses, une réorganisation rapide des interfaces peut se produire pendant la nucléation, conduisant ainsi à des particules plus larges. Le critère développé n'est pas applicable aux écoulements stratifiés.

En évaluant le critère avec la plage de valeurs simulées dans le chapitre 6, on constate que la stabilité de la dispersion d'hydrates est décrite par un critère ayant la forme de (iv) For a given stable agglomerate size, there is a minimun velocity the mixture so lift forces overcome buoyancy and weight, thus suspending the particles and promoting a stable slurry.

Suggestions for Future Studies

Much has been discussed in chapters 7 and 8 regarding directives for future studies. Below, I summarize the main aspects I think are important to be addressed in a near future.

1. To test and fit the criterion for safe hydrate management in oil-continuous systems, with the shape 2. To fit critical settling velocity models using hydrate-like particles, since the models presented in literature are mainly for coal and sand particles.

3. To improve instrumentation and experimental procedures in order to (empirically) predict the porous medium and crystal integration behavior against P&T, flow shear and chemistry of the system (salt and additives), called synergetic effects in chapter 6. Special attention shall be given to the interactions of the porous medium parameters with the driving force, and to a better estimation of the constant of proportionality of crystal integration.

4. If one is able to understand these synergetic effects, then the criterion for safe hydrate management in oilcontinuous systems might evolve to a dimensionless form similar to the called Bassani number in chapter 8,
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. What is missing is the exact shape of the dimensionless numbers. The dimensionless approach is interesting for scaling-up laboratory observations into field applications.

5. To further model the geometry of particles and liquid bridges of the called Lange number (La) in chapter 7, and to couple it with correct collision rates and correct closure (or fitting) in order to determine, e.g., hydrate deposition over the gas-wetted walls in water-continuous systems. Some further phenomena such as the wave and splash effects, or the secondary time-lapse for consolidation coming from the settled agglomerate hydrodynamics, should as well be quantified.

6. To model the gas distribution in the continuous phase up to each particle, in order to improve the ability of the model proposed in this thesis into capturing dissolution-limited systems. That applies when gas affinity with the continuous phase is lower and/or in the same order of magnitude of affinity with water. With such modeling, one can abandon the use of the p  -fitted parameter of the growth kinetics model of chapter 3, which is one of the main weaknesses of the model presented in this thesis. k spread over several orders of magnitude. It is important to understand that those values are regressed by curve-fitting a crystallization law (where often the crystal growing surface / active surface of crystallization is difficult to measure) and by considering a mass transfer resistance model. Therefore, i k is model-dependent whenever different mass transfer resistances are at play, which explains such differences. a Pressure range is not clear in [START_REF] Malegaonkar | Kinetics of carbon dioxide and methane hydrate formation[END_REF]. Values regressed from other experimental work, but not found. Should be in the same range of pressure of [START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF], since direct comparison is done. b Values of Sharma compiled from Al-Otaibi [START_REF] Al-Otaibi | Kinetic studies of gas hydrate formation using in situ particles size analysis and Raman spectroscopy[END_REF]. Original study not found. Pressure range not clear. c The studies of Bergeron et al [START_REF] Bergeron | Reaction rate constant of methane clathrate formation[END_REF][START_REF] Bergeron | Reaction rate constant of propane hydrate formation[END_REF] consider a crystallization law in terms of a molar fraction difference,
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    2, g L w w i x w eq hyd dn dt M k x x      , where , ix k is given in [m/s], 2
 is the second moment of particle distribution (that is, the surface area of the particle distribution per unit volume, in m -1 ), w  is the volume of water, w

x is the gas molar fraction in water and eq x is the gas molar fraction at equilibrium. d Formed in the presence of equimolar mixture with propane (ethane alone forms sI structure). Structure was verified using Raman spectroscopy. e The study of Shi et al [START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF] considers a crystallization law based on the concentration difference, but multiplied by a 'concentration parameter', which has the same definition of Henry's constant in solubility form [START_REF] Sander | Compilation of Henry's law constants (version 4.0) for water as solvent[END_REF]. Therefore, ,,
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kk  is basically the same, with same units. The hydrate structure is probably sII. 

Reference Critical subcooling

Conditions

Joshi et al [START_REF] Joshi | Experimental investigation and modeling of gas hydrate formation in high water cut producing oil pipelines[END_REF][START_REF] Joshi | Experimental flowloop investigations of gas hydrate formation in high water cut systems[END_REF] 0.5 -4.3 K Methane-water flow loop Matthews et al [START_REF] Matthews | Flow Loop Experiments Determine Hydrate Plugging Tendencies in the Field[END_REF] 3.3 -6.7 K Natural gas, gas condensate, water flow loop Straume et al [START_REF] Straume | Study of gas hydrate formation and wall deposition under multiphase flow conditions[END_REF][START_REF] Straume | Experimental study of the formation and deposition of gas hydrates in non-emulsifying oil and condensate systems[END_REF] 2.0 -9.4 K Methane-ethane mixture, water, mineral oil or gas condensate, with and without additives, in rock-flow cell apparatus Literature review of Kashchiev and Firoozabadi [START_REF] Kashchiev | Induction time in crystallization of gas hydrates[END_REF] Up to 15 K General value for different gas hydrates v  = relative velocity between particle and bulk;  = mean energy dissipation rate; ,,    = den- sity, dynamic and kinematic viscosity of the surrounding fluid. Note: Values regressed from solubility measurements using eq (1.8) and REFPROP [START_REF] Lemmon | REFPROP Reference Fluid Thermodynamic and Transport Properties[END_REF] for estimation of gas fugacity (methane behavior from [START_REF] Setzmann | A New Equation of State and Tables of Thermodynamic Properties for Methane Covering the Range from the Melting Line to 625 K at Pressures up to 1000 MPa[END_REF]). a Kerdane is a light oil composed of C11 to C14 [283]. Inclinations: H = horizontal; I = inclined; V = vertical. Notes: see [START_REF] Pereyra | State of the Art of Experimental Studies and Predictive Methods for Slug Liquid Holdup[END_REF][START_REF] Abdul-Majeed | Liquid slug holdup in horizontal and slightly inclined two-phase slug flow[END_REF][START_REF] Morales | A comprehensive analysis on gas-liquid slug flows in horizontal pipes[END_REF] for mean deviations of the correlations against low viscosity liquids; and [START_REF] Archibong-Eso | Estimating slug liquid holdup in high viscosity oil-gas two-phase flow[END_REF][START_REF] Al-Safran | Prediction of slug liquid holdup in high viscosity liquid and gas two-phase flow in horizontal pipes[END_REF][START_REF] Zhao | Investigation and prediction of slug flow characteristics in highly viscous liquid and gas flows in horizontal pipes[END_REF] for high viscosity liquids. See [START_REF] Pereyra | State of the Art of Experimental Studies and Predictive Methods for Slug Liquid Holdup[END_REF][START_REF] Archibong-Eso | Estimating slug liquid holdup in high viscosity oil-gas two-phase flow[END_REF] for a review of measured conditions of correlations. a The correlation as originally proposed in [START_REF] Andreussi | An investigation of void fraction in liquid slugs for horizontal and inclined gasliquid pipe flow[END_REF] is slightly different, but the one presented above is the one commonly found in the literature [START_REF] Pereyra | State of the Art of Experimental Studies and Predictive Methods for Slug Liquid Holdup[END_REF][START_REF] Archibong-Eso | Estimating slug liquid holdup in high viscosity oil-gas two-phase flow[END_REF]. 
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We Re , but the one for highly viscous oils [START_REF] Brauner | Modeling of phase inversion phenomenon in two-phase pipe flows[END_REF]. a General expression of Hinze [START_REF] Hinze | Fundamentals of the hydrodynamic mechanism of splitting in dispersion processes[END_REF]. b Including effects of the dispersed phase viscosity [START_REF] Sleicher | Maximum stable drop size in turbulent flow[END_REF]. c Considering the mean energy dissipation rate per unit mass, although the turbulence field in a tube is neither homogeneous nor isotropic, . g Hughmark [START_REF] Hughmark | Drop breakup in turbulent pipe flow[END_REF] shows that the fluctuating velocity ' u controls the maximum drop size, with ' 1. Where: J = mixture velocity; m  = mixture density. Notes: Some correlations are presented, in their original paper, for the oil cut of transition. See Figure 5 of Brauner and Ullmann [START_REF] Brauner | Modeling of phase inversion phenomenon in two-phase pipe flows[END_REF] and Figure 5(a) of Xu et al [START_REF] Xu | Investigations of phase inversion and frictional pressure gradients in upward and downward oil-water flow in vertical pipes[END_REF] for comparison of phase inversion models against experimental data for different viscosity ratios. a If the correct coefficients and oil-water density ratio are used, the models of Nädler and Mewes [START_REF] Nädler | Flow induced emulsification in the flow of two immiscible liquids in horizontal pipes[END_REF] and Brauner and Ullmann [START_REF] Brauner | Modeling of phase inversion phenomenon in two-phase pipe flows[END_REF] converge to the model of Yeh et al [START_REF] Yeh | Phase-volume relationship at the point of phase inversion in liquid dispersions[END_REF]. b , ow CC and , ow nn are the Blasius parameters for the friction factor
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Re n fC  of water and oil (depends on laminar or turbulent flowing regime of each phase). c The water cut of inversion for viscous oils becomes practically independent on viscosity and experimentally observed values are not smaller than 15% [START_REF] Brooks | Phase inversion in non-ionic surfactant-oil-water systems-III. The effect of the oil-phase viscosity on catastrophic inversion and the relationship between the drop sizes present before and after catastrophic inversion[END_REF]. This should be used as lower limiting value for the correlations presented in this table. Notes: see page 376 of Peker and Helvaci [START_REF] Peker | Solid-liquid two-phase flow[END_REF] for summarization of other correlations, range of application and standard deviations. See Poloski et al [START_REF] Poloski | Deposition Velocities of Non-Newtonian Slurries in Pipelines: Complex Simulant Testing[END_REF][START_REF] Poloski | Deposition Velocities of Newtonian and Non-Newtonian Slurries in Pipelines[END_REF] for more settling velocities in Newtonian and non-Newtonian fluid types. See Table 3.1 of Poloski et al [START_REF] Poloski | Deposition Velocities of Newtonian and Non-Newtonian Slurries in Pipelines[END_REF] for particle size limits of settling velocity correlations. . The deviations stay inside the ±30% range, and the use of the fugacity-based Henry's law enhance a bit the results. Smaller deviations can be found by using, e.g., the Cubic Plus Association (CPA) equation of state of Sirino et al [START_REF] Sirino | Development of multiphase flash in presence of hydrates[END_REF][START_REF] Sirino | Multiphase flash calculations for gas hydrates systems[END_REF], at a however much higher complexity. For the off-equilibrium modeling, the Henry's law deviation is considered reliable, as other closure parameters present much larger deviations (e.g., the constant of proportionality of crystal integration). Validity of Henry's law at high pressure conditions. Comparison of estimated molar fraction of methane in water using Henry's law based on pressure and on fugacity, with Henry's constant from eq (B.1) [START_REF] Sander | Compilation of Henry's law constants (version 4.0) for water as solvent[END_REF] against experimental data of Table 2 of Frost et al [START_REF] Frost | Vapor-Liquid Equilibrium of Methane with Water and Methanol. Measurements and Modeling[END_REF]. Comparison is also made for the Cubic Plus Association (CPA) equation of state of Sirino et al [START_REF] Sirino | Development of multiphase flash in presence of hydrates[END_REF][START_REF] Sirino | Multiphase flash calculations for gas hydrates systems[END_REF]. 
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The results are considerably good because methane has low affinity in water and the molar fractions are small, in the 10 -3 order of magnitude. That is, even if pressure is high, the system still remains dilute. The case of methane in oil is more complex, as the affinity is higher. Since oil compositions usually have proprietary information, thermodynamic flashes cannot be done. In this thesis, the solubility measurements of Figure II.17 of Melchuna [START_REF] Melchuna | Experimental study and modeling of methane hydrates crystallization under flow from emulsions with variable fraction of water and anti-agglomerant[END_REF] for methane in Kerdane [283] (the same oil used in experiment shown in chapter 3) were crossed with the fugacity of methane at the given P&T conditions using NIST RefProp [START_REF] Lemmon | REFPROP Reference Fluid Thermodynamic and Transport Properties[END_REF], giving [START_REF] Lemmon | REFPROP Reference Fluid Thermodynamic and Transport Properties[END_REF] to estimate fugacity and chemical potential, and CSMGem [START_REF] Jager | The next generation of hydrate prediction: II. Dedicated aqueous phase fugacity model for hydrate prediction[END_REF][START_REF] Ballard | The next generation of hydrate prediction: I. Hydrate standard states and incorporation of spectroscopy[END_REF][START_REF] Ballard | The next generation of hydrate prediction IV: A comparison of available hydrate prediction programs[END_REF][START_REF] Ballard | The next generation of hydrate prediction: Part III. Gibbs energy minimization formalism[END_REF] to estimate gas hydrate equilibrium conditions. The exothermic nature of hydrate formation and related heat release once hydrates form cause a decrease in the driving force if ever the heat is not transferred from the active surface. The heat transfer limitation was modeled in the flowline length-scale [START_REF] Shi | New Simulator for Gas-Hydrate Slurry Stratified Flow Based on the Hydrate Kinetic Growth Model[END_REF][START_REF] Bassani | A three-phase solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer[END_REF][START_REF] Zerpa | Multiphase flow modeling of gas hydrates with a simple hydrodynamic slug flow model[END_REF][START_REF] Rao | Multiphase flow modeling and deposition of hydrates in oil and gas pipelines[END_REF] and in the micro-scale of interaction between particle and mixture bulk [START_REF] Shi | An inward and outward natural gas hydrates growth shell model considering intrinsic kinetics, mass and heat transfer[END_REF][START_REF] Sampaio | Non-isothermal population balance model of the formation and dissociation of gas hydrates[END_REF]. Here, a (considerably long) demonstration is given on the fact that the micro-scale heat transfer is not important in flowing systems, that is, the capillaries and outer surface of the particles can be considered at thermal equilibrium with the bulk of the mixture. That simplifies considerably the mathematics of chapter 3. This is in coherence with the findings of Sampaio et al [START_REF] Sampaio | Non-isothermal population balance model of the formation and dissociation of gas hydrates[END_REF], who found that the particle-bulk temperature difference is never higher than 0.2 K. where hyd h  is the enthalpy of hydrate formation expressed in [J/mol] of gas consumed. The sensitive heat of the particle will not be considered (steady-state assumption). Furthermore, the particles are assumed to not interact between themselves, only with the bulk (dilute flow hypothesis). Using Newton's law of convection, the temperature difference between the particle and the bulk comes TT  for a particle of 1 mm in radius when slip between particle and bulk is neglected (that is, for a purely diffusive process, thus p Nu 2  ). This result agrees with the order of magnitude found by Sampaio et al [START_REF] Sampaio | Non-isothermal population balance model of the formation and dissociation of gas hydrates[END_REF], who used much more detailed mathematics to model this heat transfer process. Q and the heat diffusion to the outer surface. Applying the energy balance, neglecting any convection, considering that the capillary wall as adiabatic (that is, all the heat transfer occurs only through water; although this is not well-posed, it implies in larger temperatures at the growing surface, thus able to prove the point that capillary and outer surface are at equilibrium), and adopting a constant thermal conductivity for the water 
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and by using the crystallization law, eq (3.1) The second boundary condition considers that there is no heat transfer with the inner part of the particle (i.e., neglecting thermal inertia of the inner mass of the particle), evaluated at the critical penetration length. , where the number of capillaries per particle comes from eq (3.28), thus Demonstration #4: solution of the gas concentration inside water along the capillary for the shell approach including the gas consumption in the capillary walls

The gas concentration inside the capillary, in dimensionless form, follows the homogeneous, 2 nd order ODE of eq (3.9) which is eq (3.17) and expresses the dimensionless gas concentration distribution inside the capillary of a shelled particle when gas consumption in the capillary walls is considered.

Demonstration #5: solution of the gas concentration inside water along the capillary for the sponge approach

The gas concentration inside the capillary using the sponge approach (no water core) follows the same ODE of Demonstration #4, eq (3.9). The first boundary condition is the same, eq (3.13), but the second boundary condition is the inexistence of gas consumption at which is eq (3.18) and represents the gas distribution inside the capillary for the sponge approach. The limit employed for the hyperbolic tangent function is achieved for arguments of c Ha 2.5 c L  , and once this criterion is respected, then the shell approach is negligible.

Demonstration #6: finding the gas consumption rate caused by the crystallization in capillary walls

The gas consumption rate over the extension of one capillary (1cap) of one particle i comes from the crystallization law, eq (3.1). Since the gas concentration varies along the capillary axial direction z, then integration along the entire capillary length which is an expression for the constriction rate of the capillary depending on z . The maximum constriction rate occurs at the maximum driving force, which is in the entrance of the capillary, at 0 z  . In this case, the driving force (gas concentration) comes from the boundary condition, which is eq (3.22).

Demonstration #8: determination of the agglomerate shape coefficients

Because of the lack of proper instrumentation to measure the particle size distribution, the parameters 12 , KK of the population balance, eq (4.31), cannot be regressed experimentally. The values of Herri et al [START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF] were adopted, where . Here, the physical meaning of these parameters is discussed. Demonstration that the adopted values have a plausible order of magnitude even when extending the scenario to systems containing oil is also given. 
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 when considering no long-range interaction between particles), then the particle 2 r will approach and collide with particle 1 r because of the relative velocity   where the moments of the particle size distribution are used to express the particle average radius. This is Smoluchowski's expression, eq (4.33). Notice that, besides neglecting long-range interactions, the sole hypothesis is the existence of a constant shear rate, which is however rarely found in practice. The flow in the bulk of the adopted rock-flow cell is turbulent, and therefore it is not expected that this collision rate holds perfectly. The consideration of turbulent collision rate expression implies, however, in the determination of the turbulent velocity field, which is of a much higher complexity and computational cost than the model proposed in this thesis. Smoluchowski's collision rate is therefore considered to hold, at least in its trends of proportionality with the shear rate and the average particle radius to the third order, when considering an averaged order of magnitude of the shear rate. In Demonstration #11, it is shown that, far from the wall (that is, in the liquid bulk, where agglomeration is mostly happening), the shear rate remains in the same order of magnitude and, therefore, can be approximated by a constant averaged value.

Demonstration #10: expanding the growth kinetics model of chapter 3 for the population of particles of chapter 4

In chapter 3, the aim was to model the gas consumption rate caused by hydrate formation based on the mass transfer of a spherical particle of radius p r and outer surface M does not necessarily implies in a spherical agglomerate, but depends on the agglomerate shape coefficients j K adopted to solve the population balance of eq (4.31). Therefore, the following equations of chapter 3 need to be changed of representation: eq (3.7) for the gas consumption rate in the outer surface of one particle, eqs (3.19) and (3.20) for the growth rate inside all capillaries of one particle, eq (3.28) to transform the number of open capillaries per particle into surface porosity, and eq (3.30) for the total consumption of gas because of hydrate formation. Using the moments of the particle size distribution, these equations come, respectively The shear rate is an important parameter for the estimation of the collision rate, eq (4.42), and for the disruption rate, eq (4.47). It is however not a simple task to retrieve its value. Oftentimes Computational Fluid Dynamics (CFD) is then the order of magnitude of 1-20 s -1 can be considered to represent the average shear rate  for the agglomeration model applied to the rock-flow cell experiments of chapter 4.

/
The average of the shear rate evaluated at 10, 15 and 20 mm from the wall is adopted, leading to the values presented in Table 4.3. It is important to notice that the velocity in the rock-flow cell is not known a priori, but a velocity-scale can be retrieved. The oscillation rate   6,11.25,16 rpm   of Kakitani [START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF] is reported for the complete cycle of the rock-flow cell, that is, for a downward and upward movement, where the liquid flows from one side to another of the rock-flow cell, with length L , and comes back to its initial position. That is, the total displacement is 2L . The time scale is the inverse of the oscillation rate, The intermediary step of estimation of the shear rate by an () uy  velocity profile, as the one presented in eq (B.46), is not desirable for quick engineering applications, that is, for a simplified model as the one presented in section 4. The sigmoid function for the porous media interconnectivity, eq (4.62), was chosen since it predicts two asymptotes. 
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. The power function is usually the first function to be adopted when a decaying, asymptotic trend is required, and it presents similar results to the sigmoid with where Q  is the volumetric flowrate of phase  and the  signal stands for a phase that is created or consumed dur- ing phase change. Dividing by   Evaluating the phase change implicitly and evidencing the contribution of gas hydrate formation, gas solubilization or release processes, and evaporation or condensation where S  is the wall-wetted perimeter by phase  , and i S is the perimeter of the gas-liquid interface. The '+' sign stands for the gas because the gas travels faster than the liquid, and therefore its friction with the liquid phase has the same direction of the friction between gas and wall (opposite to the flow direction).
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The flux of momentum crossing the borders of the control volume come from a first order Taylor expansion 
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(5.13) one finds eq (5.13), which represents the aerodynamic profile of the elongated bubble, also known as Taitel and Barnea model [START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF].

Demonstration #17: liquid mass balance inside the slug flow unit cell (criterion to stop the integration of the elongated bubble profile)

The liquid mass balance inside the unit cell comes from eq (5. where the hydrostatic column, term dA dz , can be neglected when the whole unit cell is at play (notice that the same could not be done for the elongated bubble region in Demonstration #15). The friction term is split into slug-wall, film-wall, elongated bubble-wall, and gas-liquid interactions as The gas-liquid interactions are split into three categories:

(i) The gas dispersed bubbles inside the slug region are in the mm-scale and their relative motion against the liquid phase promotes stresslets. In the macro-scale of the slug region, that is modeled as an apparent viscosity of the . That is, this term is included on the estimation of the shear stress between the slug and the wall and, as pointed out in section 6.1.1, the apparent viscosity model of Frankel and Acrivos [START_REF] Frankel | The constitutive equation for a dilute emulsion[END_REF], eq (6.8), is used for that purpose.

(ii) The gas-liquid interface in the elongated bubble is

i i B A S L 
, where i S is the perimeter of the gas-liquid interface. The associated shear stress at the interface is considered the same as the gaseous phase with the wall, where K is a proportionality factor coming from the geometry of the expansion.

With these assumptions, eq (B. The interest here is to find an expression for the temperature difference along the unit cell, recognized as the difference between the slug front and the bubble rear temperatures 
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which is eq (5.43), defined as the thermal scooping factor. That factor relates the axial and radial temperature gradients along the slug flow unit cell. Abstract: A worldwide problem reported by oil companies is the plugging of flow lines because of gas hydrates, a crystal that forms and agglomerates causing partial of complete obstructions. The hydrate management strategy consists of letting hydrates to form, but assuring its stable flow. This strategy is not yet fully applicable due to a considerable lack of description in the non-equilibrium processes of hydrate formation under multiphase flow. This thesis quantitatively describes part of these processes considering several multiscale concepts overlooked in literature so far. Hydrates are porous, hydrophilic particles that act as sponges entrapping water, where crystallization occurs mainly in the capillary walls (1 st new assumption). Permeation through the porous particles furnishes water to its outer surface, promoting liquid bridge formation after particles' collision, which leads to agglomeration (2 nd new assumption). Higher subcoolings are shown to promote faster sealing-up of the particles, decreasing permeation rates and causing the particles to be inert in the agglomeration-sense, called dry particles. Furthermore, additives with surfactant properties decrease the permeation rate, which explains their anti-agglomerant effects. Several mechanisms are discussed upon modeling growth kinetics and agglomeration using population balance and further coupling with a steady-state multiphase flow model. For engineering purposes, the model is simplified into a criterion that determines stable production in oil-dominant systems, giving rise to a new dimensionless number that relates the Damköhler and the Reynolds numbers. Résumé : Un problème signalé par les compagnies pétrolières est le colmatage des conduites d'écoulement à cause des hydrates de gaz, un cristal qui se forme et s'agglomère provoquant des obstructions. La stratégie de gestion des hydrates consiste à laisser les hydrates se former, tout en assurant leur écoulement stable. Cette thèse décrit quantitativement une partie des processus hors équilibre de la cristallisation en considérant plusieurs concepts multi-échelles omis jusqu'à présent à la littérature. Les hydrates sont des particules poreuses et hydrophiles qui agissent comme des éponges emprisonnant l'eau, dont la cristallisation se produit principalement dans les parois capillaires. La perméation à travers les particules poreuses fournit de l'eau à sa surface externe, favorisant la formation de ponts liquides après la collision des particules, ce qui conduit à l'agglomération. Des sous-refroidissements plus élevés favorisent un scellement rapide des particules, diminuent les taux de perméation et amènent les particules à être inertes au sens de l'agglomération. De plus, les additifs aux propriétés tensioactives diminuent la vitesse de perméation, ce qui explique leurs effets anti-agglomérants. Plusieurs mécanismes sont discutés lors de la modélisation de la cinétique de croissance et de l'agglomération en utilisant un bilan de population couplé avec un modèle d'écoulement polyphasique en régime permanent. À des fins d'ingénierie, le modèle est simplifié en un critère qui détermine la production stable des systèmes à l'huile continue, donnant lieu à un nouveau nombre adimensionnel qui relie les nombres de Damköhler et de Reynolds.
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Uz

  Relative velocity between particle and bulk, also called slip velocity [m/s]Axial direction of the capillary, pointing inwardly to the particle (growth kinetics)

inr

  is the inner radius of a shelled particle j Order of the moment of the particle size distribution L Liquid LB Liquid film underneath the elongated bubble LS Liquid in the slug body LU Liquid phase in the slug flow unit cell m Mixture n Node index (multiphase flow) in oil (o) or in water (w) T Translation of the slug flow unit cell U Slug flow unit cell w Water
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 1 Figure I.1. Structure of the thesis.

  mechanisms between hydrates and multiphase flow and sensitivity to design parameters Ch7: General classification of hydrateforming systems, dimensionless number and directives for future modeling studies Ch8: Proposal of a criterion for safe hydrate management in oildominant systems and directives for future experimental studies -oriented (simplified reading: ommit part II, but sections 3.4 and 4.4) dimensionless, eng-oriented
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 11 Figure 1.1. Problem depiction of hydrate formation inside multiphase flow. (a) Multiphase flow prior to the onset of hydrate formation, depicted for intermediary liquid loading (predominance of slug flow pattern), low water cut (oilcontinuous flow), and high shear (dispersed oil-water flow). The flow pattern and the flowline insulation are necessary to estimate pressure and temperature distributions along the pipeline. (b) The onset of hydrates formation occurs over the water droplets. (c) Particles grow, agglomerate and break, and may lead to heterogeneities on the dispersion flow. (d) Uncontrolled agglomeration leads to settling of the dispersion and formation of moving beds or stationary deposits.
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 12 Figure 1.2. Cages and crystalline structures of gas hydrates. Adapted from prof. Amadeu K. Sum.
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 13 Figure 1.3. Chemical potential of gas component inside the liquid water / gw  and inside the hydrate crystalline struc-

  is related to the creation of a new phase. The energy per unit surface of the nuclei (also called crystal seeds) is called interfacial tension / / . . i j cryst cont ph   between the crystal and the continuous phase. At this point, it is important to distinguish surface tension from interfacial tension and interfacial shear, since confusion might arise when the multiphase flow and the gas hydrates fields are confronted. The surface tension i  is the energy per unit surface of a fluid i in contact with vacuum and coming from the unbalanced forces of attraction between the molecules in the surface and in the bulk of the same fluid [86]. Interfacial tension / ij  occurs when two fluids i and j are in contact, and therefore attractive/repulsive forces with the bulk of the other fluid also exist. Both surface and interfacial tensions are normal to the interface, come from molecular interactions and relate one to each other through an energy balance such as Antonoff's rule for totally immiscible fluids, for oil-water interfacial tension. Finally, interfacial shear  comes from the relative motion of an interface that generates friction, acting in parallel to the surface and occurring in the flow-scale.The gain in surface energy during the nuclei formation is proportional to the interfacial tension between the crystal and the continuous phase / ij
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 14 Figure 1.4. Classic plots coming from nucleation theory. (a) Competition of surface and volume (phase change) energies to form a critical nuclei size, showed in a Gibbs free energy vs nuclei radius plot. (b) Instantaneous vs progressive nucleation approach.
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 1 Figure 1.4(a), then once the particles start to form, they form considerably fast. For the case of a dispersed water-in-oil

dtk

  forcibly evolves in time, as shown in Figure1.5(a). The modeling of   dt k is the com- plex problem faced by the literature to describe hydrate growth kinetics. Not necessarily that all systems will present the shape of eq (1.16), as some mass transfer resistances can act in parallel to crystal integration. The shape depends on the geometrical disposal of the active surface of crystallization regarding the other phases of the systems, that is, depends on the flow pattern.
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 15 Figure 1.5.Potentiometer-type models for growth kinetics for oil-continuous systems. (a) The gas consumed over time has an asymptotic trend, related to an increase of the mass transfer resistances of the system. (b) Any mathematical model that represents a variable resistance (a potentiometer) is able to explain the asymptotic trend of gas consumption, but not necessarily the physics associated to any model of such type of mathematics is correct. Curve fitting potentially masks such incorrect physical descriptions.

  mass transfer coefficient and C  is a concentration difference; and by Fick's law for diffusion g dn dC DA dt dz  , where D is the mass diffusivity and dC dz is the concentration gradient. This point out that different apparatuses most probably present different

(

  C) Mass transfer between the continuous phase and each hydrate particle: considering a mass transfer coefficient m h between the particle and the bulk, Newton's law for convection comes

  This is the starting point of chapter 3.
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 16 Figure 1.6. Depiction of the agglomeration steps. (a) When relative motion between two particles is capable of disrupting the potential barrier between these two particles and to overcome drainage forces, particles collide and form an aggregate. (b) The aggregate may disrupt because of shear stresses of the flow, or (c) consolidate, forming an agglomerate, should enough time be given for a crystalline bridge to form. (d) Disruption of agglomerates is called breakage and it does not necessarily make particles to return to the same initial size they had before agglomeration.

D

  is the diffusivity of the particles inside the carrier fluid,  is the fluid kinematic viscosity and t  is the energy dissipation rate of the flow. Figure 1.7 depicts the relative motion between the particles. Whichever the fluid (

Figure 1 . 7 .

 17 Figure 1.7. Depiction of the relative motion between particles, essential to estimate the collision rate. (a) For particles smaller than the Batchelor scale, fluid motion will never cause relative movement between the particles. Relative movement is then diffusion-driven and called Brownian motion. (b) For particles between Batchelor and Kolmogorov scale, the relative movement is laminar if the fluid is non-static. The particles will never escape the turbulent eddies even in case of turbulent fluid flow. (c) For particles larger than the Kolmogorov scale, and if the fluid presents turbulent motion, particles escape the turbulent eddies, causing turbulent relative movement between the particles.

Figure 1 . 8 .

 18 Figure 1.8. Depiction of the main forces playing a role on particle agglomeration at the submicron-scale. (a) Instantaneous dipole forces between particles incur in attractive forces that tend to attach and aggregate particles, called London-van der Walls forces. (b) Electrostatic charges covering the particles induce the creation of a layer of ions (if ions are present in the solution, e.g., salt) of opposite charge, inducing repulsive forces between particles, a phenomenon called double layer of counter ions. (c) The approximation of particles incurs in fluid expulsion, inducing a repulsive counter force, called drainage force. Lubrication forces can act as well for small liquid films (< 100 µm). (d) Phenomena (a) and (b) together are called DLVO theory and create an energy barrier for aggregation of submicron particles. The called DLVO potential usually does not consider drainage or lubrication forces, phenomenon (c), which therefore need to be included inside the collision efficiency.

Figure 1 . 9 .

 19 Figure 1.9. Depiction of a liquid bridge between particles. (a) Liquid bridge forms after collision of two hydrate particles in oil-continuous phase when a water layer covers the particles (wet particles). The oil-water-hydrate wetted angle induces binding forces that hold the aggregate together. (b) If the flow furnishes sufficient energy to disrupt the aggregate, the particles get re-dispersed. (c) Otherwise, the particles consolidate because of the crystallization of the liquid bridge into a crystal bridge.

Figure 1 .

 1 Figure 1.11. Gas-liquid flow map adapted from Barnea [74] for (a) horizontal and (b) vertical pipelines. Transition criteria for air-water in a pipe of 51-mm ID at 25 o C and atmospheric pressure. Sub-patterns are not presented.

Figure 1 .

 1 Figure 1.12. Liquid-liquid flow map adapted from Brauner [73,159]. (a) Horizontal pipe for

  Do/w Oil superficial velocity [m/s] Oil superficial velocity [m/s] Water superficial velocity [m/s]

  and a proper expression for the friction factor f gives expressions of max d in terms of the Reynolds and Weber numbers of the continuous phase with a general shape of represent the density, viscosity and interfacial tension, and index c stands for the continuous phase. The value of n depends on the   ', c u U f function adopted and the exact expressions from literature are presented in TableA.10. To estimate the maximum droplet diameter max d , Brauner[START_REF] Brauner | The prediction of dispersed flows boundaries in liquid-liquid and gas-liquid systems[END_REF] suggests the use of the maximum value between dilute and dense dispersions

Figure 1 .

 1 Figure 1.13. Solid-liquid flow map adapted from Doron and Barnea [247] for 50-mm ID horizontal pipe, with 3 1240 kg/m s   and 3 mm p d  .

  If the bed becomes stationary, usually by the crystallization of the bed to the wall, then it is called a deposit.

Figure 2 ..

 2 Figure 2.1 depicts the multiscale problem that will be detailed along this chapter. The phenomenological models available in literature [2,40-42,51,249] explain how the first particles form (length scale in the order of

Figure 2 . 1 .

 21 Figure 2.1. Depiction of the multiscale problem of gas hydrates formation under multiphase flow. (a) Intermolecularscale: affinity between water, oil and hydrate is explained by distortion of polarity. The use of surfactant additives may induce affinity inversion from hydrophilic to lipophilic. (b) Capillary-scale: without the use of surfactants, capillary forces expulse water from the porous structure. With surfactants and when wettability inversion occurs, oil tends to penetrate the capillaries. (c) Particle outer surface-scale: water availability in the outer surface of hydrate particles explains the existence of liquid bridges (stickiness of particles). If particles remain together for enough time, crystallization of the liquid bridge causes consolidation of the particles into an agglomerate. (d) Particle-and interparticle-scales: collision between hydrate particles depends on the length scale of the particle size and of the turbulent eddies, which determine the regime of relative motion. (e) Multiphase flow-scale: initial size of hydrate particles is in the order of magnitude of the size of the droplets for dilute dispersed flows. Slurry stability depends on the size of the particles and on the flow rate of the carrier phase. (f) Flowline-scale: uncontrolled hydrate formation causes pressure drop oscillations related to flowrate decrease up to complete blockage (plugging).

,,

  Figure 2.1(b), this concavity causes acceleration of the water body, called capillary force, which causes permeation of water through the porous hydrates, and water spreads over the outer surface of the particle. Water availability on the outer surface of the particles 01 (~10 μm  , Figure 2.1(c)) causes liquid bridge formation after particles' collision. Particles' collision, by its turn, comes from the relative motion in the particle-and interparticle-scales ( Figure 2.1(d)). The existence of liquid bridges induce binding forces (particles behave as 'sticky'), and are called wet particles. The available water may as well crystallize, consolidating the particles into an agglomerate, which can promote destabilization of the slurry, phenomenon that occurs in the multiphase flow-

Figure 2 . 2 .

 22 Figure 2.2. Sponge vs shell approach. (a) In large interfaces (e.g., stratified flow), the particles present a flake-shape and easily detach because of liquid shearing. (b,c) In dense flows, drops are very close to each other and any interfacial tension variation during the onset of formation may promote their coalescence, forming initial particles that are larger than the droplets. In dilute flows:(d,e) the first crystal seeds form in the droplet interface; (f,g) in static systems, tangential growth prevails (heterogeneous kinetics), forming a porous hydrate shell that encompasses a water core; (h-i) in flowing systems, relative motion between crystal seeds and droplets do not promote any preferential growth direction (homogeneous kinetics), and the water core is not created. This causes sponge-like particles, a new concept of the particle morphology that will prove efficient into understanding off-equilibrium processes of hydrate formation in systems containing oil.

Figure 2 .

 2 3(a,b).

Figure 2 . 3 .

 23 Figure 2.3. Depiction of the porous structure of gas hydrates. Porosity coming from crystal growth: (a,b) The presence of impurities, ionic forces and/or high driving forces induce initial preferential growth directions, marked by the magenta dots;(c,d) the gas cannot reach deeper regions of the formed grooves because of gas consumption, forming dendritic structures. Further water expulsion through the grooves of the dendrites contributes to the formation of such structures. (e,f) Agglomeration traps interstitial liquid and forms larger scales of porosity. Notice that collision probability between more than two particles is highly improbable. In (e,f), the agglomerate represented is formed of several daughter particles, but they do not necessarily collided at the same time step.

Figure 2 .

 2 Figure 2.6(c), can be submitted to both outer growth and capillary filling-up depending on the competition between gas diffusion into the capillaries and water permeation through the porous structure.

Figure 2 .

 2 Figure 2.7 shows insights at the capillary scale near the outer surface of the particle for the case of oil continuous flow without surfactant. In this case, capillary forces act on expulsing water from the sponge, as already discussed from

Figure 2 .

 2 Figure 2.4(a). For slow water permeation, Figure 2.7(a), the gas penetrates into the capillary and diffuses through water, crystallizing at the capillary walls, Figure 2.7(b,c). Therefore, the porous structure gets sealed, entrapping the remaining water inside the particle, Figure2.7(d). In this case, water never reaches the outer surface of the particle, and the particle is called dry.

Figure 2 . 6 .

 26 Figure 2.6. Active surface of crystallization. (a) In water-continuous systems, crystal growth occurs in the outer surface of the particle. (b)In oil-continuous systems with surfactants that invert hydrate wettability, crystal growth occurs in the capillary walls, sealing the capillaries. (c) In oil-continuous systems without surfactant, both outward growth and capillary sealing occur concomitantly, depending on the competition between gas diffusion into the capillaries and water permeation through the porous structure.

Figure 2 . 7 .

 27 Figure 2.7. Depiction of wet and dry particles and the competition between permeation and crystal integration close to the outer surface of the particle. If gas diffusion in water is faster than water permeation: (a) water is slowly expulsed from the capillary; (b) gas diffuses in water and reaches the capillary wall, where it crystallizes; (c) a hydrate cap is formed, blocking the capillary entrance; (d) the water is sealed inside the porous structure, and the particle turns dry. If water permeation is faster than gas diffusion in water: (e) water is expulsed from the capillary; (f) gas cannot diffuse in the direction of the capillary walls because it gets constantly expulsed by a counter-convection; (g) water reaches the outer surface of the particle and spreads over it because of chemical affinity, further crystallizing and causing outer growth of the particle; and (h) a water layer covers the outer surface of the particle, and the particles turns wet. An initially wet particle can dry out with time, as the porous structure gets sealed.

Figure 2 .

 2 10(a-f) shows that, although particles in oil continuous flow without the use of surfactants can be sealed-up, Figure 2.10(a), they eventually break because of flow shearing, Figure 2.10(b), exposing new capillaries and renewing the wet surfaces, Figure 2.10(c). This incurs in new sticky surfaces, Figure 2.10(d-e), which leads to further agglomeration, Figure 2.10(f). That

Figure 2 . 10 .

 210 Figure 2.10. Dynamic breakage and re-agglomeration of particles in oil-continuous systems. Without surfactant: (a,b) even if capillaries are already sealed, breakage of particles expose new capillaries, called renovation of wet surfaces, (c) water quickly permeates and spreads over the new exposed surfaces,and (d-f) upon collision, these new surfaces form liquid bridges that promote agglomeration. With surfactants that invert hydrates wettability: (g-j) even if particles break, oil penetrates the just exposed capillaries, avoiding the renovation of the wet surfaces.

Figure 2 . 4 and Figure 2 . 9 .du Chapitre 2

 24292 Figure 2.4 and Figure 2.9.

  the gas from the oil phase. This triggers a gas absorption process from the gaseous free phase to the oil-continuous phase, occurring at a rate g abs dn dt . The absorption and depletion processes are depicted in Figure3.2 for the slug flow pattern, but any

C

  is the gas concentration in the bulk, abs k is the absorption coefficient (reference values given in Table A.3), / go A is the gas-oil interfacial surface, and b  is the bulk volume.

Figure 3 . 2 .

 32 Figure 3.2. Mass balance in the bulk. (a)The oil-continuous phase absorbs gas from the gaseous free phase, while the hydrate particles consume gas for crystal growth. The depiction is for gas-liquid slug flow pattern, but the growth kinetics model can be further applied to other flow patterns, as long as one is able to estimate interfacial surfaces and mass transfer coefficients, and as long as oil is the continuous phase. (b) Simplified control volume for the mass balance considering a bulk region in the oil continuous phase.

c

     are porous medium parameters named porosity, tortuosity and interconnectivity; , cp rr are the average capillary and particle radii; / ow  is the oil-water interfacial tension; and w  is the water dynamic viscosity. The porosity evolution in time   t  will be modeled section 3.1.4, whereas tortuosity c  , interconnectivity  and capillary radius c r will be kept constant regardless the crystallization in the capillary walls. If all the water that arrives to the outer surface of the particle instantly crystallizes [21], then the water consumption because of hydrate formation, and the related gas consumption, are

  presented in Figure3.3(a), gas is consumed in the capillary walls while it diffuses in z direction, where 0 z  is defined at the outer surface of the particle and the positive direction of z points inwardly. Considering:

  new important feature of eq (3.8) is the influence of the enhancement of the active surface per unit volume as the capillaries decrease in radius, coming from the ratio of the crystallization surface to diffusion volume,

Figure 3 . 3 .

 33 Figure 3.3. Mass transfer inside the capillaries of the porous particle, which entrap water. (a) Gas diffuses through water inside the capillaries of the hydrate porous structure while it is consumed for crystallization in the capillary walls, causing a gas concentration distribution along the capillary. (b) Control volume for gas molar balance of eq (3.8).

  where , in out rr are the inner and outer radius of the shell. The dimensionless capillary length is c c cL L r  . The gas concentration at the inner core is considered in the capillary wall)(gas flux out) (gas flux in) arriving gas concentration from the gas diffusion in water,

  this resistance is negligible; and when particle and bulk prevails. Furthermore, the last term inside the brackets of eq (3.19) couples outer growth with crystallization in the capillary walls, that is, gas consumption in outer growth reduces gas availability to diffuse into the capillaries. In eq(3.19), both the number of capillaries and the number of particles evolve in time and represent the coupling between the scales of the capillary (~0.1 1 μm)  , the particle (~0.5 5 mm)  and the flowline diameter (~0.1 0.5 m)

B

  .8. A simplified population balance of the number of capillaries per particle is stated as is the birth rate of capillaries, c D is the death rate of capillaries and , c in n is the initial number of capillaries. The capillaries are considered dead (closed) once   , 0 c t z r  for any z . The death ratio of capillaries is defined as the time required for the most critical z position of the capillary to close up, which occurs at 0 z  (larger driving force).

1 100 .

 1100  means that at each 100 capillaries that are filled during the time-lapse close t , 99 new ones are created (or reopened) because of the internal tensions and consequent cracking of the particle structure. Therefore, only 1 out of 100 capillaries is, in average, filled during the time lapse close t Inserting eqs (3.24) and (3.25) into (3.21)

  [START_REF] Espitalier | Les Fondamentaux de la Cristallisation et de la Précipitation[END_REF], the surface porosity evolution over time comes

Figure 3 . 4 .

 34 Figure 3.4. Model trend validation against experimental data for the molar amount of gas consumed over time. Closure values from Table 3.1.

2

  10 mol/(m sPa) i k    [START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF][START_REF] Al-Otaibi | Kinetic studies of gas hydrate formation using in situ particles size analysis and Raman spectroscopy[END_REF][START_REF] Sharma | Gas hydrate particle size measurements[END_REF], see as well TableA.1. This occurs because of: (i) uncertainties on the measurement of the active surface of crystallization, that is, a high number of small particles, each one with a porous surface; and (ii) uncertainties on the estimation of the mass transfer resistances (which is model-dependent). Not 0 Amount of gas consumed [mol] Experiment Model much attention was given in literature for the estimation of i k and few groups compile values for different gases. This is explained as an unimportance of i k for gas-water systems, which was the study scenario up to the 2000's. In this chapter and in the next one, it will be made clear that, for oil-continuous systems, i k values are very important in order to predict the sealing of the particles. That is, more attention should be given to i k measurements in future studies.
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 35 Figure 3.5. Photos of 9 : (a) the water-in-oil emulsion flow before the onset of hydrate formation, where oil is the continuous phase, and (b) 10 s after the onset, where all water is already entrapped in the porous hydrate particles. Credits also go to PhD(c) Rafael Fabrício Alves and PhD(c) Vinicius Rodrigues de Almeida.

33 ) 9

 339 Tip to recognize structures in the photos: the oil-water interfaces are perfectly spherical and translucent, whereas the crystal surfaces are opaque and amorphous.

  of droplets in the system considering an average droplet size d r , WC is the water cut, and L

  with the camera and in the scale of O(1 mm) dp rr  . The capillary radius is kept constant at 0.5 μm c r 

Figure 3 . 6 .

 36 Figure 3.6. Trends captured by the model for: (a) porosity evolution in time and gas consumption rate, and (b) gas concentration in the bulk and at the outer surface (in oil and in water). Closure values from Table 3.1.

  in oil (~1815 mol/m 3 ) Saturation in water (~138.5 mol/m 3 ) At outer surface in water (C out,w ) At outer surface in oil (C out,o ) Bulk (C b )

Figure 3 .

 3 Figure 3.7(a) presents the gas consumption rate estimated by the model for the extreme values of the range 4 2 1 / 5 10 2 10 s abs g b b kA

  ); or (ii) when water is the continuous phase. Indeed, experimental evidences[START_REF] Melchuna | Experimental study and modeling of methane hydrates crystallization under flow from emulsions with variable fraction of water and anti-agglomerant[END_REF][START_REF] Melchuna | Topological modeling of methane hydrate crystallization from low to high water cut emulsion systems[END_REF] report lower consumption rates for water continuous cases, with a linear trend that is characteristic of the absorption law.
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 37 Figure 3.7. Sensitivity analysis of hydrate formation to the specific absorption coefficient

,

  blue line), the bulk is quickly replenished so the gas concentration inside water at the outer surface of the particle is always kept high (maximum drop of ~ 11%; Figure3.7(b)). Therefore, the pores seal up in a similar time-scale, Figure3.7(c), and the gas consumption rate is similar, Figure3.7(d). That is, even if gas solubilities in water and in oil are similar () ow HH 

2

  Amount of gas consumed [mol]

  Figure 3.7(b). This reduces the driving force to seal up the capillaries, causing a slower porosity decrease in time, Figure3.7(c). As a consequence, the gas consumption rate drops to a nearly constant value in the first 20 min, and remains at this value for the next ~ 100-150 min, Figure3.7(d). Once the porosity reaches lower values, the active surface for crystallization decreases to a point where the gas consumption rate is lower than the maximum absorption rate, then starts to get replenished and to furnish higher driving forces to the outer surface of the particle, Figure3.7(b).This marks the switching of the limiting step from gas absorption to the sealing process, and the gas consumption rate starts to decrease (Figure3.7(d); ~ 100-120 min for green line; ~ 150-200 min for orange line). The amount of gas consumed then starts behaving asymptotically, Figure 3.7(a). The model not only captures the inversion of the limiting process from gas absorption to particle sealing (linear to asymptotic trend in amount of gas consumed, Figure 3.7(a); or nearly constant to a dropping trend in the gas consumption rate, Figure 3.7(d)), as well as that the two limitations are competitive through a certain period (50 150 min) t  .
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 38 Figure 3.8. Sensitivity analysis of hydrate formation to slip velocity particle-bulk

  consumed [mol] H o >> H w ; U p/b = J H o >> H w ; U p/b = 0 H o = H w ; U p/b = J H o = H w ; U p/b = 0.001J H o = H w ; U p/b =

  eq(3.33); and for a case of high 82[START_REF] Bouillot | Framework for clathrate hydrate flash calculations and implications on the crystal structure and final equilibrium of mixed hydrates[END_REF] 10 mol/(m sPa) by Al-Otaibi et al[START_REF] Al-Otaibi | Kinetic studies of gas hydrate formation using in situ particles size analysis and Raman spectroscopy[END_REF][START_REF] Al-Otaibi | Kinetics of structure II gas hydrate formation for propane and ethane using an in-situ particle size analyzer and a Raman spectrometer[END_REF]. In the case of high i k , permeation can play a role in limiting crystallization, and therefore sensitivity on  -parameter is tested as well.

Figure 3 .

 3 Figure 3.9 and Figure 3.10 present the gas transfer rates of the different mass transfer resistances for the simulated cases of low and high

Figure 3 . 9 .

 39 Figure 3.9. Evaluation of growth kinetic model when considering a low constant of proportionality for crystal integration, 11 2 4.1 10 mol/(m sPa) i k

Figure 3 . 10 .

 310 Figure 3.10. Evaluation of growth kinetic model when considering a high constant of proportionality for crystal integration,

  ) Comparison of gas transfer rates of all phenomena against experiments. (b) Amount of gas consumed for extreme values of the range of interconnectivity of capillary bundle (0.001 0.02)   . Because crystallization in the capillary walls limits hydrate formation, the curves in (b) are not influenced by  . Permeation limits outer growth, thus all water arriving at the outer surface is instantly crystallized. dn g /dt [mol/s] C ry st al li z at io n in c ap il la ri es Water permeation trough porous hydrate Crystal integration in outer surface Maximum absorption rate Maximum mass transfer particle/bulk T o ta l ga s co n su m p ti o n (m od el ) Cr ys tal liz ati on in ca pi lla rie s (= to tal ga s co ns um pt io n) O ut er gr ow th = pe rm ea tio n ( = 0. 02 ) O ut er gr ow th = pe rm ea tio n ( = 0. 00 1) Maximum crystal integration in outer surface Maximum mass transfer particle/bulk Maximum absorption rate Experiments criterion (F).

Figure 3 .

 3 Figure 3.11(a) presents sensitivity to the driving force. The system pressure is kept constant at 80 bar and the temperature is varied from 7 to 1 o C. The methane-water-hydrate equilibrium temperature at this pressure is ~ 10.9 o C, which gives subcoolings of

23

  Amount of gas consumed [mol] T = 1 o C (T = 9.9 o C) T = 3 o C (T = 7.9 o C) T = 5 o C (T = 5.9 o C) T = 7 o C (T = 3.9 o C) Amount of gas consumed [mol]

  of gas consumed[mol] r c = 100 nm r c = 300 nm r c = 500 nm r c = 700 nm r c = 900 nm

Figure 3 .

 3 Figure 3.11(d) presents the gas consumed over time for different capillary radii. The initial porosity is kept at a constant value, therefore different capillary sizes imply as well in different number of capillaries per particle, eq (3.28).

  1 and on the experimental case-study of section 3.2, the model is simplified to the limiting process of hydrate formation that is gas consumption in the capillary walls with consequent decrease in the surface porosity with time. The absorption process shows negligible, // g b g b bkA    , thus the bulk can be considered close to saturation of gas in oil,  and there is no need to solve eq (3.2). The mass transfer between particle and bulk is also negligible, ,/ m p b h , and from eq (3.6) the gas concentration in the outer surface inside oil is close to the bulk one,  . Yet, inside eq (3.20), then 0

p

  , which represents the gas distribution inside the continuous phase; in  the initial porosity of hydrates; i k the constant of proportionality of the crystallization law, eq (3.1); c r the capillary radius; and  the birth-to-death ratio of capillaries (fluid-structure interactions). They are grouped into 1 k and 2

Figure

  Figure3.12. Amount of gas consumed over time predicted by the simplified model, eq(3.36). Blue line: for

ik

  varies with the presence of additives; (ii) in  and c r are dependent on how fast crystallization occurs, that is, dependent on the driving force and on i k ; (iii)  is dependent on the fluid-structure interaction, that is, on the flow- and collision-induced deformations of the particle, with consequent water squeezing and crystalline cracking;  is as well dependent on how fast crystallization occurs (driving force and i k ); and (iv) p  is dependent on the flow being dense or dilute, on the flow shear rate (flow pattern, mixing), and on the system size (distance of particles to gas-oil interface). A direct regression of the case of study gives 110 mol/(m sPa) k     and the same 2 k . Since the latter come from pure curve fitting, then the model presents an optimized deviation against the experiment for the given mathematical function. The fitted results are, nevertheless, close in 11% to the theoretical values, which is very satisfactory given the multiscale descriptive modeling done in this chapter.

  p r , the average outer surface of the particle out A , and the average volume of the particle p  , are related to the moments as 0 pL nM  (4.2)

  should be noticed, is interpreted as the inexistence of extreme- ly large particles, i.e., when large L    , then 0 f  . The linear outer growth rate G is estimated by relating the crystalline growth speed in one dimension to the gas consumption because of hydrate formation, relating molar, mass and volume basis. That was presented in eq (1.4) and is evaluated below considering the outer surface of a spherical particle 2 4 p r  , where the characteristic length is the particle radius

14 )

 14 Statistical Mechanics of AgglomerationTerm (iv) of eq (4.8) represents the agglomeration of particles. Agglomeration is usually expressed in function of the density of particles in volume v f . Therefore, v f dv represents the number of particles inside the particle volume interval dv . Consider that two particles with volume 1 v and 2 v agglomerate forming a particle of volume12 v v v .Although some interstitial liquid can get entrapped in the porous created during agglomeration, for mathematical purposes the hypothesis of no-porosity formation during agglomeration is considered, which is a common hypothesis in such type of modeling. Therefore, the rate of agglomeration between two particles is[START_REF] Espitalier | Les Fondamentaux de la Cristallisation et de la Précipitation[END_REF] 

. 4 . 1 . 2

 412 . The next section aims at developing a new expression for the kernel of agglomeration agg K Developing an Expression for the Kernel of Agglomeration

Figure 4 .

 4 Figure 4.2 details the process of agglomeration. Two particles need to efficiently collide in order to form an aggregate. If the surface of the particle is wet, that is, water is furnished to the outer surface by permeation through the po-



  is the collision efficiency, and agg  is the agglomeration efficiency. The expression for the collision probability of shear-induced flow of Smoluchowski[89] is adopted

Figure 4 . 2 .

 42 Figure 4.2.Depiction of the modeled phenomena that lead to an efficient agglomeration. The final result sought is the average particle size evolution in time. In order for two particles to agglomerate, they need to efficiently collide. If the particle is wet, the binding forces caused by the liquid bridge compete with disruptive forces induced by the flow. An agglomerate forms if the particles remain aggregated for enough time so the liquid bridge consolidates into a crystal bridge. With time, the particles dry out because of porosity decrease, thus the liquid bridges do not form anymore, and agglomeration stops, reaching a stable agglomerate size.

Figure 2 .

 2 Figure 2.9(a) are used for the oil-continuous systems considering that particles form liquid bridges (particles are wet during collision) and neglecting breakage. The mathematical representation of Figure 2.9(a) is       2

  Figure 4.3(a). The volumetric consumption of water during crystallization w d dt  is linearly approximated to the ratio of the liquid bridge volume and the time required for consolidation, bc t  , where indexb stands for "bridge" and index c for "consolidation". The volumetric consumption rate of water is related to the volumetric formation rate of hydrates by using the "stoichiometric" relation

bA

  is the surface of a spherical cap with polar angle b  wetted by the liquid bridge, as presented in Figure 4.3(b)

,

  as presented in Figure4.3(c). Therefore

  the particles are considered to touch each other and to have the same radius p r , and the oil-water-hydrate wetted angle, which curves the surface of the liquid bridge, Figure 4.3(c), is neglected for the sake of geometry simplification. Using eqs (4.38) and (4.39) factor 1 g depends on the polar angle covered by the liquid bridge b  , which is unknown a priori.It is plausible to say, nevertheless, that is lays in the range of 30 60 4.40) in (4.37), the consolidation rate becomes

  values of Table3.1. It is important to notice that, when dealing with MoM, there is no distinction between the sizes of the particles that form the agglomerate. Therefore, the average representations of the total surface of particles per unit volume of liquid 2 () M and of the total volume of particle per unit volume of liquid 3 () M are used. If a discrete mathematics approach that tracks the size of the aggregating particles is employed, then the consolidation rate can be used in terms of the particle radius. The liquid bridge will then relates to the smaller particle that forms the aggregate, thus shall be adopted, where[START_REF] Sirino | Multiphase flash calculations for gas hydrates systems[END_REF] , rr stand for the radii of the aggregating particles.

Figure 4 . 3 .

 43 Figure 4.3. Geometric model for consolidation and disruption processes. (a) Aggregate united by liquid bridge. (b) Spherical cap described by the polar angle b  wetted by the liquid bridge. (c) Liquid bridge volume described by a cylinder minus two spherical caps.

,

  is adopted.When two wet particles of identic radius p r aggregate, the oil-water interface decreases because of the liquid bridge formation from a state described by two spherical caps, where Figure 4.3(b), to a state described by the cylinder surface, Figure 4.3(c). Therefore, the increase of interfacial energy per unit time is the disruption rate d k , in [s -1 ], multiplied by the surface variation from the aggregated to the disaggregated state, multiplied by the oil-water interfacial tension / ow

  the representation using the particle radius and considering shall be adopted when the size of the radii of the aggregating particles 12 , rr is known. The energy per φ

iA

  is active surface of crystallization in the outer surface of the particle (

  smooth pipes, see Demonstration #11 of appendix B. The average fluid velocity inside the rock-flow cell is unknown, but should remain inside the velocity-scale 2 UL   , where  is the oscillation rate of the rock-flow cell, and L the rock-flow cell length.

  for the experimental case of chapter 3. The second parameter is called efficiency of particles interacting with the bulk p

Figure 4 .

 4 Figure 4.4 presents comparison of the model with experimental data for the average gas consumption rate () g nt and the average particle increase rate , [( ) ] p p in r r t  , evaluated at time instants 20 min, 40 min, 1 h, 2 h, 3 h, and 4 h after the onset of formation. For instance, neglect the circles of Figure 4.4, which represent the simplified model to be introduced in section 4.4.The model presents deviations inside the range of ±40%, that is, it is able to capture the order of magnitude of both gas consumption (in the order of 0.15 to 0.25 mol of gas after 4 h for the 0.5 L of liquid at 10% water cut) and the order of magnitude of the agglomeration rate (to be discussed in the next section). The model considerably overpredicts the gas consumption rate when bed formation occurs (case #2 of Figure4.4, in red, also to be discussed in the next section). The simulations were held using a time step of 3 s, where smaller time steps do not present considerable improvement of the results. Convergence of this fairly large time step shows the robustness of the 4 th order Runge-Kutta Method for this problem.

  .5 K, 70 bar) Gas fugacity at three-phase gas-water-hydrate equilibrium, evaluated at equilibrium pressure related to the system temperature h ( , )

  See Table3.1 for range of possible values of the growth kinetic parameters. b With that the slip velocity is the same velocity of the fluid and that this velocity comes from the velocity scale inside the rock-flow cell,

  basis.h The equilibrium pressure related to the system temperature is estimated through CSMGem[START_REF] Jager | The next generation of hydrate prediction: II. Dedicated aqueous phase fugacity model for hydrate prediction[END_REF][START_REF] Ballard | The next generation of hydrate prediction: I. Hydrate standard states and incorporation of spectroscopy[END_REF][START_REF] Ballard | The next generation of hydrate prediction IV: A comparison of available hydrate prediction programs[END_REF][START_REF] Ballard | The next generation of hydrate prediction: Part III. Gibbs energy minimization formalism[END_REF], which gives values of 5 o C. The fugacity is then evaluated through NIST RefProp[START_REF] Lemmon | REFPROP Reference Fluid Thermodynamic and Transport Properties[END_REF]. i For the cases without additive, the oil-water interfacial tension is estimated through Antonoff's rule[START_REF] Davies | Interfacial phenomena[END_REF], No characteriza- tion of interfacial properties is available with the presence of additives, but it is considered that the additive cause the oil-water interfacial tension to decrease by ~ 25%, whereas the wetted angle is kept constant.

  In the PhD thesis of Kakitani[START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF], the numeration of the experimental cases is different, having the following correspondence: #1 = 4, #2 = 7, #3 = 8, #4 = 9, #5 = 10, #6 = 13, #7 = 16. b 'Mix' stands for the gas mixture of 92% of methane and 8% of propane (in mol).c The shear rate is approximated by turbulent velocity profiles of single-phase, steady-state, developed flow in smooth pipes (see Demonstration #11 of appendix B). d See section 4. Trend 1: stable agglomerate size of ~ 12 mm after ~ 1 h. Trend 2: stable agglomerate size of ~ 6 mm after ~ 40 min. Trend 3: no agglomeration, particles remain the ~ 1 mm scale.

Figure 4 . 4 .

 44 Figure 4.4. Comparison of the model with experimental data for (a) the average gas consumption rate () g nt and (b) the average rate of particle radius increase , [( ) ] p p in r r t  , evaluated at time instants 20 min, 40 min, 1 h, 2 h, 3 h, and 4 h after hydrates onset. Cross = complete model, circle = simplified model, black = case #1, green = #2, orange = #3, magenta = #4, red = #5, blue = #6, purple = #7.

Figure 4 .

 4 [START_REF] Ballard | The next generation of hydrate prediction: I. Hydrate standard states and incorporation of spectroscopy[END_REF] shows schematics of the behavior of gas consumption and agglomerate radius evolution in time for the experimental dataset tested, compared to photos of the rock-flow cell experiment.

Figure 4 . 6 presents

 46 the comparison of experiment, complete model and simplified model (to be introduced in section 4.4; for instance, neglect the dashed lines) for three selected cases. -r p,in )/t experiment[mm/h] 

Figure 4 . 5 )

 45 Figure 4.5). Bedding incurs in a decrease of the particle-bulk interfacial surface and in different particle deformation, decreasing the water squeezing and cracking of new capillaries (fluid-structure interactions, coming from  fitting).

Trend 1 :

 1 stable agglomerate radius of ~ 12 mm, reached after ~ 1 h, related to low subcooling cases without additives. Trend 2: stable agglomerate radius of ~ 6 mm, reached after ~ 40 min, related to low subcooling cases with additives, showing the effect of lower interfacial properties into decreasing agglomeration.  Trend 3: no agglomeration, particles remain in the same order of magnitude of ~ 1 mm for the entire experiment, related to high subcooling cases, showing its effect into sealing the particles.Two observed phenomena are not captured by the agglomeration model. The first is the fact that some larger, unstable structures may appear in the first minutes after the onset of formation, as pointed out in Figure4.5. This causes an initial peak in the particle radius curve (see schematics in Figure 4.5 and experimental data in Figure 4.6(b)). These structures are associated: (i) to the transient evolution of the flow pattern, especially coming from the restart process of

Figure 4 . 5 .

 45 Figure 4.5. Schematics of the model behavior for the amount of gas consumed and agglomerate radius evolution in time, compared to photos of Kakitani [40].

Figure 4 . 6 .

 46 Figure 4.6. Comparison between experiments (circle), complete model (continuous line) and simplified model (dashed line). (a) Amount of gas consumed in time, where the model overpredicts when bed forms and/or when the system is dense (mostly for low subcooling and low shear rate). (b) Agglomerate radius evolution in time, showing the three discussed trends. Selected cases: #1 (black), #5 (red) and #6 (blue).

Figure 4 .

 4 6(b)). Therefore, there is a second mechanism of the influence of the subcooling in agglomeration not captured by the model and that needs consideration.

Figure 4 .

 4 Figure 4.7(a) shows a theoretical plot of the kernel of agglomeration against the subcooling. It is observed that higher driving forces actually enhance agglomeration because of faster consolidation. However, from experimental observation, the stable agglomerate size decreases, thus the predominant mechanism is that higher driving forces cause particles to dry out faster, thus reducing the time window during which agglomeration happens (an expression for the time the particle takes to dry out will be developed in section 4.4). The wet vs dry criterion, eq (4.53), is very sensitive on the porous medium parameters, and it is known that the porous medium morphology can drastically change depending on the subcooling.

Figure 4 . 7 .

 47 Figure 4.7.Theoretical curve of the kernel of agglomeration against: (a) subcooling, (b) shear rate, and (c) oil-water interfacial tension. Evaluated from eq (4.50) considering the gas mixture. The moments of particle size distribution are evaluated at the initial condition, 0 t  , from eq (4.14), and considering the initial particle size of 1 mm. The linear growth rate comes from eq (4.12), evaluated at 0 t  , where 90% in , with

Figure 4 .

 4 7(b). It can be observed that two competitive phenomena occur: (i) up to ~ 1 s -1 , the kernel of agglomeration increase with shear rate caused by an increase of the collision rate, and (ii) for > 1 s -1 , the kernel of agglomeration decreases with the shear rate because of increased disruption. From the theoretical values, the experimental dataset is inside the range controlled by the disruption rate. Although the analysis show a decrease of the kernel of agglomeration by a factor of approximately ½ when going from a shear rate of 3.4 to 7 s -1 (6 to 16 rpm in the oscillation rate of the rock-flow cell), the experimental results show insensitive to this variation, since the particles are dry from the onset. Notice that the kernel of agglomeration plotted in Figure4.7 is for a wet particle, since 0 agg K  for a dry particle.

Figure 4 .

 4 6(b) shows that the use of 1% mass of additive (blue line) causes the stable agglomerate size to decrease by half of its size (blue line, trend 2) comparing with the case without additive for the low subcooling case (black line, trend 1). For the case of high subcooling, the agglomeration is avoided the same way, thus no substantial variation was observed by the introduction of the additive (red line, trend 3).Additives usually present surfactant properties, which incur: (i) in lower oil-water interfacial tensions; (ii) in higher oil-water-hydrate wetted angles (water side), 'flattening' the oil-water meniscus inside the capillaries of the porous structure ( // 90 o o w h   is a completely flat interface) or even inverting the nature of gas hydrates from hydrophilic to lipophilic (for // 90 o o w h   ), see Figure 2.4; and (iii) in variations of the equilibrium curves of gas hydrate formation, thus changing the driving force (subcooling). Interfacial and equilibrium properties were not measured for the system with the insertion of the additive. As a theoretical analysis of the model, the oil-water interfacial tension is considered to decrease by ~ 25% by the use of 1% of additive, whereas no influence on the wetted angle and on the equilibrium curves is considered. By these considerations, the model is able to capture trend 2 when the additive is added at low subcooling, blue line of Figure 4.6(b).

Figure 4 .

 4 Figure 4.7(c) presents a theoretical plot of the kernel of agglomeration against the oil-water interfacial tension. A lower oil-water interfacial tension causes a smaller kernel of agglomeration, explained by a weaker liquid bridge holding the aggregate together. For the 25% decrease in the oil-water interfacial tension, the kernel of agglomeration de-

.

  well as the gas-bulk absorption resistance () For further simplification, the driving force in fugacity is related linearly to the subcooling as fT f k T    , where index 'fT' stands for the transformation of fugacity driving force into subcooling. Table4.4 presents the adopted values of fT k .

twhere 1 k

 1 , which by its turn depends on the average mixture velocity U and on the pressure gradient dP dz . By the use of a known friction factor f (in the Fanning representation), the relationship depends only on the mixture velocity of magnitude of the friction factor is approximated to a single-phase, steady-state, developed flow in smooth pipes (Blasius) as Re is the Reynolds number. The factor of proportionality Kolm is valid for laminar flow, or turbulent flow in the Kolmogorov size-scale, or turbulent flow close to the wall. For turbulent flow far from the wall, is found by the evaluation of a turbulent velocity profile in the geometry of the rock-flow cell and for an oil of 10 cP (see Demonstration #11 of appendix B). The velocity for the rock-flow cell is evaluated as 2 UL   , where  is the oscillation rate of the rock-flow cell (in Hz) and L is the rock-flow cell length. Notice that this expression of Kolm k is very specific for the rock-flow cell apparatus in the conditions tested.

  derivation, the porous medium interconnectivity is considered to be inversely proportional to the driving force by a sigmoid function asymptotes, where min 0.001   and max 0.02   are the minimum and maximum values of porous medium interconnectivity. Parameter * T  is the subcooling at which the interconnectivity is supposed to reach values close to the magnitude of the minimum interconnectivity, and 6 a represents how fast is the transition from the upper plateau max  to the lower one min  . Precise fitting of 6 a and * T  requests a refined dataset including intermediary subcoolings between 7.5 K and 18 K, but fair values from the data herein considered are of eq (4.62) in Demonstration #13 of appendix B).The time dependence of eq (4.61) comes from the particle surface porosity  . As the porosity decreases with time coming from the sealing of the capillaries, the particles dry out. Eq (3.29) evaluated at dry tt  , is simplified to expression considers that the gas is saturated inside the water at the oil-water interface

  being a representative order of magnitude of the particle radius along the agglomeration process. Notice that the simple fact of using the instantaneous value of   pt r significant- ly distances the curvature of eq (3.36) to the experimental data, since eq (3.36) comes from considering a constant particle radius associated to a constant number of particles, and the simple fact of changing the average particle radius does not capture both phenomena. Therefore factor that captures an averaged effect of both particle radius and variation of number of particles during agglomeration. Table4.4 presents the suggested values.

  Pa/K, for 0.92CH 0.08C H at T 7.5 K 3.4 10 Pa/K, for 0.92CH 0.08C H at T 18 K fT

Figure 4 .

 4 [START_REF] Jager | The next generation of hydrate prediction: II. Dedicated aqueous phase fugacity model for hydrate prediction[END_REF] shows deviations plots of the average gas consumption rate and the average rate of particle increase, which stays very close to the complete model (that is, the simplifying hypotheses hold) and inside the ±40% deviation range. The behavior of the gas consumed and particle radius evolution in time, compared to the experimental data and to the complete model, is shown in Figure4.6.

Figure 4 .

 4 Figure 4.8 presents the simplified model sensitivity into determining the evolution of the agglomerate radius.

  . Notice that these plots show the stable agglomerate size (asymptote), the time for the particle to dry out (time where asymptote is reached), and the kernel of agglomeration (proportional to the inclination of the straight line).

Figure 4 .

 4 8(a) shows that higher subcooling causes higher kernel of agglomeration because of faster consolidation, but present smaller times for particle to dry out (especially because of the decrease of the porous medium interconnectivity), thus incurring in smaller stable agglomerates. Agglomeration is avoided for subcooling higher than 11 K when considering the fitted values for the case of study.

Figure 4 . 8 .

 48 Figure 4.8. Agglomerate radius evolution in time, estimated from the simplified model. Sensitivity to: (a) subcooling, (b) oil-water interfacial tension, (c) oil-water-hydrate wetted angle (water side), and (d) flow velocity. In black, case #2 for 5 5 10 Pa/K

Figure 4 .

 4 Figure 4.8(b) shows the sensitivity to percentage reductions in the oil-water interfacial tension by, e.g., the use of a surfactant additive. Smaller oil-water interfacial tension causes smaller kernel of agglomeration coming from the re-

  60% or more), agglomeration is avoided in the case of study.

Figure 4 .

 4 Figure 4.8(c) shows the sensitivity to the oil-water-hydrate wetted angle (water side). The model does not capture any influence of the wetted angle in the kernel of agglomeration because of the geometry adopted for the liquid bridge,

Figure 4 .

 4 Figure 4.3(c). Anyways, the wetted angle should have a minor effect on the kernel of agglomeration, as the geometry

Figure 4 . 9 .

 49 Figure 4.9. (a) Time for particle to dry out, eq (4.63), and (b) increase in agglomerate radius

Figure 4 .

 4 Figure 4.8(d) shows the sensitivity to the mixture velocity for 7.5 K of subcooling. The rock-flow cell oscillation rate relative to each velocity-scale estimated from 2 UL   is shown in parenthesis, and some velocities are extrapolated to

  to dry out [h] -25%  o/w -50%  o/w  o/w/h = 40 o  o/w/h = 80 o  o/w = 4.97x10 -2 N/m ;  o/w/h = 60 o

Figure 5 .

 5 Figure 5.1 depicts the main steps to be modeled. The approach is steady-state and one-dimensional, and the flowline is divided in nodes spaced by z  . The input data for the model are the superficial velocities of the phases j  and the mixture pressure in P and temperature in T at the flowline inlet. The flowline is cooled down by an infinite external medium of constant temperature ext T and heat transfer coefficient ext h , which represents the ocean.

Figure 5 . 1 .

 51 Figure 5.1. Step-by-step solution procedure of slug flow hydrodynamics and heat transfer with hydrate formation.

( 5 . 1 )

 51 where the superficial velocities in the first node (flowline inlet) are input parameters. The ratio  Un zL  comes fromthe evaluation of terms dn dt for the entire unit cell (e.g., the gas-liquid interfacial surface for the entire unit cell length U L is used for the growth kinetic model), whereas the variation along the flowline is related to the nodal spacing z  .

  N2, CO2 and Ar solubil-

  negative, causing a gas deceleration along the flowline. The molar rate sol./rel. g dn dt is defined as positive when gas is released from the liquid phase, thus causing gas acceleration. In eqs (5.2) to (5.5), the gas hydrate terms only exist if formation, defined to be when the critical subcooling is achieved,

Figure 5 .

 5 Figure 5.2 shows a control volume placed along the gas-liquid interface. The transfer rate of gas, in molar basis, comes from the solubilization/release rate and the gas consumption rate because of hydrate formation



  is the volume of the liquid bulk, which in means of the slug flow geometry comes

Figure 5 . 2 .

 52 Figure 5.2. Control volume to model the gas transfer rate in the gas-liquid interface.

  constant pressure in the cross sectional area, an ordinary differential equation arises for the liquid film height LB H along the flowline axial coordinate z[START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF] (see Demonstration #16 of appendix B)

.

  5.13) where B R  is the volumetric fraction of each phase in the elongated bubble region. This ODE represents the aerodynamic profile of the elongated bubble. Its inclination is initially evaluated at 0 LB z hD   (upper wall), and then for a given step in z , one finds the step in the liquid film height from By consecutively repeating this process, one can trace the profile of the elongated bubble. The elongated bubble rear is defined to be when the liquid mass balance inside the unit cell is satisfied is constant and the LHS needs to be computed at each step of the bubble profile integration, as the val-

R

  length is estimated through the definitions of the unit cell translational velocity and the slug flow fre-By using eq (5.15) into (5.14) and by considering the average liquid fraction of the film as relates to the liquid film height when considering a flat gas-liquid interface by

Figure 5 . 3 .

 53 Figure 5.3. Control volumes (CV) for the conservation equations of the slug flow model. CV1: momentum balance in the elongated bubble region to estimate elongated bubble shape, eq (5.13). CV2: mass balance to estimate film and elongated bubble velocities, eqs (5.22) and (5.23). CV3: momentum balance in the unit cell to find pressure gradient, eq(5.26). The depiction of shear stresses in CV3 is also used to find the viscous dissipation term for the energy balance in the unit cell, eq (5.62). CV4: energy balance in the unit cell to find the sensitive heat, eq (5.30), the thermal scooping, eq (5.44), and the heat transfer with the wall, eq (5.55). CV5 and CV6: complementary control volumes to model the

Figure 5 . 4 .

 54 Figure 5.4. Cross section of the elongated bubble region: (a) for horizontal and inclined slug flow (asymmetric bubble), and (b) for vertical slug flow (symmetric bubble).

  wetted angle is defined in Figure5.4, and its definition is author-dependent. A potential pitfall comes from the mixing the geometric expressions from different authors.

Figure 5 . 3 ,

 53 which encompasses the unit cell and displaces with it at the velocity T U . For steady-state, the temperature variation with time is rewritten as phase fraction inside the unit cell. Term (i) of eq (5.30) represents the sensitive heat of the mixture and comes

  is the relative velocity between the mixture and the control volume and U T  is the temperature difference along the unit cell. Separating the contributions of both phases , LG   and considering the actual velocity of each structure U  instead of the mixture one J , then

5 . 35 )

 535 Expanding the sum of eq (5.34) for both phases , the temperature of each unit cell in the pipeline, but this incurs in a transient approach. The temperature differenceU T  is therefore estimated through the wall-mixture temperature difference () W TT by what is called the thermal scooping factor  as used to retrieve a function for  . A simplified energy balance that only considers the terms of sensitive heat and of heat transfer with the wall applied to the differential control volumes inside the slug and inside the elongated bubble regions, CV5 and CV6 ofFigure 5.3, is 

  f and r refer to the front and rear borders of either the slug (S) of elongated bubble (B), and are depicted in Figure 5.3. Reorganizing the terms to find the thermal scooping factor comes (see Demonstration #20 of Appendix B)

D

  is the external diameter of the flowline, ext h is the heat transfer coefficient of the external medium (boundary condition), and W k is the thermal conductivity of the wall. The use of eqs (5.46) and (5.47) leads to the overall heat transfer coefficientwall surface is took as reference, thus  

Figure 5 . 5 .

 55 Figure 5.5. Radial heat transfer resistances related to convection of slug flow, conduction through the flowline wall, and convection of the external medium.

  [START_REF] Pasqualette | 1D Numerical Simulations of Hydrate Formation and Transport in Oil-Dominated Systems with a Population Balance Framework[END_REF].Term (iii) represents the expansivity of the mass content inside the control volume CV7 of Figure5.

T

  at the flowline inlet. Further inputs are the water cut (WC) when using water-oil dispersions (in chapter 6), the flowline geometry (length L , internal D and external ext D diameters), the thermal conductivity of the flowline wall ()

Figure 5 .

 5 Figure 5.6 presents the results for the 3 bar system. It can be observed that, indeed, the new terms modeled in this chapter are negligible for low pressure scenarios. The temperature distribution, Figure 5.6(a), does not present the characteristic exponential asymptote in this simulation because the pipe is too short to reach thermal equilibrium. The pressure drop is linear, Figure 5.6(b). The gas accelerates along the pipeline, Figure 5.6(c), showing that gas expansion

Figure 5 . 6 .

 56 Figure 5.6. Comparison of results when considering (continuous line) and neglecting (dashed line) the new terms modeled for the methane-water system at 3 bar of Table5.3. The lines are overlapped, which proves that the new terms are negligible at low pressure. Distributions of: (a) temperature, (b) pressure, (c) gas superficial velocity, and (d) molar rate of gas transfer in the gas-liquid interface.

. 2 ~1

 2 molar volume of gas of 24.8 /mol at normal conditions displacing in a 75 mm-ID pipeline, this incurs in variation rates of the gas superficial velocity of Or yet, for the 2 m/s mixture velocity at the inlet, the variation of gas superficial velocity per meter of flowline simulated is the flowline outlet. The actual difference of gas superficial velocity variation between both simulations, when considering and neglecting the solubilization term, is of the lower value estimated by the scale analysis), which represents a 0.8% variation of gas superficial velocity at the outlet. As a conclusion, gas solubility in the liquid is not important for low pressure scenarios.

Figure 5 .

 5 Figure 5.7 presents comparison of the different terms of the momentum and energy balance for the 3 bar system. The gas-liquid density ratio is of ~ 0.2%, and the proportion of gas-to-liquid friction terms and heat transfer with the wall terms is close to 1%. Friction of liquid with the wall represents ~ 70% of the pressure gradient, and the other 30% come from the recirculation of the liquid in the elongated bubble wake zone, Figure5.7(a). Notice that the weight terms are zero, as the simulation is horizontal, but for vertical or highly inclined pipelines these terms are expected to prevail over friction. In the energy balance, Figure5.7(b), the sensitive heat of the mixture (of which gas contributes to ~ 1% of it) is balanced by ~ 70% of heat transfer between liquid and wall, and ~ 30% of heat transfer between two consecutive unit cells (thermal scooping). As a conclusion, at low pressure scenarios, all gas terms are negligible. The energy dissipation and the endothermic nature of gas release are negligible as well.

Figure 5 . 7 .

 57 Figure 5.7. Competition of (a) momentum and (b) energy balance terms along the pipeline, for the methane-water system at 3 bar of Table 5.3.

Figure 5 .

 5 Figure 5.8 compares the model results when considering and neglecting the new terms for the 200 bar system. Both heat transfer and head losses are enhanced when considering the new terms, Figure 5.8(a,b), although at the 5 km-scaleof these plots, the variations are not qualitatively considerable. Notice that the methane-water system at 200 bar presents a gas-liquid density ratio of ~ 13.6%, thus the gas terms are expected to represent only 1/10 th of momentum and

Figure 5 . 8 .

 58 Figure 5.8. Comparison of results when considering (continuous line) and neglecting (dashed line) the new terms modeled for the methane-water system at 200 bar of Table 5.3. Distributions of: (a) temperature, (b) pressure, (c) gas superficial velocity, and (d) molar rate of gas transfer in the gas-liquid interface.

Figure 5 .

 5 Figure 5.8(c) shows the gas superficial velocity evolution for the 200 bar case. Deceleration is observed for the high pressure scenario, in opposition to the low pressure scenario of 3 bar. That is, for high pressure the gas is not as compressible as for low pressure, thus the gas contraction because of mixture cooling prevails. From Figure5.8(d), the gas is seen to solubilize into the liquid (negative values), causing an extra deceleration term of the gas. The absolute values of the molar transfer rate of gas in the gas-liquid interface are one order of magnitude higher than in the low pressure scenario case, staying in the

Figure 5 . 9 .

 59 Figure 5.9. Comparison between methane-water and methane-oil systems at 200 bar for: (a) molar transfer rate of gas in the gas-liquid interface, (b) gas superficial velocity, and (c) temperature distributions along the flowline.

Figure 5 .

 5 Figure 5.10 compares the different terms of the momentum and energy balance for the 200 bar case. It is observed

Figure 5 . 10 .

 510 Figure 5.10. Competition of (a) momentum and (b) energy balance terms along the flowline for the methane-water system at 200 bar of Table 5.3.

Figure 5 . 11 .

 511 Figure 5.11. Behavior of closure correlations against the mixture superficial velocity: (a) unit cell translational velocity from Bendiksen[START_REF] Bendiksen | An experimental investigation of the motion of long bubbles in inclined tubes[END_REF] and (b) slug flow frequency from Hernandez-Perez et al[START_REF] Hernandez-Perez | Slugging Frequency Correlation for Inclined Gas-liquid Flow[END_REF].

Figure 5 . 12 .

 512 Figure 5.12. Sensitivity of the unit cell geometry to the mixture velocity (c, at the center), and plots of: (a) elongated bubble length, (b) slug length, (d) average gas fraction in the elongated bubble, and (e) liquid fraction in the slug.

Figure 5 .

 5 Figure 5.12 presents the geometry of the slug flow unit cell. At the center (c), it is depicted how the mixture velocity

Figure 5 .

 5 Figure 5.15. (a) Influence of the liquid loading in the slug flow unit cell geometry. (b) Same plot after the bubble rectangularization to find the average phase fractions in the elongated bubble region.

Figure 5 . 16 .

 516 Figure 5.16. Sensitivity to the liquid loading for: (a) elongated bubble length, (b) slug length, (c) gas fraction in the elongated bubble, and (d) liquid fraction in the slug.

  .20),(5.21) and(5.24), or any other empirical expression at the discretion of the engineer (summarizations are presented in appendix A).(iii) Estimation of the unit cell length by Estimation of the elongated bubble length by a correlation (to be presented next).

Figure 5 .

 5 Figure 5.17. Scale-laws of the dimensionless elongated bubble length against: (a) liquid loading, (b) mixture velocity, (c) flowline inner diameter, and (d) liquid viscosity. Gas and liquid densities were found not to introduce important variations in the elongated bubble length and are not plotted here. In (b-d), the points plotted are for 3 bar, J = 2 m/s, 50% liquid loading, 25 mm-ID and 1 cP.

  (b-d) do not represent the entire dataset of 5318 simulations, but they are sufficient to indicate the parabolic scale against the mixture velocity and the power scale against the liquid viscosity m L  

Figure 5 . 18 .

 518 Figure 5.18. Comparison of the proposed correlation for the dimensionless elongated bubble length, eq (5.74), against the simulation database using Taitel and Barnea's [53] model. The conditions tested are presented in Table 5.4. 0 50 100 150 200 L B /D Taitel and Barnea model [-]

Figure 6 . 3 to 5 .

 635 Figure 6.1 presents a depiction of the main inputs, outputs and closure of the simulator of gas hydrate formation and agglomeration inside multiphase flow. The inputs consists in the thermodynamic state of the mixture at the inlet (P&T), the hydrodynamic parameters at the inlet (mixture velocity, liquid loading and water cut) and the flowline geometry (inner and outer diameter, length, inclination, thermal conductivity of the flowline). The closure consist in the properties of the phases and in intrinsic parameters of the multiphase flow and gas hydrates, as already discussed in chapters 3 to 5. The simulator estimates, in a coupled manner, the superficial velocities of the phases (mass balance), the pressure (momentum balance), the temperature (energy balance), the gas consumption because of hydrate formation (mass transfer) and the agglomerate size evolution (population balance). These equations were derived from chapter 3 to 5 and are summarized below.

Figure 6 . 1 .

 61 Figure 6.1. Depiction of the inputs, outputs and closure values of the simulator of gas hydrate formation and agglomeration inside multiphase flow.

  superficial velocity at the flowline inlet, and   wz j at position z . The water conversion is cho- sen to express the amount of hydrates formed in flowlines instead of the molar amount of gas consumed. The reason is

  cut of inversion occurs at 25 to 35% water cut. The default case presents 30% water cut, therefore close to transition. But one should

  depend on the flow being dense or dilute, and on the droplet size relative to the most energetic eddy of the turbulent flow. The exact expressions are found in TableA.10, and C is not a constant, but a function of the water cut and oil-water density ratio. The Reynolds number of the continuous phase is Re and viscosity effects on the droplet formation. The Weber number of the continuous inertial and oil-water surface energy effects on the droplet size. The Weber number captures the fact that, for lowered oil-water interfacial tensions (use of surfactant additives), the droplet size decrease, since 0 n  .

Figure 6 .

 6 Figure 6.2(b) presents the two distinct trends of the mixture temperature, and a third combined one:

  Fitted from CSMGem [4-7] results for methane hydrates in the range of 40 ≤ P ≤ 200 bar. Temperature is in [K] and pressure is in [Pa]. b From Sander [85], with 298.15K T , valid for   20 K TT    for methane in water.

Figure 6 . 3

 63 Figure 6.3 presents the default case plotted inside the gas-liquid flow map of Barnea[START_REF] Barnea | A unified model for predicting flow-pattern transitions for the whole range of pipe inclinations[END_REF]. The default case is plotted in red, and it is possible to observe that the variations in the gas and liquid superficial velocities along the simulated flowline are not able to generate an important displacement inside the flow map. The most likely flow pattern to occur is plug flow, that is, slug flow without aeration in the slug body (

  wall, and the fact that the active surface decreases during crystallization, causes the mixture temperature to slowly distance from the equilibrium.

Figure 6 . 4 .

 64 Figure 6.4. Temperature distribution along the flowline (default case).

Figure 6 .

 6 Figure 6.5(a) presents the water conversion into gas hydrates along the flowline. It presents an asymptotic trend, ex-

Figure 6 .

 6 Figure 6.5. (a) Water conversion and (b) surface porosity of particle along the flowline (default case).

Figure 6 . 6

 66 Figure 6.6 presents the agglomerate size evolution along the flowline. The droplet size in the imminence of the onset of formation gives the initial condition for the agglomeration model, and it is read as the first value appearing in the plot. The particles agglomerate as they flow along the pipeline, increasing in size. When the particles become dry, the

Figure 6 .

 6 Figure 6.7(a) presents the pressure distribution along the flowline. The inclination of the straight dashed line, in gray,

Figure 6 . 7 .

 67 Figure 6.7. (a) Pressure and (b) apparent viscosity of the dispersion along the flowline (default case).

Figure 6 . 8 .

 68 Figure 6.8. Depiction of the types of head losses induced by hydrate particles. (a)The shear stress introduced by the friction between particle and bulk is called stresslet and incur, in the macro-scale, into an increase of the apparent viscosity of the slurry. This effect is more pronounced for small particles, where the total particle-bulk interfacial surface is higher. (b) Larger particles can settle down forming beds and causing partial restrictions that locally increase pressure drop. The constant detachment of these beds with further moving along the flowline causes intermittent peaks in the pressure drop signal. Only (a) is captured by the simulator, as (b) requires a transient multiphase flow framework.

Figure 6 .

 6 Figure 6.9(a) presents the evolution of the gas superficial velocity along the flowline. Four mechanisms act on accelerating or decelerating the gas (i) The mixture cooling along the flowline acts on contracting the gas, thus decelerating it.

Figure 6 . 9 .

 69 Figure 6.9. (a) Gas superficial velocity and (b) other velocities (default case), evidencing that gas behavior is key to understand accelerations and decelerations along the pipeline.

  the same trends of the gas superficial velocity, and are explained by the same mentioned mechanisms (i) to (iv).

Figure 6 . 10 .

 610 Figure 6.10. Molar rate of gas transfer in the gas-liquid interface (default case).

Figure 6 . 11 .

 611 Figure 6.11. Competition of phenomena in momentum and energy balances along the flowline (default case).

Figure 6 .

 6 Figure 6.11(b) presents the energy balance terms. Before the onset of formation, the sensitive heat of the mixture

Figure 6 . 14 .

 614 Figure 6.14. Model sensitivity to the pressure level of the system for: (a) temperature, (b) water conversion and (c) agglomerate diameter along the flowline. In (a), the dashed lines represent the equilibrium temperature of hydrate formation.

Figure 6 .

 6 Figure 6.15 presents the model sensitivity to the flowline insulation. The wall width is kept constant, whereas its thermal conductivity is varied inside the range of insulating materials, 0.1

Figure 6 .

 6 Figure 6.15(a) shows the sensitivity of the temperature distribution to the flowline insulation. As expected, the cases with lower or none insulation present a much drastic temperature cooling. Heavy insulations relate to trend (i) of tem-

Figure 6 .

 6 16(c) present more or less the same inclination o/w -20%  o/w -30%  o/w -40%  o/w No surfactant ( o/w = 4.97x10 -2 N/m)

Figure 6 . 17 .

 617 Figure 6.17. Model sensitivity to the mixture velocity for: (a) pressure and (b) evolution of gas superficial velocity along the pipeline.

Figure 6 . 18 .

 618 Figure 6.18. Model sensitivity to the mixture velocity for: (a) temperature, (b) water conversion and (c) agglomerate diameter.

Figure 6 . 19 .

 619 Figure 6.19. Model sensitivity to the liquid loading for: (a) pressure and (b) ratio between slug and unit cell lengths.

Figure 6 . 20 .

 620 Figure 6.20. Model sensitivity to the liquid loading for: (a) temperature, (b) water conversion and (c) agglomerate diameter.

Figure 6 .

 6 Figure 6.21 and Figure 6.22 present the sensitivity of the model to the water cut, that is, the amount of water inside of the water-oil dispersion (also called non-slip volumetric phase fraction of water inside the water-oil dispersion, or the

Figure 6 . 21 .

 621 Figure 6.21. Model sensitivity to the water cut for: (a) apparent viscosity of the dispersion and (b) pressure. Lines for 10% and 20% water cut are overlapped in (b).

Figure 6 . 22 .

 622 Figure 6.22. Model sensitivity to the water cut for: (a) temperature, (b) water conversion and (c) agglomerate diameter.

  6.22(b). For the 1 m/s mixture velocity and 50% liquid loading, , 0

ik

  play a role as well on the porous medium parameters. Therefore Two parameters of the hydrate model were directly curve fitted from experiments, namely the birth-to-death ratio of capillaries ()  and the efficiency of particles interacting with the bulk () p  . The specific absorption coeffi- cient of gas by the bulk / () abs g o o

Figure 6 . 23 .

 623 Figure 6.23. Model sensitivity to the constant of proportionality of crystal integration i k for: (a) temperature, (b) water conversion, (c) agglomerate diameter and (d) surface porosity of the particle.

Figure 6 . 24 .

 624 Figure 6.24. Model sensitivity to the porous medium parameters. (a) Water conversion and (b) agglomerate diameter sensitivity to the initial surface porosity of the particles () in  . (c) Water conversion and (d) agglomerate diameter sensitivity to the capillary radius () c r .

Figure 6 .

 6 Figure 6.24(a,b) shows the model sensitivity to the capillary radius c r . Larger capillary radius incurs in higher timescales for capillary closure and for particles to dry out. That is, larger capillary radius increases the asymptote of water conversion (a) and the stable agglomerate size (b).Here, it is important to stress out that the mathematics developed in

Figure 6 .Figure 6 .

 66 Figure 6.25 presents the influence of the two curve fitted parameters of the model. The capillary birth-to-death ratio  influences the time-scale of capillary closure. The easier way to analyze is by considering the quantity   1  , as it is the one appearing in the porosity expression of eq (3.29), and represents the ratio of capillaries that remain closed and are not subjected to reopening because of micro-cracking of the structure. The higher the value of   1   , the faster the particle is sealed, reaching smaller water conversion asymptotes, Figure6.25(a), and causing particles to dry out faster, Figure 6.25(b). Smaller values of   1 therefore incur in higher stable agglomerate sizes and can even toggle the process into competitive absorption and heat transfer limitations, where water conversion presents linear behavior. No important trends of  into the temperature distribution were observed (not shown here), unless of the already discussed mechanism that faster water conversion incurs in higher heat release, thus increasing the mixture reheat trend.

  rate of mass transfer in the gas-liquid interface, whereas p  relates to the spatial distribution of the gas concentration in the continuous phase. As discussed in chapters 3 and 4, 01 p   ,

Figure 6 . 25 .

 625 Figure 6.25. Influence of the curve fitted parameters of the model. (a) Water conversion and (b) agglomerate diameter sensitivity to the birth-to-death ratio of capillaries ()  . (c) Temperature and (d) water conversion sensitivity to the efficiency of particles interacting with the bulk () p  .

Figure 6 .

 6 Figure 6.26 presents the model sensitivity to the specific absorption coefficient

p

  is kept con- stant for all simulations of Figure6.26.

Figure 6 . 27 .

 627 Figure 6.27. Model sensitivity to the critical subcooling for the onset of formation.

Figure 7 . 1 .-

 71 Figure 7.1. General classification of water conversion and temperature trends in time (for a pressure cell) or along the axial position (for a flowline). The dashed line is the equilibrium temperature for hydrate formation. Mass transfer limitations: (a) active surface-limited systems and (b) dissolution-limited systems. Driving force limitations: (c) heat transfer-limited systems and (d) pressure drop-limited systems. For beds and deposits, see Figure 7.2.

  porosity decrease is therefore very slow, which incurs in i water conversion is linear, as presented in Figure7.1(c).

  Particle-Particle and Particle-Wall Interactions are Expected to Lead to Agglomeration and Deposition?

Figure 7 . 3 ,

 73 further growth of this deposit occurs because: (b) the waves constantly furnish water for crystallization; (c) other particles collide to the just-formed deposit, consolidating to it; (d) water permeates through the wall, spreads over the deposit and crystallizes; and/or (e) the water entrapped in the porous deposit permeates to its outer surface and crystallizes. The growth deposit coming from the hydrodynamics of the wave motion, namely (b) and

Figure 7 . 3 .

 73 Figure 7.3. Depiction of the wave effect that leads to deposition in gas-wetted walls for water-continuous systems. (a) The hydrate particles float and accumulate at the gas-water interface. The wave motion of the gas-water interface causes a constant collision of particles with the wall, where liquid bridges are created between particle, wall and the water furnished by the wave motion. The liquid bridge is most likely to quickly consolidate, forming the first layer of the deposit. Fast deposit growth (flowing systems) comes from: (b) water furnished by the wave motion and further crystallization, or (c) particles that collide because of the wave motion and further consolidate to the deposit. Slow deposit growth (static systems or when wave cannot reach the deposit) comes from: (d) permeation of water through the wall (if wall is hydrophilic), or (e) water entrapped in the porous deposit permeates and reaches the outer surface, crystallizing to it.

( a )

 a Attachment of first particles to the wall (b) Deposit growth from water furnished by hydrodynamics (e) Deposit growth from water permeation through deposit (d) Deposit growth from water permeation through wall (c Deposit growth from further attachment of particles ) Fast deposit growth coming from flow hydrodynamics Slow deposit growth coming from permeation

Figure 7 . 4 .

 74 Figure 7.4. Depiction of the splash effect that may lead to liquid bridge formation even if particles are dry during collision. This can happen in any particle-particle or particle-wall collision. Depiction is given for large particles (higher inertia = larger impact of collision) with oil-wetted walls (the collision probability is higher compared to gas-wetted walls; collision with water-wetted walls do not form liquid bridges). (a) Attachment of first particles to the wall: (i) if impact of collision between particle and wall is enough to deform the particle an to squeeze water, then liquid bridge binding forces enter at play; (ii) the particles may consolidate to the wall forming a deposit, or (iv) may detach from it and re-disperse in the flow. (iii) If impact of collision is not strong enough to squeeze water, liquid bridges are not formed and (iv) deposits are prevented. (b) Further growth occurs because of splashed particles over the deposit. (c) If particles are initially wet, then no matter the impact of collision between particle and wall, binding forces coming from liquid bridge always exist. (d) If water permeates through the porous deposit and crystallizes at its outer surface (wet deposit), then the deposit grows.

  Figure 7.4. Depiction of the splash effect that may lead to liquid bridge formation even if particles are dry during collision. This can happen in any particle-particle or particle-wall collision. Depiction is given for large particles (higher inertia = larger impact of collision) with oil-wetted walls (the collision probability is higher compared to gas-wetted walls; collision with water-wetted walls do not form liquid bridges). (a) Attachment of first particles to the wall: (i) if impact of collision between particle and wall is enough to deform the particle an to squeeze water, then liquid bridge binding forces enter at play; (ii) the particles may consolidate to the wall forming a deposit, or (iv) may detach from it and re-disperse in the flow. (iii) If impact of collision is not strong enough to squeeze water, liquid bridges are not formed and (iv) deposits are prevented. (b) Further growth occurs because of splashed particles over the deposit. (c) If particles are initially wet, then no matter the impact of collision between particle and wall, binding forces coming from liquid bridge always exist. (d) If water permeates through the porous deposit and crystallizes at its outer surface (wet deposit), then the deposit grows.

( a )

 a Attachment of first particles to the wall by splash effect (d) Growth of wet deposits (b) Deposit growth from further splashed particles ) (c Attachment of wet particles to the wall For any particle surface state Wet particles only

Figure 7 .

 7 Figure 7.4 still depicts some different paths the system can follow. Once the first layer of particles consolidates to the wall, deposit growth happens because of further splashing and consolidation of particles, Figure 7.4(b). The splashed

Figure 7 . 5 .

 75 Figure 7.5. Time-lapse for consolidation caused by competitive hydrodynamic forces acting on settled agglomerates (beds). (a) Apparent weight (weight minus buoyancy) competes with lift forces for agglomerate re-suspension. (b) Agglomerate inertia competes with drag forces for agglomerate translation. (c) The moment of inertia of the agglomerate competes with torque applied by the flow for agglomerate rotation. If consolidation occurs faster than any motion of the settled agglomerate, then deposition is efficient.

Figure 8 . 1 .[

 81 A power scale captures well the border between safe and unsafe production SI units] are the values used to plot the dashed line of Figure8.1. This expression cap-

  parameters along hydrate formation. The tests can be repeated for systems with different subcoolings, different agitations and the use of different additives and/or salt concentrations, and the results could then be used to quan-Measurement of particle size distribution in time: although instrumentation for the Particle Size Distribution

  similar one that might arise once larger experimental databases are available.

5 =

 5 Note: a Range of Re and Sc validity not commented in the book on transport phenomena of Bird et al [Schmidt number of the particle;

  = horizontal; I = inclined; V = vertical

k

  is the fluid consistency coefficient and n is the flow behavior index; S  = density of the slug region; LB U = liquid film velocity. Inclinations: H = horizontal; I = inclined; V = vertical.

  of the continuous phase. Notes: All expressions are valid for turbulent continuous phase only, Re 2100 c 

  . d Considering the dispersed phase fraction for the mean energy dissipation rate per unit mass,  . e Considering Blasius friction factor for smooth pipes as 0

  velocity; v  = terminal velocity of the particle;  = particle concentra- tion (volumetric fraction of solids inside liquid); 74 m    = fraction of solid particles with size < 74 µm;

1 Demonstration # 1 :

 11 potential between particles;  = shear rate; max  = solid phase fraction; max  = maximum packing factor, which depends on particles shape and alignment; c  = dynamic viscosity of the continuous phase; d  = dynamic viscosity of the dispersed phase. Note: a See page 33 of Bird et al [82] for compilation of intrinsic viscosity    and maximum packing factor max  for different particle shapes.APPENDIX B -MATHEMATICAL DEMONSTRATIONSThis appendix show mathematical demonstrations and some proof of hypotheses of the model developed from chapters 3 to 5. Equation Chapter (Next) Section validity of Henry's law at high pressure conditionsHenry's law is applicable for dilute systems, that is, gases with low affinity with liquid and at low pressure conditions. The adopted Henry's constant of methane-in-water solutions comes from Sander[START_REF] Sander | Compilation of Henry's law constants (version 4.0) for water as solvent[END_REF] for T in [K] and H in [mol/(m 3 Pa)]. Figure B.1 presents the comparison against the molar fraction of methane in water against the experimental data of Frost et al [376], from 50 to 185 bar and from 284 to 324 K, of: (i) a pressurebased Henry's law, ii) a fugacity-based Henry's law,

Figure B. 1 .

 1 Figure B.1.Validity of Henry's law at high pressure conditions. Comparison of estimated molar fraction of methane in water using Henry's law based on pressure and on fugacity, with Henry's constant from eq (B.1)[START_REF] Sander | Compilation of Henry's law constants (version 4.0) for water as solvent[END_REF] against experimental data of Table2of Frost et al[START_REF] Frost | Vapor-Liquid Equilibrium of Methane with Water and Methanol. Measurements and Modeling[END_REF]. Comparison is also made for the Cubic Plus Association (CPA) equation of state of Sirino et al[START_REF] Sirino | Development of multiphase flash in presence of hydrates[END_REF][START_REF] Sirino | Multiphase flash calculations for gas hydrates systems[END_REF].

  methane in water from models [-] Henry's law (pressure-based) Henry's law (fugacity-based) CPA from Sirino et al

  Figure B.2 presents a plot of the driving force based on fugacity () eq ff  against the driving force based on chemi-

Figure B. 2 .

 2 Figure B.2. Validity of the linear crystallization law based on fugacity. Relation between fugacity-based and chemical potential-based driving forces for methane, evaluated at 80 bar using NIST RefProp[START_REF] Lemmon | REFPROP Reference Fluid Thermodynamic and Transport Properties[END_REF] to estimate fugacity and chemical potential, and CSMGem[START_REF] Jager | The next generation of hydrate prediction: II. Dedicated aqueous phase fugacity model for hydrate prediction[END_REF][START_REF] Ballard | The next generation of hydrate prediction: I. Hydrate standard states and incorporation of spectroscopy[END_REF][START_REF] Ballard | The next generation of hydrate prediction IV: A comparison of available hydrate prediction programs[END_REF][START_REF] Ballard | The next generation of hydrate prediction: Part III. Gibbs energy minimization formalism[END_REF] to estimate gas hydrate equilibrium conditions.

Demonstration # 3 :

 3 proof that micro-heat transfer between capillary-, particle-and multiphase flow-scales are negligible in flowing systems

Figure B. 3

 3 Figure B.3 presents the heat transfer resistances from the outer surface of the particle to the external medium. The heat release coming from crystallization in the outer surface and in all the capillary walls of one particle , hyd i Q is trans-

  For the case of turbulent flow and considering slip velocities of / 0.1 m/s pb U  , then   0.05 K out b TT . That is, at least for the off-equilibrium modeling of this thesis, the particle can be considered at thermal equilibrium with the bulk. The temperature gradient   or non-existent slip).

Figure B. 3 .

 3 Figure B.3. Depiction of heat transfer resistances associated to the system at the capillary-, particle-and flow-scales. (a) Convection between particle and bulk, where the heat transfer rate comes from the heat release because of hydrate formation in one particle. (b) Convection between the bulk and the flowline wall, where the heat transfer rate relates to the heat release of the entire population of particles. (c) Conduction through the flowline wall. (d) Convection between the flowline and the external medium, the ocean. (e) Zoom at the capillary scale, showing the distribution of generated heat coming from crystallization in the capillary walls, with further axial diffusion of heat.

T

  is the temperature at the capillary wall. The heat release per unit length of the capillary 1, cap dz Q is a function of the gas consumption in length dz inside of one capillary

cn

  and particles p n . The approximation of eq (B.7) overestimates the temperature of the capillary walls, since the uniform distribution causes a deeper heat release in the capillaries (that is, longer distances for heat diffusion). As commented, an overestimation of c T is not a problem since I want to prove that 0 c out TT  . The first boundary condition is a known temperature at the outer surface of the particle

9 )

 9 Solution of eq (B.4) with eqs (B.7), (B.8) and (B.9) gives

sk

  is the fluid viscosity in the surface temperature, considered the same as in the bulk, thus   is the thermal conductivity of the oil, considered in the same order of magnitude of water 0.5 W/(mK)  . b From the experimental results shown in Figure 3.4, one finds

  number is estimated from eq (3.10).

15 )

 15 The common procedure to solve such a type of ODE is to consider an exponential solution  expCz  , and by substituting it in eq (3.9) then the solution can be written using the hyperbolic sine and cosine as boundary condition, eq (3.13), inside eq (B.14)Using eqs (B.[START_REF] Kashchiev | Nucleation: Basic theory with applications[END_REF]) and (B.17) to evaluate the second boundary condition, eq(3.15) 

  )

20 )

 20 c zL  , similar to what was discussed in eq (3.16) Using eq (B.17) inside (B.20) and solving for 4 c

cL

  is necessary, where the crystallization surface of an element dz equals radius variation with z is neglected for mathematical simplification. Using the expression for the gas concentration distribution inside the capillary, eq (3.18), and solving the integral i) substituting the expression of the gas concentration in the outer surface of the particle, eq (3.6); (ii) by recognizing that

Demonstration # 7 :the geometric parameters were depicted in Figure 3 . 3 .

 733 finding the maximum constriction rate of a capillaryThe volume variation of one capillary (1cap) in an element of length dz is related to the molar formation rate of hydrates by The hydrate formation rate is related to the gas consumption rate by the stoichiometric relation

Demonstration # 9 :

 9 Figure B.5. Evaluation of the theoretical agglomerate shape coefficients: (a) 1 K and (b) 2K against the ratio of the agglomerating particle radii 12 rr considering geometric models for spherical agglomerate and for doublets.

Figure B. 6 .

 6 Figure B.6. Depiction of two colliding particles in order to predict the collision rate when shear rate is constant and for negligible long-range particle-particle interactions.

  to multiply the results by the p n particles of the system. In chapter 4, the concept was extended to a population of particles described by statistic parameters called the moments of particle size distribution j M . Therefore, in the growth kinetics equations, the terms related to the particlebulk interface shall be computed as entire particle population, where the use of the second moment 2

(B. 45 )

 45 Demonstration #11: determination of the shear rate in the rock-flow cell experiments of chapter 4, and determination of the constant of proportionality of Kolmogorov's relation

  minutes if  is in [rpm], or in seconds if  is in [Hz]),and therefore the velocity scale is proportional to 2

4 ..)

 4 The net force acting over an element of fluid is F P A    and comes from the pressure gradient dP PL dz  in the flow direction z , where A is the cross section of the pipeline, L is the flowline length andALis the flowline volume. The work is the force multiplied by the displacement of the fluid, and per unit time gives the power, is defined as the power per unit mass of fluid m gradient comes from the friction factor in Fanning representation as That is, by the knowledge of the mixture velocity, and by adopting a friction factor correlation (which implies in the same hypothesis of adopting the correlation of the shear stress in the wall w  by the () uy  approach), one can find the energy dissipation rate. From the 1 st similarity hypothesis of Kolmogorov, in every turbulent flow at sufficiently high Reynolds number, the statistics of the small scale motions (in the Kolmogorov scale) have a universal form that is uniquely determined by the energy dissipation rate t  and by the kinematic viscosity  . From dimensionless analysis, the shear rate therefore relates to the energy dissipation rate as t adopted in literature (that is, that this relation is actually an equality). By comparing the analytic solution of Poiseuille flow (laminar flow in a pipe induced by pressure difference, where the average shear rate is 23 with eq (B.49), one finds 0.94 Kolm k  . Eq (B.49) can as well be compared to the shear rate at the wall by using eq (B.47) at 0 y  , which leads to 0.2 is, eq (B.49) already escapes a bit the values for the wall shear rate. But, as said, the agglomeration occurs mainly in the liquid bulk, where the flow is in the inertial sublayer (the flow is turbulent), and the 1 st similarity of Kolmogorov is not valid. By estimating the average shear rate at positions 10, 15 and 20 mm from the wall for a 10 cP oil viscosity, and by considering the rock-flow cell geometry 50.8 mm D  and the velocities in the range of 0the dataset tested and 57 kk  and eqs (4.68) to (4.70) are probably apparatus-dependent. An engineering alternative is to experimentally regress parameters 57 kk  for each dataset of interest in order to avoid estimation of Kolm k for each system. This experimental regression will absorb any ill-posed hypothesis of this demonstration and is the unique way to assure precision of the model, unless enhanced knowledge of the turbulent velocity field is available.

Figure B. 7 . 4 .Demonstration # 13 :

 7413 Figure B.7. (a) Shear rate against the distance from the wall for different oil viscosities. (b) Shear rate against viscosity plotted for different distances from the wall.

Figure B. 8

 8 Figure B.8 shows plots of the sigmoid function for a fixed

  it is noticeable that the extrapolation of the power function for 7function is preferred.

Figure B. 8 .

 8 Figure B.8. Porous media interconnectivity for the sigmoid function (continuous lines) for different 6 a values, compared to a power regression (dashed line). Demonstration #14: update of superficial velocities along the flowline Consider two nodes n and 1 n  distanced by a nodal spacing of z  . The mass flowrate of the phase  varies in

51 )

 51 Transforming the phase change term to molar basis and recognizing that it is evaluated for the interfacial surfaces of the whole slug flow unit cell with length U L , but the superficial velocity variation is for a nodal spacing

( 5 . 1 ) 54 )Figure B. 9 .

 51549 Figure B.9. Infinitesimal control volumes encompassing the gas and the liquid phases inside the elongated bubble region, showing the main quantities associated to the momentum balance.

74 ) 82 )

 7482 [START_REF] Ribeiro | Modelling of hydrate formation kinetics: State-of-the-art and future directions[END_REF]. Considering an averaged liquid fraction in the elongated bubble GB R , related to an average actual velocity of the film LB U , and solving the integral, then From eq (5.22), the average velocity of the film relates to the slug region as is the liquid mass balance of eq (5.18) used as criterion to stop the integration of the aerodynamic profile of the elongated bubble.Demonstration #18: actual velocities in the elongated bubble regionConsider the control volume CV2 of Figure5.3. By neglecting mass accumulation (that is, constant phase density and negligible control volume deformation), the fluxes of phase  entering and exiting CV2 are where the velocity is relative to the translation of the unit cell, , the borders of CV2, which consist on the elongated bubble and the slug regions, and canceling out the densities (as they were already considered constant inside CV2) one finds an expression that relates the actual velocity of phase  inside the elongated bubble region (B) with its actual velocity inside the slug region (S). When applying eq (B.80) to each phase , LG   , one finds eqs(5.22) and(5.23).Demonstration #19: average pressure gradient of the slug flowBy neglecting inertial terms, by neglecting forces other than friction or pressure gradient, by considering an inertial referential, by considering steady-state, and by considering constant properties inside the control volume, the general expression of the momentum balance of eq (B.53) comes evaluate eq (B.81) in the axial flowline direction z for the control volume CV3 of Figure5.3, which encom- passes the entire slug flow unit cell. The weight term comes from the contribution of the weight of each phase in each region asThe pressure term comes from a first order Taylor expansion over the entire unit cell length U L (hypothesis of an averaged linear pressure drop)

  The nature of the geometric disposal of the phases when dealing with slug flow causes an extra dissipation term because of the abrupt expansion of the liquid filled area at the elongated bubble rear. Because the liquid in the film flows at a smaller velocity than the elongated bubble ()LB GB UU , then some liquid is transferred from the film to the slug. The relative velocity is considered as expression employed in literature of single-phase flow for the local head loss caused by a sudden expansion has the shape of

  do some non-intuitive manipulations. By summing and by subtracting the wall temperature

  [START_REF] Tennekes | A first course in turbulence[END_REF] Now, one can recognize the quantities of eqs (5.41) and (5.42) in eq (B.88). By recognizing that 1 exp( x) exp( )x  and by dividing by  

Mines

  APPROCHE MULTI-ÉCHELLES POUR LES HYDRATES DE GAZ TENANT COMPTE DE LA STRUCTURE, DE LA CINETIQUE DE CROISSANCE, DE L'AGGLOMERATION ET DE LA TRANSPORTABILITE DANS DES CONDITIONS D'ÉCOULEMENT POLYPHASIQUE Spécialité: Génie des Procédés Mots clefs : assurance d'écoulement, management d'hydrates, hydrates de gaz, écoulement polyphasique, cristallisation, cinétique de croissance, agglomération
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 3 1. Closure values for the growth kinetic model. .................................................................................................. Table 3.2. Characteristics of the experiment of hydrate formation in the flow loop described by Melchuna et al [41,42]. ...................................................................................................................................................................................... Table 4.1. Closure values for evaluation of the agglomeration model a . ........................................................................ Table 4.2. Characteristics of rock-flow cell apparatus of Kakitani [40] and input values that are kept constant for all experimental cases. ..................................................................................................................................................... Table 4.3. Experimental tests of Kakitani [40] used for model comparison. .................................................................. Table 4.4. Regressed parameters of the simplified growth kinetics and agglomeration models. ................................... Table 5.1. Estimation of shear stresses and heat transfer coefficients. ........................................................................... Table 5.2. Geometric parameters for the elongated bubble region. ................................................................................ Table 5.3. Input values for simulations of slug flow in order to understand effects of the new energy terms modeled for low and high pressure scenarios. ................................................................................................................................. Table 5.4. Input values to create a simulation database using Taitel and Barnea's [53] model in order to find and fit the engineering-shaped correlation for the elongated bubble length ................................................................................. Table 6.1. Input values of default case and range of parameters to test sensitivity of the simulator. ............................. Table A.1. Coefficient of proportionality of the crystal integration process. ................................................................. Table A.2. Critical subcooling for onset of gas hydrates as observed experimentally in literature. ............................... Table A.3. Absorption coefficient. ................................................................................................................................. Table A.4. Correlations for Sherwood number (dimensionless mass transfer coefficient) around spheres. ................... Table A.5. Order of magnitude of Henry's constant of methane inside hydrocarbons. .................................................. Table A.6. Expressions for collision rate.

  Gas consumption rate in the outer surface of one particle i (cryst int: limited by crystal integration;

	Re		Reynolds number	[-]
	S						Wetted perimeter	[m]
	Sc		Schmidt number	[-]
	Sh		Sherwood number	[-]
							3 /s]
	n			Molar amount	[mol]
	n						Number of capillaries per particle	[-]
	c		
		dn dt	Gas transfer rate during gas absorption by the bulk (for the entire system)	[mol/s]
						g
						abs
		, gi dn dt	1	cap	Gas consumption rate in one capillary of one particle i	[mol/s]
			dn dt	Gas consumption rate during crystallization in the capillary walls of all particles	[mol/s]
						g
						cap
		dn dt	Total gas consumption rate caused by hydrate formation in all particles	[mol/s]
						g
						hyd
		gi , dn dt	Gas consumption rate caused by hydrate formation in one particle i	[mol/s]
							hyd
		, gi dn dt	pb /	Gas transfer rate because of mass transfer between one particle i and the bulk	[mol/s]
		gi , dn dt
							out
							perm: limited by water permeation)	[mol/s]
	dn dt	Hydrate formation rate	[mol/s]
					h
		dn dt	Water consumption rate caused by hydrate formation	[mol/s]
						w
						hyd
	N	''		Gas flux	[mol/(m 2 s)]
	P			Pressure	[Pa]
	Pr			Prandtl number	[-]
		P	Capillary-induced pressure	[Pa]
						c
	q			''			Heat flux	[W/m 2 ]
	Q			Water permeation flow rate through the porous particle	[m 3 /s]
	Q			Heat release during hydrate formation of all particles	[W]
				hyd
	hyd i , Q	Heat release during hydrate formation in one particle i	[W]
				,1 hyd cap

d n Number of droplets prior to the onset of hydrate formation [-] p n Number of particles in the system [-] Q Heat release during hydrate formation in one capillary of one particle [W] R Universal gas constant [J/(K.mol)] R  Volumetric fraction of phase  in region  (for slug flow pattern) [-] xix

  1.4(b), consists in having an expression for the nucleation rate, given in [nuclei/s] or in [nuclei/s]/[m3 of liquid], related to the system supersaturation S . The supersaturation is the dimensionless driving force, commonly given as the ratio of

	2 b ln  S   exp Ja nuc 	(1.13)

chemical potential to the one at gas-water-hydrate equilibrium, but definition is author-dependent. The most common expression for the nucleation rate has an Arrhenius-form

[START_REF] Kashchiev | Induction time in crystallization of gas hydrates[END_REF][START_REF] Kashchiev | Nucleation of gas hydrates[END_REF][START_REF] Herri | Methane hydrate crystallization mechanism from in-situ particle sizing[END_REF] 

surface energy formed is proportional to the rate of turbulent energy supplied by the continuous phase, which leads to the following energy balance [159]

  

							For dilute disper-
	sions, the maximum stable diameter of a droplet max d	comes from an energy balance between the turbulent kinetic
	energy and the droplet surface energy [159,240,242]
	2 '4 max d ci u 2  			(1.36)
	For dense dispersions, coalescence takes place and the incoming flow of the continuous phase	Q needs to carry suf-
							c
	ficient turbulent energy to disrupt the coalescence trend and to disperse the other phase flowing at a rate	Q . The min-
							d
	imum rate of 2 max 6' dc d 2 ic u QQ  	(1.37)
	When	k		max dD  0.1	(or	5 Eo  ; D	k is the Kolmogorov scale; 0.1D is the size of the most energetic eddy from
	Hutchinson et al apud [196]), the fluctuating velocity ' u is given in terms of the turbulent energy dissipation rate	 by
							t
	 ud  2 t '2 	max		23	. Although the turbulence field is neither homogeneous nor isotropic, an average rate in terms of the
	continuous phase velocity	c U is employed in literature [243,244], commonly expressed as	3 tc fU D 2

  )

	Figure 2.4. Depiction of liquid entrapment inside hydrate porous structure with and without surfactants. Without surfac-
	tants: (a) affinity between water and hydrate surface create an asymmetry of polarity close to the oil-water-hydrate
	interface at an intermolecular-scale, attracting the water molecules; (b) this incurs in a curved oil-water interface in the
	capillary-scale that promote capillary forces and water permeation. With surfactants that are able to invert hydrate wet-
	tability: (d) the polar part of a strong surfactant promote inversion of the polarity distortion, (e) resulting in an inversion
	of concavity of the oil-water interface, thus capillary forces points inwardly, and (f) the oil penetrates the capillaries.

  For capillary lengths higher than the critical one, all gas is consumed in the capillaries and inner growth will not happen even if the water core exists. Considering, e.g.,

	g dn	cap	p c n n	 1	 cb 3/ 2 2 o w w i rC H	eq	4	2 11 w m p b ,/ p	, g i dn	out
								c r 	0.5 μm	c crit , then , L	0.5 83.2 μm 	. With a capillary tortu-
	osity of		5								
	By substituting eqs (3.14) and (3.18) in (3.1), by recognizing that		, g i dn	 	dn	, g i		c n	dn	, g i	, and by multi-
												dt	hyd	dt	out	dt	1	cap
	plying by the number of capillaries per particle					

16) (see Demonstration #5 of appendix B). Therefore, criterion c Ha 2.5 c L  can be used to understand if inner growth is negligible. Considering the range of values of

Table 3.1 for methane hydrates, then c Ha 0.01 2.7  , which gives a critical penetration length of gas inside the capillaries of , 0.9 168 c crit L . Such a variation comes from the high degree of incompatibility in literature for i k estimation. c   , the maximum shell width for inner growth to be important ranges from , 0.1 16.6 μm c crit L  , which is negligible for the length scale of particles, experimentally observed in the mm-scale. Actually, if ever the water core exists, the range of widths where core shrinkage is important would cause very unstable shells, which would split because of flow shearing, and further rearrange into spongeous particles. That is exactly what is qualitatively discussed by Lv et al

[START_REF] Lv | A water droplet size distribution dependent modeling of hydrate formation in water/oil emulsion[END_REF]

. From now on, core shrinkage is considered mathematically proved to be negligible for flowing systems in the means of the range of closure parameters available in literature for, at least, methane hydrates.

c n and the number of particles in the system p n , the total gas consumption coming from crystallization in the capillary walls (of all capillaries in all particles) is (see Demonstration #6 of appendix B)

Table 3 .

 3 1 (continuation). Closure values for the growth kinetic model. Adopted value for Kerdane at 80 bar and 5 o C [41]. i Since hydrate kinetics cause less cage occupancy, then 5.75  

	Parameter									Order of magnitude from literature	Adopted value
	Oil-water interfacial tension q					/ w o	w   	o	/ wo  	0.0491 N/m
	Oil-water-hydrate wetted angle (water-side) r				// o w h		90 o		o w h //		o 60
	Birth-to-death ratio of capillaries s 01   , with probable	1   s	1	 	0.019	(fitted)
	Efficiency of particles interacting with the bulk t		p 01   1   dilute flow, small systems dense flow, large systems	p  	0.03	(fitted)
															p
	Notes: Further closure values/correlations are found in appendix A. a Using eq (3.33) for	rr 	1 mm	. b Consistent
															pd
	with methane-water in batch reactor with high agitation [22]; and water-Kerdane in flow loop, 30% WC,
	J = 0.68 m/s [41]. c Correlation for forced convection over spheres. Relative velocity (slip velocity) between particle
	and bulk	U	/ pb	is unknown. Maximum is the mixture velocity,	/ pb UJ  . Minimum is zero, where	Sh	p	2  stays for
	stagnant liquid. With:	m h		Sh	p/ g o D	(2 ) p r	,	p/ Re 2 o p b p Ur  o 	,	Sc		o  o g o / ( D	)	. d Valid for highly agitated sys-
	tems, turbulent flow. e With:	T	298.15K	. Validity: 	TT   	20 K		[85]. 100 bar P 	, 277	T 	400 K	. h

f Adopted value is for 5 o C. g Range of values retrieved for methane in Kerdane

[START_REF] Melchuna | Experimental study and modeling of methane hydrates crystallization under flow from emulsions with variable fraction of water and anti-agglomerant[END_REF] 

using definition of Henry's constant of Sander

[START_REF] Sander | Compilation of Henry's law constants (version 4.0) for water as solvent[END_REF]

, but using fugacity instead of pressure. Fugacity is evaluated through NIST RefProp

[START_REF] Lemmon | REFPROP Reference Fluid Thermodynamic and Transport Properties[END_REF]

. The order of magnitude was checked against methane solubility data

[START_REF] Srivastan | Solubility of Methane in Hexane, Decane, and Dodecane at temperatures from 311 to 423 K and pressures to 10.4 MPa[END_REF] 

in hexane, decane and dodecane for 10 (theoretical value for sI hydrate). j Newtonian behavior. Viscosity measured in rheometer for 4 o C, 1 bar. k For 283 308 K T  and 1 bar. l For 283 K. m Assumption that diffusivity of methane in Kerdane is one order of magnitude higher than methane in water. n Pressure in [Pa], temperature in [K]. Regressed from CSMGem [4-7] for methane sI hydrates. Valid for 30 100 bar eq P  .

Table 3 .

 3 Estimated from photos of the flow, treated with Web Plot Digitizer[START_REF] Rohatgi | [END_REF].

	Fluids	Methane / Kerdane [283] / Deionized water
	Flowline internal diameter	10.2 mm
	Temperature	278 K
	Pressure	80 bar
	Mixture velocity	0.68 m/s
	Water cut	32.25 %
	Volume of mixture inside flow loop	10 L
	Droplet radius before hydrates onset a	0.4 -2 mm, average radius of 1 mm

2. Characteristics of the experiment of hydrate formation in the flow loop described by Melchuna et al

[START_REF] Melchuna | Experimental study and modeling of methane hydrates crystallization under flow from emulsions with variable fraction of water and anti-agglomerant[END_REF][START_REF] Melchuna | Topological modeling of methane hydrate crystallization from low to high water cut emulsion systems[END_REF]

. a

  [START_REF] Jager | The next generation of hydrate prediction: II. Dedicated aqueous phase fugacity model for hydrate prediction[END_REF], as well as its curvature. That is, the set of regressed values need to be consistent with the experimental results, but more than one set exists. The fitting strategy is as follows. The asymptotic value is dependent on

							
							p
	and	 . In order to keep a fairly high initial porosity of hydrates [132] (> 50%), then	0
			in			
						k parameter adopted, giving
						i
	t	close		32.3 s	for	11 4.1 10 mol/(m sPa) 2

p   converges to values close to zero. The curvature of Figure 3.4 is dependent on the closure time-scale of the capillaries, eq (3.23). This time-scale is small, since capillaries are small and crystal integration is considerably fast for any i k   . Therefore,  needs to assume values very close to unity (that is, crack- ing of a considerable number of capillaries occur at the same time that other capillaries close) in order to achieve the total time-scale of the experiment (~ 2 h) observed in Figure 3.4. Fitting incurs in 1 0.019   , which means that at each 1000 capillaries that close during the time lapse close t , only 19 remain closed and the other ones reopen.

  pb U , also called slip velocity and implicit inside the mass transfer coefficient,

			, / m p b h		p Re ,Sc, , p r D g o		, with
	Re	 p/ p b Ur  . Table 3.1 presents the expression for ,/  , , , p o o m p b h	employed and others are summarized in Table A.4.

  The exact answer depends again on  . If  is high, then crystal integration is the limiting process for out- er growth; and since outer growth is in the same order of magnitude of the total gas consumption observed in ex-

			, g i dn dt	out cryst int ,	 	, g i dn dt	hyd	, mainly for low values of
	(F)		g i ,, , g i out cryst int dn dt dn dt  	hyd	, mainly for high values of
	(G)		,, g i g i dn dn  	, mainly for intermediary values of
			dt	out cryst int ,	dt	hyd

i k , then the answer is unique and crystallization in the capillary walls prevails. Even if water permeation is high, the maximum gas consumption because of outer growth will be limited by crystal integration. Since this value is much lower than gas consumption observed experimentally, then gas consumption in the capillary walls prevails. i k . Two answers exist depending on  (intercon- nectivity or non-uniformity of capillary bundle, usually not known a priori): crystallization in the capillary walls prevails for low  , or outer growth limited by permeation prevails for high  . In this case, crystal integration in the outer surface happens too fast to explain hydrate formation, and outer growth must be limited by permeation. There is a maximum value of  capable of explaining the experimental results. If  is low (capillaries are not well interconnected, thus water permeates slowly to the outer surface), then crystallization in the capillary walls prevails over outer growth. i k . In this case, three answers are possible: either crystallization in the capillary walls prevails, or outer growth limited by crystal integration or by water permeation.

periments, then crystallization in the capillary walls are not important. If  is low, then outer growth is limited by permeation. If  is low enough, then outer growth is almost non-existent and crystallization in capillaries is

  where index 'fT' stands for the transformation of fugacity driving force into subcooling, and by relating subcooling and fugacity through NIST RefProp[START_REF] Lemmon | REFPROP Reference Fluid Thermodynamic and Transport Properties[END_REF] for methane, then

							5 5 10 Pa/K k 	for 80 bar and for subcool-
							fT
	ings in the order of 5 to 10 K. Therefore, for engineering purposes, the gas consumption rate of methane hydrates (or
	any other gas that is much more soluble in oil than in water) in oil-continuous phase comes
		g dn dt	hyd		  1 ph 12 WC exp fT h L w w fT k T M k H D k k T r     t      	(3.36)
	with					
	1 kf 6 r 2 i p in k  		dense or dilute flow, driving force, additives		(3.37)
					c	

  3.12. Amount of gas consumed over time predicted by the simplified model, eq(3.36). Blue line: for The simplified model (crystallization in capillaries as limiting step) describes ~ 90% of the gas hydrate growth kinetics for the experimental case-study of CH4 hydrates in oil continuous flow.

	1 k	1/ 2   42 6.92 10 mol/(m sPa)   and	2 k	62 1.56 10 mol/(m sPa)  	(theoretical values from eqs (3.37) and (3.38), clo-
	sure of Table 3.1). Red line:	1 k	1/ 2   42 7.76 10 mol/(m sPa)   and same 2 k , from direct fitting of experimental results
	using eq (3.36). Since , , , , in c i rk    are usually unknown for different gases, then 1 p k and 2 k needs fitting from experimental data.
	As pointed out in eqs (3.37) and (3.38), 1 k and 2 k are probably not constant but vary with some parameters, as fol-
	lows: (i)			

  a fractional function. Furthermore, the absolute temperature appears inside the exponent of the Arrhenius-type expressions, instead of the subcooling as in eq(3.36).The developed model further highlights the influence of: (i) multiphase flow (water cut and droplet size prior to nucleation); (ii) gas solubility and gas diffusion in water; (iii) hydrate structure and/or occupancies, related to different hydration numbers; and (iv) porosity decrease in time, causing an exponential time-dependent term which is what captures the asymptotic trend of hydrate formation in oil-continuous systems. Notice that the Arrhenius-type models capture only linear trends of hydrate formation, as they are never coupled with models that predict the decrease in the active surface of crystallization, which is what introduces the exponential time-dependent term.

			2				
		Amount of gas consumed [mol]	0.5 1 1.5					Experiment k 1 ,k 2 theoretical k 1 ,k 2 regressed
			0				
			0		20	40	60	80	100	120
							Time [min]
		g dn dt	T  	exp	1 T   	[18,35,43,45,49,60,76]. Two common variations of it were presented in
		hyd					

eqs

(1.17) 

and

(1.18)

. The subcooling appears as a linear multiplier plus an inversely proportional multiplier inside an exponential function, although in eq (3.36) the inverse proportionality inside the exponent is given by a minus sign, not by

  , but is herein extrapolated for turbulent regime by considering an average shear rate. Further discussion on Smoluchowski's[89] relation and its applicability in this study is given in Demonstration #9 of appendix B.Other expressions of collision rate are summarized in TableA.[START_REF] Ballard | The next generation of hydrate prediction IV: A comparison of available hydrate prediction programs[END_REF], but the ones applied to a turbulent regime of relative motion (turbulent liquid phase and particles larger than Kolmogorov's scale) needs description of the turbulent velocity field, which is out of scope in this thesis. The assumption here is that, by considering an average shear rate coming from the turbulent flow, then the proportionalities of Smoluchowski's relation hold. The numerical values will afterwards come from fitting with experimental data.

	p r r r 12   	M	1	. This expression holds for a
		M	0	
	constant shear rate			

  unit time and per unit mass furnished by the flow is called the energy dissipation rate t  , where mogorov theory, but equality is considered since the expression developed is as well only a proportionality. The absolute energy per unit time furnished by a mass of liquid L m to each aggregate (if all particles are aggregated, then the

								o  t   	2	from Kol-
								o
	number of aggregates is	n	2	) is then proportional to
								p
	E 	flow		22 L t m  	o  	2	(4.46)
							p nM	0
	where	 is the dynamic viscosity of the oil-continuous phase. Notice that this expression is independent of the amount
					o		
	of liquid volume, by recognizing that	pL 00 L L L L m n M M    	. By an energy balance, the increase in energy during the
	disruption of the aggregates is proportional to the energy furnished by the flow,	int EE   	flow	, and therefore from
	eqs (4.44) and (4.46), the disruption rate comes
	k	d		2 gM 3 / ow 2 o  	2	(4.47)

Eqs (4.42) and (4.47) are therefore introduced in eq (4.36) to find the agglomeration efficiency

Table 3

 3 

.1. Finally, by using eqs (4.33) and (4.48) in (4.32), and by neglecting the collision efficiency ( 1) col   , the kernel of agglomeration comes

Table 4 .

 4 [START_REF] Cardoso | Design options for avoiding hydrates in deep offshore production[END_REF]. Closure values for evaluation of the agglomeration model a . Diffusivity of gas in water f[START_REF] Witherspoon | Diffusion of Methane, Ethane, Propane, and n-Butane in Water from 25 to 43°[END_REF][START_REF] Toolbox | The Engineering Toolbox. Diffusion coefficients of gases in water[END_REF] 

	Parameter	Adopted value
	Constant of proportionality of crystal integration	i k	11 4.1 10 mol/(m sPa) 2  
	Absorption coefficient	/ abs g b b kA 	2 -1 1 10 s  
	Mass transfer coefficient between particle and bulk b [82]		,/	p/ 2 Sh

Table 4 .

 4 1 (continuation). Closure values for evaluation of the agglomeration model.

	Parameter	Adopted value
	Oil-water-hydrate wetted angle (water side)		// o w h		o 60
	Birth-to-death ratio of capillaries (fitted)	1	8 10    	3 
	Efficiency of particles interacting with the bulk (fitted)	 	0.15	(7.5 K subcooling)
			p		
		 	0.06	(18 K subcooling)
			p		
	Agglomeration model geometrical parameter	4 g 	9	
	Agglomerate shape coefficients [22]				

Table 4 .

 4 2. Characteristics of rock-flow cell apparatus of Kakitani[START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF] and input values that are kept constant for all experimental cases.

	Rock-flow cell inner diameter	50.8 mm (2 in)
	Rock-flow cell length	0.5 m
	Maximum inclination angle of rock-flow cell 20 o
	Pressure	70 bar
	Volume of rock-flow cell	1 L
	Liquid loading	50% (0.5 L of liquid)
	Water cut	10% (50 mL of water)
	Initial particle radius a	~ 1 mm
	Liquids	Deionized water, mineral oil
	Gas	Methane
		Gas mixture composed of 92% of methane and 8%
		of propane (molar basis)
	Additive b	

Table 4 .

 4 3. Experimental tests of Kakitani[START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF] used for model comparison.

	Case a	#1	#2	#3	#4	#5	#6	#7
	Gas b	CH4	Mix	Mix	Mix	Mix	Mix	Mix
	Temperature [ o C]	2	12.5	2	2	2	12.5	2
	Subcooling [ o C]	7.5	7.5	18	18	18	7.5	18
	Rotation of rock-flow cell [rpm]	16	16	6	11.25	16	16	16
	Estimated shear rate c [s -1 ]	7	7	3.4	5.8	7	7	7
	Additive [% mass]	0	0	0	0	0	1	1
	Agglomeration trend d							

  , which is an expression for the evolution of the agglomerate radius in time. And finally from eq (4.63) in(4.64) 

	3 k fT tk max 0 ; ln dry k T   4 / / / cos T o w o w h fT k T            	(4.63)
	valid for	k	4  / cos o w	/ / o w h	  T kT   		1	, that is, when particles are wet at the onset of hydrate formation. Otherwise, the
									fT
	particles are dry from the onset and	0 t  , which is the reason why the maximum function was introduced. From
									dry
	eq (4.59) into (4.58), and then into (4.57)
	1    3 3 6 ,5 / 1 oo p in o fT o w fU k fU r r p k D k T D            	t	(4.64)
	for r p tt    dry 1 3 3 76 ,max , 4 / / / / 1 max 0 ; ln cos T oo p in o w o w h fT o fT o w fT k fU k fU r k k T D k T D k T                          	(4.65)
	for	tt  , which is an expression for the stable (maximum) agglomerate radius. The constants of proportionality were
		dry					
	renamed from 3 k to 7 k . By substituting the auxiliary variables 1 a to 7 a and 4 g
	1  37 ka 	   1 11  	hi hc r Mk 	(4.66)
	45 ka  in 	1 12		2 in   w w w M	i c rM k M	0 1	(4.67)
		5	2			1 2		32 2 32 1	1	4 1 3 0

Table 4 .

 4 [START_REF] Jager | The next generation of hydrate prediction: II. Dedicated aqueous phase fugacity model for hydrate prediction[END_REF]. Regressed parameters of the simplified growth kinetics and agglomeration models.

	1 k	3.8 10 	2 	p in 	1/ 2  2 mol m sPa  	with	p in	2 1.8 10 , for flow loop of part II 2 13.5 10 , for rock-flow cell of part III, 7.5 K subcooling 2 5.4 10 , for rock-flow of part III, 18 K subcooling

Table 4 .

 4 

	4. The porous medium interconnectivity is estimated by eq (4.62). The time the particles take to dry out comes
	from eq (4.63), the evolution of the particle radius from eq (4.64), and the stable (maximum) agglomerate radius from
	eq (4.65). The amount of gas consumed	g n comes from a 1 st order discretization,   g t t n  	  g t n		g dn	t  , where the
					dt	
	instantaneous gas consumption rate					

g dn dt is estimated from eq (3.36).

Table 5 .

 5 2. Geometric parameters for the elongated bubble region.

	Parameter	Horizontal and upward inclined flow	Vertical flow
	Wetted angle as a function of film height a		arccos 1 2 LB H D    			-
	Cross sectional area occupied by the film	LB A	  2 4 D 	sin cos 			LB A		    2 2 2 4 LB D D H   
	Cross sectional area occupied by the elongated bubble	GB A	LB A A  		2 4 D	    	sin cos 			GB A	  4 D H 2 	LB		2
	Phase fraction of the film a	LB R	LB A A 			sin cos  		1 RR LB GB  	1 1 2 LB H D      	2
	Phase fraction of the elon-gated bubble	11 LB RR GB    			sin cos  		GB R		GB A A	12 LB H D     	2
	Film wetted perimeter	SD  									SD  
		LB												LB
	Elongated bubble wetted perimeter	 SD  GB  							GB S 	0
	Interface perimeter	sin SD  i									i S	  D H 2 	LB	
	Film fraction derivative relative to its height	LB LB dR dH		4 1 1 2 D   LB H D    	2	LB LB dR dH	4 12 D  LB H D   

a The inverse expression

  Furthermore, the temperature of the phases inside each region is considered equal to the

	average region temperature,	TT   	. With these assumptions and expanding eq (5.38) for both regions	 	, BS

, the simplified energy balance in the bubble and slug regions come, respectively

  [START_REF] Ramkrishna | Population Balances: Theory and Applications to Particulate Systems in Engineering[END_REF] represents an energy source term coming from phase change, per unit volume. Two types of phase change are considered: (i) hydrate formation and (ii) gas solubilization into or release from the liquid. Therefore

	(V)	'''  q	1 AL U	sol./rel. gas solubilization/release sol./rel. g dn hh hydrate formation g hyd hyd dn dt dt                	(5.63)
	where	hyd h 	53	kJ molof gas	[286] is the enthalpy of methane hydrate formation, and

sol./rel.

  to(5.21). Other available closure reported in literature are summarized in TableA.7, Table A.8 and Table A.9.

Table 5 .

 5 3. Input values for simulations of slug flow in order to understand effects of the new energy terms modeled.

	Parameter	Input value
	Fluids	Methane, water
	Internal and external diameters	75 mm, 100 mm
	Length and inclination	500 m (for 3 bar), 5 km (for 200 bar), horizontal
	Mixture velocity	2 m/s
	Liquid loading	50%
	Pressure at the inlet	3 bar vs 200 bar
	Temperature at the inlet	323.15 K (50 o C)
	External medium temperature and heat transfer coefficient 277.15 K (4 o C), 100 W/(m 2 K)
	Thermal conductivity of the wall	30 W/(m.K) (steel, no insulation)
	Gas hydrate formation	OFF
	Multiphase flow model	As presented here vs previous studies [43,181]
		(no gas terms, no energy dissipation, no solubili-
		zation)
	Closure for unit cell translational velocity	Bendiksen [184]
	Closure for slug frequency	Hernandez-Perez et al [307]
	Closure for liquid fraction in slug body	Gregory et al [308]
	Closure for gas-liquid drift velocity	

  , alors les nouveaux termes entraîneront une différence de 10% dans les résultats par rapport au modèle précèdent. Autrement dit, plus le gaz est lourd (ou plus le système est sous pression), plus l'importance de ces nouveaux termes modélisés est élevée. Cependant, il faut garder à l'esprit que, pour les gaz extrêmement lourds, l'écoulement gazliquide peut avoir un comportement d'écoulement liquide-liquide, où les forces de flottabilité cessent d'être importantes, donnant place aux forces de surface. Par conséquence, le modèle doit être utilisé avec prudence pour ces scénarios. À la fin du chapitre, une simplification du modèle hydrodynamique pour le profil de la bulle allongé provenant de l'étude de Taitel et Barnea[START_REF] Taitel | A consistent approach for calculating pressure drop in inclined slug flow[END_REF] est proposée pour des applications d'ingénierie.

	~100 bar)6 SIMULATOR	OF	GAS	3 100 kg/m HYDRATE G  	et	3 1000 kg/m FORMATION L   (cas du méthane à INSIDE

Table 6 .

 6 1. Input values of default case and range of parameters to test sensitivity of the simulator.

	Parameter	Default case					Range tested
	Phases	Methane, water, oil, hydrates	-
	Gas hydrate formation	ON (complete model)			Gradual insertion of limita-
												tions from heat exchange,
												head loss and agglomera-
												tion
	Inner diameter, outer	75 mm, 150 mm					-
	diameter										
	Flowline length and in-	30 km, horizontal					-
	clination										
	Mixture velocity at the	1 m/s									0.75 to 1.75 m/s
	inlet										
	Liquid loading at the inlet 50%									40 to 70%
	Water cut	30%									10 to 30% (oil-continuous)
	Flow pattern	Gas-liquid slug flow (water-in-oil dispersion before	-
		onset of formation, hydrate slurry in oil after the onset)
	Pressure at the inlet	130 bar								100 to 200 bar
	Temperature at the inlet	291.15 K (18 o C)					-
	External medium temper-	277.15 K (4 o C), 100 W/(m 2 K)	-
	ature and heat transfer										
	coefficient										
	Thermal conductivity of	0.3 W/(m 2 K) (insulated)	0.1 to 30 W/(m 2 K) (differ-
	the wall											ent levels of insulation vs
												without insulation)
	Equilibrium temperature and pressure of hydrate formation a	eq P eq T	 23.4 10 exp 0.114( 273.15) T   5 5 P 245.5 8.78ln 10    		-
	Critical subcooling for	T 	6K					3.6 to 9 K
			onset								
	the onset of formation										
	Enthalpies of phase change [85,286]	hyd h 		53	kJ molof gas	,	sol./rel. h 		1600	R	-
	Methane and water prop-	Evaluated from NIST RefProp [124] at P&T of the node -
	erties										
	Oil properties (constant with P&T)	3 kg m   850 , o o		10 cP ,	J kgK ck 1800 , o o 		0.3	W m	-
	Methane hydrate proper-ties [286]	2250  , kgK  J 33 6 918.1kg m , 17.7 10 kg mol hh M h c     	-
	Gas diffusivities [288]										

Table 6 .

 6 1 (continuation). Input values of default case and range of parameters to test sensitivity of the simulator.

	Parameter	Default case	Range tested
	Interfacial tension be-tween oil and water		/ wo	2 4.97 10 N/m  	Reduction of up to 40% (in order to mimic surfactant
					additives)
	Oil-water-hydrate wetted angle (water side)	// o w h	o 60	

  that contain oil. One should notice, however, that this shape based on temperature instead of fugacity or chemical potential causes biased results. Since modeling of the decrease of the interfacial surface with time is usually not done in literature, that is, i

	g dn dt		1 cA i	eq TT 	exp	2 c T   	is probably the most used kinetic
	model for systems						

  Notice that the values reported in literature and presented in Table A.1 were not evaluated for a chemical potential-based law, thus cannot be applied before a certain degree of treatment is done (change of units by using an equation of state).

						Otherwise, Gibbs-Duhem equation, eq (1.7), enters
	at play, which implies in using numerical methods. Furthermore, if ever one wants to use the chemical potential, than
	he/she should pay attention to use a proper value for the constant of proportionality of crystal integration	k , that shall
						i
	be given in  . From all of these considerations, the Lange number is reorganized to m mol Js      in order to comply with the crystallization law g ii dn kA dt 
	La		  i b kf   1      h h M    1 pp L     	  inertia vs Re n	3  c U D   
			concentration and size of particles	hyd properties	crystal integration vs liquid bridge Da 	viscous terms	energy furnished by flow, per unit time, per unit volume
						induced-disruption
						by flow shearing

  6, en quatre types d'étapes limites de la formation d'hydrates, appelées systèmes limitée par la surface active de cristallisation, par la dissolution, par le transfert de chaleur, et/ou par la perte de charge. Cette classification est montrée à la Figure 7.1. Le comportement attendu des lits et des dépôts est également discuté. Un point clé abordé concerne les forces d'attraction importantes entre particule-particule et paroi-ration dans les systèmes en phase continue huile (c'est-à-dire, diffèrent du scénario modélisé dans la partie II de ce manuscrit) sont aussi discutés. Trois d'entre eux sont décrits qualitativement et doivent être encore quantifiés car ils ne sont pas capturés par le nombre de Lange : (i) Effet de vague: pour les systèmes à l'eau continue, le mouvement de l'interface gaz-eau et le fait que les particules d'hydrate flottent dans l'eau induisent une collision de particules avec les parois mouillées par le gaz. L'eau provenant du mouvement des vagues forme un pont liquide, et vu que la phase gazeuse ne fournit pas une énergie importante pour le détachement des particules qui viennent d'être déposées, une déposition rapide est attendue aux parois mouillées par le gaz.(ii) Effet d'éclaboussure: lors d'un impact important avec la paroi, les particules qui étaient déjà sèches peuvent se déformer et expulser de l'eau vers sa surface externe, ce qui favorisera la formation de ponts liquides et qui peut conduire à une agglomération ou à une déposition efficace.(iii) Échelle de temps secondaire pour la consolidation: une échelle de temps pour la consolidation des ponts liquides en ponts cristallins peut résulter de la compétition des forces hydrodynamiques contre les termes inertiels des particules. Ceci est plus évident pour les grands agglomérats qui ont tendance à sédimenter.

	8	CRITERION FOR STABLE HYDRATE SLURRY FLOW IN OIL-
	DOMINANT	SYSTEMS	AND	DIRECTIVES	FOR	FUTURE
		Lift				
							Torque
		Weight -buoyancy	Drag	Inertia	Moment of Inertia
		(a)		(b)		(c)
	particule provenant de la formation de ponts liquides, conduisant ainsi à l'agglomération ou à la déposition, respective-
	ment. A cette fin, un nouveau groupe adimensionnel appelé nombre de Lange est proposé, eq (7.2), qui présente la
	compétition entre les taux de disruption et de consolidation après collision particule-particule ou paroi-particule.
		Des directives pour des études futures en modélisation mathématique sont données à la fin du chapitre. Ce qui

manque pour l'utilisation du nombre de Lange sont les modèles géométriques pour les particules et les ponts liquides, le taux de collision particule-particule ou paroi-particule, et les expressions de fermeture et/ou la régression expérimentale du modèle. Certains mécanismes supplémentaires qui pourraient jouer un rôle dans des scénarios autres que l'agglomé-

  The trends are however reliable, as they comply with the theoretical trends modeled in this thesis, and at least to the extension of experimental observations of Kakitani[START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF], as to be discussed in section 8.1.1.The criterion of eqs (8.1) to(8.4) relates the slurry transportability with multiphase flow hydrodynamics (water cut WC and mixture velocity J ), fluid properties (oil and water densities  and dynamic viscosities  ), interfacial  . This criterion captures physics of the solid-liquid flow stability related to lift and buoyancy forces, of the water droplet size related to surface and turbulent kinetic energy (if ever the assumption of the droplet size as initial particle size holds, that is, for dilute systems), of the agglomeration rate related to collision, consolidation and disruption rates coming from Kolmogorov and Smoluchowski's theories, and of the outer surface state of the particle (dry or wet) coming from the growth kinetics in the capillary walls of the porous particles.

	Re	o		o  o JD 		is the Reynolds number of the oil phase,   T    max	1			max	 max T  min 6 exp a      T   * 	represents the po-
	rous medium interconnectivity, and	5 5 10 Pa/K k 	stands for methane hydrates. The following fittings were used
															fT			
	(coming from chapter 4, from Spells apud [331] and from Brauner [159]): min 0.001  	, max 0.02  	, 6 1 a  ,
	*  T	15 K	,	10 2 10 m -1 k  4	,	7 2 10 m.Pa.s k  6	,	5 9.6 10 m.Pa.s k  7	, 1 0.05, C 	m 	0.775	,	q 	0.816	, and
	35 H CC  2 7.61	with 0.5	H  (the value of 2 C	H C  is adopted here). It is highly recommended to further test (and to 1
	fit, if necessary) these parameters prior to any industrial application, as numerical values probably do not hold because
	measurements were done for situations very far from hydrate formation scenarios. properties (interfacial tension / ow  o w h and wetted angle //  , which change with the insertion of surfactant additives),
	and subcooling T										
	The criterion of eq (8.1) was tested for 1000 randomly chosen set of conditions covering the following range of pa-
	rameters, considered to be representative of oil and gas production:	D 	75 mm	,	o  	10 cP	,	w  	3 1000 kg/m	,
	o  	3 850 kg/m	, 0.75	J 	2 m/s	, 10 WC 30% 	, 5	T   	10 K	, // 60 o o w h  	and	2.45			ow /		2 4.97 10 N/m  	.
	, p in D d	35   3 5 0.08 2 WC WC We Re 1 1 WC 1 WC w oo o C         		(8.4)
	valid for oil-dominant flows, that is, liquid loadings greater than 50% and oil-continuous phase (several criterion for the
	water cut of inversion are presented in Table A.11), where	We	o		2 / ow JD  o 	is the Weber number of the oil phase,

  as criterion for stable flow, at least in this system, for these fluids and for the range of parameters tested. Notice that this value is independent on the mixture velocity, differently from what is proposed in eq

		/ ow T WC 		O	3 3 5 10  	K.m N	. The exception is the case of 6 rpm, with additive, which incurred in some deposits. All
	other cases, with		ow / T WC 	  2 10 3 O		K.m N	, presented unstable slurries. This point out that a critical value of
		ow / T WC 	  2 10 3 O		K.m N	can be used

  Figure 8.1. Une comparaison préliminaire du modèle avec la base de données de Kakitani[START_REF] Kakitani | Experimental study of the gas hydrate formation upon shut-in and restart of gas and oil pipelines[END_REF] montre qu'une valeur critique existe, mais souligne également que l'utilisation de valeurs régressées par Spells apud[START_REF] Poloski | A pipeline transport correlation for slurries with small but dense particles[END_REF] pour la vitesse de sédimentation critique, et par Brauner[START_REF] Brauner | The prediction of dispersed flows boundaries in liquid-liquid and gas-liquid systems[END_REF] pour la taille des gouttelettes, lorsqu'elle est couplée aux valeurs régressées au chapitre 4 pour la taille des agglomérats stables, ne permet pas de saisir les valeurs numériques correctes. Des expérimentations futures sont nécessaires pour trouver des ajustements fiables pour les modèles de vitesse de sédimentation critique, en utilisant des particules que imitent les hydrates (notez que les modèles ont été principalement développés pour le transport de sable et de charbon), et pour trouver la famille de courbes pour différents fluides (c'est-à-dire, pour régresser les valeurs de 11 , an ).Plusieurs directives pour des études expérimentales futures sont discutées à la fin du chapitre, comprenant l'amélioration des procédures expérimentales (comme la caractérisation des propriétés interfaciales, jugée importante pour comprendre l'agglomération), les besoins des instrumentations et le choix du type d'appareillage expérimental.Avec des bases de données plus importantes, il sera possible de trouver un groupe adimensionnel ayant la forme

		/ WC ow T 		1 aJ	1 n	, ce que décrit une région de production assuré
	quand les hydrates se forment, Ba Da Re n					
	C					

 

, ce qui permettra de généraliser le critère d'écoulement stable des hydrates pour les systèmes à dominante pétrolière. Ce nouveau groupe sans dimension a été appelé nombre de Bassani et relie les nombres de Damköhler et de Reynolds.

  Cette thèse décrit des avancées sur la compréhension des processus hors équilibre de la formation des hydrates de gaz dans les systèmes en écoulement polyphasique. Deux descriptions de phénomènes sont nouvelles par rapport à la littérature. La première est appelée « approche d'éponge » et représente l'emprisonnement rapide de l'eau à l'intérieur de la structure poreuse hydrophile des cristaux d'hydrate de gaz, provoquant la disparition de l'eau du système sous forme de phase libre après la nucléation dans les systèmes en phase continue huile. La cinétique de croissance est liée à la cristallisation dans les parois capillaires, ce qui provoque une diminution de la porosité des particules dans le temps, diminuant la surface active de cristallisation. Le second phénomène tient au fait que la théorie électrostatique n'est pas bien posée pour expliquer l'agglomération étant donné l'échelle granulométrique des émulsions stabilisée par cisaillement en écoulement eau dans l'huile. Par conséquence, la formation de ponts liquides est nécessaire pour avoir l'échelle de temps pour que deux particules puissent consolider après leur collision. Le pont liquide ne se forme que lorsqu'une couche d'eau est disponible à la surface externe de la particule, appelée ici une particule « humide ». Un sous-refroidissement plus élevé entraîne un scellage plus rapide des particules, ainsi elles prennent moins de temps à sécher et la taille d'agglomérat stable est plus petite, améliorant la stabilité de la suspension. iv) Pour une taille d'agglomérat stable donnée, il existe une vitesse minimale que le l'écoulement doit avoir pour que les forces de portance surmontent les forces combinées de poids et de flottabilité, suspendant ainsi les particules et favorisant une dispersion stable. Ajuster les modèles de stabilité des suspensions en utilisant des particules similaires aux hydrates de gaz, puisque les modèles présentés dans la littérature concernent principalement les particules de charbon et de sable.

	Perspectives				
	Beaucoup a été discutée dans les chapitres 7 et 8 concernant les perspectives des futures études. Ci-dessous, je ré-
	sume les principaux aspects.
	1. Continuer à tester et à ajuster le critère de stabilité des suspensions d'hydrates, ayant la forme		/ WC ow T 		1 aJ	1 n
		ou toute autre forme similaire qui pourrait apparaître une fois que de plus grandes bases de données expérimen-
		tales seront disponibles.
	2. line.				
	4. Si l'on est capable de comprendre ces effets synergiques, alors le critère de stabilité pour les suspensions 1.9 4.9 10 mol/(m sPa) if k     274 278K T  1.6 2.8MPa P 
	d'hydrates dans les systèmes en phase continue huile pourrait évoluer vers une forme adimensionnel similaire au Ethane (in sII structure) d [61,62] 82 , 1.4 10 mol/(m sPa) if k   274 K T  0.2 0.5 MPa P 
	nombre de Bassani développé dans le chapitre 8, Ba Gas mixture with ~ 85% methane e [21] 10 2 , 6 10 mol/(m sPa) iC k  	Da Re n C e	T 	277 K	P 	2 MPa
	Plusieurs mécanismes couplés entre la formation des hydrates, la structure poreuse, la cinétique de croissance, Notes: the values of i
	l'agglomération et la transportabilité en écoulement polyphasique ont été discutés dans cette thèse. Le critére ayant la
	forme		/ WC ow T 		1 aJ	1 n	se montre capable de capturer les principaux mécanismes de stabilité de la dispersion
	d'hydrates dans les systèmes en phase continue huile : vagues et d'éclaboussures, ou l'échelle de temps de consolidation provenant de l'hydrodynamique des parti-
	cules/agglomérats, devront également être quantifié. 6. Modéliser la dissolution de gaz dedans la phase continue jusqu'à chaque particule, afin d'améliorer la capacité du (i) (ii) En utilisant des additifs tensioactifs, la tension interfaciale huile-eau est abaissée, ainsi la perméation de l'eau à modèle proposé dans cette thèse à capturer des systèmes limités par dissolution. Cela s'applique notamment lors-
		travers la particule poreuse est diminuée, favorisant des échelles de temps plus petites pour le séchage des que l'affinité du gaz avec la phase continue est inférieure et/ou du même ordre de grandeur d'affinité avec l'eau.
		p particules, donc des agglomérats plus petits et une stabilité améliorée de la suspension. En outre, les additifs Avec une telle modélisation, on pourrait abandonner l'utilisation du paramètre  ajusté expérimentalement, né-
		tensioactifs affaiblissent les forces d'attraction du pont liquide, réduisant ainsi l'échelle temps de consolidation, cessaire au modèle de cinétique de croissance du chapitre 3, ce qui est l'une des principales faiblesses du modèle
		ce qui contribue également à la stabilité de la suspension. présenté dans cette thèse.

Certaines quantifications importantes effectuées dans cette thèse comprennent: (i) la vitesse du processus de scellage des particules (diminution de la porosité dans le temps), eq (3.29); (ii) une expression pour la consommation de gaz pendant la formation d'hydrates, eq (3.36); (iii) l'efficacité et le noyau d'agglomération lors de la formation du pont liquide quand les particules sont humides, eqs (4.48) et (4.50); (iv) un critère pour comprendre si les particules sont humides ou sèches, eq (4.52); (iv) l'échelle de temps de séchage des particules, eq (4.63); (vi) une expression de l'évolution de la taille des agglomérats dans le temps, eq (4.64), jusqu'à atteindre une taille stable maximale, eq (4.65); (vii) un nombre adimensionnel capable de décrire l'efficacité d'agglomération et/ou de déposition, nommé « nombre de Lange », eq (7.2); et (viii) un critère pour assurer un écoulement stable de la suspension des hydrates dans des systèmes en phase continue huile, eq (8.5), où ça forme adimensionnel a été appelé « nombre de Bassani », eq (8.7).

(iii) Plus les fractions d'eau sont élevées, plus la probabilité de collision est élevée et plus la taille de particule initiale est élevée, ce qui conduit à des agglomérats plus grandes et à des instabilités d'écoulement de la suspension. (3. Améliorer l'instrumentation et les procédures expérimentales afin de prédire (empiriquement) le comportement des paramètres de la cristallisation et du milieu poreux par rapport aux conditions P&T, au cisaillement de l'écoulement et à la chimie du système (sel et additifs), appelés d' « effets synergiques » dans le chapitre 6. Une attention particulière doit être accordée aux interactions des paramètres du milieu poreux avec le sousrefroidissement, et à une meilleure mesure de la constante de proportionnalité du processus d'intégration cristal-  .

5. Modéliser la géométrie des particules et des ponts liquides du nombre de Lange (La) développée dans le cha- pitre 7, la coupler avec des expressions du taux de collision et trouver les équations de fermeture (ou l'ajuste expérimental) correcte afin de déterminer, par exemple, la déposition des hydrates sur les parois mouillés par la phase gazeuse dans des systèmes en phase continue aqueuse. Certains autres phénomènes tels que les effets de

Table A .

 A 2. Critical subcooling for onset of gas hydrates as observed experimentally in literature.

Table A .

 A 3. Absorption coefficient.

	Reference	Range of values / Correlation	Solute / Solvent	Apparatus
	Herri et al [22]	/ abs g b b kA 	4 5 10 1 10     	2 	s	1 	Methane in water	Batch reactor
	Melchuna [41]	/ abs g b kA 		9.0 10 	4 	2.1 10  	2 	s	1 	Kerdane a /Water Methane in a mixture of	Flow loop
		b									
	Malegaonkar et al [63]	/ abs g b kA 	4 8.1 10 1.12 10     	3 	s	1 	CO2 in water	Batch reactor
		b									
	Clarke and Bishnoi [64]	/ abs g b kA 		4 1.03 10 1.52 10 s 3 -1    	CO2 in water	Batch reactor
		b									
	Reference	Sherwood number				Observations
	Bird et al [82] a	Sh 	2								Analytical solution in stagnant liquid
		p									
		Sh	2 0.6415 		Re Sc			Analytical solution for creeping flow with gas
		pp				absorption from a gas bubble
		Sh	2 0.991 		Re Sc			Analytical solution for creeping flow around a
		pp				solid sphere with a slightly soluble coating that
												dissolves into the approaching fluid
		Sh	1/2 2 0.6Re 	1/3 Sc			Correlation for forced convection
		pp					
	Armenante and Kirwan apud	0.52 2 0.52Re Sc 1 3 batch Sh  p		Batch reactor Validity:	30μm
	[22]										

a Kerdane is a light oil with composition from C11 to C14

[283]

. Water cuts varied from 30 to 100%. Table A.4. Correlations for Sherwood number (dimensionless mass transfer coefficient) around spheres.

Table A .

 A [START_REF] Ballard | The next generation of hydrate prediction: I. Hydrate standard states and incorporation of spectroscopy[END_REF]. Order of magnitude of Henry's constant of methane inside hydrocarbons.

	Solute / Solvent	Ref.	Henry's constant	Temperature	Pressure
	CH4 in hexane	[285]	2.2 3.5 10 	4 	3 mol m Pa	310.9	T 	377.6 K	10.8	P 	85.2 bar
	CH4 in decane	[285]	1.5 2.4 10 	4 	3 mol m Pa	310.9	T 	410.9 K	10.4	P 	86.5 bar
	CH4 in dodecane	[285]	1.4 2.0 10 	4 	3 mol m Pa	323.2	T 	373.2K	13.3	P 	104 bar
	CH4 in Kerdane a	[41]	1.1 2.8 10 	4 	3 mol m Pa	277	T 	303K	P 	80 bar

Table A .

 A 6. Expressions for collision rate. Table A.7. Correlations for unit cell translational velocity of slug flow.

	General								
	Reference	Model				Observation
	Smoluchowski [89]	k	col		2 3	B kT 	1 1 ij rr     	  i j r r 	Brownian motion
	Smoluchowski [89]	k	col	  4 i 3 r r 	j	 3	For constant shear rate
	Saffman and Turner [153]	k	col	  i j r r   1/ 2 8 15 t     	3	Turbulent for particles smaller than Kolmogorov's scale
	Abrahamson [333]	col k		5		22 i j u u 	   1/ 2 i j r r 	2	Turbulent for particles larger than Kolmogorov's scale
	Where: , uu is the mean squared velocity of each particle in turbulent regime (requires char-
	ij								
	acterization of the turbulent flow field).

expression for the unit cell translational velocity

  

											01 U C J C gD T 
	Reference	C	0								1 C	Inclination
	Nicklin et al [334]	1.2								0.351	V
	Dukler and Hubbard [320]	J   1.022 0.021 ln Re 	0	H
	Ferré [335]	1.10	Fr			2.26	0.44	Fr		2, 26	H
						J					J
		1.30	2.26	Fr 	8.28	0	2.26	Fr 	8.28
											J	J
		1.02	Fr			8.28	3	Fr		8.28
						J					J
	Bendiksen [184]	j    2 1.05 0.15 sin Fr 	3.5	0.54 cos	L  j 0.35sin Fr 	3.5	H/I/V
											L
		1.2								j Fr		3.5	0.35sin 	Fr	j	L		3.5
											L
	Dukler et al [321]	1.225							-	H/V
	Théron [336]	1.3	0.23  	  0.13 sin	2	0.8  0.5     	cos	0.35sin  	H/I/V
	Manolis [337]	1.033	Fr			2.86	0.477	Fr		2.86	H
							J			J
		1.216	Fr			2.86	0	Fr		2.86
							J			J
	Woods and Hanratty [338] 1.1		Fr		3.1	0.52	Fr		3.1	H
					J						J
		1.2		Fr		3.1	0	Fr		3.1
					J						J
	Marcano et al [339]	1.201							1.509	H
	Petalas and Aziz [340]	 1.64 0.12sin Re  0.031 J   	-	H/V
	Vicencio [341,342]	1.19							0.4	H
	Rodrigues [315]	1.26, for					0
		1.38, for						4
		1.29, for						7
		1.30, for						10
		1.20, for						13

Table A .

 A 8. Correlations for slug flow frequency.

	Reference	Correlation				Inclination
	Gregory and Scott [325]	L j b gD J   freq a J     	c	H
		a 	0.0226	,	b 	19.75	and	c 	1.2	[325]
		a 	0.0037	,	b 	25	and	c 	1.8	[343]
	Modified Grego-ry and Scott correlation	J Fr   b freq a D      	c	H
	[344,345]	a 	0.0226	,	b 	2.02	and	c 	1.2	[344]
		a 	0.0434	,	b 	2.02	and	c 	1.02	[345]
	Hernandez-Perez	cos  freq f  sin f	H/I/V
						hv
	et al [307]	19.75 fJ 0.0226 L h j gD J       	1.2
		19.75 fJ 0.8428 L v j gD J       	0.25
	Cai et al [346]	freq	 0.018exp sin     1.2 36 L t t j V gD V      	H/I/V
		1.25 VJ 				
		t									
	Zabaras [347]	freq		  0.836 2.75 sin    0.25 	1.2   19.75 0.0226 L j J gD J     	0 oo 11  
	Nydal [348]	freq		0.088	 1.5		j	L		2	H
												gD
	Marcano et al	freq	0.089 0.214   	j	H
												L
	[339]										
	Sakaguchi et al [349]	freq	0.317 GG 0.333 L L DJ 1.38 0.166 0.564 1.61 2 G L LL 16100 L j j J J J gD DJ DJ           3.04 0.087                                           	1 	V
	Shell correlation, apud [347]	freq			g D	   0.81 2 0.1 2.34 0.064 0.048 0.73 1.17 L L L G L j j j j j Fr Fr Fr Fr Fr           	H
	Fossa et al corre-lation [236,350]	freq	2  1 a bc       G j D	H
		a 	0.044	,	b 	1.71	and	c 	0.70	[350]
		a 	0.05	,	b 	1.675	and	c 	0.768	[351]
	Thaker and Banerjee [352]	freq	2  0.036 1 1.432 0.739       J D	H
	Shea et al [353]	freq		0.47		0.75 1.2 0.55 L j	L is the flowline length	H
								DL

Table A .

 A 8 (continuation). Correlations for slug flow frequency.

	Reference	Correlation		Inclination
	Gokcal et al [354]	freq	2.816 L j D	N	0.612 

Table A .

 A [START_REF] Ferrari | Experimental measurements and modelling of carbon dioxide hydrate phase equilibrium with and without ethanol[END_REF]. Correlations for phase fraction in the slug body. Table A.9 (continuation). Correlations for phase fraction in the slug body.

		Reference				Equation			Inclination
	Gregory et al [308] Reference Gomez et al [72] Marcano et al [339]	1  1.39 b   11 J a         8.66 and b   1 exp 0.45 GS R Equation a  2.48 10 Re 6 GS R        [308] 9.514 a  and 1.274 b  [355]  7.264 a  and 1.281 b  1.001 a  , 0.0179 b  and 0.0011 c  [356]  GS 2 1 1.001 0.0179 0.0011 R J J    	with Re [339]  1 		L  JD L 	H	H Inclination H/I/V
	Malnes apud [356] Zhang et al [361] Ferschneider apud [356] Barnea and Brauner [74,326,357] Al-Safran [362]	1  c   1/ 4 1 83 L m Bo Fr 0.106 b  and    GS R 0.965 , 0.004 1   83 a  and 0.25 a  (Malnes apud [356]) [356] 81.526 a  and 0.294 b    11 3.16 sm LG T g           [356] 2 * 11 b m GS Fr Bo R a             2 11 24 L LB T LB LB S S eS R U U J U D f J CL          625 a  and 0.2 b  (Ferschneider apud [356]) 10211.22 a  and 0.592 b  2.5 sin    2 [356] 2 3/5 2/5 3 2 0.058 0.725 L GS C LG fJ Rd D               2 LB T LB LB R U U J U  a  GS R sm T e C    0.0417 0.05 0.123 GS  R 	H H/I/V 04 oo   H/I/V H
	Andreussi et al [358] a Kora et al apud [363] R GS	 2,  0.4 LG LG gg 3 8 L LG        2 cos fJ  J min        01 1 1 m FF Fr F        * 0.2 * 0.2 1 0.947 exp 0.041 C d GS R , if 1.5 mm Fr N Fr N         * 0.2 * 0.2 * 0.2 0, if 1.5 1 1.012 exp 0.085 , if 0.15 m m m Fr N Fr N Fr N           		1.5	H Viscous fluids H L 0.181 0.587 Pa.s  
	Xu [355]		GS R	2    0.025 max 0 ; 1 2 Fa 0 D         eff    0.05 5 1.225 1 sin 1 1 3.166 10 Re     	0 oo 75   Non-Newtonian fluids
	Al-Safran et al [364] Rodrigues [315]	3/ 4  and Bo 2400 sin c   1   F b 1  2.6 a  , 0.15 0.075 0.057    * 0.2 0.89 m Fr N     GS R b  0.84 a  , 1226.9 b  and c  [358] 3 2 2.27  1.091 c  0.82 1.64 cos L j R  	[356]	H  13 oo 0   
	Felizola and Shoham [359] Archibong-Eso et al [363] R GS GS		     1 a bJ cJ J 0.775 , 0.041 b  0.11 0.0336 GS R a  FrN 	 and 2	0.019 c 	for	 	0	H/I/V Viscous fluids H
							a 	0.759	,	0.053 b 	and	0.009 c 	for 10 oo 30  	0.181	L  	8.09 Pa.s
	Where:	Bo	  LG  	a   2 gD 	0.690 = Bond number; , 0.054 b 	and	0.005 c 	for 40 oo 60  
							a 	0.592	,	0.001 b 	and	0.016 c 	for 70 oo 80  
							a 	0.551	,	0.017 b 	and	0.015 c 	for	 	90 o
		Abdul-Majeed [360]			0.006 1.3377 G L     GS C  1 1.009 R CJ A and   	A	1, if 1 sin , if 0        	0	10 oo 9    
							a 	1.009	,	b	4  6 10 	and	c 	1.3377	[360]
							a 	0.995	,	b 	0.051	and	c 	1.513	[356]

Table A .

 A [START_REF] Haghighi | Phase equilibria for petroleum reservoir fluids containing water and aqueous methanol solutions: Experimental measurements and modelling using the CPA equation of state[END_REF]. Droplet size models.

	Type of flow	Validity		Model				
	Dilute or dense	5 max dD  Eo  D 0.1 k	d	max	c     	3/5		2/5 t		0.725	[240] a
	Dilute	5 0.1 dD  D Eo  max		max D d	dilute	1  1/ 2 c c U        0.7 1 0.7 c c d c U U C                      
						with 38	C 	43	[243,367] b,c,i
				d	max			3 5 1.516We Re 	0.1	[242] c,e
												cc
					D					
							dilute				
				 1 cd m DR 3/5 2 max 0.55 c c dilute d U D      f        	2/5 	[159] d
				 1 cd m DR max 1.88 dilute d         	25 	3 5 We Re cc 0.08 	[159] d,f
		5 0.1D d D Eo   max	D	max Df 1.38 We d 	with	0.1	D max d  [244] g 1
							dilute					c	dilute
				max Df 1.38 We d 	 	c	[159] g,h
							dilute					cm
				max D d			30	 	c	1 We Re cc 0.2 	[159] f,g,h
							dilute					m
	Dense	5 0.1 dD  D Eo  max		max D d	dense		 11  2/5 m d Cf 3/5 2 35 2.22 c c H c U D R        d d R R        	3/5	[159] d
												3 5	2 5
						max				3 5 7.61 We Re 3 5	0.08	1 11

Table A .

 A 10 (continuation). Droplet size models.

	Type of flow	Validity	Model
	Minimum droplet diame-	Located near the wall	
	ter		min	23

Table A .

 A Correction in the wall shear stresses from using continuous phase density to mixture density. i The small pipeline lengths of the curve fitted experiments and the independence of the correlation to D can cause deviations of this correlation[START_REF] Karabelas | Droplet size spectra generated in turbulent pipe flow of dilute liquid/liquid dispersions[END_REF]. j This happens only for very low water cuts (see discussion on phase inversion models, TableA.11), i.e., dilute dispersion of water in oil). The highly viscous oil is in laminar regime and the droplet size comes from the strain rate 11. Phase inversion models for oil-water flow.

	Reference		Model	
	Arirachakaran et al [234]	WC	inv	0.5 0.1088log 	10	o w     
	Yeh et al [368]		WC inv	1  o w      	1 
	Nädler and Mewes [369] a,b	WC	inv	  1 1 o w    o w n n         2 1/ 1 1 o wo w k n nn o o n w w C k DJ C         	1 
					Emulsification of water within oil:	inv WC		[0.05;0.2]	12 3; kk  		1.2
					Local phase inversion within the dispersion layer:	WC	inv		0.33	12 1; kk  		1.2
					Formation of water-in-oil emulsions:	WC	inv		[0.6;0.8]	12 1; kk  	1.2  
	Brauner and Ullman [186] a	WC inv	1   n oo ww        	1 	with 0.22	n 	0.5
					3 U f c Inversion to dilute water-in-oil dispersion: 2 u  For viscous oils:     WC 1 105 d w o WC inv . h 4 JD 1 4 C   0.15 0.1 oo H ww                    1 0.087 5/6 / 0.12 0.4 0.4 0.52 0.12 / w o inv H d wm ow k C k DJ           . with 0.5 1 H C  and     dd w o o w // 1 kk 	1 
	Poesio and Beretta [370]	WC	inv		2	  	,max aa 1 oo d ww a o w R                  	with	1 ,max aR  2 5 d 
	Viscous oils		WC	inv 	0.15
	(	 	0.2 Pa.s)	[245] c					
		o							

Table A .

 A [START_REF] Sirino | Multiphase flash calculations for gas hydrates systems[END_REF]. Models for critical settling velocity of slurries.

	Reference	Model					Observation
	Oroskar and Turian [330]	J	crit		 1  0.1536 1.85 ns ns 		0.3564	0.378 pL 0.09 0.30 Re S p p D X gd d        1   	d	p		0.5	mm
			Re	1  S LL L pp D gd      
			22 4 exp Xd 2 2 4 exp                          	with	 	p crit U J
	Gillies and Shook [372]	J	crit		F gD		Sf f   		Coarser particles and larger pipe-lines than in
				f		  74 1 L m      m    74 1   S 	[330]
			F		 exp 0.51 0.0073 C D 		12.5	K	
			K	   23 0.14 LL    13 ,50 p gd  	2
	Etchells apud [198]	J	crit	0.3 2   1 S L gD    	Very fine parti-cles
	Spells apud [373]	J	1.225 crit	0.0251 gd   1 slurry S p LL D        	0.775	Small particle sizes
	Zandi and Govatos apud [373]	J	2 crit	40   1 S L D Dg C     
	Shook et al apud [331]	crit Fr			0.019 0.045 1.19Ar , for 160 Ar 540 1.78Ar , for Ar 540       
										 	0.4 0.197Ar , for 80 Ar 160 
	Where:	  = Archimedes number; slurry slurry p S slurry  23 Ar (4 3) ( ) 1 gd    

Table A .

 A [START_REF] Mersmann | Crystallization Technology Handbook -Second Edition Revised and Expanded[END_REF]. Models for the apparent viscosity of dispersions.

	Reference	Model												Observations
	Einstein [93,94]	app c  	1 	5 2										Analytical solution for rigid, non-interacting, spherical particles in dilute
															dispersions (  	0.02)
	Frankel and Acrivos [254]	app c  	5 2   1 1 1 d c d c                    	Variation of Einstein for non-rigid particles (bub-bles and droplets)
	Smoluchowski apud [82]	app c  	2   51 11 2 eT c e p DV kd            	Variation of Einstein for charged spheres
	Lin et al apud [96]	app c  	1  	5 2			1.34 Re	3/ 2 p	with	Re	p		2 cp c r  	Variation of Einstein con-sidering inertial effects of particles
	Batchelor and Green [95,253]	app c  	1  	5 2	6.2  	2	for Brownian movement	Analytical solution, ex-panded from Einstein to account second-order
		app  	1  	5 2	7.6  	2	for pure straining	interactions for larger concentrations ( 0.2)  
		c												
	Mooney [256]	1    max 5 1 2    exp app c       	Concentrated dispersion, spherical particles
	Krieger and Dougherty a [255]	max   1 app c     		  max 	Semi-empirical, dense suspensions up to max  , rigid, monodispersed
															spherical particles
	Mills [258]	  11   max app c        	2 	Variation of Krieger and Dougherty. Commonly employed expression in
															hydrates literature
	Concentrated suspen-sions	app c   1 C 	  3 C   3 2 exp C 1.9 2.7 10 2 1 C        2 5 2 C   1 10 ,  	Variation of Batchelor. Concentrated suspensions, with inter-particle interac-tions
		 16.6 20 C  3		[194,199,259,260]
	Liu and Masliyah [257]	app c  	1     	max  	  	2 		  	2.5		2 max 26 max H k           	2	Variation of Batchelor. Both dilute and dense dispersions
		Low shear: max 0.63  	,	H k 	6
		High shear: max 0.74  	,	H k 	7.1
	Where:													

Table B .

 B 1 presents the closure parameters adopted, extra to the ones of mass transfer and crystallization already presented in Table3.1. Eq (B.3) gives   0.4 K

	, hyd i Q		g M h hyd 	, gi dn dt  hyd    		4 	 r h T 2 p p b out		b T		 	out TT b 			2 p p b hyd M h 4 g rh  	, g i dn dt  hyd    	(B.3)
							out	b									

  and the gas concentration distribution inside the capillary comes from eq(3.18). A non-linear ODE comes from eqs (3.18), (B.5) and (B.6) in (B.4). To simplify, 1, cap dz Q is assumed constant over the critical penetration length of gas where the gas consumption inside one capillary comes from eq (3.19) divided by the number of capillaries

	, gi dn dt  1, cap dz	2 	  z r k f C dz 2 c i eq				(B.6)
	inside the capillaries	crit L . The critical length is defined as the	z value where	zL ff  	eq	. For values of	crit zL 	,
											crit
	there is no heat release. Therefore, 1, cap dz Q	is approximated as
	1, cap dz Q	     	1 0 for cap crit Q L	for 0 crit zL  zL crit 	with	1 cap Q		g M h hyd 	, gi dn dt  1 cap    	(B.7)

Table B .

 B , given the consideration of no thermal inertia of the inner mass of the particle. Therefore, the maximum temperature gradient between the capillary and the outer surface is at From the values of TableB.1 and Table3.1, evaluation of eq (B.11) gives max As a general conclusion for the scenarios considered (particles in the size-scale of mm; capillaries in the size scale of 100's of nm; i k in the range of ; and highly agitated systems where slip velocity between particle and bulk is non-negligible), the capillary walls, the outer surface of the particle and the mixture bulk can be 1. Closure parameters for micro-heat transfer model, eqs (B.3) and (B.11). Other parameters come from Table3.1.

													10	12	7 10 mol/(m sPa) 2
	considered at thermal equilibrium,	T T  . T
														c	out	b
					Parameter						Adopted value / correlation
					Heat transfer coefficient between particle and bulk a (Whitaker apud [81])	 Nu 2 0.4 Re 1/ 2 p p  		 0.06 Re Pr 2/3 p o 2/5	14  s    
					Enthalpy of formation of CH4 hydrates [286]	hyd h 	53 kJ/mol of gas
					Maximum gas consumption rate per particle b		, gi dn dt	hyd	,max		8 4.8 10 mol/s  
					Maximum gas consumption rate per capillary c		, gi dn dt	cap 1 ,max	15 5 10 mol/s   
					Critical penetration length d	crit Lr  c 2.5 Ha	c
		Notes: a Valid for 0.71 Pr 380 	,	4 3.5 Re 7.6 10 p   	and 1.0	s  	3.2	. With:	/ p b h		Nu	p	o k	p (2 ) r	;
		Re 2 p/ o p b p	o					
		c T T out 		2 hyd wc g M h kr  	2 crit L z  2 z     , 1 g i cap dn dt    	for 0	crit zL 	(B.10)
	where	cc z L TT   z L						
					crit		crit					
															zL 
															crit
		max c T		out T		c T	crit zL 		out T		2 wc g L M h 2 crit hyd kr  	, g i dn dt  1 cap    	(B.11)
															TT 	3 5 10 K   	, which is a negli-
															c	out
	gible temperature difference. Even for the lower constants of proportionality of crystal integration
	i k	12 5.5 10 mol/(m sPa) 2  		(that is, deeper penetration lengths of gas into capillaries means higher	crit L ), for the small-
	er capillaries	r 	100 nm	and for fair large particles	10 mm
						c							
															TT 	.
															c	out

p r  , the capillaries can be considered at thermal equilibrium with the outer surface of the particles, with max 0.05 K   Ur   ; is the Prandtl number of oil, considered equal to water 12  ;

Demonstration #16: finding the aerodynamic profile of the elongated bubble (Taitel and Barnea's model)

   is the actual velocity of phase  in the elongated bubble re- gion, and by using index 'B' in order to comply with the nomenclature of chapter 5 and with the fact that the modeling is for the elongated bubble region, and finally by reorganizing the terms (5.12) and represents the momentum balance of phase  inside the elongated bubble region. From eqs (B.71) and (B.72) in (B.69) and (B.70), and then in (B.66)

	From eqs (5.22) and (5.23)
	 U U T 	LB	  U U T  	LS		 LS LB R R	(B.67)
	 U U T 	GB		  U U T  	GS		 GS R	(B.68)
																					R
																								GB
	 and deriving in and recognizing that z    T LB d U U U U R V A cte       T LS LS d dz dz R   from the continuity equation, then    2 1 LS LB T LS LB LB U U T LB R dR U U dz R R            	LB		LB dR dz	(B.60) (B.69)
																								UU 
																								T	LB
	  V V n dA    d dz   V A  Substituting eqs (B.55), (B.58), (B.59) and (B.61) in (B.54)  SC dV V dz V A dz  dV V A          LB R  dz dz        2 1 T GB GS GB T GS GS T GS GB GB d U U U U dz T GB R dR d U U R U U dz dz R dz R R           	GB		GB dR dz	(B.61) (B.70)
																								UU 
	 	gA 		sin			dP	A dz 		 	g	dH	cos  ii dV A dz S dz S dz V A T GB             GB R	dz	(B.62)
	dz Recognizing that											dz	dz
	By dividing by	A dz						
	LB dR			LB dR dH	LB							(B.71)
	dz				dH		dz							
												LB											
	R				R				D  	GB dR		 	LB dR	 	LB dR dH	LB	(B.72)
	GB		LB															
																	dz					dz	dH	dz
																								LB
	 d U U TB dz    T LB U U   B B TB S dP U U dz A       B        LB LB dR dH U U U U i i S     sin g      T GB U U    	g 	cos LB  dR dH dH dz  LB B		(5.12)
			L		T						LB											G	T	GB
	 which is eq Applying eq (5.12) for both liquid and gas phases 11 LB LB GB GB LB LB i i LB GB LB GB R dH dz S S S A A A A      L          and by isolating the curvature of the elongated bubble profile  G g R sin GB	 dH L LB    dz  G  	g	cos		LB dz dH	(B.73)
	L dH 	T U U 	LB	 d U U T 	LB	 LB LB   S A	dP	sin 11 L g   Sg cos i i L SS LB LB g         GB GB  S i i L G A A A	LB sin dH	(B.63)
				LB																				LB	GB	LB	GB
																dz							dz	A	dz
																								LB
		U U  dz 	L	 d U U T   g cos GB G		GB GB S   U U U U dP T LB T LB i i S     	sin LB dR g LB R dH  L  LB	cos U U g   T GB 	GB U U dH   T	GB		G GB R dH LB dR LB	(B.64)
	G		T						GB												G	G
																	dz						dz	A	dz
																								GB
	Subtracting eq (B.64) from (B.63), considering the same average pressure gradient		dP dz	in both phases and rec-
	ognizing that													
	H			H					D			dH	GB		 	dH	LB	(B.65)
		GB				LB													
																			dz			dz
	then																						
	 d U U T   LB U U   T d U U U U   	GB		
	L		T						LB												G	T	GB
											LB LB LB S A			GB GB GB dz S A 				i i S	11 LB GB A A    		 dz   L 	G		g	sin	    L  	G		g	cos		LB dz dH	(B.66)



, by recognizing that the relative velocity inside the elongated bubble region is

TB V U U  

where T U is the unit cell translational velocity and B U

  (5.26), which represents the average pressure gradient of the slug flow. Equations (5.41) and (5.42) relate the temperature in the borders of the unit cell structures and come from a simplified liquid energy balance in the elongated bubble and slug regions. Repeating them below, recognizing that the bubble front temperature is the same as the slug rear one, and still approximating them to the average mixture temperature in the unit

		dP dz		 LS LS L LS S U S L A L R   	 	 	 LB LB G GS S R	 G GB L UU   2 sin LB GB GB i i B U S B L LB UU U S S L K A L       L L g R R g T sin  2 LL      L		(5.26)
	one finds eq Demonstration #20: finding the thermal scooping factor
	cell, fr T T T  , then										
			BS															
	f B rr W B W B T T W W T T T T T T   	exp	   , LB LB B GB GB B L L LB G p G GB h S L h S L c R c R AJ      	(5.41)
	ff W S r S W WS W T T T T TT TT    	exp		   , LS LS S L L LS G p G GS h S L c R c R AJ     	(5.42)
																84) comes	
		  n dA  			LS LS S S L			LB LB B S L			GB GB B S L			i i B S L K 		L	 UU 2 LB 	T		2
	CS																			

(B.85) By substituting eqs (B.82), (B.83) and (B.85) in (B.81), by dividing by U AL and by reorganizing the terms
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Simplifier le modèle en expressions simples, orientées ingénierie, mais qui sont encore capables de capturer la majorité du problème (application aux hydrocarbures gazeux dans les systèmes en phase continue huile).

Extra input parameters are still necessary for the pressure and the temperature at a given point of the pipeline (e.g., the inlet), as well as the pipeline geometry and wall temperature (boundary condition for heat transfer) need to be defined.

Notice that liquid bridges are only qualitatively described in literature of gas hydrates.

(iii) La proposition d'un critère simple pour classer la stabilité des dispersions d'hydrates dans les systèmes en phase continue huile, ce qui répond à l'objectif d'ingénierie de cette thèse (chapitre 8).Du point de vue de l'ingénierie, la partie II ne sert qu'à prouver les hypothèses simplificatrices et la généralisation des concepts faits dans la partie III. Pour une lecture plus directe, il est conseillé de sauter la partie II, sauf les sections 3.4 et 4.4 pour les modèles simplifiés de cinétique de croissance et d'agglomération.

The qualitative discussion that liquid bridges lead to agglomeration of hydrates already exists in literature. What is new is on how to relate it to the permeation and crystallization processes of the porous particle, and all the mathematics that will be developed in chapters 3 and 4.

The same Hatta number analysis appears in Englezos et al[START_REF] Englezos | Kinetics of formation of methane and ethane gas hydrates[END_REF], but applied to a different problem geometry (a film, not a cylinder), thus its definitions is slightly different. The Hatta number used in the crystallization field is similar to the Damköhler number applied to chemical reactions. Here, Hatta number will be employed for the growth in capillaries, whereas Damköhler will be used for agglomeration in chapter 4.

The gas is absorbed by the liquid phase in a restricted section of the flow loop, called "gas separator" in Figure II.1 of Melchuna[START_REF] Melchuna | Experimental study and modeling of methane hydrates crystallization under flow from emulsions with variable fraction of water and anti-agglomerant[END_REF].

Although in a highly turbulent flow, the particles get dispersed in the continuous phase and therefore present no average slip (that is, they are carried stably along the flowline), there is a very high local slip because of the relative motion promoted between eddies. For mass transfer between particle and bulk, that local slip is what matters. The average slip matters for accumulation of particles along the flowline, in a macro-scale.

Reminder: a node stands for the update process of fluid properties and acceleration/deceleration of the gas, as the P&T solutions are analytical.

Credits for coding the fitting procedure using Matlab go to PhD(c) Rafael Fabrício Alves.

This occurs in a similar fashion to water boiling in a pan. Once the water reaches 100 o C, it boils and, no matter the power of the flame, the temperature is the same as long as the pressure is kept ambient. The difference is that, if one keeps a high power flame, then the complete water content boils in a smaller time-scale. That is, the boiling rate is proportional to the flame power in a similar fashion that the hydrate formation rate is proportional to the capacity of heat exchange with the external medium (when the system is heat transfer-limited).

The wave effect was afterwards experimentally proved in the ongoing PhD Thesis of Daniela Marques for 100% water cut systems.

Note that liquid bridge is already qualitatively related to agglomeration in literature. However, the linking with water permeation through the porous particle and the particle sealing process, both qualitatively and quantitatively, are new in this thesis.
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This thesis gives enhanced compreehension of the off-equilibrium processes of gas hydrate formation in multiphase flow systems. Two important phenomena descriptions are new 20 . The first is called sponge approach and stands for the quick imprisonment of water inside the hydrophilic porous structure of the gas hydrate crystals, causing the water to vanish as a free phase in oil-continuous systems. The growth kinetics is related to crystallization in the capillary walls, which causes the particles to seal-up in time, decreasing the active surface of crystallization. The second phenomenon stands for the fact that electrostatic theory is not well-posed to explain agglomeration given the particle size-scale of shear-stabilized water-in-oil emulsions. Therefore, liquid bridge binding forces are necessary to promote the time-lapse for consolidation of the just-collided particles into an agglomerate. The liquid bridge only forms when a water layer is available at the outer surface of the particle, called a wet particle. Some important quantifications were done in this thesis: (i) the sealing-up process of the particles (porosity decrease in time), eq (3.29); (ii) an expression for the gas consumption rate during hydrate formation for oil-continuous systems, eq (3.36); (iii) the efficiency and the kernel of agglomeration coming from liquid bridge formation when particles are wet, eqs (4.48) and (4.50); (iv) a criterion to understand if particles are wet or dry in means of a modified Damköhler number, eq (4.52); (v) the time-scale for particles to dry out, eq (4.63); (vi) an expression for the agglomerate size evolution in time, eq (4.64), up to reaching a maximum stable agglomerate size for oil-continuous systems, eq (4.65);

(vii) a dimensionless parameter that is able to describe the efficiency of agglomeration and/or deposition in different scenarios, named Lange number, eq (7.2); and (viii) a criterion to assure stable hydrate slurry flow in oil-dominant systems, eq (8.5), which in dimensionless form was named Bassani number, eq (8.7).

Several coupled mechanisms between hydrate formation, porous structure, growth kinetics, agglomeration and transportability in multiphase flow were discussed in this thesis. The main mechanisms that assure slurry stability in oildominant systems are quantified by the criterion (i) Higher subcooling causes faster sealing of the particles, thus they take less time to dry out and the stable agglomerate size is smaller, enhancing slurry stability.

(ii) By the use of surfactant additives, the oil-water interfacial tension is lowered, thus permeation of water through the porous particle is decreased. This promotes smaller time-scales for particles to dry out, leading to smaller agglomerates and enhancing the slurry stability. Furthermore, surfactant additives weaken the liquid bridge binding forces, thus decreasing the time-lapse for consolidation, which also contributes to slurry stability.

(iii) The higher the water cut, the higher the collision probability and the higher the initial particle size, leading to larger agglomerates that destabilize the slurry.
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APPENDIX A -CLOSURE CORRELATIONS

This appendix compiles the available closure correlation and values for the growth kinetics, agglomeration and multiphase flow models. 2 ,

By considering the agglomeration of two isolated particles (but not the entire particle population), the contribution of agglomeration to the moment in size of 1 st and 2 nd order, eqs (4.27) and (4.28), are simplified to , j agg j j M K M  , because term 0 agg KM comes at play when dealing with the entire particle population, the probability of collision, and the agglomeration efficiency. Notice as well that the dot over , j agg M is not used anymore, since this dot represents the variation in time of the moment j M coming from agglomeration (agg). The time dependence is inside the term 0 agg KM , with units [s -1 ], which is not important when the interest is in two isolated particles. That is, the problem is purely geometric. Furthermore, for two isolated particles, the concept of moment of particle size distribution does not exist, and instead the physical parameters (length, surface) are used. For 1 j  , parameter 1 K is given by the variation of the total particle length before and after agglomeration,   

A more realistic agglomerate shape is the case of two sticked-spheres, called doublet, as presented in There is no unique length that describes the doublet. Let the equivalent size r of the doublet be the average of the three characteristic lengths, namely 1 r , 2 r and 12 rr  , then  

but if the maximum length 12 rr  of the agglomerate is used instead of the averaged one, then K when considering a doublet is something in between

is considered that the active surface in contact with the continuous phase that vanishes during agglomeration is the projection of the smaller sphere, 1 rr , multiplied by 2 since this surface vanishes in both particles , K K f r r  and that the method of moments used to solve the population balance has no information about the ratio of the size of the particles that form the agglomerate. Therefore, 12 , KK need to assume a unique value that is representative for the entire agglomeration process and that is independent of 12 , rr. This is an approximation of the method of moments, which can be avoided by the use of more sophisticated mathematical approaches to solve the population balance, at however higher computational costs. required, which gives good results for the velocity field, but not necessarily for the shear rate, as shear rate results can be very sensitive to the mesh adopted. Here, a simple way to estimate the order of magnitude of the shear rate in means of the mixture velocity U is sought. For such a purpose, the velocity profile inside the rock-flow cell is simplified to a turbulent, single-phase, steady-state, developed flow in a smooth pipe (see section 1.7 of Ghiaasiaan [START_REF] Ghiaasiaan | Two-phase flow, boiling and condensation: In conventional and miniature systems[END_REF]) ,5 5ln

3.05, 5 30 2.5ln 5.5, 30 400

where the shear rate comes from the derivation of eq (B.46) 

and the dimensionless variables are since the diameter of the rock-flow cell is 50.8 mm and the related liquid loading is 50%. Notice that, since the flow is not in a circular section, then the radius R is half of the hydraulic diameter. However, by considering that the liquid occupies 50% of the cross section (because experiments are for 50% of liquid loading) and that the cross section geometry is half of a circle, than the hydraulic diameter is the same as the rock-flow cell diameter, that is, 25.4 mm. R  From Figure B.7(a), it is noticeable the fact that: (i) for low viscosities (≤ 5 cP), the shear rate close to the wall is in the order of magnitude of ~ 50-250 s -1 , but the flow quickly transitions to the inertial sublayer ( 30) y   , and the shear rate drops to an order of magnitude of 1-20 s -1 a few millimeters far away from the wall, and (ii) for higher viscosities (> 5 cP), the shear rate remains in the order of magnitude of 1-50 s -1 close to the wall, and also reaches the range of 1-20 s -1 a few millimeters away from it.