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RESUMO 

Carlos Lange Bassani, 2020. Abordagem Multiescala de Hidratos de Gás considerando Estrutura, Cinética de Cresci-
mento, 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, Universi-
dade de Lyon, Saint-Etienne, França. 
 

Um problema reportado mundialmente pelas companhias de 
petróleo é a obstrução das linhas de produção devido à forma-
ção 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 estra-
tégia de produção consiste em evitar a formação de hidratos 
pela injeção de um volume consideravelmente grande de inibi-
dores químicos. Visando a redução dos custos de produção, 
uma nova estratégia está em pesquisa, chamada de gerencia-
mento de hidratos (hydrate management). Esta consiste em 
deixar os hidratos se formar, porém em garantir (gerenciar) o 
seu escoamento estável sem nenhuma obstrução. Esta estraté-
gia necessita de um conhecimento mais aprofundado dos pro-
cessos 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 portan-
to 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 consi-
deração). Subresfriamentos mais altos se mostram capazes de promover um selamento rápido das partículas, diminuin-
do 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 sim-
plificado a um critério adimensional que determina a produção estável em sistema óleo-dominante, 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 proprie-
dades interfaciais, e apresenta concordância em comparações preliminares com dados experimentais. Este critério evi-
dencia 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. 
 

Palavras-chave: garantia de escoamento, gerenciamento de hidratos, hidratos de gás, escoamento multifásico, cristali-

zação, cinética de crescimento, aglomeração.  
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ABSTRACT 

Carlos Lange Bassani, 2020. A Multiscale Approach for Gas Hydrates considering Structure, Growth Kinetics, Ag-
glomeration and Transportability under Multiphase Flow Conditions. PhD Thesis in collaboration of Federal University 
of Technology – Paraná, Curitiba, Brazil, and Mines Saint-Etienne, Université de Lyon, Saint-Etienne, France. 
 

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 obstruc-
tions. 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 hy-
drate 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 de-
scribes 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 (1st new assumption). Permeation through the porous particles fur-
nishes water to its outer surface, promoting liquid bridge formation after particles’ collision, which leads to agglomera-
tion (2nd new assumption). Higher subcoolings are shown to promote faster sealing-up of the particles, decreasing per-
meation rates and causing the particles to be inert in the agglomeration-sense (called dry particles). Furthermore, addi-
tives 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 steady-
state 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 evi-
dences 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 re-
main 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 test-
ing and fitting against larger databases, they will represent an important advance on how engineers design flowlines 
using the hydrate management strategy. 
 

Keywords: flow assurance, hydrate management, gas hydrates, multiphase flow, crystallization, growth kinetics, ag-

glomeration. 



 
 
 
 
 

RESUME 

Carlos Lange Bassani, 2020. Approche Multi-Échelles pour les Hydrates de Gaz tenant compte de la Structure, de la 
Cinétique de Croissance, de l'Agglomération et de la Transportabilité dans des Conditions d'Écoulement Polyphasique 
(en Anglais). Thèse de Doctorat en cotutelle entre l’Université Technologique Fédérale du Paraná, Curitiba, Brésil, et 

Mines Saint-Etienne, Université de Lyon, Saint-Etienne, France. 
 

Un problème mondial signalé par les compagnies pétrolières 
est le colmatage des conduites d'écoulement à cause des hy-
drates de gaz, des cristaux qui se forment et s'agglomèrent 
provoquant des obstructions partielles ou complètes. Cela 
entraîne des pertes de revenus en raison de l'arrêt de la produc-
tion, et concerne aussi des risques de sécurité et environne-
mentaux. La principale stratégie de production consiste à éviter 
les hydrates de gaz, par exemple en injectant un volume élevé 
d'inhibiteurs chimiques. Afin de réduire les coûts de produc-
tion, une nouvelle stratégie appelée gestion des hydrates (hy-
drate management) est en cours de recherche, où les hydrates 
peuvent se former, mais son écoulement stable doit être assuré. 
En ce sens, une connaissance approfondie des processus hors-
équilibre tels que la cinétique de croissance, l’agglomération et 

la transportabilité est nécessaire pour concevoir et gérer la 
production. Cette thèse décrit quantitativement une partie de 
ces processus. Plusieurs concepts multi-échelles provenant des domaines multidisciplinaires (transfert de chaleur et de 
masse, cristallisation, milieux poreux, écoulement polyphasique) sont rassemblés, ce que donne des nouvelles interpré-
tations physiques des phénomènes hors-équilibre. Les hydrates sont des particules poreuses et hydrophiles qui agissent 
comme des éponges emprisonnant l'eau, et la surface active de cristallisation se produit principalement dans les parois 
capillaires (1ère nouvelle hypothèse). 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 (2

éme nou-
velle hypothèse). On démontre que des sous-refroidissements plus élevés favorisent un scellage plus rapide des parti-
cules, diminuant le taux de perméation d’eau et produisant des particules inertes au sens de l'agglomération, appelées 
particules sèches (dry particles). Les additifs tensioactifs diminuent la vitesse de perméation, ce qui explique leurs ef-
fets anti-agglomérants. Plusieurs mécanismes sont proposés lors de la modélisation de la cinétique de croissance et de 
l'agglomération par un bilan de population couplé à un modèle d'écoulement polyphasique en régime permanent. La 
sensibilité du modèle montre qu'une classification générale du système peut être effectuée en quatre types distincts de 
phénomènes limitantes, soit par la diminution de la surface active de cristallisation, par la dissolution de gaz à la phase 
liquide, par le transfert de chaleur ou par la perte de charge. À des fins d'ingénierie, le modèle est simplifié en un critère 
adimensionnel qui détermine la production stable des systèmes en phase continue huile, avec la forme Ba Da Re n , 
qui met en relation les nombres de Damköhler et de Reynolds (résumé graphique). Cette expression doit encore être 
testée ultérieurement afin de récupérer la forme exacte des groupes adimensionnels. Une forme absolue qui dépend du 
sous-refroidissement, de la fraction d'eau, de la vitesse de l’écoulement et des propriétés interfaciales est proposée et se 
montre efficace après une comparaison préliminaire avec de données expérimentales. Ce critère démontre que, une fois 
que les hydrates se forment dans les systèmes en phase continue huile, le plus rapide les particules se scellent, le plus 
rapide les particules sèchent, attenant des agglomérats plus petits, ce qui nécessite des vitesses plus faible pour stabiliser 
la suspension. Un autre group adimensionnel La (Da,Re)f  est proposé pour expliquer les interactions paroi-particule 
afin de modéliser la déposition des hydrates pour des études futures. Si jamais ces nouveaux deux groupes adimension-
nels se montrent cohérents après ajustements avec des bases de données plus volumineuses, ils représenteront une avan-
cée importante dans la manière dont les ingénieurs conçoivent des lignes de production de pétrole et gaz. 
 
Mots clés: assurance d’écoulement, management d’hydrates, hydrates de gaz, écoulement polyphasique, cristallisation, 
cinétique de croissance, agglomération.  
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G Gas as a phase 
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h Hydrate phase 

hyd Hydrate formation 
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i Gas-water interface (multiphase flow) 
in Initial. Exception: inr  is the inner radius of a shelled particle 

j Order of the moment of the particle size distribution 
L Liquid 
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m Mixture 
n Node index (multiphase flow) 
nuc Nucleation 
o Oil 

out Outer surface of the particle 

ov. Overall heat transfer coefficient 
p Hydrate particle 
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S Slug region 
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T Translation of the slug flow unit cell 
U Slug flow unit cell 
w Water 
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1 INTRODUCTION 

Flow assurance is the ensemble of activities that assures a steady, undisturbed flow of gas and oil in production flow-

lines. 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 [1,2]. The 

strategy of oil companies is to completely avoid hydrate formation by the use of large amounts of additives or by heat-

ing 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–

10]. 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 [3,6–8,11,12]. 

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 

[13–17], growth [14,18–24] and agglomeration [22,25–30] of crystals is required. The latter are considerably well de-

veloped for gas hydrates in gas-water systems [14,18,22,24–26,31,32], but the same cannot be said for gas-oil-water 

systems [20,21,33–35], 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 [36], as it depends on intermolecular scales during the 

initial clustering process [17,37]. 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 flow-

ing 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 [14,22,24,31]. Also, different flow 

patterns incur in different phenomena at play in both growth kinetics and agglomeration processes [2,38–42]. By its 

turn, gas hydrate formation consumes gas causing a mixture deceleration [43], generates heat because of the exothermic 

nature of this phase change [3], and intensifies head losses because of the stresslet around the crystals [44], oftentimes 

modeled through an apparent viscosity of the slurry [35,43,45]. 

Multiphase flow is at a considerable better level of comprehension compared to the off-equilibrium processes of hy-

drate 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 [38,40,52,41,42,46–

51]. 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 equa-

tions (mass, momentum, energy), whereas what is in development are the closure models on how phases interact be-
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tween themselves and on the best way to numerically solve the conservation equations [53–59]. 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 un-

derstand what are the important parameters to be tracked), and there are only few studies that focus on retrieving clo-

sure values for modeling purposes, the latter mostly for pressure cell systems without oil [18,19,31,60–64]. Instrumen-

tation applied to multiphase flow is much more well developed [65–67], the experimental procedures follow the stand-

ards of good science using statistical analysis, and large databases are reported and used to find simple, engineering-

shaped empirical correlations that further serve as closure for multiphase flow models [68–74]. 

In the past decade, some studies arose into coupling hydrate formation with multiphase flow [32–34,43,75–78]. 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. 

Equation Chapter (Next) Section 1 

Objectives and Method 

The general scientific objective of this thesis is to enhance comprehension of gas hydrate formation inside multi-

phase 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 (appli-

cation 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 1.1. 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 2), 

followed by a description of phenomena considering scales of the porous structure, particles and flow patterns that were 

overlooked in the past (chapter 3). Part II focus on the quantification of growth kinetics (chapter 4), agglomeration 

(chapter 5) and multiphase flow (chapter 6) of oil-dominant systems. The phenomena described in chapter 3 are exten-

sively modeled (called complete model), followed by sensitivity simulations to retrieve the prevailing phenomena (lim-

iting steps of hydrate formation), which are used to simplify the model for engineering purposes. Chapter 7 presents 
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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 gen-

eralizes the concepts modeled in part II to other scenarios. Chapter 8 presents a general classification of the behavior of 

water conversion and temperature trends into four types of limitations, and further introduces a dimensionless parame-

ter that explains agglomeration and deposition efficiencies. Chapter 9 introduces a criterion for safe hydrate manage-

ment for oil-dominant systems. Directives for future modeling and experimentation studies are also given in part III. 

 

Figure 1.1 – Structure of the thesis. 

 
Source: own authorship. 

 

Suggestion of Simplified Reading (for Engineers) 

This thesis is considerably long because of mathematic demonstrations and extensive sensitivity analysis of the com-

plete model presented in part II. They are necessary to prove which simplifying hypotheses can be adopted for engi-

neering purposes. For a first reading, or for a reader who seeks engineering application only, it is recommended to skip 

part II, but sections 4.4 and 5.4 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 exten-

sively 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 [79–82]) and the common closure correlations and dimensionless 
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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-

tures [3]) and of the multiphase flow field (superficial velocities, in-situ and non-slip phase fractions, and flow patterns 

[83]) are reviewed in chapter 2. Other important background comprise thermodynamics [84] (definitions of chemical 

potential, fugacity, Henry’s constant [85]), interfacial physics (definitions of surface and interfacial tensions, and wetted 

angles [86,87]), the basic expressions coming from Kolmogorov’s [87,88] and Smoluchowski’s [89] theories, and some 

basic laws coming from crystallization (crystal integration law [13]), diffusion (Fick’s law [82]), convection (Newton’s 

law [80]) and permeability (Kozeny-Carman model [90]). Those are presented along the thesis as necessary. The math-

ematics developed requires knowledge of basic analytical calculus (derivatives, integrals and solution of ordinary dif-

ferential equations) and basic numerical calculus (trapezoidal integration, 4th order Runge-Kutta method, and 1st order 

upwind discretization schemes). More advanced calculus for statistical mechanics is required for the population balance 

of chapter 5 [29,91,92], but demonstrations are given. 
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2 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 2.1 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 hydrocar-

bon 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 (~ 80oC) is gen-

erally 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 ~ 4oC 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 [83]. Other phases may coex-

ist 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 con-

sumption (a phase with high specific volume) into a solid crystal (a phase with low specific volume) [43,45,76,78]. 

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 

[48,78]. Finally, the existence of the stresslet around the spheres cause the apparent viscosity of the slurry to increase 

[44,93–96], 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 [46,97]. 

As the mixture flows along the pipeline, the hydrate particles undergo the basic processes of crystallization of 

growth, agglomeration and breakage [13,98]. The question to be answered is will the slurry be stable, or will the parti-

cles present an important agglomeration, settling down and causing partial or complete obstructions that lead to flow-

line plugging? Figure 2.1 depicts the case of gas-liquid slug flow, where water is dispersed in the oil phase (shear-

stabilized 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. 

 

 



 
 
 

31 

Figure 2.1 – 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 (oil-
continuous 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. 

 

Source: own authorship. 

 

2.1 Gas Hydrates 

A crystal is a solid whose atoms (or molecules) are arranged in a periodically repeating pattern (lattice) that extends 

in three dimensions [13]. 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 [98]. Gas hy-

drates 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 [2,3], as presented in Figure 2.2. The nomenclature for the cages follows Jeffrey apud [3] and is denoted as im
in , 

being in  the number of edges in a face type i , and im  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 [98]. Therefore, the crystalline structure is formed by different combi-

nations of the hydrate cages. Seven crystalline structures are possible with the combination of two cages of Figure 2.2, 

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 [99], called sH, which combines three different cages. The properties asso-

ciated 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 mole-

cule 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 mole-

cule is in between 0.86 and 0.98 of the cage mean radius [2]. 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 

Onset of hydrate 
formation

Growth
Agglomeration

Breakage

Moving Bed or
Stationary Deposit

Is the slurry stable?

Gas-oil-water flow

(a) (b) (c) (d)
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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. 

 
Figure 2.2 – Cages and crystalline structures of gas hydrates. 

 
Source: adapted from gas hydrates course of prof. Amadeu K. Sum. 

 

Notwithstanding the fact that gas hydrate formation is a mass change process, literature has extensively treated it 

analogously to a chemical reaction [18,31,100,101], although it was always clear that no molecular rearrangement 

exists. A ‘stoichiometric reaction law’ for gas hydrate formation is stated as [43,45] 

 21 1G H O Hyd     (2.1) 

where   is called hydration number and represents the ratio between the number of water and gas molecules consumed 

to form hydrates. Eq (2.1) 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 crystal-

line 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 [43,45]. 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 (2.1) also implies in the definition of ‘one mol of gas hydrates’. Since gas hy-

drates are not molecules, but a crystalline structure whose occupancy varies, the concept of ‘mol of hydrates’ is ficti-
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tious. 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 (2.1) it comes 

1
g w

h

M M
M








  
(2.2) 

Therefore, for a constant hydration number, the gas consumption rate ( )g hyd
dn dt  is directly related to the volume 

of hydrates ( )hd dt  or crystals ( )crystd dt  formed in time by 
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(2.3)

 

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 

 1cryst 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 (2.3) can therefore be used to estimate 

the linear growth rate of a surface in direction L  in terms of the molar gas consumption as 
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 (2.4) 

where 2 2

1 d
dLL




  is the shape factor of the growing surface with characteristic length L , where 2 2
2 4L r   stands 

for a sphere. 

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. Consider-

ing 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 /g w  and the chemical potential of the same 

guest inside the hydrate phase /g h  at the system P&T [3,102] 

   / , / ,g w P T g h P T      (2.5) 

Figure 2.3 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 eqP  for the given system temperature, the chemical potential of the guest inside the water and 

inside the hydrate are the same, 
   / , / ,eq eqg w P T g h P T

  . Literature presents several experimental [3,103,112,104–111] and 

modeling [4,5,116–118,6,7,9,11,12,113–115] studies on the estimation of the equilibrium pressure for a given system 

temperature and some software (MultiflashTM [119], PVTsim [120], CSMGem [4–7]) are widely used for this purpose. 

The problem faced here is not modeling the equilibrium conditions where hydrates form (CSMGem [4–7] is adopted for 

such purpose), but on estimating the kinetics of hydrate formation, that is, the hydrate formation rate coming from the 
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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 hy-

drate phase, thus a driving force for phase change exists. 

 
Figure 2.3 – Chemical potential of gas component inside the liquid water /g w  and inside the hydrate crystalline struc-
ture /g h  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. 

 
Source: credits also go 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
eqg w P T g h P T g w P T g w P T

              (2.6) 

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 [121,122] 
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where ,s v  are the molar entropy and the molar volume of the gas, and /g wf  is the guest fugacity inside the water. 

Eq (2.7) 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 trans-

fer occurs from the gaseous free phase up to the growing surface, causing lower concentrations and therefore smaller 
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fugacities and smaller chemical potentials than if water was saturated with gas, Figure 2.3(b,c). For infinitely diluted 

solutions, the excess approach using Henry’s ideality (Henry’s law) comes [121,122] 
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  (2.9) 

where   is the activity coefficient, /g wx  is the molar fraction of gas inside water and /g wC  is the molar concentration 

of gas inside water. Henry’s constant can be defined in two ways [85]: (i) the solubility form, eq (2.8), expressed in 

[mol/(m3Pa)]; and (ii) the inverse form that represents volatility, eq (2.9), expressed in [Pa]. 

The volatility form is the most often applied in the literature on gas hydrates, coming from the pioneer work of Eng-

lezos et al [31]. However, the volatility form may cause pitfalls coming from the use of the dimensionless fraction of 

gas /g wx . Should the gas fraction be defined in another basis (e.g., mass instead of molar), then /
inv
g wH  will present a 

different value for the same gas, but with the same units of [Pa] [123]. 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 [85] 

1 1exp solhH H
R T T

  
     

  
 valid for  20T T K   with 298.15T K   (2.10) 

where solh  is the enthalpy of solubilization and H   is the Henry’s constant at a reference temperature T  . A compi-

lation of H   and solh R  values for various solutes inside water is given by Sander [85]. 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 scenar-

ios, 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 [124], 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 [3,13]. These three processes happen simultaneously and the mathematics to de-

scribe them is called population balance [22,25–27,29,32,91], which consists in a Partial Differential Equation (PDE) 

for the particle size distribution and will be more deeply explored in chapter 5. Several mathematical methods to solve 

the population balance exist [29], 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 nu-

merical solution of the PDE. 
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2.1.1 Onset of Formation (Nucleation) 

Along this thesis, the expression onset of formation is preferred instead of nucleation. Nucleation refers to a molecu-

lar scale which is out of scope here. Fundamentals of crystal nucleation are found in [13,16,125]. Further literature 

review on nucleation of gas hydrates is presented in [14,126], with fundamentals coming from the studies of Kashchiev 

and Firoozabadi [15,17]. 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 [37,127,128], 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. 

Nucleation 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 /i j  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, /o w w o     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 /i j  by a shape factor 2
2 L  [13,98]. However, when the nuclei form, the energy of the inter-

molecular 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 
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          or   2 3
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          for a spherical nucleus (2.11) 

Figure 2.4(a) shows the classic plot of the Gibbs free energy variation of the system during clustering of the first nu-

clei. The clustering process is stochastic and comes from the Brownian motion of the molecules. If the cluster size re-

sults 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 
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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 /i j  is lower (e.g., over impurities or over wall-

imperfections) incur in smaller critr , 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 [15,17]; 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 1/32(150) 100 nm  or small-

er should be controlled), then nucleation is said to be always heterogeneous. 

 

Figure 2.4 – Classic plots coming from nucleation theory. (a) Competition of surface and volume (phase change) ener-
gies to form a critical nuclei size, showed in a Gibbs free energy vs nuclei radius plot. (b) Instantaneous vs progressive 
nucleation approach. 

 
Source: adapted from Mersmann [13]. 

 

Nucleation is the initial condition for the population balance. For water-continuous flow and considering that nuclea-

tion happens in the water bulk, the maximum nuclei size (homogeneous nucleation) is given by eq (2.12), whereas the 

minimum nuclei size (heterogeneous nucleation) can be set to zero [22]. 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 [129]. 

Information on the number of nucleated particles is also necessary. A progressive nucleation approach, Figure 2.4(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 

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 [15,17,22] 
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where predictive values for ,a b  are presented by Kashchiev and Firoozabadi [15,17] but are impurity-dependent. Oth-

erwise, ,a b  shall be curve fitted from experiments [22], 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 2.4(b). 

Since nucleation happens at a considerably high driving force in order to break the barrier of surface energy creation of 

Figure 2.4(a), then once the particles start to form, they form considerably fast. For the case of a dispersed water-in-oil 

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 [43,45], coming 

from Matthews et al [130], but any other could be adopted. 

 

2.1.2 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 crystalli-

zation law expresses the rate of gas consumption as proportional to the active surface A  and to the driving force as 

     , , ,
1 n mg

i eq i f eq i C eq
hyd

dn
k k f f k C C

A dt           (2.14) 

where ,ik   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 ( )eqT T , but this only gives good results if the gas 

concentration at the active surface equals the saturation concentration in water. Otherwise, when mass transfer re-

sistances 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 [13], 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 [21], attachment of building units 

[15,17] or ‘reaction’ [31]. To avoid the use of Gibbs-Duhem equation, eq (2.7), the driving force is herein related to a 
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fugacity driving force, with the respective constants of proportionality for crystal integration ,i fk , which will from now 

on be called ik . A compilation of ik  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 sys-

tems as mass transfer resistances acting in series to it are much higher. Therefore, crystal integration never limits hy-

drate formation in such systems. However, as will be shown in chapter 4 and 5, 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, ik  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 ik  will be estimated from 

experiments and extrapolated to other theoretical cases. 

In crystallization literature, the concentration driving force is commonly adopted [13], 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 eqC  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 ( )eqT T  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 (2.10), 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 
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C f
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 (2.15) 

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. Common mathematical 

simplifications consist on the consideration of a first order crystallization law ( 1)m   and a unitary activity coefficient 

( 1)   [19,21,31,131]. Demonstration #2 of appendix B shows that the first order crystallization law based in a fugaci-

ty 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 (2.7), 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   [121]. This is however beyond the purpose of this thesis and the use 

of the crystallization law of eq (2.15) will prove sufficient in chapters 4 and 5 to capture water conversion and agglom-

eration trends. 
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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, trigger-

ing a mass transfer process of the gas component from the gaseous free phase to the active surface. Crystallization liter-

ature [13,22,98] often assumes an overall mass transfer resistance (sometimes erroneously called diffusion resistance 

even when the system is submitted to convection) of (1/ )dk . This is called two-film model and the gas consumption 

comes 
1

resistances in series

1 1g w w
g eq

i dhyd

dn H HC f
A dt k k 



   
      

  
 (2.16) 

where the driving force is then taken from a reference such as the gas free phase with known concentration  , ,g T P xC . 

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 dH k k   holds) 

[20,22,24]. When the gas consumed presents an asymptote in time, as experimentally observed in several works 

[20,21,40,41,46,132], then  d tk  forcibly evolves in time, as shown in Figure 2.5(a). The modeling of  d tk  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 (2.16), 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. 

 

Figure 2.5 – 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. 

 
Source: own authorship. 

 

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 
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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 macro-

scale is deterministic and explained by Newton’s law for convection g
m

dn
h A C

dt
  , where mh  is a mass transfer coeffi-

cient and C  is a concentration difference; and by Fick’s law for diffusion 
gdn dCDA

dt dz
 , where D  is the mass diffu-

sivity and dC
dz

 is the concentration gradient. This point out that different apparatuses most probably present different 

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 [18] proposed the first model for hydrate growth kinetics in water-continuous systems 

based on an analogy with chemical reaction 

 
exp expg g g a

i b
g hyd hyd eq

M dn d E aKA P
dt dt RT T T





               
 

 (2.17) 

where P  is the system pressure, T  is the system temperature and iA  is the contact surface between gas and water. The 

empirical values for , , , ,aK a b E   are presented in Table 2 of [18] for methane hydrates, and Table 2 of [60] 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 [49] and Boxall [48] 

  2
1 expg g

g i eq
hyd hyd

dn dm cM c A T T
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 (2.18) 

with 17 2
1 7.3548 10 kg/(m sK)c    and 4

2 1.36 10 Kc     for methane and ethane hydrates in oil-dominant systems. 

Eq (2.18) is the most used growth kinetic correlation in literature for agglomeration and plugging trend models [35] and 

when coupling with multiphase flow models [43,45,48,76]. The Arrhenius-type models capture the heat transfer limita-

tion aspect, that is, as hydrates form, they release heat and reduce the driving force, which auto-regulates hydrate for-

mation and causes a linear gas consumption. In gas-water-oil systems, however, the gas consumption usually presents 

an asymptotic trend [20,21,41,42]. That is why this type of subcooling-based models, where driving force is given by 

( )eqT T  and no mass transfer limitation is modeled (that is, cteiA  ), was earlier said to bias results into heat trans-

fer-limited 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 [14,22,31] for gas-water systems and [20,21] for gas-water-oil systems. Efforts in hydrate film growth modeling is 

also found with focus on deposition [133–136], hydrate formation in liquid-liquid flat and spherical surfaces [137–141], 

and in spray reactors [142], 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 [23]. 
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The following four mass transfer resistances are reported in literature for water-continuous systems 

[19,22,24,31,63,64,100,101,143]. 

 

(A) Gas absorption by the continuous phase: the molar amount of gas absorbed in time g abs
dn dt  by the liquid phase 

depends on the absorption coefficient absk  and the difference between the gas concentration in the bulk bC  and that in 

the interface between the gas and the continuous phase /g bC  

 / /
g

abs g b g b b
abs

dn
k A C C

dt
   (2.19) 

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 de-

pendent on the system velocity field. Values are reported in literature for the product /abs g b bk A  , called specific ab-

sorption 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 consid-

ered at equilibrium, therefore the concentration / ,g b sat b b gC C H f   comes from saturation, evaluated from Henry’s 

law considering the gas fugacity at the gaseous free phase  ,g T Pf . 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 

molecules1. 

 

(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 distri-

bution in the continuous phase was never modeled for gas hydrates [14,20,22,25,31,100,101]. Whereas the absorption 

law of eq (2.19) 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. 

 

                                                 

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, convec-
tion in the gas phase should also be accounted for, and again the interface could be considered at equilibrium. The con-
sideration of an interface at equilibrium as boundary condition for a bulk that is off-equilibrium is similar to the consid-
eration of a constant temperature as boundary condition for a heat transfer problem where the final result sought is the 
temperature distribution inside the body. 
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(C) Mass transfer between the continuous phase and each hydrate particle: considering a mass transfer coefficient mh  

between the particle and the bulk, Newton’s law for convection comes 

 
, 2

/

4g i
out m b out

b p

dn
r h C C

dt
   (2.20) 

where outr  is the outer radius of a spherical particle and outC  is the gas concentration at the outer surface. Index i  repre-

sents 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 [82]. Classic expres-

sions for mh  over spherical particles are presented in Table A.4. 

 

(D) Crystal integration in the outer surface of each particle: modeled through eq (2.15) using 24 outA r  for a spherical 

particle, and often considering 1m   and 1  . 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 ( , )g T Pf  to the gas-water-

hydrate equilibrium conditions eqf , giving rise to the molar consumption rate of gas for hydrate formation gdn
dt

, which 

is the results sought when modeling growth kinetics. The missing parameter is the bulk concentration bC , modeled 

through a gas mass balance in the bulk, that is, the competition between gas absorption and gas consumption because of 

hydrate formation 

,g g ib

iabs hyd

dn dndn
dt dt dt
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   (2.21) 

where b  is the volume of the bulk and , ,g g i g ihyd hyd b p
i i

dn dt dn dt dn dt   . The variation term of the bulk 

volume b bC d dt  is often neglected in literature and only the recent model of Sampaio et al [25] takes it into consid-

eration. 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 struc-

ture. 

For gas-oil-water systems with oil-continuous phase, efforts have been done to understand the case of a hydrate po-

rous shell encompassing the water droplets [20,21,34,144,145]. In chapter 3, this shell approach is put in question for 

flowing systems. Anyhow, further mass transfer resistances at least similar to these shell-type models need considera-

tion, 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 4 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. 
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(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 

2 0hdCd r D
dr dr

 
 

 
 (2.22) 

where r  is the radial coordinate pointing inwardly to the particle, with 0r   at the outer surface and out inr r r   at the 

inner surface of the particle. The diffusivity D  is modeled in literature as the hydrate solid matrix diffusivity [20] 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 [21]. The first boundary condition is a known concentration at the outer surface, com-

ing 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 hy-

drate formation is negligible, thus no diffusion through the solid matrix is expected (I published some further discus-

sions in [145]); 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 4). Shindo et al [139] proposed a source term in 

eq (2.22) coming from this crystallization as gas diffuses through the capillaries, although they omit that the crystalliza-

tion surface is related to the capillary walls cr , whereas the diffusion surface relates to the capillary cross section 

2
cr , where cr  is the capillary radius. Therefore, for small capillaries, in the size scale of 100’s-of-nm, as observed by 

microscope in [146,147], the crystallization in the capillary walls will prevail since  2

0
lim
c

c cr
r r


 . This is the start-

ing point of chapter 4. 

 

(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 capil-

lary induced pressure cP  in terms of the capillary radius cr , the oil-water interfacial tension /o w  and the wetted 

angle / /o w h  [21,145,148] 
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where K  is the porous medium permeability and bL  is the porous medium length. Several models for the permeability 

are presented in porous media books [90,149], 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 interconnec-

tivities between capillaries). The classic model is the one of Kozeny-Carman [150,151]. The growth kinetic model of 
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Shi et al [21] adopts Kozeny [150] original model, whereas the classic paper of Mori and Mochizuki [148] for permea-

tion through hydrate films adopts Kozeny-Carman [151]. 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 [149]. The Kozeny-Carman-Dullien permeability then comes 
2

224
c

c

rK 


  (2.24) 

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 1 8c   [90,151,152] 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,  tK . Shi et al 

[21] considered an empirical logarithmic, time-dependent expression for  tK . For a predictive description, the problem 

is similar to the one described in pages 36 to 38 of Civan [149], 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 integra-

tion 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 4 will be modeled by a mini-

mum 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 5. 

 

The modeling of mass transfer processes for growth kinetics in a gas-water system was firstly done by Englezos et al 

[19,31] and afterwards extended to consider the mass transfer between particle and bulk, and the agglomeration of par-

ticles by Herri et al [22]. 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 [20] considering phenomena (A) and (E); 

and then expanded by Shi et al [21] to consider phenomenon (F) as well, albeit neglecting phenomenon (A). Phenome-

non (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 off-
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equilibrium growth kinetics and will demystify the “stochastic” behavior generally perceived by the gas hydrates com-

munity. 

 

2.1.3 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 3, but the hypothesis of no-porosity creation is often adopt-

ed to mathematically simplify the agglomeration term (kernel of agglomeration) coming from statistical mechanics. 

Figure 2.6 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 [27], unless the 

system is very dense. Particles have relative motion between them, coming either from fluid motion in laminar or turbu-

lent regimes [153], 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 [27]. 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 [154]. Agglomerates are much harder to split, related to the ten-

sile strength of the crystal [155], and that phenomenon is called breakage. 

 

Figure 2.6 – Depiction of the agglomeration steps. (a) When relative motion between two particles is capable of disrupt-
ing 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 agglomer-
ate, 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. 

 

Source: adapted from David et al [156]. 

 

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 [92]. 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 
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the particles will be split into, and their relative sizes. Of course that probability models exists [91], 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 colk  between two particles depends on their relative motion. To classify the regime of rel-

ative motion between the particles, the scales of Batchelor b  and Kolmogorov k  must be defined [157] 

1/42
m

b
t

D


 
  
 

 (2.25) 

1/43

k
t





 
  
 

 (2.26) 

where mD  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 2.7 depicts the relative motion between the particles. Whichever the fluid 

flow regime (static, laminar or turbulent), their relative motion will be Brownian if the particles are smaller than the 

Batchelor scale, Figure 2.7(a). In this case, the carrier fluid will never cause relative motion between particles. For par-

ticles between the Batchelor and Kolmogorov scales and if the fluid is non-static, laminar relative motion between par-

ticles takes place, Figure 2.7(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 2.7(c). 

 
Figure 2.7 – 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 turbu-
lent motion, particles escape the turbulent eddies, causing turbulent relative movement between the particles. 

 
Source: own authorship. 
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Figure 2.8 – 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. 

 
Source: adapted from Espitalier et al [27]. 

 
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 [158]. The simpler expression is the one of Smoluchowki 

[89] for constant shear rate systems, and as it will be employed in chapter 5, some further discussion is given in Demon-

stration #9 of appendix B. The collision rate usually does not consider attractive or repulsive forces in between parti-

cles. This gives rise to the existence of a collision efficiency col . Figure 2.8 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 [13], Figure 2.8(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 2.8(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 2.8(d). If the energy furnished by the 

relative motion between particles is capable of disrupting the potential barrier for particles’ approximation, those parti-

cles 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 2.8(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) [87]. A fourth force, not represented in Figure 2.8, comes from the impulse 

during collision between particles, which can cause their rebound [159]. 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 inter-

particular distances of up to 100 nm [27]. That is, particles larger than 1 µm do not have enough surface of contact in 
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this inter-particular scale length. Because: (i) the droplets of the finest oil-water shear-stabilized dispersions are usually 

larger than 30 µm [20,21,131,160], 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 [22,25,161] by the use of the clas-

sic expression of van-de-Ven and Mason [162]. But even for particles nucleated inside the water bulk, which can pre-

sent 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 3, 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 be-

tween hydrate particles inside an oil-continuous phase, the liquid bridges form if a water layer covers the hydrate parti-

cle, as depicted in Figure 2.9(a). Those will be called wet particles along this thesis and the variables that explain bind-

ing forces are the oil-water interfacial tension /o w  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 [163], 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 [22,40]. 

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 oil-

dominant systems are the topic of chapters 3 and 5, and the liquid bridges that lead to deposition in water-continuous 

systems are the topic of chapter 8. 

 
Figure 2.9 – Depiction of a liquid bridge between particles. (a) Liquid bridge forms after collision of two hydrate parti-
cles 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 aggre-
gate, the particles get re-dispersed. (c) Otherwise, the particles consolidate because of the crystallization of the liquid 
bridge into a crystal bridge. 

 
Source: own authorship. 

 

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 2.9(b). If this not occurs after a 
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certain time-lapse, then the water of the liquid bridge crystallizes, Figure 2.9(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 consolida-

tion 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 [27,154,164]. 

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 agglomera-

tion is considered proportional to the outer surface of the particle covered by the liquid bridge-former fluid, called bind-

er [158,165–168]. 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 5. 

Only few studies consider agglomeration applied to gas hydrates. A classic one is a contribution by Camargo and Pa-

lermo [28,169] 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 [22] used MoM (Method of Mo-

ments) to transform the PDE into a system of ODEs, which was solved by a 4th-order Runge-Kutta method (low compu-

tational cost), applied to systems without oil. They considered agglomeration with the classic collision probability of 

Smoluchowski [27,89] for constant shear rate, coupled with the empirical agglomeration efficiency of van-de Ven and 

Mason [162]. Balakin et al [26,32,77] considered agglomeration as by Herri et al [22] and as by Camargo and Palermo 

[28,169] 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 

[159,168,170]), but they however do not apply these fundaments to the gas hydrates case. Sampaio et al [25] solved a 

Direct Quadratic Method of Moments (DQMoM procedure of Marchisio et al [171–173]), applied to a bivariate distri-

bution of particle size and its temperature in systems without oil. Application of the PBM functions in the ANSYS-

Fluent [174] package for the gas hydrate particles was done recently by Song et al [175]. 

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 [176] 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 [41]. 
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2.2 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. Evapora-

tion and condensation of hydrocarbons can occur in the production process because of P&T variations along the flow-

line. 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 [83]. 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) 

[177], or by any specific flow pattern model such as slug capturing [58,178,179], with further lagrangian tracking of the 

particles [180,181], imply in an insurmountable computational cost with the digital technology available today. 

The literature involving two phases, that is, gas-liquid flows [53,58,83,182–186], liquid-liquid flows [73,160,187–

194] and solid-liquid flows [195–202], is considerably well advanced. The studies nowadays focus on enhancing clo-

sure 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 [38,43,208,209,45,47,59,203–207]. The case of hydrate formation under flowing conditions is a three-phase gas-

water-oil flow problem with the formation of a fourth solid phase (the gas hydrate crystal) that exchanges mass and 

produces heat. 

 
Figure 2.10 – Strategy for multiphase flow modeling. The strategy consists in using gas-liquid flow models to deter-
mine 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 parti-
cles (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. 

 
Source: own authorship. 
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The strategy used in this thesis is to split the multiphase flow into smaller pseudo two-phase flows, as depicted in 

Figure 2.10. 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 den-

sity 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. 

Liquid-liquid and solid-liquid flow models will therefore act as closure to determine the properties of the pseudo-

liquid. 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 3, 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 

[66,83,195,196,210]. 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
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Literature commonly uses the name void fraction for the gas fraction and liquid holdup for the liquid fraction [83]. 

The actual velocity U   of each phase   depends on its flow rate Q  and occupied cross sectional area A
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  (2.28) 

The occupied cross sectional area of the phase must be solved together with the actual velocity of the phase by con-

verging mass and momentum balances for all the phases [53,58,178,182]. 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 A  

Q
j

A


   (2.29) 

The superficial and actual velocities are related through the phase fraction as 

j
U
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  (2.30) 

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 phas-
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es 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 in-

dustrial 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 

1 QQJ Q j
A A A



 
  

       (2.31) 

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 
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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 WC  
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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. 

 

2.2.1 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 

     / / /L o w ho o w h w o w h h o w hx x R x R x R
     

    (2.35) 

It is important to stress out that eq (2.35) 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 

                                                 

2 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. 



 
 
 

54 

heat, an energy balance must be used, where the specific heat of each phase is weighted by the respective phase density 

and phase fraction [78]. The heat capacity ,Pc   of each phase, in turn, can be estimated through the mass balance of 

eq (2.35). 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 [83]) 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.13. 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 2.11 are used to estimate the flow pattern depending on the superficial veloci-

ties of the phases. Several stability models for transition between gas-liquid flow pattern are available in literature 

[74,83,211–217]. Flow maps depend mainly on the properties of the phases, and on the flowline diameter and inclina-

tion. 

 

Figure 2.11 – Gas-liquid flow map for (a) horizontal and (b) vertical pipelines. Transition criteria for air-water in a pipe 
of 51-mm ID at 25oC and atmospheric pressure. Sub-patterns are not presented. 

 
Source: adapted from Barnea [74]. 

 

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 [218]) 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 [83,87], and leads to transition to slug flow. 
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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 non-

aerated slugs, giving rise to the sub-pattern called plug flow or elongated bubble flow or Taylor bubble flow [74,214]. 

The slug flow is related to higher head losses and heat transfer rates relatively to the stratified flow because of a recircu-

lation zone behind the elongated bubbles [43,53,219,220], where the slug scoops the liquid that is shed by the film 

coming from different velocities of the unit cell structures [53,83,182]. 

For horizontal pipelines and for increasing water flow rates, the shear stresses of water induce breakage of the elon-

gated 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 [160]. 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 pat-

tern 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 [221]. 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 [222], 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/sJ  . 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 [74,211]. Flow pattern transition criteria for scenarios similar 

to the ones found in the industry, that is, larger flowline diameters [223,224], heavier gases/higher pressures, and vis-

cous [225] or non-Newtonian [215] 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 (~ 80oC) and exchanges heat with the ocean (~ 4oC) 

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 for-

mation, 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 mix-

ture flows in vertical ascendant pipelines (risers). Therefore, the vertical section of the flowline is mostly associated to 
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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 nowa-

days 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 

[53,83,182,219,226], transient drift flux models [45,227], transient two-fluid (slug capturing) models [58,178,179,228], 

transient slug tracking models [54,57,229] and hybrid capturing-tracking models [230,231]. When it comes to heat 

transfer modeling, fewer studies exist [43,57,58,232,233]. In this thesis, the steady-state mechanistic approach is adopt-

ed [43,182] and its modeling will be the focus of chapter 6. 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 fre-

quency (Table A.8), and the slug aeration (Table A.9); and (ii) single-phase flow correlations for the friction factor 

(Blasius-type models [79]) and for the heat transfer coefficient (Gnielinski [81,234]). 

 

2.2.2 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, wall-

wetting properties and interfacial tensions become important in predicting the flow pattern [73]. 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 [73,190,192,235–237], see e.g. Table 2.2 of Torres-

Monzón [238] 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 2.12 for 

light oils, according to the study of Brauner [160]. Segregated flows are comprised mostly by stratified flows. The strat-

ified wavy flow is related to the entrainment of one phase into another, where a layer of dispersion may occur (e.g., oil-

in-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 [73]. The surface force, which resists deformation and breakup 
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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 shear-

stabilized 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. 

 

Figure 2.12 – Liquid-liquid flow map. (a) Horizontal pipe for 0.85o w   , 29.6,o w    13DEo   and 
50.1mmD  . (b) Vertical pipe for 0.85o w   , 20cPo  , 14DEo   and 50.8mmD  . Notation: Do/w = very 

fine dispersion of oil in water; Dw/o = very fine dispersion of water in oil; o/w drops = heterogeneous dispersion of oil 
in water; w/o drops = heterogeneous dispersion of water in oil; Do/w & w = stratified flow, where one layer is a disper-
sion of oil in water, and the other is only water. The gray area represents a transitional zone where flow pattern is not 
well defined. 

 
Source: adapted from Brauner [73,160]. 

 

Intermittent flow comprises slug flow, churn flow and transitional flows. Slug and churn flows for oil-water systems 

are related to highly viscous oils [73] 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 [73,235], which inter-

mittently flows through the pipeline followed by a body of water. 

Several studies on transition criteria for liquid-liquid flow patterns are available in literature 

[73,160,187,188,235,239,240]. 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 7, (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 3, and (iii) the apparent viscosity of the oil-water dispersion, which gives the head losses to be 

modeled in chapter 6. The apparent viscosity models are summarized in Table A.13 and are the same as for solid-liquid 

flows. More will be discussed about them in section 2.2.3. 
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Droplet Size 

Table A.10 presents different semi-empirical models for the droplet size. The expressions proposed by Brauner [160] 

are suggested, expanded from Hinze [241] and Hughmark [242], and following Kolmogorov’s theory. For dilute disper-

sions, the maximum stable diameter of a droplet maxd  comes from an energy balance between the turbulent kinetic 

energy and the droplet surface energy [160,241,243] 
2

max

' 4
2

c iu
d

 
  (2.36) 

For dense dispersions, coalescence takes place and the incoming flow of the continuous phase cQ  needs to carry suf-

ficient turbulent energy to disrupt the coalescence trend and to disperse the other phase flowing at a rate dQ . The min-

imum rate of surface energy formed is proportional to the rate of turbulent energy supplied by the continuous phase, 

which leads to the following energy balance [160] 
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  (2.37) 

When max 0.1k d D  (or 5DEo  ; k  is the Kolmogorov scale; 0.1D  is the size of the most energetic eddy from 

Hutchinson et al apud [197]), the fluctuating velocity 'u  is given in terms of the turbulent energy dissipation rate t  by 

 
2 32

max' 2 tu d . Although the turbulence field is neither homogeneous nor isotropic, an average rate in terms of the 

continuous phase velocity cU  is employed in literature [244,245], commonly expressed as 32t cfU D  , where f  is 

the friction factor. Brauner [160] further considers the phase fraction of the dispersed phase in that expression. As stated 

by Karabelas [243], this assumption is ‘open to criticism’, but the final results have been found to describe the experi-

mental data satisfactorily. For the case of droplets with sizes larger than the most energetic turbulent eddy, 

max0.1D d D  , Hughmark [242] shows that the fluctuating turbulent velocity controls the maximum drop size, with 

' 1.3 2cu U f  [243]. 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  ' ,cu U f  and a proper expression for the friction factor f  gives expressions of maxd  

in terms of the Reynolds and Weber numbers of the continuous phase with a general shape of 

max We Ren m
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 (2.38) 

with Rec c c cU D   and 2Wec c cU D  , where , ,    represent the density, viscosity and interfacial tension, 

and index c  stands for the continuous phase. The value of n  depends on the  ' ,cu U f  function adopted and the exact 
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expressions from literature are presented in Table A.10. To estimate the maximum droplet diameter maxd , Brauner 

[160] suggests the use of the maximum value between dilute and dense dispersions 

max max maxmax ;
dilute dense

d d d
D D D

 
  

 
 (2.39) 

 

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 2.1.2); 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 [187] 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 [246], where phase inversion is 

limited by the packing of oil droplets. This minimum value shall be adopted when dealing with 200cP  , or when-

ever 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 inver-

sion presents hysteresis [237]. The range where transitional (dual) flow happens is called ambivalence range [73,247], 

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 hydro-

philic or hydrophobic nature of the wall affects the critical water cut of inversion, as presented in Figure 6 of Brauner 

and Ullmann [187]. 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 Fig-

ure 8 of Brauner and Ullmann [187]. 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 under-

going phase inversion, take time to advect and to re-contaminate the fresh interface, during which the oil-water interfa-

cial tension without impurities exist. Presence of contaminants explains a much wider ambivalence range [187]. 

 

2.2.3 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 [248] is presented in Figure 2.13 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 
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solid phase fraction along the cross sectional area of the flowline are categorized as homogeneous dispersed flow [196]. 

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 com-

pete 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 [76]. 

 
Figure 2.13 – Solid-liquid flow map for 50-mm ID horizontal pipe, with 31240 kg/ms   and 3 mmpd  . 

 
Source: adapted from Doron and Barnea [248]. 

 

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 [76,226,249]. The liquid phase accelerates locally 

because of the cross sectional restriction and may cause some sandbank movements atop the bed, commonly known as 

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

deposit. 

The local increase in the shear stresses caused by the partial restriction may cause the beds/deposits to detach, called 

sloughing [250]. Those detached masses flow for some time-lapse and get stuck again, causing pressure drop oscilla-

tions [38,46,47,205,249], 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 ,max0.52 0.73sR   for mono-dispersed spherical 

particles [251]. This incurs in a porous media flow, as presented in Figure 2.13. 
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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 pro-

motes extra shear stresses. 

 

Critical Settling Velocity 

In order to assure continuous and stable flow, operations shall remain under the dispersed flow pattern and as homo-

geneous 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 [195,199]. Table A.12 presents a compi-

lation of expressions for the critical settling velocity of slurries. Their applicability is of course linked to the experi-

mental 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 experi-

mental tests (e.g., using inert particles that mimic gas hydrates [204]) 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 solid-

liquid 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 9. 

 

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 [196], 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 large-

ly 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 cK  , 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 [93,94], who solved the Stokes equations for dilute dispersions of small (submicron), non-

interacting, 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 solu-

tions can be superposed [44,252]. 

Einstein found the analytical coefficient 
51
2

K   . This value of 5/2 that multiplies the particle concentration is 

called intrinsic viscosity [96] and is particle shape-dependent. Values for other shapes can be retrieved from page 33 of 

Bird et al [82]. Further analytical development was done by Batchelor and Green [95,253,254] to retrieve a second 
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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 [255], who considered the fluid flow inside of a droplet 

(non-rigid particle) into decreasing the intrinsic viscosity; and of Krieger and Dougherty [256], who empirically mod-

eled 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 [256–261]. The model of Mills [259] 

is the most commonly one adopted in the literature of gas hydrates, and it is a variation of Krieger and 

Dougherty’s [256] shape. The consideration of an apparent viscosity model captures the increase in the pressure drop 

along the flowline as hydrates keep forming and agglomerating [33,35,43,45,76]. 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 [196,197]. 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 [197]. Small particles ( 0.1P ed   [197], where 0.1e 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 ( 0.1P ed   [197]) do not follow the eddy and promote turbu-

lence 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 oil-

dominant systems, they will mostly increase turbulence of the liquid phase, increasing head losses. 

There are other two-way coupled phenomena recently reported [204,262,263] on how the particles interact with gas-

liquid 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 [204]: (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 [76], 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 [264]. 

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 
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submicron particles coming from Einstein. In chapter 7, section 7.3.5, some further implications of this assumption will 

be made clear. 

 

2.2.4 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 [34] consider a shell-

type kinetic model coupled to gas-liquid stratified flow, whereas the liquid is composed of a water-in-oil emulsion. 

Both the shell kinetics [21] and the stratified flow were enhanced and coupled afterwards by Shi et al [33]. Recently, 

Shi et al. [265] did some CFD efforts to model particle tracking and to introduce pressure-velocity coupling using a 

staggered grid. Rao [76] and Zerpa et al [45] considered an Arrhenius-type kinetic model and coupled it to the transient 

drift flux model of Danielson [227], which captures the evolution from stratified to slug flow. In their work, the influ-

ence 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 [38,50]. In my MSc studies [43,78], 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 hy-

drate formation on the region lengths, phase fractions, and frequency associated to slug flows. In a different type of 

modeling, Balakin et al [26,32] used computational fluid dynamics to simulate the slurry transportability of water-oil-

hydrate 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 off-

equilibrium processes coming from the particle porous structure, growth kinetics and agglomeration in systems contain-

ing 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 [18,35,49] bias the 

results into heat transfer-limited systems, whereas the shell-type models [20,21,145] present inconsistencies in solubili-

ty 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 3. For 

the agglomeration, the main assumption in literature is that attractive forces comes from electrostatic theory [46,161], 

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 [168], 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 3 to 5) that hydrate formation will get coupled to multi-

phase flow (chapter 6 and on). 
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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 con-

taining oil: 

(a) The water entrapped in the porous structure was never considered in the growth kinetic models. As will be evi-

denced in chapters 3 and 4, 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 de-

pends 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 3 to 5, giving completely new physical interpretations com-

pared to what is currently described in literature. Some important quantifications comprise: 

1. The gas consumption rate during hydrate formation (chapter 4). 

2. The time-scale for capillary closure (chapter 4) and for the particle to dry out (chapter 5). 

3. A criterion to understand if particles are wet or dry (chapter 5). 

4. The agglomeration efficiency and the kernel of agglomeration using liquid bridge theory and considering that 

particles dry out with time (chapter 5). 

5. The evolution of the average agglomerate size in time up to reaching a stable, maximum agglomerate size (chap-

ter 5). 

The new mathematics developed is then coupled to multiphase flow in chapter 6 (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 7. 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 4 to 7) is considerably extensive and complex. Part III (chapter 8 and 9) 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 sys-

tems into four types of limitations (active surface, dissolution, heat transfer and pressure drop limitations, done in 

chapter 8). 

(ii) The proposal of a dimensionless parameter that explains the efficiency of agglomeration and deposition in more 

generalized scenarios (chapter 8). 

(iii) The proposal of a simple criterion to classify the stability of hydrates slurries in oil-dominant systems, which ac-

complishes with the engineering objective of this thesis (chapter 9). 

                                                 

3
 Notice that liquid bridges are only qualitatively described in literature of gas hydrates. 
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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 4.4 and 5.4 for the simplified growth 

kinetics and agglomeration models. 
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3 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 phe-

nomenon of kinetic limitation occurs [20,21,42,205]. 

(B) Gas hydrates present a highly porous structure, visualized through microscope [146,147]. 

(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 [132,250]. 

(D) Gas hydrates present a hydrophilic nature [21,163,266]. 

(E) When hydrates form, the oil-water emulsion can present a phase separation or inversion [129,132,250,267,268]. 

(F) The water phase vanishes once hydrates form in oil-continuous systems [40,269]. 

(G) In the presence of surfactant additives, the hydrate porous structure can completely trap all available liquid (wa-

ter and oil), called dry-out phenomenon [269]. 

(H) Higher driving forces can promote stable slurries in oil-continuous systems [40]. 

(I) The use of additives can change the wetted angle of water-oil-hydrates [270]. 

(J) The multiphase flow pattern can change all the steps of gas hydrate formation and agglomeration [38], whereas 

the existence of hydrates can consequently change the flow patterns and structure characteristics [50,76,204]. 

Figure 3.1 depicts the multiscale problem that will be detailed along this chapter. The phenomenological models 

available in literature [2,40–42,51,250] explain how the first particles form (length scale in the order of 2 3~ 10 μm ) and 

agglomerate ( 1 2~ 10 mm ) up to cause pressure drop and mixture flow rate oscillations 1 3(~ 10 m) , which leads to 

plugging of the flowline 1 2(~ 10 km) . The trends reported in hydrates experimentation are depicted in Figure 3.1(f): 

(i) as hydrates form, gas is consumed, commonly with an asymptotic trend when dealing with oil-continuous systems 

[20,21,42,205]; (ii) pressure oscillations occur because of partial deposition and sloughing of hydrate masses [46,249]; 

(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 destabi-

lizing the slurry [43], and explanation of these comes from smaller scales. 
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Figure 3.1 – Depiction of the multiscale problem of gas hydrates formation under multiphase flow. (a) Intermolecular-
scale: 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 ex-
plains the existence of liquid bridges (stickiness of particles). If particles remain together for enough time, crystalliza-
tion 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 oscilla-
tions related to flowrate decrease up to complete blockage (plugging). 

 

Source: own authorship. 
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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 3.1(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 
2 3(~ 10 nm , Figure 3.1(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 availa-

bility on the outer surface of the particles 0 1(~ 10 μm , Figure 3.1(c)) causes liquid bridge formation after particles’ 

collision. Particles’ collision, by its turn, comes from the relative motion in the particle- and interparticle-scales (
2 3~ 10 μm , Figure 3.1(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-scale 0 3(~ 10 mm , Figure 

3.1(e)). 

The presence of surfactants act at changing the interfacial properties near the water-oil-hydrate interface in the capil-

lary-scale, Figure 3.1(b), and if the wettability nature of hydrates is inverted to lipophilic, then oil penetrates the capil-

laries 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. 

 

3.1 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 for-

mation 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 hy-

drates 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 [85]). 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 [132]) and further accumulate in a flowline restriction, causing quick plugging [38,249]. As a rule-

of-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 compo-

nent (the gas free phase or the oil) are the most energetically favorable sites for the onset of hydrate formation. For 
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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 [17]. 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 [73,83]. Gas-oil-water flow pattern are a combination of gas-liquid and 

liquid-liquid flow patterns, which were described in chapter 2. 

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 3.2(a) and generate flake-like particles that will most probably detach from the interface because of liquid shear-

ing. Representation of oil-water interface is given in Figure 3.2(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 [38,271–274], 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 

3.2(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 [264]). 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. Experi-

mental evidences will be shown in chapter 4, Figure 4.5, and the exact mechanism during the time-lapse of the onset of 

formation was discussed in a recent paper of Song et al [129]. 

For dilute dispersed flow, the droplets do not interact between themselves during the onset of formation, Figure 

3.2(d-e). For water-in-oil emulsions, literature considers that gas hydrates form as shells encompassing the water drop-

lets [2,21,33,34,41,275]. 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 3.2(f). This preferential growth is called 

heterogeneous kinetics and leads to the formation of a shelled particle that entraps a water core, Figure 3.2(g). Whereas 

experimental evidences of this shell formation exist for static systems [266,276,277], 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 en-

ter at play, as presented in Figure 3.2(h). In this case, the just-formed crystals freely rotate and/or translate and no pref-

erential growth direction exists. This is called homogeneous kinetics and, in this case, a water core will not be formed, 

Figure 3.2(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 3.2(i). 

Further cannot be inferred from the observations nowadays available, but spongeous particles sound more reasonable to 
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occur in flowing systems. As will be discussed along this chapter and proved mathematically in chapter 4, what matters 

is what is occurring inside the capillaries of the porous structure that entrap water, may a water core exist or not. 

 

Figure 3.2 – 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, tan-
gential 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 parti-
cle morphology that will prove efficient into understanding off-equilibrium processes of hydrate formation in systems 
containing oil. 

 
Source: own authorship. 

 

3.2 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 [147]. The smaller length-scale of porosity comes from crystal growth. High driving forces, ionic forces and impu-
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rities that are present in oil production promote initial preferential growth directions, as depicted in Figure 3.3(a,b). 

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 3.3(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. Fur-

ther 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 [278], but the dendrites they report are in a much larger scale since the experiments are for static sys-

tems. 

Larger porous-scales come from agglomeration and consequent imprisonment of the interstitial liquid, Figure 3.3(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 ag-

glomerates. 

 

 

Figure 3.3 – 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 magen-
ta 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 parti-
cles, but they do not necessarily collided at the same time step. 

 
Source: own authorship. 
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Figure 3.4 – Depiction of liquid entrapment inside hydrate porous structure with and without surfactants. Without sur-
factants: (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. 
Labels: HC = hydrocarbon, P = polar end of the surfactant, NP = non-polar end of the surfactant. 

 
Source: own authorship. 

 

Figure 3.4 shows the liquid entrapment inside the capillaries. Near the oil-water-hydrate interface and at an intermo-

lecular-scale, Figure 3.4(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 capillary-

scale, 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 3.4(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 3.4(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 3.4 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 3.3(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 contin-
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uous phase. An example is the imprisonment of oil observed by Chen et al [264] even without the use of surfactants. 

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 3.5 presents the hypothesized morphology of the particles with and without sur-

factant 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 struc-

ture entraps water only, as shown in Figure 3.5(a,b) for oil-continuous flow, and in Figure 3.5(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 3.5(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 3.5(g), or phase inversion for intermediary water cuts 

that were already close to phase inversion before the onset of formation, Figure 3.5(h). Both phase separation and inver-

sion 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 3.5(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 for-

mation [160]. 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 3.5(c) for oil-continuous and Figure 

3.5(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 3.5(d,j). For modeling purposes in chapter 4, 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 3.5 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 3.5(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, dis-

cussed in the next sections. 
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Figure 3.5 – Expected spongeous morphology of hydrate particles in oil- and water-continuous systems, with and with-
out surfactants. Surfactants cause the droplet size to decrease (multiphase flow-scale) and the hydrate spongeous struc-
ture 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 separa-
tion, and particles disperse in the water bulk, or (h) phase inversion, giving the same morphology of (b). Water-
continuous systems with surfactants: (i) as the first crystals form and grow in the droplet surface, and if hydrate wetta-
bility 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). 

 

Source: own authorship. 

 

3.3 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, Figure 3.6(a); or (ii) in the capillary walls, 

with consequent filling-up of the porous structure, Figure 3.6(b,c). The case of oil continuous flow without surfactant, 

Figure 3.6(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 3.7 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 3.4(a). For slow water permeation, Figure 3.7(a), the gas penetrates into the capillary and diffuses through water, 

crystallizing at the capillary walls, Figure 3.7(b,c). Therefore, the porous structure gets sealed, entrapping the remaining 

water inside the particle, Figure 3.7(d). In this case, water never reaches the outer surface of the particle, and the parti-

cle is called dry. 
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Figure 3.6 – Active surface of crystallization. (a) In water-continuous systems, crystal growth occurs in the outer sur-
face 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. 

 
Source: own authorship. 

 

 

Figure 3.7 – 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 ini-
tially wet particle can dry out with time, as the porous structure gets sealed. 

 
Source: own authorship. 
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Figure 3.8 – 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. 

 
Source: own authorship. 

 

For high water permeation rates, convection does not let gas to diffuse near the entrance of the capillary, Figure 

3.7(e). In this case, water reaches the outer surface and spreads over it, Figure 3.7(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 3.7(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. 

The two mechanisms of Figure 3.7 will most probably compete and change predominance over time. In the begin-

ning, 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 in-

duced by the flow, Figure 3.8(a,b), turning it possible for water to permeate again. The filling-up process of the capillar-

ies can itself cause water squeezing from the particle, since the formed crystal is more voluminous than the consumed 

water, Figure 3.8(c-e). Filling-up occurs in the inward direction, Figure 3.8(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 flu-
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(a) (c)
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id-structure interactions, which is beyond the purpose of this thesis, and these phenomena will come from experimental 

fitting in chapters 4 and 5. 

Finally, as the predominance changes from water permeation to gas diffusion over time, the particles get sealed. Of-

tentimes 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 

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). 

 

3.4 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 agglomera-

tion 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 disrup-

tion, as already shown in Figure 2.6. 

So far, literature considers that surfactants act at neutralizing electrostatic attractive forces [46,279], thus reducing the 

agglomeration efficiency. As discussed in chapter 2, electrostatic theory explains forces in the submicron-scale [27]. 

But the droplets of the finest shear stabilized-emulsions are usually higher than 30 µm [41,160], 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 colli-

sion. 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 oc-

cur [129]). Surfactants act at decreasing the oil-water interfacial tension, thus decreasing droplets size and initial size of 



 
 
 

78 

particles [160,241], with related smaller collision rates. This occurs in both oil- and water-continuous systems, as de-

picted in Figure 3.9. 

 

Figure 3.9 – Agglomeration steps for oil- and water-continuous systems, with and without surfactants. Surfactants de-
crease and homogenize the droplets size, decreasing the collision rate. (a,b) The presence of surfactants in oil-
continuous 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 sys-
tems 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 water-
continuous systems, flow assurance is mostly related to deposition in the walls, and that will be explored in chapter 8. 

 
Source: own authorship. 

 

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 capil-

laries, and no liquid bridges form after particles collision. That is, binding forces cease to exist and the disruption rate 
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increases, Figure 3.9(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 aggre-

gate. 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 

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 [155,156,280]. 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 howev-

er 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 (sub-

coolings) and smaller permeation rates (use of surfactants) enhance slurry stability. This will be mathematically shown 

in chapter 5. 

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 

3.9(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. There-

fore, 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. Figure 3.10(a-f) shows 

that, although particles in oil continuous flow without the use of surfactants can be sealed-up, Figure 3.10(a), they even-

tually break because of flow shearing, Figure 3.10(b), exposing new capillaries and renewing the wet surfaces, Figure 

3.10(c). This incurs in new sticky surfaces, Figure 3.10(d-e), which leads to further agglomeration, Figure 3.10(f). That 

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 in-

stantly penetrate the capillaries after breakage, Figure 3.10(g-j). It is important however to notice that, as the particles 
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break and expose new capillaries, the oil-water-hydrate interfacial surface that the surfactant needs to cover increases. 

The theory of Figure 3.10(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. 

 

Figure 3.10 – 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 surfac-
es, (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. 

 
Source: own authorship. 

 

3.5 Settling of Slurry 

Flowline plugging in oil-continuous systems comes from instabilities of the slurry flow, thus causing the parti-

cles/agglomerates to settle down, forming beds that restrict the flow cross sectional area, leading to increased head 

losses [226]. 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 chap-
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ter 8. For the quantitative modeling of chapters 4 to 7, 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 

average particle size and concentration. Thence, it is key to understand: (i) growth kinetics of gas hydrates, which caus-

es gas/water consumption with related flow deceleration [38,43,76], with its competition with gas expansion or contrac-

tion coming from P&T variations along the flowline, as well as other phase changes such as evaporation, condensation 

or solubilization (modeled in chapter 6); and (ii) crystal growth (chapter 4) and agglomeration (chapter 5) 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 how-

ever not be quantified in this thesis. As presented in Figure 3.11, 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 ‘sticki-

ness’ 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 life-

time span of a flowline (~ 20 years). 

 

Figure 3.11 – 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. 

 
Source: own authorship. 

 

Contributions of Chapter 3 

In chapter 3, enhanced phenomena description was given regarding gas hydrate formation by considering micro-

scales 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 

(a) (b) (c)
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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 3.2; 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 

time-lapse for consolidation4. The existence of wet or dry particles comes from the competition between water permea-

tion through the particle, and crystal integration in the capillary walls (particle sealing-up process), Figure 3.7. This 

description gives a new explanation on the anti-agglomerant effects of surfactants coming from wettability inversion, 

Figure 3.4 and Figure 3.9. 

 

                                                 

4
 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 4 and 5. 
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PART II: MODEL FOR OIL-DOMINANT SYSTEMS 
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4 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 3.2 and Figure 3.5; to the affinity 

between phases and to the capillary forces that cause water permeation through the spongeous particle up to its outer 

surface, Figure 3.4; and to the filling-up vs crystallization processes occuring in the capillary-scale close to the outer 

surface, Figure 3.7. For the mathematics, the reader should be familiar with the concepts of Henry’s constant and 

fugacity, with the 1st order crystallization law based on fugacity, and with the basic laws (absorption, mass transfer over 

spherical particles, permeation, diffusion) reviewed in section 2.1.2. Equation Chapter (Next) Section 1 

 

4.1 Growth Kinetics Model 

The model is based on the crystallization law presented in eq (2.15) for a fugacity-based driving force. By consider-

ing a unitary activity coefficient 1   and a first-order law 1m   (see validity in Demonstration #2 of appendix B), it 

comes 

 
1 g i

w eq
whyd

dn k
C H f

A dt H
    (4.1) 

where A  is the active surface of crystallization, ik  is the constant of proportionality of crystal integration, wH  is the 

Henry’s constant of gas in water, and 
 , eq

eq g T P
f f  is the gas fugacity evaluated at the gas-water-hydrate equilibrium 

pressure eqP  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 gC H f , 

where gf  is the gas fugacity at the gaseous free phase. Sometimes,  w g eqH f f  (or simply g eqf f , or the related 

subcooling eqT 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 4.1. 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 con-

tinuous line of Figure 4.1. The challenge faced when quantifying hydrate growth kinetics is the correct description of 

the mass transfer resistances. 
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Figure 4.1 – 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 ab-
sorbed is considered to be equally distributed, at the same concentration bC , to all pn  particles of the system. 

 
Source: own authorship. 

 

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 exper-

iment); (iv) agglomeration and deposition are neglected in this chapter (agglomeration is introduced in chapter 5, depo-

sition is discussed in chapter 8); (v) the bulk of the continuous phase system is considered at constant pressure and 

temperature (P&T variations are introduced in chapter 6), 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 
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condition of the mass balance inside the capillary. It will be proved that the gas is consumed very quickly in the capil-

laries, so core shrinkage would only play a role in very thin shells (up to ~ 15 µm). Such small shells, if are ever 

formed in a flowing system, will most likely split into smaller, sponge-like particles. The solution is afterwards simpli-

fied to the spongeous particles, without any numerical difference at least for the particles reported in here and that are 

in the mm-scale. 

Figure 4.1 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 con-

tinuous phase; (iii) distribution to all particles (the concept of bulk is used, therefore all particles receive the same con-

centration; further discussion on the bulk hypothesis is given in section 4.2); and (iv) mass transfer from bulk to parti-

cle. (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 prop-

erties 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 5. 

 

4.1.1 Gas Concentration in the Bulk 

The gas consumption rate ,
1

pn

g i hyd
i

dn dt


  coming from crystallization of all pn  particles depletes 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 Figure 4.2 for the slug flow pattern, but any 

other might be used as long as interfacial surfaces and absorption coefficients are known5. The concept of bulk is con-

sidered, 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 (2.21), 

                                                 

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 be-

tween 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 flow-

scale 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 cou-

pled, in future works, to the mathematics occurring in the capillary-scale that will be developed in chapter 4. Of course 

that model-specific hypotheses shall yet be regarded, such as oil being the continuous phase. 
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considering that the volume variation in time of the oil bulk is negligible ( 0)bd dt  , using the absorption law of 

eq (2.19) and considering an initially saturated bulk 

 / ,

1

1 pn
abs g o g ib

o g b
ib b hyd

k A dndC
H f C

dt dt

  
 

    with   0b o gt
C H f


  (4.2) 

where bC  is the gas concentration in the bulk, absk  is the absorption coefficient (reference values given in Table A.3), 

/g oA  is the gas-oil interfacial surface, and b  is the bulk volume. 

 

Figure 4.2 – 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 ki-
netics 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 bal-
ance considering a bulk region in the oil continuous phase. 

 
Source: own authorship. 

 

4.1.2 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 for-

mation. Hydrates are very porous because of the high driving forces and impurities in the studied scenario [13,132,148]; 

and are hydrophilic [163] 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 capil-

lary-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 [90,149], eq (2.23). The permeability is estimated through Kozeny-Carman-Dullien 

model, eq (2.24) [90,150,151]. The permeation flow rate of water through the porous hydrate then comes 

/ / /
2

cos
3

c p o w o w h

wc

r r
Q  

 


  (4.3) 

where , ,c    are porous medium parameters named porosity, tortuosity and interconnectivity; ,c pr r  are the average 

capillary and particle radii; /o w  is the oil-water interfacial tension; and w  is the water dynamic viscosity. The porosi-
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ty evolution in time  t  will be modeled section 4.1.4, whereas tortuosity c , interconnectivity   and capillary radius 

cr  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 

max
w w

wout

dn Q
dt M


     and   

max
g w

wout

dn
Q

dt M



   (4.4) 

where   is the hydration number following the ‘stoichiometric’ relation of eq (2.1); and ,w wM  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 

, ,2min ; 4g i out ow
p i eq

w oout

dn C
Q r k f

dt M H





  
    

   
 (4.5) 

where the fugacity in the outer surface comes from the equilibrium of the oil-water interface using Henry’s law, 
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, ,
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w o

C C
f f

H H
   . The oil phase is chosen as reference, since ,out oC  is the concentration that plays a role in 

mass exchange between the particle and the bulk 
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where , /m p bh  is the mass transfer coefficient between particle and bulk, and 
, , ,

1

g i g i g i
c

hyd out cap

dn dn dn
n

dt dt dt
     refers 

to the gas consumption of one single particle i . Substituting eqs (4.3) and (4.6) in (4.5) 
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 (4.7) 

which is an expression for the total gas consumption during outer growth of the particle. 

 

4.1.3 Crystallization in the Capillary Walls 

The hydrate porous structure is considered entirely filled with water, since hydrates have hydrophilic nature [21,163]. 

The inversion of hydrate wettability when strong surfactants at enough dosage are at play will not be quantified. 
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Straight, cylindrical capillaries with an average radius cr  are considered, valid for c cr L , where cL  is the capillary 

length. As presented in Figure 4.3(a), gas is consumed in the capillary walls while it diffuses in z  direction, where 

0z   is defined at the outer surface of the particle and the positive direction of z  points inwardly. Considering: 

(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 4.3(b) becomes 

 
2

2
2 2 0i

w c w eq c
w

kd CD r dz C H f r dz
Hdz

      (4.8) 

where C  is the gas concentration inside the water entrapped in the capillary, wD  is the gas diffusivity in water and wH  

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 [137,138,140,141,281], but for steady-state. It is also very similar to the modeling of fins in 

heat transfer books [81], and the capillary can be said a “mass-transfer fin” that enhances the active surface of crystalli-

zation when compared to smooth, spherical particles with surface 24 pr . A new important feature of eq (4.8) 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, 22 2c c cr dz r dz r    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 
2

2
c2 Ha 0d C C

dz
   (4.9) 
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D H
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w eq
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  (4.12) 

where the Hatta number of the capillary cHa  expresses the competition between crystal integration in the capillary 

walls and gas diffusion through water along the capillary6. The dimensionless axial position is relative to the capillary 

radius, eq (4.11), whereas the dimensionless gas concentration is the driving force relative to the three-phase gas-water-

hydrate equilibrium condition, eq (4.12). This dimensionless concentration ( ) ( ) 0w eq w eqC H f H f   is the definition of 

supersaturation adopted in this study (definitions are author-dependent, so attention must be given here). 

                                                 

6 The same Hatta number analysis appears in Englezos et al [31], 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 capillar-
ies, whereas Damköhler will be used for agglomeration in chapter 5. 
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The first boundary condition at 0z   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 outz

w eq
z w

C H
C

f
C C C

H f


    (4.13) 

which is estimated by considering the dissolution of gas passing from oil to water, considering local equilibrium at the 

oil-water interface 
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 (4.14) 

where ,out oC  is the same concentration of the mass transfer process between the particle and the bulk, estimated from 

eq (4.6). Because of the implicit nature of this boundary condition on ,g i hyd
dn dt , a quasi-steady state approach is 

used. That is, ,g i hyd
dn dt  is considered nearly constant in one time step of the solution, and then updated for the next 

one. 

 
Figure 4.3 – 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 (4.8). 

 
Source: own authorship. 

 

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 
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       (4.15) 

The inner core is herein considered to exist just to further prove that it is very unlikely that gas can penetrate consid-

erable 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 
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will be consumed along the capillaries prior to reach the (if ever existent) water core. The capillary length is the capil-

lary tortuosity multiplied by the hypothesized shell width,  c c out inL r r  , where ,in outr r  are the inner and outer radi-

us of the shell. The dimensionless capillary length is c c cL L r . The gas concentration at the inner core is considered 

equal to the arriving gas concentration from the gas diffusion in water, 
cLin z

C C


 , since gas diffusion through solid is 

negligible at the given system temperatures [82,145]. 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 

If   c p in cr r r  ,  then z  ,  with  0
z

C


   and  0
z

dC
dz



  (4.16) 

Solving eq (4.9) with boundary conditions of eqs (4.13) and (4.15) for the shelled particle yields (see Demonstration 

#4 of appendix B) 
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 (4.17) 

Knowing that    limsinh limcosh
x x

x x
 

  and that the hyperbolic sine and cosine converge for considerably small ar-

guments ( 2.5) , then eq (4.17) can be rewritten as 

     c, ccosh Ha sinh Haout wzC C z z       for   cHa 2.5cL   (4.18) 

Notice that eq (4.18) is the solution of eq (4.9) when considering that no driving force exists in the inner surface of 

the shelled particle, that is, by using the boundary condition of eq (4.16) (see Demonstration #5 of appendix B). There-

fore, criterion cHa 2.5cL   can be used to understand if inner growth is negligible. Considering the range of values of 

Table 4.1 for methane hydrates, then cHa 0.01 2.7  , which gives a critical penetration length of gas inside the capil-

laries of , 0.9 168c critL   . Such a variation comes from the high degree of incompatibility in literature for ik  estima-

tion. 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., 0.5 μmcr  , then , 0.5 83.2 μmc critL   . With a capillary tortu-

osity of 5c  , the maximum shell width for inner growth to be important ranges from , 0.1 16.6 μmc critL   , 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 be-

cause of flow shearing, and further rearrange into spongeous particles. That is exactly what is qualitatively discussed 

by Lv et al [282]. From now on, core shrinkage is considered mathematically proved to be negligible for flowing sys-

tems in the means of the range of closure parameters available in literature for, at least, methane hydrates. 

By substituting eqs (4.14) and (4.18) in (4.1), by recognizing that
, , ,

1

g i g i g i
c

hyd out cap

dn dn dn
n

dt dt dt
    , and by multi-

plying by the number of capillaries per particle cn  and the number of particles in the system pn , the total gas consump-
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tion coming from crystallization in the capillary walls (of all capillaries in all particles) is (see Demonstration #6 of 

appendix B) 

 

3/2
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 (4.19) 
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   (4.20) 

where   represents how the resistance because of mass transfer between the particle and the bulk affects consumption 

in the capillary walls. When , / 0m p bh    , this resistance is negligible; and when  , / 0 1m p bh      , 

mass transfer between particle and bulk prevails. Furthermore, the last term inside the brackets of eq (4.19) 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 (4.19), 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)  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 5. 

 

4.1.4 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 diffu-

sion 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 [82,145]. 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 3.8. A simplified population balance of the number of capillaries per particle is stated as 

c
c c

dn B D
dt

     with   ,0c c int
n n


  (4.21) 

where cB  is the birth rate of capillaries, cD  is the death rate of capillaries and ,c inn  is the initial number of capillaries. 

The capillaries are considered dead (closed) once  , 0c t zr   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 0z   (larger driving force). 

That is, the maximum driving force in the capillary comes from the boundary condition of eq (4.13). By relating the gas 

consumption rate to the volume of hydrates formed, eq (2.4) for cL r , the maximum constriction rate of a capillary 

comes (see Demonstration #7 of appendix B) 
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1 1c h i h i
out w w eq w eq out w

h w h wz
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        (4.22) 
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considered quasi-static, that is, ,out wC  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 closet , and reorganizing the terms 

  
,

,

1
1

h w
close c in

h iout w w eq

Ht r
M kC H f





 
 (4.23) 

where ,c inr  is the initial capillary radius, whose notation can be simplified to the averaged capillary radius cr . From 

eq (4.23), 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 cn  identic capillaries close at the same time lapse closet , leading to the death rate 

c
c

close

n
D

t
  (4.24) 

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 volumet-

ric 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 3.8(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

nB D B D
t

      (4.25) 

where   represents the birth-to-death ratio of capillaries. A value in the range of 0 1   shall be adopted, where: 

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

(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 [41]), and the time the capillaries take to close (~ 30 ms to 30 s; eq (4.23) 

evaluated with values of Table 4.1), then the value of   needs to be slightly lower than unity. Interpretation of this 

birth-to-death ratio is done as follows: 1 1 100   means that at each 100 capillaries that are filled during the time-



 
 
 

94 

lapse closet , 99 new ones are created (or reopened) because of the internal tensions and consequent cracking of the parti-

cle structure. Therefore, only 1 out of 100 capillaries is, in average, filled during the time lapse closet . 

Inserting eqs (4.24) and (4.25) into (4.21) 

 1c c

close

dn n
dt t

    with ,0c c int
n n


  (4.26) 

and solving this ODE using closet  from eq (4.23), the number of capillaries per particle is found to exponentially de-

crease in time as 

   , ,exp 1 1 h i
c c in out w w eq

h c w

M kn n C H f t
r H

 


 
     

 
 (4.27) 

where lim 0ct
n


  for 0 1  , 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% [20,21,42,205] 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 particle7 relates to the number 

of open-capillaries as 
2

24
c c

p

n r
r

   (4.28) 

or yet 
2

, ,
in 24

c in c in

p

n r
r

   for the initial surface porosity. For an average capillary radius ,c c inr r  and using eq (4.28) in 

(4.27), the surface porosity evolution over time comes 

   in ,exp 1 1 h i
out w w eq

h c w

M kC H f t
r H

   


 
     

 
 (4.29) 

where ,out wC  relates to the bulk concentration through eq (4.14). This is an important quantification on how the 

spongeous particles seal up in time. In chapter 5, this will be shown to cause the particles to eventually dry out, causing 

agglomeration to cease. 

 

4.1.5 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 

pn  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, , 0.1 16.6 μmc critL   . 
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, ,

1

pn
g g i g i

ihyd out cap

dn dn dn
dt dt dt

 
    
 
 

  (4.30) 

Solution for the total gas consumption rate g hyd
dn dt  is given by eq (4.30) using: (i) the gas consumption for outer 

growth, eq (4.7); (ii) the gas consumption in the capillary walls, eq (4.19); (iii) the number of open-capillaries (or sur-

face porosity), eqs (4.27) or (4.29); and (iv) the gas concentration in the water layer at the outer surface of the particle, 

eq (4.14). The final expression is implicit in g hyd
dn dt , and therefore a quasi-static numerical solution is employed, 

where the implicit terms of g hyd
dn dt  are evaluated at the previous time step and updated from step to step during 

the solution. 

Eq (4.30) needs coupling with eq (4.2) for the bulk concentration, and a 1st order, upwind discretization scheme is 

sufficient8. The final system is 2 2  (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 (2.1) 

 1 gh

hyd

dndn
dt dt


 
   
 
 

 (4.31) 

gw

hyd hyd

dndn
dt dt


 
   
 
 

 (4.32) 

where hydration number   is considered constant along the entire crystallization process. 

 

4.2 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 4.1 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 [41,42]. 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 4.2.  

                                                 

8
 Although the concentration in the bulk presents an inversion in concavity, shown in section 4.3 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. Fur-

thermore, 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 bC  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 4.4. 
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Table 4.1 – Closure values for the growth kinetic model. 

Parameter Range of values from literature Adopted value 
Constant of proportionality of 
crystal integration a [31,61,62,284] 
(CH4 hydrates) 

12 7
2

mol5.5 10 1.8 10  
m sPaik       

11 24.1 10  mol/(m sPa)ik    

Absorption coefficient b [22,41] / 4 2 -15 10 2 10 sabs g b

b

k A
    


 / 2 -11 10 sabs g b

b

k A
 


 

Mass transfer coefficient between 
particle and bulk c,d [82] 

1/2 1/3
p pSh 2 0.6Re Sc   /p bU J  

Henry’s constant of methane in 

water e,f 
5

3

1 1 mol1.4 10 exp 1600
m PawH

T T
     

          
 5

3

mol2.06 10
m PawH    

Henry’s constant of methane in 

Kerdane g,h [41,285] 
4

3

mol1.1 3.5 10
m Pa

   4
3

mol2.70 10
m PaoH    

Properties of methane sI hydrates i 
[3,286] 

3917 kg mh   ; 17.7g molhM   ; 5.75   6   

Kerdane oil properties j [283] 3815kg mo   ; 0.0257 N/mo   ; 32 10 Pa.so
   

Water and methane properties Evaluated through NIST RefProp [124], which calculates methane properties by 
[287] 

Diffusivities of methane in water 
and Kerdane oil k,l,m [288] 

  9 21.24 2.35 10 mg wD s    9 21.24 10 mg wD s   

10g o g wD D   

Equilibrium pressure for a given 
system temperature n 

 12 58.34 10 exp 0.105 10eqP T    
 42.9bareqP   

Gas fugacity in gaseous free phase Methane fugacity from NIST RefProp [124] evaluated 
at system pressure and temperature ( , )P T  

67.2 bargf   

Gas fugacity at three-phase me-
thane-water-hydrate equilibrium 

Methane fugacity from NIST RefProp [124] evaluated 
at equilibrium pressure and system temperature 
( , )eqP T  

39.1 bareqf   

Hydrate porosity 
sup 10 40%    for aged hydrates in permafrost [146] 

sup 50%   for hydrates just formed in flowing condi-
tions [132,250] 

60%in   

Capillary radius o 0.1 0.5 μmcr    0.5 μmcr   
Capillary tortuosity [90,151,152] 1 8c    5c   
Interconnectivity of 
capillaries p [90] 

0.001 0.02    0.02   

Source: values compiled from literature. 
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Table 4.1 (continuation) – Closure values for the growth kinetic model. 

Parameter Order of magnitude from literature Adopted value 
Oil-water interfacial tension q 

/w o w o     / 0.0491 N/mw o   

Oil-water-hydrate wetted angle 
(water-side) r 

/ / 90o
o w h   o

/ / 60o w h   

Birth-to-death ratio of capillaries s 0 1  , with probable 1 
s 1 0.019   (fitted) 

Efficiency of particles interacting 
with the bulk t 

1p   dilute flow, small systems 

0 1p  dense flow, large systems 
0.03p 

 (fitted) 

Source: values compiled from literature. Notes: further closure values/correlations are found in appendix A. a Using 
eq (4.33) for 1 mmp dr r  . b Consistent 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 /p bU  is unknown. Maximum is the mixture velocity, /p bU J . Minimum is 
zero, where pSh 2  stays for stagnant liquid. With: p /Sh (2 )m g o ph D r , p /Re 2 o p b p oU r  , /Sc ( )o o g oD  . 
d Valid for highly agitated systems, turbulent flow. e With: 298.15KT  . Validity:  20KT T   [85]. f Adopted 
value is for 5oC. g Range of values retrieved for methane in Kerdane [41] using definition of Henry’s constant of Sander 

[85], but using fugacity instead of pressure. Fugacity is evaluated through NIST RefProp [124]. The order of magnitude 
was checked against methane solubility data [285] in hexane, decane and dodecane for 10 100 barP  , 
277 400KT  . h Adopted value for Kerdane at 80 bar and 5oC [41]. i Since hydrate kinetics cause less cage occupan-
cy, then 5.75   (theoretical value for sI hydrate). j Newtonian behavior. Viscosity measured in rheometer for 4oC, 1 
bar. k For 283 308 KT   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 bareqP  . o Visualized in microscope for natural gas hydrates in permafrost 
[146] and CH4 hydrates formed over ice [147]. 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 [86], valid for immiscible, non-interacting fluids. r Hydrates are hydrophilic [21,163]. 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. 
 

Table 4.2 – Characteristics of the experiment of hydrate formation in the flow loop described by Melchuna et al [41,42]. 
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 

Source: values compiled from Melchuna et al [41,42]. Notes: a Estimated from photos of the flow, 
treated with Web Plot Digitizer [289]. 
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Figure 4.4 – Model trend validation against experimental data for the molar amount of gas consumed over time. Closure 
values from Table 4.1. 

 
Source: own authorship. 

 

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 cou-

pling of crystal integration and porous medium as done here. An example is the model of Shi et al [21], 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 4.4 compares model and experiment for the molar amount of gas con-

sumed 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 4.5 presents photographs of the water-in-oil dispersion flow before the onset of for-

mation 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 

ik . In literature, ik  is experimentally regressed: (i) by considering the law of eq (4.1), or a similar one for driving forc-

es on chemical potential [102], concentration [13], or molar fraction [100]; and (ii) by using a model for the mass trans-

fer resistances in order to predict the gas concentration C  at the growing surface in means of the gas fugacity  ,gf T P  

at the gaseous free phase. The reported values for sI methane hydrates spreads over several orders of magnitude, 
12 7 25.5 10 1.8 10  mol/(m sPa)ik       [31,61,284], see as well Table A.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 po-

0 20 40 60 80 100 120
Time [min]

0

0.5

1

1.5

2

A
m

ou
nt

 o
f g

as
 c

on
su

m
ed

 [m
ol

]

Experiment
Model



 
 
 

99 

rous surface; and (ii) uncertainties on the estimation of the mass transfer resistances (which is model-dependent). Not 

much attention was given in literature for the estimation of ik  and few groups compile values for different gases. This 

is explained as an unimportance of ik  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, ik  values are very important in order 

to predict the sealing of the particles. That is, more attention should be given to ik  measurements in future studies. 

 
Figure 4.5 – Photos of9: (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.  

 
Source: own authorship. Credits also go to PhD(c) Rafael Fabrício Alves and PhD(c) Vinicius Rodrigues de Almeida, 

who helped recording the video. 
 

The model of this chapter can be used to predict ik  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 eqf f . From 

eq (4.1) 

  2
,

1
4

nuc

g
i

d d g eq hyd t t

dn
k

dtn r f f


 
  
 
 

 (4.33) 

                                                 

9
 Tip to recognize structures in the photos: the oil-water interfaces are perfectly spherical and translucent, whereas the 

crystal surfaces are opaque and amorphous. 
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where 3

3 WC
4

L
d

d

n
r


  is the number of droplets in the system considering an average droplet size dr , WC  is the water 

cut, and L  is the volume of liquid (water + oil). Eq (4.33) is valid for a homogeneously dispersed flow (i.e., low water 

cut and high mixture velocity [160]), where droplets are fairly round; and considers that all droplets interact equally 

during the onset of formation (concept of instantaneous nucleation [15]). From Figure 4.5, it can be seen that the hy-

pothesis 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 mmdr   . Using the values of Table 4.1 and the experimental value of 3

,
1.1 10 mol/s

nuc
g hyd t t

dn dt 


    (deriv-

ative of Figure 4.4, where 0nuct   in Figure 4.4) into eq (4.33), then 11 21.6 8.3 10  mol/(m sPa)ik    . This shows the 

high sensitivity of eq (4.33) to the droplet size (that is, to the interfacial surface estimation), giving deviations in about 

one order of magnitude for ik . The regressed values are nonetheless in between the proposed values of Englezos et al 

[31] and Shi et al [21], which is at least reassuring. Here, 11 24.1 10  mol/(m sPa)ik    (for 1 mmdr  ) is adopted and 

sensitivity of the model will be tested in section 4.3.4. 

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 re-

sistances 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 

3

WC3
4

L
p p d p

d

n n
r

 



   (4.34) 

where 0 1p   is called the efficiency of particles interacting with the bulk. The value of 1p   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 parti-

cle 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 hy-

pothesis of bulk is not valid. Here, as this distribution process is not modeled, the fitting of parameter p  is necessary. 

From Figure 4.5, 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 magni-

tude of ik ), 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 
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distances to gas-oil interface10 (no free gaseous phase, thus 0p   is expected). The introduction of a gas free phase 

(e.g., the flow loop of Ding et al [38,50,290]) reduces the distance of particles to the gas-oil interface, but incur in de-

signing 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 

with the camera and in the scale of O(1 mm)d pr r  . The capillary radius is kept constant at 0.5 μmcr  , in coherence 

with microscope visualization [146,147]; and the tortuosity at 5c  , 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 4.4, as well as its curvature. That is, the set of regressed values need to be consistent with the experi-

mental results, but more than one set exists. The fitting strategy is as follows. The asymptotic value is dependent on p  

and in . In order to keep a fairly high initial porosity of hydrates [132] (> 50%), then 0p   converges to values close 

to zero. The curvature of Figure 4.4 is dependent on the closure time-scale of the capillaries, eq (4.23). This time-scale 

is small, since capillaries are small and crystal integration is considerably fast for any ik  parameter adopted, giving 

32.3 scloset   for 11 24.1 10  mol/(m sPa)ik   . 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 4.4. Fitting incurs in 1 0.019  , which means that at 

each 1000 capillaries that close during the time lapse closet , only 19 remain closed and the other ones reopen. 

 

4.3 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 4.4 and Figure 4.5, 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 gdn dt . For resistances in parallel (outer growth vs crystallization in 

the capillaries), the higher value of gdn 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 gdn 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. 

 

                                                 

10
 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 [41]. 
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4.3.1 Characteristic Trends 

Figure 4.6 presents the trends captured by the model when using the values of the default case given in Table 4.1. 

The surface porosity decreases exponentially in time, blue line of Figure 4.6(a). As the pores close, the active surface 

of crystallization decreases, thus decreasing the gas consumption rate, red line of Figure 4.6(a). This explains the gas 

consumption asymptote that was experimentally observed in Figure 4.4. The slight discontinuity in the gas consump-

tion rate of Figure 4.6(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 4.3.4. The gas concentration in 

the bulk has a dive in the first minutes of crystallization, Figure 4.6(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 replen-

ished. With the decrease of gas consumption, as the asymptote of hydrate formation is achieved, the gas reaches con-

centrations 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/m3), this is reflected as only a 

small dive in gas concentration in water (~ 1 mol/m3), explained by a much higher solubility of methane in oil than in 

water ( )o wH H . 

 

Figure 4.6 – 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 4.1. 

 
Source: own authorship. 

 

One issue one may argue from the curves presented in Figure 4.6(b) is the fact that, although water and oil are con-

sidered 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 off-

equilibrium profiles shown in Figure 4.1, 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. 

 

0 20 40 60 80 100 120
Time [min]

0

10

20

30

40

50

60

Po
ro

si
ty

 [%
]

0

2x10-4

4x10-4

6x10-4

8x10-4

10-3

0 20 40 60 80 100 120
Time [min]

136

138

140

1800

1810

1820

G
as

 c
on

ce
nt

ra
tio

n 
[m

ol
/m

3 ]

Saturation in oil (~ 1815 mol/m3)

Saturation in water (~ 138.5 mol/m3)

At outer surface in water (Cout,w)

At outer surface in oil (Cout,o)

Bulk (Cb)

(a) (b)

dng/dt|hyd

[mol/s]

Hydrate formation rate

Surface porosity



 
 
 

103 

4.3.2 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 con-

sumption rate measured in the experiment. By using the absorption law, first term of the RHS of eq (4.2), and by recog-

nizing that when absorption limits hydrate formation, then the gas concentration in the bulk drops to the equilibrium 

level, b o eqC H f , then: 

(A)  
max

/ ,

1

pn
g abs g o g i

o g eq
ioabs hyd

dn k A dn
H f f

dt dt

 
    
 
 

 , crystallization is not limited by absorption 

(B)  
max

/ ,

1

pn
g abs g o g i

o g eq
ioabs hyd

dn k A dn
H f f

dt dt

 
    
 
 

 , absorption limits crystallization 

Therefore, gas absorption is prone to limit crystallization when: (i) the absorption coefficient is low, for low agitated 

systems; (ii) the gas-oil interfacial surface per unit volume is small; and (iii) the solubility of gas inside the continuous 

phase (oil) is small, that is, for low values of oH . The driving force  g eqf f  appears in almost all terms of the model 

(excluding the permeation term for outer growth), thus its use is more complex into drawing conclusions of the limiting 

step. Effects of driving force will be discussed in section 4.3.5. 

Figure 4.7(a) presents the gas consumption rate estimated by the model for the extreme values of the range 
4 2 1

/5 10 2 10 sabs g b bk A        of the specific absorption coefficient summarized in Table 4.1 (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 4.1, with 10o wH H , there is always enough gas inside oil and there-

fore 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 4.7(b), high supersaturations are kept because the bulk remains full of gas, even when absorp-

tion is low (red line of Figure 4.7(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 4.7(d), charac-

teristic 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 (
2 2

4 3
/ 3.3 10 mol/(m Pa)CO H OH    [85]); or (ii) when water is the continuous 

phase. Indeed, experimental evidences [41,42] report lower consumption rates for water continuous cases, with a linear 

trend that is characteristic of the absorption law. 

Sensitivity of the model to the ratio of gas solubility in oil and water is also presented in Figure 4.7. When the mixing 

is high ( 2 1
/ 1 10 sabs g b bk A     , 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%; Figure 4.7(b)). Therefore, the pores seal up 

in a similar time-scale, Figure 4.7(c), and the gas consumption rate is similar, Figure 4.7(d). That is, even if gas solubili-
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ties in water and in oil are similar ( )o wH H , 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 distribu-

tion 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 8, called dissolution-limited systems. 

 

Figure 4.7 – Sensitivity analysis of hydrate formation to the specific absorption coefficient /( )abs g b bk A   and to the gas 
solubility (Henry’s constant) in oil and in water ( , )o wH H . Other parameters come from Table 4.1. 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 capa-
ble 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 8 about gas 
distribution to each particle into limiting hydrate formation, called dissolution-limitation, but this is not captured by the 
model. 

 
Source: own authorship. 

 

For lower absorption coefficients (orange and green lines), and when o wH H , absorption starts to play a role. The 

gas consumed assumes a straight line trend, Figure 4.7(a), which is commonly observed in gas-water systems [22,31], 

and the latter are as well classified as absorption-limited systems [24]. The gas concentration inside water at the outer 
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surface decreases in up to ~ 35% and takes much longer time to be replenished towards saturation, Figure 4.7(b). This 

reduces the driving force to seal up the capillaries, causing a slower porosity decrease in time, Figure 4.7(c). As a con-

sequence, 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, Figure 4.7(d). Once the porosity reaches lower values, the active surface for crystallization de-

creases to a point where the gas consumption rate is lower than the maximum absorption rate, 
max

g g

hyd abs

dn dn
dt dt

  . The 

bulk then starts to get replenished and to furnish higher driving forces to the outer surface of the particle, Figure 4.7(b). 

This marks the switching of the limiting step from gas absorption to the sealing process, and the gas consumption rate 

starts to decrease (Figure 4.7(d); ~ 100-120 min for green line; ~ 150-200 min for orange line). The amount of gas con-

sumed then starts behaving asymptotically, Figure 4.7(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 4.7(a); or 

nearly constant to a dropping trend in the gas consumption rate, Figure 4.7(d)), as well as that the two limitations are 

competitive through a certain period (50 150min)t  . 

 

4.3.3 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-

centration, b o gC H f , and (ii) the resistances of crystal integration are negligible, thus the concentration at the outer 

surface of the particle drops to the equilibrium level, out o eqC H f . Using the mass transfer law around spherical parti-

cles, eq (4.6), then: 

(C)  
max

, ,2
, /

/

4g i g i
p m p b o g eq

p b hyd

dn dn
r h H f f

dt dt
     , crystallization is not limited by particle-bulk mass transfer 

(D)  
max

, ,2
, /

/

4g i g i
p m p b o g eq

p b hyd

dn dn
r h H f f

dt dt
     , particle-bulk mass transfer limits crystallization 

Notice that: (i) here, the gas consumption rate per particle is used ,g i hyd
dn dt , instead of the total gas consumption 

rate of the system  ,
1

pn

g i hyd
i

dn dt


  used in last section, criteria (A,B); and (ii) the use of 24 pr  as surface for mass 

transfer and  , ,
1

1 pn

g i g ihyd hyd
ip

dn dt dn dt
n 

    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). 
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The key parameter that plays a role on particle-bulk mass transfer is the relative velocity between the particle and liq-

uid /p bU , also called slip velocity and implicit inside the mass transfer coefficient,  , / pRe ,Sc, ,m p b p g oh r D , with 

 p /Re , , ,p b p o oU r   . Table 4.1 presents the expression for , /m p bh  employed and others are summarized in Table A.4. 

The slip velocity depends on the size of the particle, the particle/fluid density ratio, and the hydrodynamics of the con-

tinuous phase [291]. 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 flow11 

(relative motion between eddies). 

Figure 4.8(a) presents sensitivity of the estimated amount of gas consumed over time in means of the slip velocity be-

tween 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 4.6(b). Even if the mass transfer coefficient is small and the gas concentra-

tion gradient in the mass transfer boundary layer around the particle is high; the gas arrives in a sufficiently high con-

centration 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 4.8(b). 

However, when gas solubility in oil is in the same order of magnitude of gas solubility in water ( )o wH H , then 

particle-bulk mass transfer can act on limiting crystallization for low mixing systems ( / 0.1%p bU J  , green and or-

ange lines). This limitation presents a linear gas consumption, Figure 4.8(a), and is observed in literature for water-

continuous systems [22,31], where particle-bulk mass transfer is related as a secondary limiting process [22], the gas-

bulk absorption being the primary one [24]. 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 absorp-

tion: (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 4.8(b); (ii) the porosity has a slower decrease in time because of the lower super-

saturation furnished to the capillary entrance, Figure 4.8(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 4.8(d), and a change in the characteristic trend of the gas consumed 

over time from linear to asymptotic, Figure 4.8(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 4.8(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 4.1.3 and are important for the green and orange lines. 
                                                 

11
 Although in a highly turbulent flow, the particles get dispersed in the continuous phase and therefore present no aver-

age 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. 
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Figure 4.8 – Sensitivity analysis of hydrate formation to slip velocity particle-bulk /( )p bU  and for different gas solubili-
ty (Henry’s constant) in oil and in water ( , )o wH H . Other parameters come from Table 4.1. 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. Sim-
ulations do not consider interactions between particles in dense dispersions. 

 
Source: own authorship. 

 

At this point, it is possible to conclude that: (i) given the much higher solubility of natural gas components (hydro-

carbons) 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 mat-

ter the agitation of the system. For the case of gas solubility in the continuous phase being in the same order of magni-

tude 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 4.2; for the results presented, 0.03p   is kept constant, Table 4.1). 

The modeling of p  is still an open question and represents one of the main weaknesses of this model. 
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4.3.4 Outer Growth vs Crystallization in Capillaries: influence of the constant of proportionality of crystal inte-

gration and of the porous medium interconnectivity 

Whereas gas absorption and particle-bulk mass transfer act as resistances in series to crystal integration, crystal inte-

gration 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 (4.19); 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 supersat-

uration of gas, eq (4.7). 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 permea-

tion or crystal integration). 

By using the second term inside of the minimum function of eq (4.7) to estimate the crystal integration in the outer 

surface, the following criteria are proposed: 

(E) , ,,g i g iout cryst int hyd
dn dt dn dt   , mainly for low values of ik , 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 ex-

perimentally, then gas consumption in the capillary walls prevails. 

(F) , ,,g i g iout cryst int hyd
dn dt dn dt   , mainly for high values of ik . 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 permea-

tion. 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. 

(G) , ,

,

g i g i

out cryst int hyd

dn dn
dt dt

   , mainly for intermediary values of ik . In this case, three answers are possible: either 

crystallization in the capillary walls prevails, or outer growth limited by crystal integration or by water permea-

tion. 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-

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 

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 as-

ymptotic behavior of gas consumption when P&T are constant is the crystallization in the capillary walls. There-



 
 
 

109 

fore, if experiments present such asymptote and P&T are kept constant, then crystallization in the capillary walls 

is the limiting step. 

The main crystallization surface (outer surface or capillary walls) and the presence or not of water in the outer sur-

face (permeation vs crystal integration) are dependent on ik  and  , which are difficult to measure. The presence of 

the asymptote on gas consumption of Figure 4.4 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 
11 24.1 10  mol/(m sPa)ik   , estimated from eq (4.33); and for a case of high 8 28 10  mol/(m sPa)ik   , as proposed 

by Al-Otaibi et al [61,62]. In the case of high ik , permeation can play a role in limiting crystallization, and therefore 

sensitivity on  -parameter is tested as well. 

Figure 4.9 and Figure 4.10 present the gas transfer rates of the different mass transfer resistances for the simulated 

cases of low and high ik . The black crosses represent the gas consumption rate of the experiment. Independently of ik

, 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 ik  case, the gas consumption in the outer surface, green line of Figure 4.9(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 crystal-

lization process, after ~ 100 min. This is in agreement with criterion (E). Outer growth is limited by the low crystal 

integration, characteristic of a low ik -value, and water always permeate the hydrate porous media and accumulates in 

the outer surface, Figure 4.9(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 4.9(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 crystalliza-

tion. This discontinuity can be further smoothed by considering a distribution of capillary sizes of the porous medium, 

where different cr  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 ik  case, Figure 4.10, and if ever water is always available at the outer surface, then gas hydrate for-

mation because of crystal integration in the outer surface would overpredict the experiments (since 

, ,,g i g iout cryst int hyd
dn dt dn dt   ; Figure 4.10(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  
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Figure 4.9 – Evaluation of growth kinetic model when considering a low constant of proportionality for crystal integra-
tion, 11 24.1 10  mol/(m sPa)ik   , case of Table 4.1. (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. 

 
Source: own authorship. 

 

 

 
Figure 4.10 – Evaluation of growth kinetic model when considering a high constant of proportionality for crystal inte-
gration, 8 28 10  mol/(m sPa)ik   . All other parameters come from Table 4.1 and fitting is achieved with 48 10p    

and 51 10   . (a) Comparison of gas transfer rates of all phenomena against experiments. (b) Amount of gas con-
sumed for extreme values of the range of interconnectivity of capillary bundle (0.001 0.02)  . Because crystalliza-
tion 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. 

 
Source: own authorship. 
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criterion (F). 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 4.1. 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 im-

portant than outer growth for the considered range of 0.001 0.02   (red line >> blue and purple lines), and there-

fore the model presents low sensitivity to  , Figure 4.10(b). 

Notice that, since crystal integration is faster for higher ik , regression of 48 10p    converges to lower values in 

order to keep the same initial porosity of 60%in  . Furthermore, the closure time-scale of the capillaries is dependent 

on ik , eq (4.23), and assumes much smaller values ( 30 mscloset   for 8 28 10  mol/(m sPa)ik   ; 30 scloset   for 

11 24.1 10  mol/(m sPa)ik   ), and therefore the asymptotic behavior of the experiments can only be reached by re-

gressing much smaller values of  -parameter 5(1 1 10 )    . That is, in order to explain the experimental results, 

regression of ,p   is dependent on the ik  value adopted. Again, this point out the necessity of better measurements of 

ik  in order to completely understand growth kinetics of gas hydrates in oil-continuous systems. Furthermore, because 

outer growth is limited by permeation, all water arriving at the outer surface is instantly crystallized and water would 

never be available at the outer surface to create liquid bridges. This is a case where agglomeration is reduced. As will 

be shown in chapter 5, a certain level of agglomeration exist when dealing with intermediary subcoolings (in the order 

of 7 to 8 K), thus the smaller values of 11 2O 10 mol/(m sPa)ik      are more likely to explain the experimental results. 

As a general conclusion when considering the range of ik  and   of literature and the case-study presented, crystal-

lization in the capillary walls always prevails over outer growth (asymptotic trend of gas consumed when P&T are 

kept constant). However, adoption of the different order of magnitude of parameter 
12 7 25.5 10 1.8 10  mol/(m sPa)ik      determines the competition of the limiting phenomena for outer growth be-

tween 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 5. 

 

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

In this section, sensitivity of the model around the default values of Table 4.1 is tested for different driving force 

(subcooling), particle size and porous media parameters (initial porosity and average capillary radius). Figure 4.11 

presents results for the gas consumed over time. The default case of Table 4.1 is always plotted in black as a reference. 

Figure 4.11(a) presents sensitivity to the driving force. The system pressure is kept constant at 80 bar and the tem-

perature is varied from 7 to 1oC. The methane-water-hydrate equilibrium temperature at this pressure is ~ 10.9oC, 

which gives subcoolings of o3.9 9.9 CT   . 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 
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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 4.11 – 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 4.1. The default case is presented 
in black. 

 
Source: own authorship. 

 

Figure 4.11(b) presents sensitivity to the particle radius. Smaller particles are related to higher values of the asymp-

tote of gas consumed, but do not interact with its curvature. That is, the particle radius acts as a linear multiplier (in-

versely proportional) of hydrate formation. The particle radii are considered equal to the droplet radii prior to nuclea-

tion. 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 critL ), then a higher num-

ber 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 

[20,21]). Estimation of the droplet radius depends on the multiphase flow conditions (mixture velocity, water cut) and 
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fluid properties (viscosity of continuous phase, oil-water interfacial tension), but that coupling will only be held in 

chapter 7 (once multiphase flow is described). 

Figure 4.11(c) presents the gas consumed over time for different initial porosities of the hydrate particle. Higher ini-

tial porosities imply in larger time-scales to seal the particle, affecting the asymptotic value. Therefore, the initial po-

rosity acts as a linear multiplier (directly proportional) of hydrate formation, but do not change its curvature. 

Figure 4.11(d) presents the gas consumed over time for different capillary radii. The initial porosity is kept at a con-

stant value, therefore different capillary sizes imply as well in different number of capillaries per particle, eq (4.28). 

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. 

Unfortunately, the model is not yet prepared to capture how the driving force causes the initial porosity and capillary 

radius to change. In chapter 7, 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 7.6, and those plots will answer the often-posed question of when the model fails. 

 

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

Based on the closure values for CH4 hydrates of Table 4.1 and on the experimental case-study of section 4.2, 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 bk A   , 

thus the bulk can be considered close to saturation of gas in oil, b o gC H f . This incurs in 0bdC dt   and there is no 

need to solve eq (4.2). The mass transfer between particle and bulk is also negligible, , /m p bh  , and from eq (4.6) 

the gas concentration in the outer surface inside oil is close to the bulk one, ,out o b o gC C H f  . Yet, inside eq (4.20), 

then 0 . From eq (4.14), solubilization of gas from oil to water in the outer surface of the particle gives 

,out w w gC 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 occur-

ring at the capillary walls, given the low values of porous medium interconnectivity, which imply in low permeation 

rates. Therefore, eq (4.30) simplifies to ,

1

pn
g g i

ihyd cap

dn dn
dt dt

 
   
 
 

 . Using eqs (4.19), (4.28), (4.29) and (4.34) in 

(4.30) 

     6 WC exp 1 1
2

g in w w i h i
p L g eq g eq

p c h chyd

dn H D k M k
f f f f t

dt r r r


  


 
        

 
 (4.35) 

For engineering purposes, all the micro-scale unknown parameters related to the porous medium, to the crystal inte-

gration and to the gas distribution inside the continuous phase are grouped into two parameters 1 2, , , , ,in c i pr k k k    . 
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Yet, for simplified purposes, it is interesting to deal with subcooling instead of fugacity. Using a linear relation 

,fTf k T    where index ‘fT’ stands for the transformation of fugacity driving force into subcooling, and by relating 

subcooling and fugacity through NIST RefProp [124] for methane, then 
55 10 Pa/KfTk    for 80 bar and for subcool-

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 

 1 2WC exp 1g fT h
L w w fT

p hhyd

dn k T M
k H D k k T t

dt r




  
      

 
 (4.36) 

with 

 1 6 dense or dilute flow, driving force, additives
2

i
p in

c

kk f
r

    (4.37) 

   2 1 driving force, flow shear, additivesi

c

kk f
r

    (4.38) 

where WC  is the water cut, L  is the volume of liquid (water + oil), pr  is the particle size, wH  is the Henry’s con-

stant (solubility form) of the gas inside water (see Sander [85] for compilation of various gases), wD  is the gas diffu-

sivity in water, T  is the subcooling,   is the hydration number (relates to the gas hydrate crystalline structure and 

cage occupancy), hM  is the ‘molar mass’ of hydrates defined in eq (2.2), h  is the density of a perfect hydrate crystal 

(no porosity included), and t  is time. 

As mentioned, the not-easily-found parameters are: p , which represents the gas distribution inside the continuous 

phase; in  the initial porosity of hydrates; ik  the constant of proportionality of the crystallization law, eq (4.1); cr  the 

capillary radius; and   the birth-to-death ratio of capillaries (fluid-structure interactions). They are grouped into 1k  

and 2k , which assume one unique value that represents, respectively, the asymptote and the curvature of the experi-

mental data of gas consumed over time. By using Table 4.1, 
1/ 24 2

1 6.92 10 mol/(m sPa)k        and 

6 2
2 1.56 10 mol/(m sPa)k    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 4.12 (blue line) presents the behavior of eq (4.36) 

against the experimental results. The simplified model underpredicts the asymptotic value in ~ 11% when compared to 

the complete model presented in section 4.1. That is, all the non-considered phenomena (gas absorption, particle-bulk 

mass transfer and outer growth) correspond to only 1/10th of the case of study12. 

                                                 

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 (4.36) to 
predict the gas consumption rate during hydrate formation, and can still expect to capture the majority of the results. 
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Figure 4.12 – Amount of gas consumed over time predicted by the simplified model, eq (4.36). Blue line: for 

1/24 2
1 6.92 10 mol/(m sPa)k        and 6 2

2 1.56 10 mol/(m sPa)k    (theoretical values from eqs (4.37) and (4.38), clo-

sure of Table 4.1). Red line: 
1/24 2

1 7.76 10 mol/(m sPa)k        and same 2k , from direct fitting of experimental results 
using eq (4.36). 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. 

 
Source: own authorship. 

 

Since , , , ,in c i pr k    are usually unknown for different gases, then 1k  and 2k  needs fitting from experimental data. 

As pointed out in eqs (4.37) and (4.38), 1k  and 2k  are probably not constant but vary with some parameters, as fol-

lows: (i) ik  varies with the presence of additives; (ii) in  and cr  are dependent on how fast crystallization occurs, that 

is, dependent on the driving force and on ik ; (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 ik ); 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 
1/24 2

1 7.76 10 mol/(m sPa)k        and the same 2k . 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. 

The shape of eq (4.36) is similar to the Arrhenius-type expression commonly employed by the gas hydrates commu-

nity, with the shape 1expg

hyd

dn
T

dt T
 

    
 

 [18,35,43,45,49,60,76]. Two common variations of it were presented in 

eqs (2.17) and (2.18). The subcooling appears as a linear multiplier plus an inversely proportional multiplier inside an 

exponential function, although in eq (4.36) the inverse proportionality inside the exponent is given by a minus sign, not 
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by a fractional function. Furthermore, the absolute temperature appears inside the exponent of the Arrhenius-type ex-

pressions, instead of the subcooling as in eq (4.36). 

The developed model further highlights the influence of: (i) multiphase flow (water cut and droplet size prior to nu-

cleation); (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 cap-

tures the asymptotic trend of hydrate formation in oil-continuous systems. Notice that the Arrhenius-type models cap-

ture 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. 

 

Contributions of Chapter 4 

In chapter 4, 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 consid-

erable descriptive modeling and sensitivity tests for methane hydrates in oil-continuous systems, the model was simpli-

fied to a one-line, explicit expression for the gas consumption rate during hydrate formation, eq (4.36). 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 ob-

served in experiments of oil-dominant systems. Other three important quantifications were done along this chapter: 

(i) the criterion cHa 2.5cL   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 (4.29), and 

(iii) the competition between water permeation and crystal integration at the particle’s outer surface, eq (4.7). The latter 

two will be key to understand agglomeration in chapter 5. 
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5 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 9. 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 3.7; (ii) to the agglomeration steps presented in Figure 2.6; and 

(iii) to the water permeation vs crystal integration that leads to outer growth of the particle, section 4.1.2. 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. 

 

5.1 Agglomeration Model 

The purpose of the agglomeration model is to predict the evolution of the particle average size in time. The mathe-

matics that describe agglomeration is called Population Balance [29,91], which consists of a Partial Differential Equa-

tion (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 5.1. 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 distribu-

tion 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
jM fL dL



   (5.1) 

Therefore, the PDE is transformed into a systems of Ordinary Differential Equations (ODEs) of size j j . 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 -3particles m m       ;  
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Figure 5.1 – Representation of the mathematic approach adopted to solve the population balance. The particle popula-

tion is represented by a particle size distribution, which is integrated to find the moments that relate to the average pa-

rameters, such as the number of particles ( )pn , the particle average size ( )pr , its outer surface ( )outA  and its volume 

( )p . 

 
Source: own authorship. 

 

(ii) the moment of 1
st
 order represents the sum of the length of the particles per unit volume 

3 2particles 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 1particles 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 

 3 3particles m m     . Based on these definitions, the number of particles in the system pn , the average particle 

radius pr , the average outer surface of the particle outA , and the average volume of the particle p , are related to the 

moments as 

0p Ln M   (5.2) 
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    (5.5) 

where 2 4   and 3 4 3   are the shape and volume factors for spherical particles when considering the radius pr  

as characteristic length. That is, by the solution of a 4 4  ODE system for 0M  to 3M , 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 9). 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 4. 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 7). 

Next, the 4 4  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 for-

mation upon collision of wet particles. 

 

5.1.1 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 [29] 

     

birth and deathvariation in time growth

CV CV CS
d f d Gf d h

t L
 

    
     (5.6) 

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

Gff h h
t L


  

 
 (5.7) 

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 jL  and integrating over the size range of the distribution (i.e., from 0 

to infinite) 
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j j j j
nuc agg

iii ivi ii

Gff L dL L dL h L dL h L dL
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      (5.8) 

where each term is developed separately in the next sections. 
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Moment Variation in Time 

Term (i) of eq (5.8) represents the variation in time of the moment jM . Its definition, given eq (5.1), is easily recog-

nized inside eq (5.8). Therefore, term (i) comes 
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Mf L dL fL dLi t t t
   

  
     (5.9) 

 

Particle Outer Growth 

Term (ii) of eq (5.8) represents the particle outer growth. Assuming that the linear growth rate G , given in [m/s], has 

negligible variation with the particle size, 0G L   , then 
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   (5.10) 

where the regularity condition [29] should be noticed,  lim 0j

L
fL


 , which is interpreted as the inexistence of extreme-

ly large particles, i.e., when largeL   , then 0f  . 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 (2.4) and is evaluated below considering the outer surface of a spherical 

particle 
24 pr , where the characteristic length is the particle radius pr  
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Using eq (4.7) developed in chapter 4 for the gas consumption in the outer surface of one particle, and further recog-

nizing that the average particle size and the average outer surface for the population of particles is written in terms of 

the moments as 1

0
p

Mr
M

  and 
2 2

0

4 p
Mr
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  , then 
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 (5.12) 

Notice that G  actually depends on the particle size, but the simplification of 0G L    was nevertheless used to 

mathematically simplify term (ii), eq (5.10). 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 (5.4) and (5.5) were neglected 2 3 1   , because the agglomerates 

are not necessarily spherical, as the particles of chapter 4. The geometrical sense will be introduced by the agglomerate 

shape coefficients 1 2,K K  when dealing with the particle population, and will be discussed latter. 
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Onset of Formation (Initial Condition) 

Term (iii) of eq (5.8) represents the nucleation of the first particles in the system. Nucleation is considered to be in-

stantaneous [17], that is, when nucleation of the first particles occurs (at 0t  ), a number of particles ,p inn  nucleates 

with an average radius ,p inr , and no further nucleation occur for 0t  . 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 

[37,128]). By the experimental evidence that the porous particles instantly entrap all the available water during the 

onset of formation [40,269,292], then the number of particles relates to the initial particle radius as 

, 3
,

WC3
4

L
p in

p in

n
r


  (5.13) 

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 7 and 9 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 (5.2) and by using the rela-

tion between moments 0 ,j j p inM M r  for 0t  , where 1 1  , 2 4   and 3 4 3   are the geometric factors for 

initially spherical particles, the initial condition of the population balance for  0,1,2,3j   comes 
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 (5.14) 

 

Statistical Mechanics of Agglomeration 

Term (iv) of eq (5.8) represents the agglomeration of particles. Agglomeration is usually expressed in function of the 

density of particles in volume vf . Therefore, vf dv  represents the number of particles inside the particle volume inter-

val dv . Consider that two particles with volume 1v  and 2v  agglomerate forming a particle of volume 1 2v v v  . Alt-

hough 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 [27] 

     1 2 1 2 1 2,agg v v v v v vK f f dv dv  (5.15) 

where aggK  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 [27,29] 

     ', ' 'agg v v v v v vK f f dv dv  (5.16) 
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The total agglomeration rate aggh  to form particles with volume v  is evaluated upon integrating eq (5.15) over all 

particles from volume 0 to v  (divided by 2 so as to not count the interactions between 1v  and 2v  twice) minus the inte-

gration of eq (5.16) upon all (0 to infinite) particles 'v , therefore [27] 

           1 2 1 2

1 2

1 2, ', '0 0

vanishing of particles with volume  caused bycreation of particles with volume  caused by aggloagglomeration of particles  and 

1 '
2

v

agg agg v v v v v v v v agg v v v v

vv
v v

h K f f dv dv f dv K f dv


  

meration of particles  and 'v v

 (5.17) 

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

0

j
vj vM f v dv



   (5.18) 

Using eq (5.17) for the total agglomeration rate aggh , the equivalent of term (iv) of eq (5.8) in volume comes 
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     (5.19) 

By considering the kernel of agglomeration aggK  to be independent of volumes 1 2,v v ; by recognizing that 

1 2 ,v v v   that is 1 2,v v v , meaning that the limit of integration in 1v  can be changed from v  to infinite; by recogniz-

ing that v  and 'v  are independent; and by using the definition of the moment in volume of eq (5.18); then eq (5.19) 

comes 

     1 2, 1 2 1 2 00 02
jagg

vj agg agg vj vv v v v

K
M v v f f dv dv K M M

 

     (5.20) 

Eq (5.20) represents the agglomeration contribution to the moments in volume. However, the population balance of 

eq (5.8) if for the moments in size. The volume and the size of the particle are related by the volume factor as 3
vv L . 

The moment in volume therefore relates to the moment in size as 
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       (5.21) 

By recognizing    v v Lf dv f dL , 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 (5.20) 

can be converted to size as 
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     (5.22) 

By using the relation of eq (5.21) and by recognizing that 0
0 0 0v vM M M   
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     (5.23) 

and by transposing the index 3j j  
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     (5.24) 

For 0j   and recognizing that 1L  and 2L  are independent, the integrals have analytical solution 
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      (5.25) 

For the cases of 3j n , with n , eq (5.24) does not have analytical solution, and a series expansion for term 

 
/33 3

1 2

j
L L  is used [293] 
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      (5.26) 

Truncating for the first term,    
/3 /33 3 3

1 2 1 1

j j jL L L L   , introducing in eq (5.24), considering a constant of propor-

tionality jK  coming from the truncation called agglomerate shape coefficient and which is independent on the size L , 

and solving the integral for 1j   
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     (5.27) 

where 1 0.262K    [22] absorbs the division by 2. Repeating for 2j   
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     (5.28) 

where 2 0.113K    [22] also absorbs the division by 2. Demonstration #8 presents some further interpretations of the 

agglomerate shape coefficients 1K  and 2K , and the validity of using Herri et al [22] fitted values in the present model. 

For 3j  , the integrals of eq (5.24) have analytical solution and the expansion in series is not necessary, therefore 
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     (5.29) 

that is, agglomeration does not change the particle volume (per unit volume of liquid), which comes from the hypothe-

sis of no porosity creation during agglomeration. Therefore, term (iv) of eq (5.8) for  0,1,2,3j   comes from 

eqs (5.25), (5.27), (5.28) and (5.29) 
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 (5.30) 

 

Final Shape of the Population Balance 

Inserting eqs. (5.9), (5.10), and (5.30) in (5.8), the population balance written in the Method of Moments up to the 3
rd

 

order comes 



 
 
 

124 

20
0

1
0 1 1 0

2
1 2 2 0

3
2

2

2

3

agg

agg

agg

KdM M
dt

dM GM K K M M
dt

dM GM K K M M
dt

dM GM
dt


 




 

  


 


 (5.31) 

which is solved with a 4
th

 order Runge-Kutta Method using the initial conditions of eq (5.14), where the initial particle 

radius ,inpr  comes from the experiments, and 1 0.262K    and 2 0.113K    [22]. The next section aims at developing 

a new expression for the kernel of agglomeration aggK . 

 

5.1.2 Developing an Expression for the Kernel of Agglomeration 

Figure 5.2 details the process of agglomeration. Two particles need to efficiently collide in order to form an aggre-

gate. If the surface of the particle is wet, that is, water is furnished to the outer surface by permeation through the po-

rous 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 inter-

facial 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 dryt . Dry particles do not form liquid bridges anymore, and therefore agglomeration is considered to 

cease, reaching a stable (maximum) agglomerate radius ,maxpr . 

The kernel of agglomeration is given by [27] 

agg col col aggK k    (5.32) 

where colk  is the collision rate, col  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 
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 (5.33) 

where the colliding particles are considered to have the same radius, 1
1 2

0
p

Mr r r
M

   . This expression holds for a 

constant shear rate, but is herein extrapolated for turbulent regime by considering an average shear rate. Further discus-

sion 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 Table A.6, 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 
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the turbulent flow, then the proportionalities of Smoluchowski’s relation hold. The numerical values will afterwards 

come from fitting with experimental data. 

 

Figure 5.2 – 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. 

 

Source: own authorship. 
 

The collision efficiency is neglected, that is, 1col  , since the available models depend on the interparticle distance 

[27], 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 [294] and the impulse forces after collision [159] could as well be considered. The colli-

sion efficiency can be further related to the energy potential between particles, that is, to electrostatic forces when deal-

ing with submicron-scale particles [295]; 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 2.6, and the 

same was afterwards applied to different systems containing gas hydrates in Figure 3.9. The agglomeration steps of 
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Figure 3.9(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 3.9(a) is 

     2
col c

d

k k

k
particles aggregate agglomerate  (5.34) 

which can be split into two smaller processes 
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 (5.35) 

where the coefficient ‘2’ was already considered in eq (5.17). From the second line, the agglomeration efficiency comes 

from the competition between the disruption and consolidation rates as [27,154,280] 

1

1 d
agg

c

k
k





 
  
 

 (5.36) 

The consolidation rate ck  follows the approach of David et al [164], 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 parti-

cles [154], 1c ck t , as shown in Figure 5.3(a). The volumetric consumption of water during crystallization wd dt   

is linearly approximated to the ratio of the liquid bridge volume and the time required for consolidation, b ct , where 

index b  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  21 1G H O Hyd    , where   is the 

hydration number, giving 
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w h w h

w h

d M d
dt M dt



  

 
 


. In this expression,  1 h   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 (5.12) through 2h
b

d GA
dt


 , where bA  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 bA
 
crys-

tallizing at velocity G . From all of these considerations, the consolidation rate comes 
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 (5.37) 

The particle surface covered by the liquid bridge bA  is the surface of a spherical cap with polar angle b  wetted by 

the liquid bridge, as presented in Figure 5.3(b) 
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where the particle outer surface is related to the moments by 
22

0

4 p
M r
M

 . The volume of the liquid bridge is approxi-

mated by a cylinder of base  
2sinp br   and height  2 1 cosp br  , minus the two spherical cap volumes, each one 

with   
23 2 cos 1 cos

3cap p b br
     , as presented in Figure 5.3(c). Therefore 
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 (5.39) 

where the particle volume is related to the moments by 
33

0 3 p
M r
M




 . Notice that the particles are considered to touch 

each other and to have the same radius pr , and the oil-water-hydrate wetted angle, which curves the surface of the liq-

uid bridge, Figure 5.3(c), is neglected for the sake of geometry simplification. Using eqs (5.38) and (5.39) 
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where the geometric factor 1g  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 60o o
b  , giving values in the order of 11 2.7g  . 

Using eq (5.40) in (5.37), the consolidation rate becomes 
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  (5.43) 

where 2g  is a factor that considers the liquid bridge geometry (from 1g ) and the ratio of water to hydrate properties, 

and lies in the range of 22.4 6.8g   when considering the values of Table 4.1. 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 parti-

cle 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  1 2min ,pr r r  shall be adopted, where 1 2,r r  stand for the 

radii of the aggregating particles. 
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Figure 5.3 – 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. 

 
Source: own authorship. 

 

To model the disruption rate, an energy approach similar to the one used in droplet size models [160,241] is adopted. 

When two wet particles of identic radius pr  aggregate, the oil-water interface decreases because of the liquid bridge 

formation from a state described by two spherical caps, where  24π 1 cosdisaggregated p bA r   , Figure 5.3(b), to a state 

described by the cylinder surface,  24π 1 cos sinaggregated p b bA r    , Figure 5.3(c). Therefore, the increase of interfa-

cial energy per unit time is the disruption rate dk , in [s
-1

], multiplied by the surface variation from the aggregated to the 

disaggregated state, multiplied by the oil-water interfacial tension /o w  
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where the particle outer surface is related to the moments by 
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 1 2min ,pr r r  shall be adopted when the size of the radii of the aggregating particles 1 2,r r  is known. The energy per 
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unit time and per unit mass furnished by the flow is called the energy dissipation rate t , where 
2o

t
o


 


  from Kol-

mogorov theory, but equality is considered since the expression developed is as well only a proportionality. The abso-

lute energy per unit time furnished by a mass of liquid Lm  to each aggregate (if all particles are aggregated, then the 

number of aggregates is 2pn ) is then proportional to 

2

0

2 2L t o
flow

p

mE
n M
  

    (5.46) 

where o  is the dynamic viscosity of the oil-continuous phase. Notice that this expression is independent of the amount 

of liquid volume, by recognizing that 
0 0

L L L L

p 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 flowE E   , and therefore from 

eqs (5.44) and (5.46), the disruption rate comes 

2

3 / 2

2 o
d

o w

k
g M

 


  (5.47) 

Eqs (5.42) and (5.47) are therefore introduced in eq (5.36) to find the agglomeration efficiency 
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 (5.49) 

where the factor 4g  represents the geometry of the liquid bridge and the hydrate-to-water properties ratio, and lies in 

the range 44.4 12.3g   when considering 30 60o o
b   and the values of Table 4.1. Finally, by using eqs (5.33) 

and (5.48) in (5.32), and by neglecting the collision efficiency ( 1)col  , the kernel of agglomeration comes 
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 (5.50) 

where G  comes from eq (5.12). This expression for the kernel of agglomeration relates the agglomeration efficiency 

between two wet particles that form a liquid bridge of interfacial tension /o w  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 consolida-

tion, that is, 0aggK   and agglomeration ceases. Therefore, the remaining question is whether the particles are wet or 

dry. 
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Transition of Particles from Wet to Dry 

From the discussion given in Figure 3.7, 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 

 
hyd

crystallizationDa 1
permeation

i i eq

w

w

A k f f

Q
M





   ,  then particles are dry (5.51) 

where Q  is the water permeation rate through the particle, iA  is active surface of crystallization in the outer surface of 

the particle (
24 pr  for spherical particles), and ( )eqf f  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 4. In eq (4.7), 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 
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,  then particles are dry (5.52) 

valid for hydrophilic hydrates ( / / 90o
o w h  ; if the use of surfactant additives is able to change wettability, then water 

permeation is completely avoided). Eq (5.52) evidences that agglomeration is reduced when: (i) driving forces are 

higher and crystal integration is faster; (ii) oil-water interfacial tensions are smaller and oil-water-hydrate wetted angles 

(water side) are higher (effect of surfactant additives); and (iii) capillary radius and interconnectivity are smaller, or 

capillary tortuosity is higher (the crystal porous medium parameters depend on the driving force). By evidencing that 

1 0pr M M  and by reorganizing the terms, the same criterion considering the entire particle population comes 
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,  then particles are dry (5.53) 

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 (4.29), 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, / 0o w  . In this case, the 

disruption rate tends to infinite, dk   from eq (5.47), causing the agglomeration efficiency to tend to zero, 

0agg   from eq (5.36). Therefore, the kernel of agglomeration also tends to zero, 0aggK   from eq (5.32), and the 

system stops agglomerating once the particles dry out. That is, the criterion of eq (5.53) 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 gradu-

ally vanish. As discussed by Balakin et al [168], the ratio of surface covered by the liquid bridge-former fluid (the bind-

er) is related to an extra term of probability to form the agglomerates. If this is ever considered in criterion of eq (5.53), 



 
 
 

131 

it would soften the abrupt cease of agglomeration. This is however not considered in here in order to avoid any extra 

fitting. 

Finally, it is important to state that the agglomeration model is coupled to the growth kinetics model of chapter 4, 

which estimates the amount of gas consumed and the porosity decrease in time. However, the model of chapter 4 was 

developed for non-agglomerating systems, where the number of particles pn  and the average particle radius pr  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 Demon-

stration #10 of appendix B. 

 

5.2 Model Closure and Comparison with Experimental Data 

The model is regressed and compared to the experimental dataset of Kakitani [40]. The characteristics of the rock-

flow cell apparatus
13

 are given in Table 5.2 and the grid test is given in Table 5.3. 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 instrumen-

tation 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 5.1 presents the closure values adopted. As already discussed in chapter 4, 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 ik ) and of the porous medium (initial porosity in , capillary radius cr , tortuosity  , 

and interconnectivity  ) are considered the same as in chapter 4, 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 4.1. 

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 con-

sidered 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 [40]. 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. 
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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 2U L , where   is the oscillation rate of the rock-flow cell, and L  the 

rock-flow cell length. 

Finally, there are some intrinsic parameters of the model that need fitting. For the kinetic model, there are two param-

eters,   and p . The first one is the birth-to-death ratio of capillaries, where 
21 0.8 10     was regressed, instead 

of 
21 1.9 10     for the experimental case of chapter 4. The second parameter is called efficiency of particles inter-

acting with the bulk p , 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 4, 

0.03p   was regressed because the system is very large and gas absorption occurs in a restricted area. Herein, for the 

rock-flow cell, 0.15p   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 subcool-

ing, the regressed value was 0.06p  , 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 [22] values are adopted, 1 0.262K    and 2 0.113,K    and the proportionality factor between con-

solidation and disruption rates, where 4 9g   is adopted as being a central value in the range of the geometrical model 

considered, eq (5.49). 

Figure 5.4 presents comparison of the model with experimental data for the average gas consumption rate ( )gn t  and 

the average particle increase rate ,[( ) ]p p inr 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 5.4, which represent the simplified model to be intro-

duced in section 5.4. 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 Figure 5.4, 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 considera-

ble 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. 
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Table 5.1 – Closure values for evaluation of the agglomeration model a. 
Parameter Adopted value 

Constant of proportionality of crystal integration 11 24.1 10  mol/(m sPa)ik    

Absorption coefficient / 2 -11 10 sabs g b

b

k A
 


 

Mass transfer coefficient between particle and 

bulk
 b
 [82] 

p /
, /

Sh
2

g o
m p b

p

D
h

r
  with 

1/2 1/3
p pSh 2 0.6Re Sc  , giving

4 4
, /1.9 10 2.6 10  m/sm p bh      

Henry’s constant of gas in water and in oil
 c
 [85] 5 3

CH4/ 2.2 10 mol/(m Pa)wH    (at 2
o
C) 

5 3
/ 2.2 10 mol/(m Pa)mix wH    (at 2

o
C) 

5 3
/ 1.8 10 mol/(m Pa)mix wH    (at 12.5

o
C) 

4 32.7 10 mol/(m Pa)oH    (order of magnitude for any hydro-

carbon gas in oil) 

Water, methane, and gas mixture properties Evaluated through NIST RefProp [124] 

Oil properties
 d
 [40] 3850kg mo   ; 310 10 Pa.so

   ; 0.0257 N/mo   

Hydrate properties 
e
 CH4 hydrates (sI structure) 

3918.1kg mh   ; 317.7 10 kg molhM    

Gas mixture hydrate (sII structure) 
3969.1kg mh   ; 318.05 10 kg molhM    

For both structures, the hydration number is considered 6   

Diffusivity of gas in water
 f
 [296,297] 9 2

CH4/ 1.24 10 m /swD    
10 2

/ 8.06 10 m /smix wD    

Gas fugacity in free phase evaluated at system 

pressure and temperature
 g
 ( , )P T  [124] 

5
,CH4 59.7 10 Pagf    (at 2 K, 70 bar) 

5
,mixture 51.0 10 Pagf    (at 2 K, 70 bar) 

5
,mixture 52.1 10 Pagf    (at 12.5 K, 70 bar) 

Gas fugacity at three-phase gas-water-hydrate 

equilibrium, evaluated at equilibrium pressure 

related to the system temperature
 h
 ( , )eqP T  

5
,CH4 29.5 10 Paeqf    (7.5 K subcooling) 

5
,mixture 19.6 10 Paeqf    (7.5 K subcooling) 

5
,mixture 5.7 10 Paeqf    (18 K subcooling) 

Driving force 530.2 10 Pag eqf f    (methane, 7.5 K subcooling) 

532.5 10 Pag eqf f    (gas mixture, 7.5 K subcooling) 

545.3 10 Pag eqf f    (gas mixture, 18 K subcooling) 

Initial porosity of particles 90%in   

Capillary radius 0.5 μmcr   

Capillary tortuosity [90,151,152] 5c   

Capillary interconnectivity 0.02   (7.5 K subcooling) 

0.001   (18 K subcooling) 

Oil-water interfacial tension 
i
 2

/ 4.97 10 N/mw o    (without additive)
 

2
/ 3.73 10 N/mw o additive 

    (with additive)
 

Source: values compiled from literature. 
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Table 5.1 (continuation) – Closure values for evaluation of the agglomeration model. 

Parameter Adopted value 

Oil-water-hydrate wetted angle (water side) o
/ / 60o w h 

 
Birth-to-death ratio of capillaries (fitted) 31 8 10     

Efficiency of particles interacting with the bulk (fitted) 0.15p   (7.5 K subcooling) 

0.06p   (18 K subcooling) 

Agglomeration model geometrical parameter 4 9g   

Agglomerate shape coefficients [22] 1 0.262K    ; 2 0.113K    

Source: values compiled from literature. Notes: 
a 

See Table 4.1 for range of possible values of the growth kinetic pa-

rameters. 
b 

With p /Re 2 o p b p oU r   and Sc ( )o o oD  , and considering 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, / 2p bU L . The diffusivity 

of gas in oil is considered to be one order of magnitude higher than the one in water, 10o wD D . Notice that this proce-

dure, 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 con-

stant 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 4.1 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 4.1 for the oil surface tension. 

e 
Density of the solid matrix of hy-

drates, coming from Multiflash
TM 

[298]. The molar mass comes from the relation ( ) ( 1)h g wM M M    . 
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), 4 3 80.92 0.08CH C Hf f f  , in molar basis. 
h 

The equilibrium pressure 

related to the system temperature is estimated through CSMGem [4–7], which gives values of 
5

,CH4 31.7 10 PaeqP    at 

2
o
C, 

5
,mixture 6.8 10 PaeqP    at 2

o
C, and 

5
,mixture 24.3 10 PaeqP    at 12.5

o
C. The fugacity is then evaluated through 

NIST RefProp [124]. 
i 
For the cases without additive, the oil-water interfacial tension is estimated through Antonoff’s 

rule [86], /w o w o    . No characterization 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. 

 

 

Table 5.2 – Characteristics of rock-flow cell apparatus of Kakitani [40] 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
 None // 1% mass 

Source: values compiled from Kakitani [40]. Notes: 
a 

Approximate initial particle size-scale from ex-

periments. Some experiments present stratification and/or formation during shut-in (stratified, static 

system), which evolve to particle radius in the mm-scale after few minutes. 
b 

Arquad
®
 2HT-75 from 

Sigma-Aldrich [299]. 
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Table 5.3 – Experimental tests of Kakitani [40] 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
 1 1 3 3 3 2 3 

Source: values compiled from Kakitani [40]. Notes: 
a 

In the PhD thesis of Kakitani [40], 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 
Trend 1: stable agglomerate size of ~ 12 mm after ~ 1 h. Trend 2: stable ag-

glomerate size of ~ 6 mm after ~ 40 min. Trend 3: no agglomeration, particles remain the ~ 1 mm scale. 

 

Figure 5.4 – Comparison of the model with experimental data for (a) the average gas consumption rate ( )gn t  and 

(b) the average rate of particle radius increase ,[( ) ]p p inr 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. 

 
Source: own authorship. 

 

5.3 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 ex-

periments of Kakitani [40]. Figure 5.5 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 5.6 

presents the comparison of experiment, complete model and simplified model (to be introduced in section 5.4; for in-

stance, neglect the dashed lines) for three selected cases. 
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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 [20] 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 5.4, and pointed out in 

Figure 5.5). 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). 

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 homoge-

neously dispersed system of chapter 4 causes a higher particle-bulk interfacial surface (a larger number of smaller parti-

cles), thus overpredicting the gas consumption for scenarios of non-dispersed flow. As well, discontinuities in gas con-

sumption can be used to experimentally determine the existence of bed formation and/or heterogeneous/dense disper-

sions. 

The agglomeration model, by its turn, presents mainly three trends for the experimental dataset considered: 

 Trend 1: stable agglomerate radius of ~ 12 mm, reached after ~ 1 h, related to low subcooling cases without addi-

tives. 

 Trend 2: stable agglomerate radius of ~ 6 mm, reached after ~ 40 min, related to low subcooling cases with addi-

tives, 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, unsta-

ble structures may appear in the first minutes after the onset of formation, as pointed out in Figure 5.5. This causes an 

initial peak in the particle radius curve (see schematics in Figure 5.5 and experimental data in Figure 5.6(b)). These 

structures are associated: (i) to the transient evolution of the flow pattern, especially coming from the restart process of 

the experimental procedure adopted by Kakitani [40] (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 parti-

cles to be wet because of a free water phase. Both (i) and (ii) are not considered in the model. 
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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 [28,35,43,45,300–303] and that will be introduced in chapter 7. 

 

Figure 5.5 – Schematics of the model behavior for the amount of gas consumed and agglomerate radius evolution in 

time, compared to photos of Kakitani [40]. 

 
Source: adapted from rock-flow cell photos of Kakitani [40]. 
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Figure 5.6 – 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). 

 
Source: own authorship. 

 

5.3.1 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 4.1, besides the initial porosity, considered to be 90%in  . The same closure of case #1 (methane 

hydrate, structure I) was extrapolated to case #2 for the gas mixture hydrate (structure II), showing good results. When 

extrapolating the same closure to case #5 (gas mixture, equal to case #2, but for higher subcooling), the model predicts 

a smaller stable agglomerate of ~ 11 mm, which is far larger than the experimental data (stable agglomerate size of 

~ 1 mm, that is, no agglomeration at play, red line of Figure 5.6(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 5.7(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 observa-

tion, the stable agglomerate size decreases, thus the predominant mechanism is that higher driving forces cause parti-

cles 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 5.4). The wet vs dry criterion, eq (5.53), is very sensitive on 

the porous medium parameters, and it is known that the porous medium morphology can drastically change depending 

on the subcooling. 
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Higher subcoolings promote higher initial porosity, smaller capillary radius, higher tortuosity, and smaller intercon-

nectivity. 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 discus-

sion 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 4.11(d)), then only variations on the porous 

medium interconnectivity will be considered. 

 

Figure 5.7 – Theoretical curve of the kernel of agglomeration against: (a) subcooling, (b) shear rate, and (c) oil-water 

interfacial tension. Evaluated from eq (5.50) considering the gas mixture. The moments of particle size distribution are 

evaluated at the initial condition, 0t  , from eq (5.14), and considering the initial particle size of 1 mm. The linear 

growth rate comes from eq (5.12), evaluated at 0t  , where 90%in   , with 71.7 10 m/sG    for the 7.5 K sub-

cooling case, and 72.4 10 m/sG    for the 18 K subcooling case. Gas fugacity comes from NIST RefProp [124] eval-

uated at ( , )P T  for the free gaseous phase and at ( , )eqP T  for the equilibrium gas-water-hydrates. Equilibrium pressure 

comes from CSMGem [4–7]. Mixture fugacity evaluated using Lewis-Randal rule. Interfacial properties evaluated 

without additive. 

 
Source: own authorship. 

 

The porous medium interconnectivity is related to a certain number of capillaries having partial or complete re-

strictions, 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 par-

ticle to dry out. In chapter 4, 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 5.6(b), it is observed that, by using a smaller interconnectivity, the 
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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 5.4. 

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 4.11(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, 0.06p   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 sub-

cooling is higher. 

 

5.3.2 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 [40] incur in bed for-

mation, 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 trans-

fer resistance only, and both are negligible phenomena when considering hydrocarbon gases in oil-continuous flow, as 

proved in sections 4.3.2 and 4.3.3. Shear rate can however indirectly affect the gas consumption, since smaller shear 

rates cause bed formation, thus decreasing gas consumption (as discussed in section 5.3, 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 Figure 5.7(b). It can be observed that two competitive phenomena occur: (i) up to ~ 1 s
-1

, the kernel of ag-

glomeration increase with shear rate caused by an increase of the collision rate, and (ii) for > 1 s
-1

, the kernel of ag-

glomeration 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 ag-

glomeration 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 
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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 Figure 5.7 is for a wet particle, since 0aggK   for a dry parti-

cle. 

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 pre-

dicting agglomeration (subcooling is more important), having no influence when particles dry out fast (high subcool-

ing); and being mostly important on determining bed formation and not agglomeration when particles take longer time 

to dry out (low subcooling). 

 

5.3.3 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). Figure 5.6(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 agglom-

eration 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 ( / / 90o
o w h   is a completely flat interface) or even inverting the nature of gas hydrates from hydrophilic to 

lipophilic (for / / 90o
o w h  ), see Figure 3.4; 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 5.6(b). 

Figure 5.7(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 hold-

ing the aggregate together. For the 25% decrease in the oil-water interfacial tension, the kernel of agglomeration de-

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. 

 

5.4 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 
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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 (5.31). Eq (5.31) 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 
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By deriving the relationship between particle size and the moments 
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and by using eq (5.54) 
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Calling 1 1 1
1
2

a K M 
  
 

, recognizing that 1 agga K cte  because the increase in particle size from Figure 5.6 is ap-

proximately linear, and integrating in time 

, 1p p in aggr r a K t   (5.57) 

where 1M  is a representative order of magnitude of the moment of first order of the particle size distribution. 

The kernel of agglomeration, eq (5.50), is simplified to the variables of interest (subcooling, shear rate, interfacial 

properties, and oil and gas properties) as 
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  . Notice that the linear growth rate G , eq (5.12), is simplified by con-

sidering: (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 

, /( )m p bh  , as well as the gas-bulk absorption resistance ( )b o gC H f , concluded from chapter 4. Therefore, the 

linear growth rate becomes 4G a f  , where 
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. For further simplification, the driving force in fugaci-

ty is related linearly to the subcooling as fTf k T   , where index ‘fT’ stands for the transformation of fugacity driv-

ing force into subcooling. Table 5.4 presents the adopted values of fTk . 
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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 t , 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 de-

pends only on the mixture velocity 

32o o
t Kolm Kolm

o o o

fUU dPk k
dz D

 
 

  
    (5.59) 

where the order of magnitude of the friction factor is approximated to a single-phase, steady-state, developed flow in 

smooth pipes (Blasius) as 

0.250.0791Ref     with   Re o

o

UD


  (5.60) 

where Re  is the Reynolds number. The factor of proportionality 1Kolmk   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, 

1.25 0.57Kolmk     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 

2U L , 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 Kolmk  is very specific for the rock-flow cell apparatus in the conditions tested. 

The criterion to determine if a particle is wet or dry, eq (5.53), is used to estimate the time taken for a particle to dry 

out. This happens when eq (5.53) equals unity 
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 . In this derivation, the porous medium interconnectivity is considered to be inversely 

proportional to the driving force by a sigmoid function 
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 (5.62) 

which captures two 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 6a  represents how fast is the transition from the upper 

plateau max  to the lower one min . Precise fitting of 6a  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 1
6 1 Ka   and * 15 KT   

(see plots of eq (5.62) in Demonstration #13 of appendix B). 

The time dependence of eq (5.61) comes from the particle surface porosity  . As the porosity decreases with time 

coming from the sealing of the capillaries, the particles dry out. Eq (4.29) evaluated at dryt t , is simplified to 
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in 7exp fT drya k Tt       , where   7 1 1 h i

h c

M ka
r

 


   . This expression considers that the gas is saturated inside 

the water at the oil-water interface , ,out w sat w w gC C H f  , valid when gas-bulk absorption and particle-bulk mass trans-

fer are negligible (for much higher gas solubility in oil than in water when oil is the continuous phase, concluded from 

chapter 4). Using   in eq (5.61) and solving for the time the particles take to dry out 
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, that is, when particles are wet at the onset of hydrate formation. Otherwise, the 

particles are dry from the onset and 0dryt  , which is the reason why the maximum function was introduced. From 

eq (5.59) into (5.58), and then into (5.57) 
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for dryt t , which is an expression for the evolution of the agglomerate radius in time. And finally from eq (5.63) in 

(5.64) 
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for dryt t , which is an expression for the stable (maximum) agglomerate radius. The constants of proportionality were 

renamed from 3k  to 7k . By substituting the auxiliary variables 1a  to 7a  and 4g
 

  
1

3 7
1

1 1
h c

h i

rk a
M k


 

 
 

 (5.66) 

0
4 5 2

1

1
12

w in c
in

w w i

r Mk a
M k M
 


 

   (5.67) 

4
1

5 1 2 1 3
0

32 2 12
3 2Kolm Kolm

Mk k a a k K
M

 
   

 
 (5.68) 

 

 

    

  

22 2
2 2 3

6 3 2 2 2
2

3 sin 2 cos 1 cos12 2
1 cos 1 sin1
b b bw h

Kolm Kolm
i w b bh

M M
k k a k

k M M
   

  

   
   

    
 (5.69) 

 
  

41 1
7 3 5 3

0

132 2 2
3 1 1

h c
Kolm

h i

K r Mk k k k
M k M


 


 

 
 (5.70) 

Notice that 1 2,k k  were used in eq (4.36) for the simplified gas consumption model, repeated below 
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where 1 6
2

i
p in

c

kk
r

  ,  2 1 i

c

k
k

r
   and ,p agg p inr f r , pr  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  p tr  significant-

ly distances the curvature of eq (4.36) to the experimental data, since eq (4.36) 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 ,p agg p inr f r  is proposed, where aggf  is a regressed factor that captures 

an averaged effect of both particle radius and variation of number of particles during agglomeration. Table 5.4 presents 

the suggested values. 

 

Table 5.4 – Regressed parameters of the simplified growth kinetics and agglomeration models. 
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Source: own authorship. 

 

5.4.1 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, 2U L ), the friction factor is evaluated from eq (5.60). The values of 1 7 , ,agg fTk k f k  come from 

Table 5.4. The porous medium interconnectivity is estimated by eq (5.62). The time the particles take to dry out comes 

from eq (5.63), the evolution of the particle radius from eq (5.64), and the stable (maximum) agglomerate radius from 

eq (5.65). The amount of gas consumed gn  comes from a 1
st
 order discretization,    

g
g t t g t

dn
n n t

dt
   , where the 

instantaneous gas consumption rate 
gdn

dt
 is estimated from eq (4.36). Figure 5.4 shows deviations plots of the average 
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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 Figure 5.6. 

Figure 5.8 presents the simplified model sensitivity into determining the evolution of the agglomerate radius. 

Case #2 is plotted in black as reference, using 
55 10  Pa/KfTk    for any subcooling. 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 5.8(a) shows that higher subcool-

ing 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 ag-

glomerates. Agglomeration is avoided for subcooling higher than 11 K when considering the fitted values for the case 

of study. 

 

Figure 5.8 – 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 
55 10 Pa/KfTk   . 

 

Source: own authorship. 
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Figure 5.8(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-

duction in the binding force that holds the agglomerate together (the liquid bridge), thus increasing the disruption rate. 

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 2
/ 2 10  N/mo w    (reductions of 60% or more), agglomer-

ation is avoided in the case of study. 

Figure 5.8(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 5.3(c). 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. 

 

Figure 5.9 – (a) Time for particle to dry out, eq (5.63), and (b) increase in agglomerate radius ,max ,( )p p inr r , eq (5.65), 

against subcooling and for different oil-water interfacial tension and oil-water-hydrate wetted angle (water side). 

 
Source: own authorship. 

 

Figure 5.8(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 2U L  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 5.8(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, how-
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ever, 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 5.9 presents (a) the time for particle to dry out, eq (5.63), and (b) the increase in the agglomerate ra-

dius, ,max ,( )p p inr r  from eq (5.65), against the subcooling. It is observed that both present the same trend, a steep de-

crease 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 [40]. 

 

5.4.2 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, 0dryt  , that is, when particles are dry from the onset of their formation. By making eq (5.63) 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
/ / /coso w o w h

fTT

kT
k

 





  (5.71) 

where T  is the subcooling of the system, /o w  is the oil-water interfacial tension, / /o w h  is the oil-water-hydrate 

wetted angle (water side),  T
  is the interconnectivity of the porous medium (evaluated through eq (5.62), where 

min 0.001  , max 0.02  , 6 1a   and * 15 KT   is adopted here), fTk  is the proportionality factor that transforms 

fugacity driving force into subcooling, and 4k  comes from eq (5.67), with suggested value in Table 5.4. 

Figure 5.10 presents a plot of the subcooling ( )T  against the product of the interfacial tension and wetted angle 

/ / /( cos )o w o w h  , 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 (5.71), 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 da-

taset of Kakitani [40] 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 de-

signed in order to assure a dispersed system. The subcooling, in turn, comes from the competition of heat re-

lease 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. 
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Further testing of eq (5.71) is required prior to industrial application, especially in order to regress the necessary pa-

rameters 4 min max 6( , , , , )fTk 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 5.10 that further considers the set-

tling of the agglomerates will be presented in chapter 9 after the coupling with multiphase flow in chapters 6 and 7. 

 

Figure 5.10 – Criterion to predict if particles are dry right after the onset of hydrate formation. The line comes from 

eq (5.71). 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 9. 

 

Source: own authorship. 
 

Contributions of Chapter 5 

In chapter 5, a criterion to understand if particles are wet or dry was developed, coming from the competition be-

tween water permeation through the particle and crystal integration in the particle’s outer surface, leading to a modified 

Damköhler number, eq (5.52). A new expression for the kernel of agglomeration coming from liquid bridge formation 

when particles are wet was developed, eq (5.50). Because the particles seal-up in time, an initially wet particle dries out 

in the time-scale quantified by eq (5.63). By crossing this time-scale with the kernel of agglomeration and with a sim-

plified population balance, a one-line, explicit expression for the maximum, stable agglomerate size was developed, 

eq (5.65). The latter is fundamental to understand slurry instabilities that lead to flowline plugging, to be discussed in 

chapter 9.  
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6 MULTIPHASE FLOW 

This chapter describes the multiphase flow model that is coupled to gas hydrates. As discussed in chapter 2, 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 for-

mation; 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 [53] for the hydrodynamics, and of previ-

ous studies of mine [43,78,182] for the heat transfer. Some extra phenomena are modeled in this thesis: (i) the contribu-

tion of the gaseous phase in the energy balance, usually neglected because G L   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 [43,78,182], 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 pres-

sure scenarios [43,78,182], and its sensitivity to the closure correlations was tested [304,305]. 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. 

 

6.1 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 6.1 presents a depiction of the unit cell. 

Each one of these regions (named ,B S  ) 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 
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body (GS). The slug flow geometry is completely characterized by four parameters, namely the elongated bubble ( )BL  

and slug lengths ( )SL , and the volumetric phase fractions in each region. 

Figure 6.1 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 inP  and temperature inT  at the flowline inlet. The flowline is cooled down by an infinite external medi-

um of constant temperature extT  and heat transfer coefficient exth , which represents the ocean. 

 

Figure 6.1 – Step-by-step solution procedure of slug flow hydrodynamics and heat transfer with hydrate formation. 

 
Source: own authorship. 

 

The elongated bubble profile is estimated by Taitel and Barnea’s [53] approach, that is, a combined gas-liquid mo-

mentum 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 agglomer-

ation models of chapters 4 and 5 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 
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and water properties are updated node by node through flashes using NIST RefProp [124], 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. 

 

6.1.1 Superficial Velocities (Mass Balance) 

The mass balance is used to update the superficial velocities of the phases j  from node n  to node 1n . A general 

expression is given by a term of phase compressibility and other because of phase change (see Demonstration #14 of 

appendix B) 
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 (6.1) 

where the superficial velocities in the first node (flowline inlet) are input parameters. The ratio  U nz L  comes from 

the evaluation of terms dn dt  for the entire unit cell (e.g., the gas-liquid interfacial surface for the entire unit cell length 

UL  is used for the growth kinetic model), whereas the variation along the flowline is related to the nodal spacing z . 

The   sign depends on the ‘direction’ of phase change, that is, if the phase is being consumed or formed. Eq (6.1) is 

valid for a flowline with constant cross sectional area A . The molar gas consumption rate of the phase caused by hy-

drate formation g hyd
dn dt  comes from the growth kinetic model, eq (4.30) for the complete description, or eq (4.36) 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 3 4 310 10 kg/m   for O2, N2, CO2 and Ar solubil-

ized in water [306]); (iii) oil is not trapped in the hydrate porous structure; and (iii) the hydrate formation follows the 

stoichiometric law of eq (2.1), with a constant hydration number  . Therefore, the expression to update the superficial 

velocities of gas, oil, water and hydrates along the flowline come 
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   (6.5) 

Notice that the gas consumption because of hydrate formation g

hyd

dn
dt

 is defined as negative, causing a gas decelera-

tion along the flowline. The molar rate 
sol./rel.

gdn
dt

 is defined as positive when gas is released from the liquid phase, thus 

causing gas acceleration. In eqs (6.2) to (6.5), the gas hydrate terms only exist if onsetz z , where onsetz  is the position 

of onset of hydrate formation, defined to be when the critical subcooling is achieved, eq onsetT T Tonsetz z   . The hydrate 

superficial velocity at this position is 0
nuch z z

j


 . 

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 wj 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 pj j j j j j     . For instance, these proportions are not necessary, but will be used 

in chapter 7 to evaluate the liquid phase properties when the hydrates routine is turned on, and when water-oil disper-

sions are considered. Finally, the mixture velocity is estimated from 

G L G w o hJ j j j j j j       (6.6) 

 

Gas Solubilization Into or Release From the Liquid 

Figure 6.2 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 

/ ./ .

g g g

G L sol rel hyd

dn dn dn
dt dt dt

   (6.7) 

where the solubilization or release rate is the same as modeled in chapter 4, which was called “absorption” as no release 

was considered in chapter 4 

 / /
./ .

g
abs G L b g L

sol rel

dn
k A C C

dt
   (6.8) 

where /G LA  is the gas-liquid interfacial surface, bC  is the gas concentration at the bulk and evolves in time as described 

by eq (4.2), and    / , ,g L sat L L T g T PC C H f   is the gas concentration at the gas-liquid interface. The interface is consid-

ered at equilibrium, thus the saturation concentration is used in terms of the Henry’s constant of gas inside the liquid 
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LH  and the gas fugacity in the gas free phase gf . The main difference from chapter 4 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” coeffi-

cient absk  (which now should be called solubilization/release coefficient, or simply a mass transfer coefficient of the 

gas-liquid interface) is the same of chapter 4, and is reported in means of a specific value of 
/ 10.01abs g b

abs
b

k A
k s 


 

that holds for highly agitated systems [22,41]. Therefore, eq (6.8) comes 

 /
./ .

g
abs b g L b

sol rel

dn
k C C

dt
    (6.9) 

where b  is the volume of the liquid bulk, which in means of the slug flow geometry comes 

 b B LB S LSL R L R A    (6.10) 

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 WCb B LB S LSL R L R A     (6.11) 

which will be used in chapter 7. 

 

Figure 6.2 – Control volume to model the gas transfer rate in the gas-liquid interface. 

 
Source: own authorship. 

 

6.1.2 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 

,B SL L ; and their respective phase fractions ,LB LSR R  (or yet 1GB LBR R   and 1GS LSR R  ). The momentum balance 

for the phase   in the differential control volume CV1 of Figure 6.3, located in the elongated bubble region, is [53] 

(see Demonstration #15 of appendix B) 
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       (6.12) 

where TU  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 

/

g

G L

dn
dt
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wall (estimated through Blasius friction factor in means of the hydraulic diameters of each structure, Table 6.1), A
 is 

the cross sectional area occupied by the flowing structures (evaluated upon geometric relations of Table 6.2, using the 

cross section geometry of the bubble region presented in Figure 6.4), S  are their wetted perimeters, and BH
 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 4, which stands for one single particle). Applying for both phases ,L G  , recog-

nizing that LB GBH H D   and considering a constant pressure in the cross sectional area, an ordinary differential 

equation arises for the liquid film height LBH  along the flowline axial coordinate z  [53] (see Demonstration #16 of 

appendix B) 
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 (6.13) 

where BR  is the volumetric fraction of each phase in the elongated bubble region. This ODE represents the aerody-

namic profile of the elongated bubble. Its inclination is initially evaluated at 0LB z
h D


  (upper wall), and then for a 

given step in z , one finds the step in the liquid film height from LB
LB

dHdH dz
dz

 . 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 

0

1 BLS
LU L L L LS LS L LB LB

U Uunit cell
slug film

Lm Aj AR U A R U dz
L L

       (6.14) 

where the RHS is constant and the LHS needs to be computed at each step of the bubble profile integration, as the val-

ues of LBR , BL  and SL  change over the integration. Notice that 
0

BL

BL dz  , that is, the elongated bubble is the sum-

mation 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 LBdH
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
0.7LB z

h D

  for viscous fluids. 

The unit cell length is estimated through the definitions of the unit cell translational velocity and the slug flow fre-

quency as 

T
U

UL
freq

  (6.15) 
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and the slug length then comes 

S U BL L L   (6.16) 

By using eq (6.15) into (6.14) and by considering the average liquid fraction of the film as ( )0

1 BL

LB LB z
B

R R dz
L

  , 

where the local liquid fraction LBR  relates to the liquid film height when considering a flat gas-liquid interface by 

22 2 21 arccos 1 1 1 1LB LB LB
LB

H H HR
D D D

 
     

           
      
 

 (6.17) 

then the liquid mass balance of eq (6.14) is reorganized to (see Demonstration #17 of appendix B) 
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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 [185], eq (6.19); (ii) the slug flow frequency of Hernandez-Perez et 

al [307], eq (6.20); and (iii) the liquid fraction in the slug body from Gregory et al [308], eq (6.21). 
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11.39

1
8.66LS
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 (6.21) 

where L
L

jFr
gD

  is the Froude number of the liquid phase. Other closure correlations reported in literature are sum-

marized in Table A.7, Table A.8 and Table A.9. 

The actual velocities are necessary to evaluate eq (6.13). 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 6.3, which relates the fluxes of gas and liquid in the 

bubble region with the ones of the slug region, one finds [53] (see Demonstration #18 of appendix B) 

  LS
LB T T LS

LB

R
U U U U

R
    (6.22) 

 
 1 LS

GB T T GS
GB

R
U U U U

R


    (6.23) 

In the previous model of mine [43,78], a consumption term coming from hydrate formation was introduced into 

eqs (6.22) and (6.23). However, the gas consumption is already taken into consideration in the evaluation of TU J . 

The extra term considered in the previous study captures an extra small deceleration in between both regions of the unit 
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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. 

 

Figure 6.3 – 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 (6.13). CV2: mass balance to estimate film and 
elongated bubble velocities, eqs (6.22) and (6.23). CV3: momentum balance in the unit cell to find pressure gradient, 
eq (6.26). 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 (6.62). CV4: energy balance in the unit cell to find the sensitive heat, eq (6.30), the thermal scooping, 
eq (6.44), and the heat transfer with the wall, eq (6.55). CV5 and CV6: complementary control volumes to model the 
thermal scooping, eq (6.44). CV7: control volume to find expansivity terms for the unit cell energy balance, eqs (6.56) 
to (6.60). 

 
Source: own authorship. 

 

In the slug region, the expression for the drift velocity of Harmathy [309], expanded for different pipe inclinations 

and for the contribution of a swarm of bubbles, term LSR  [83], is used to estimate the velocity of the dispersed bub-

bles 
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where /G L  is the gas-liquid interfacial tension. This expression incurs in GSU J  for horizontal pipelines. The veloci-

ty 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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        (6.25) 

which implies in LSU J  for horizontal pipelines. 

 

 

Table 6.1 – Estimation of shear stresses and heat transfer coefficients. 
Parameter Equation 
Shear stress [53]  8f U U       

  8i i G GB LB GB LBf U U U U     

Heat transfer coefficient [81,234] a   

   
1/2 2/3

,

/ 8 Re 1000 Pr

1 12.7 / 8 Pr 1 H

f k
h

Df
   



 




 
 

 
2

0.790 ln Re 1.64f 



     

Friction factor with the wall [79] Laminar flow ( 2300)Re  : 64f Re 

 Turbulent flow ( 2300)Re  : 0.250.3164f Re   (smooth pipes, Blasius) 
Friction factor in the interface i GBf f  [83,211] 
Reynolds number ,LB L LB H LB LRe U D   

,GB G GB H GB GRe U D   

LS L LS slugRe U D   
Hydraulic diameters [53] 

,
4 LB

H LB
LB

AD
S

  (assumption of free flow)

 

,
4 GB

H GB
GB i

A
D

S S



 (assumption of confined flow)

 

Source: relationships compiled from literature. Where: ,L G   represents the liquid or gas phase; ,S B   repre-
sents the slug or elongated bubble region. a Gnielinski’s [81,234] correlation is valid for 0.5 Pr 2000   and 

63000 Re 5 10   . For laminar, fully developed flow in a circular pipeline, with constant external temperature as 
boundary condition, Nu 3.66hD k  . 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 transi-
tion between laminar and turbulent regimes as the heat transfer coefficient does. 
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Figure 6.4 – Cross section of the elongated bubble region: (a) for horizontal and inclined slug flow (asymmetric bub-
ble), and (b) for vertical slug flow (symmetric bubble). 

 
Source: own authorship. 

 

Table 6.2 – 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 LBH

D


 
  

 
 

- 

Cross sectional area occupied 
by the film  

2

sin cos
4LB

DA       
22 2

4LB LBA D D H    
 

 

Cross sectional area occupied 
by the elongated bubble  

2

sin cos
4GB LB

DA A A           
22

4GB LBA D H
   

Phase fraction of the film a sin cosLB
LB

AR
A

  




   

2

1 1 1 2 LB
LB GB

HR R
D

 
     

 
 

Phase fraction of the elon-
gated bubble 

sin cos1 1GB LBR R   




     

2

1 2 LB
GB GB

HR A A
D

 
   

 
 

Film wetted perimeter LBS D  LBS D  
Elongated bubble wetted 
perimeter 

 GBS D    0GBS   

Interface perimeter siniS D    2i LBS D H   
Film fraction derivative 
relative to its height 

24 1 1 2LB LB

LB

dR H
dH D D

 
   

 
 

4 1 2LB LB

LB

dR H
dH D D

 
  

 
 

Source: relationships compiled from literature. Notes: a The inverse expression 

     
21 arccos 1 2 1 2 1 1 2LB LB LB LBR H D H D H D        

  
 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 1.7939 2.4677GBR    , valid for 0.1 0.9GBR   [310]. The wetted angle is defined in 
Figure 6.4, and its definition is author-dependent. A potential pitfall comes from the mixing the geometric 
expressions from different authors. 

A

A

LBH



LBS

GBS

iS
A-A

B B

LBH

B-B

(a) (b)

iS
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6.1.3 Pressure Distribution (Momentum Balance) 

The average pressure gradient is estimated by a momentum balance in CV3 of Figure 6.3, which encloses the entire 

unit cell and translates at velocity TU . The modeled phenomena are: (i) the friction between each flowing structure and 

the wall [53], (ii) the friction between the phases [53], (iii) the pressure drop related to the recirculation in the wake 

zone behind the elongated bubble [219] and (iv) the gravitational terms in the slug and in the elongated bubble regions 

[53]. The inertia term (momentum variation because of flow acceleration/deceleration) are not modeled in the steady-

state approach, as a pressure-velocity coupling is required, which is intrinsic of transient modeling. Therefore, the aver-

age pressure gradient comes (see Demonstration #19 of appendix B) 

 

friction in the elongated buble region head loss in the elongatedfriction in the bubble reaslug region elong. bubblefilm interface
2

2
LB TLS LS S LB LB GB GB i i B

L
U U U

U US L S S S LdP K
dz A L A L L

   


 
   

   

r

density of slug region density of elongated bubble region

weight of the slug region weight of the elongated bubble region

sin sinS B
L LS G GS L LB G GB

U U

L LR R g R R g
L L

        

 (6.26) 

where the shear stresses are estimated from Table 6.1 by using the actual velocities of eqs (6.22), (6.23) and (6.25). The 

gas dispersed bubbles induce an apparent viscosity in the slug body, herein estimated using Frankel and Acrivos [255] 

model 

51
2

1
1

g

L
slug L GS

g

L

R




 





  
  

   
  

  
  

 (6.27) 

The empirical coefficient K  of eq (6.26) 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 [83]. Coefficient K  is 

estimated from single-phase flow charts and depends on the ratio of diameters during expansion, herein approximated 

by LB
LB

Ad R
D A
  . Considering a typical range of 0.3 0.6LBR  , then 0.55 0.78d

D
  , which gives 

0.2 0.4K   for sudden expansions and 0.2 0.3K   for gradual expansions with a 20
o
 angle (see pages 394 and 

395 of White [311]). This is an order of magnitude for K , whereas the often adopted values in literature are 0.3K   

[219] and 0.4K   [43,182]. Here, 0.4K   is adopted. 

Eq (6.26) 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 parame-

ters and phase properties need update along the flowline as P&T change. Therefore 

   
 

1n n
n

dPP P z
dz

    (6.28) 
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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. 

 

6.1.4 Temperature Distribution (Energy Balance) 

In this section, the heat transfer model for slug flow of a previous study of mine [43,78,182] is expanded by consider-

ing 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 [182]), (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 varia-

tions) but the friction-induced heat (i.e., viscous dissipation), the energy conservation equation in the differential form 

is [80] 

 
(IV) (V)(II)

(I) (III)

'''p
DT DPc k T T q
Dt Dt

         (6.29) 

where pc  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) 

 

   

I p p p

i ii

DT dT dTc c c u
Dt dt dz

      (6.30) 

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 Figure 6.3, which encompasses the unit cell and displaces with it at the velocity 

TU . For steady-state, the temperature variation with time is rewritten as T
dT dTU
dt dz

  [182]. The separate contributions 

of the gas and liquid phase into the heat capacity of the mixture are , ,m p m p Uc c R  


  , where 

SB
U B S

U U

LLR R R
L L     represents the average phase fraction inside the unit cell. Term (i) of eq (6.30) represents the 

sensitive heat of the mixture and comes 
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     ,

liquid heat capacity gas heat capacity

[ ] T
p L L LB B LS S G p G GB B GS S

U

UdT dTc c R L R L c R L R Li dt L dz
        (6.31) 

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 Lc  is used. 

 

Heat Transfer Between Adjacent Unit Cells (Thermal Scooping) 

Term (ii) of eq (6.30) 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 

       , , ,2 2
U U U

p m p m T m p m T m p m T
U U U

T T TdTc u c J U T c J U T c J Uii dz L L L
   

     
            

   
 (6.32) 

where ( )Tu J U   is the relative velocity between the mixture and the control volume and UT  is the temperature 

difference along the unit cell. Separating the contributions of both phases ,L G   and considering the actual velocity 

of each structure U  instead of the mixture one J , then 

 ,
U

P P T
U

TdTc u c R U U
dz L   



 


   (6.33) 

Using the hypothesis that the mass fluxes entering and exiting the unit cell borders are the same [53], eq (6.33) is re-

written as function of either the elongated bubble or the slug region 

    ,
, ,

z pU U U
p p B B T p S S T

U U U

m cT T TdTc u c R U U c R U U
dz L L A L

 

       
  

  
  

        (6.34) 

where the mass flow rate between two consecutive unit cells, also known as scooping mass flow rate [53], is 

( ) ( )z B B T S S Tm AR U U AR U U            (6.35) 

Expanding the sum of eq (6.34) for both phases ,L G   

 ,
U

P Lz L Gz p G
U

TdTc u m c m c
dz AL




   (6.36) 

Notice that the correct way to estimate UT  is by tracking the temperature of each unit cell in the pipeline, but this 

incurs in a transient approach. The temperature difference UT  is therefore estimated through the wall-mixture tem-

perature difference ( )WT T  by what is called the thermal scooping factor   as  U WT T T    [182]. Therefore 

 
 

,
W

P Lz L Gz p G
U

T TdTc u m c m c
dz AL





   (6.37) 

Some artifices are 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 of Figure 6.3, is 
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   ,m p m m W

dT
c AU h S T T

dz


   


    (6.38) 

where  , ,m p m L L L G p G Gc c R c R 
     is the heat capacity of region  , mU   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 [234] correlation for single-

phase flow, Table 6.1. 

Some simplifying hypotheses are necessary. In the previous studies [43,78,182], m LU U   since the gaseous phase 

was neglected. For the slug region S  , the approach mS LS GSU U U J    is valid for horizontal flows, as already 

discussed from eqs (6.24) and (6.25). For the elongated bubble region and/or for non-horizontal flows, gas and liquid 

present a non-negligible slip. The consideration of mB mSU U J   is nevertheless still fair. Simulations of the previous 

studies [312] 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   2mB LB GBU U U J   . Furthermore, the temperature of the phases inside each region is considered equal to the 

average region temperature, T T  . With these assumptions and expanding eq (6.38) for both regions ,B S  , the 

simplified energy balance in the bubble and slug regions come, respectively 

     ,
B

L L LB G p G GB LB LB W B GB GB W B
dTc R c R AJ h S T T h S T T
dz

       (6.39) 

   ,
S

L L LS G p G GS LS LS W S
dTc R c R AJ h S T T
dz

     (6.40) 

Integration of eqs (6.39) and (6.40) along the length of each region gives rise to an expression between the tempera-

tures of the borders of the regions 

 ,
exp

f
LB LB B GB GB BW B

r
L L LB G p G GBW B

h S L h S LT T
c R c R AJT T  

 
    

 (6.41) 

 ,
exp

f
LS LS SW S

r
L L LS G p G GSW S

h S LT T
c R c R AJT T  

 
    

 (6.42) 

where the indexes f  and r  refer to the front and rear borders of either the slug (S) of elongated bubble (B), and are 

depicted in Figure 6.3. Reorganizing the terms to find f r
U S BT T T   , considering that f r

B ST T T   and dividing by 

 WT T , the thermal scooping factor comes (see Demonstration #20 of Appendix B) 

   , ,
exp exp

f r
LB LB B GB GB B LS LS SU S B

L L LB G p G GB L L LS G p G GSW W

h S L h S L h S LT T T
c R c R c R c RAJ AJT T T T


   

    
            

 (6.43) 

The main differences between eq (6.43) and the original model (eq (29) of [43]; neglect eq (14) of [182] since correc-

tions were introduced in [43]) are: (i) the contribution of the heat exchange between the elongated bubble and the wall, 

expressed by GB GB Bh S L ; (ii) the use of the mixture velocity to approximate the actual velocities mU J  , instead of the 
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use of the actual liquid velocity LU 
; and (iii) the use of the mixture heat capacity of each region, instead the one of the 

liquid phase. Finally, by inserting eq (6.43) into (6.37), and by using eq (6.35) evaluated at the slug region, term (ii) 

comes 

 
 

   

,

, ,

( ) ( )

exp exp

W
L L LS LS T G p G GS GS Tp

U

LB LB B GB GB B LS LS S

L L LB G p G GB L L LS G p G GS

T TdT c AR U U c AR U Uc uii dz AL

h S L h S L h S L
c R c R c R c RAJ AJ

 

   


      

                

 (6.44) 

The wall temperature WT  will be related to the external medium temperature in the next section. 

 

Heat Transfer with the Wall 

Term (II) of eq (6.29) represents the heat transfer between the mixture and the wall when the radial dimension is ne-

glected. This is similar to the lumped capacitance method of chapter 5 of Bergman et al [81], 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 6.3, by weighing the contribution of each flow structure by their region lengths, and by con-

sidering the same mixture-wall temperature gradient for all the structures, that is, WT cst  and T T  , then 

        
,

1 1 1(II) m W W GB GB B LB LB B LS LS S W
U U

L
k T h S T T h S T T h S L h S L h S L T T

A A L AL


  
 

             (6.45) 

where the heat transfer coefficients are evaluated by Gnielinski’s [234] correlation, Table 6.1. The heat transfer coeffi-

cient of the liquid slug is majored in 30% to represent the intensification on heat exchange caused by recirculation in 

the elongated bubble wake [43,182,220,313]. Notice that eq (6.45) 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 WT  needs to be related to the temperature of the external medium extT , as the latter is the 

boundary condition. Consider the thermal circuit in the radial direction represented in Figure 6.5. The total heat transfer 

resistances in the slug and bubble regions are 

 
,

ln /1 1
2

ext
t S

S LS S W ext S ext

D D
R

DL h L k D L h  
    (6.46) 

 

 
,

ln /1 1
2

ext
t B

B LB GB B W ext B ext

D D
R

DL h h L k D L h  
  


 (6.47) 

where extD  is the external diameter of the flowline, exth  is the heat transfer coefficient of the external medium (bounda-

ry condition), and Wk  is the thermal conductivity of the wall. The use of eqs (6.46) and (6.47) leads to the overall heat 

transfer coefficient, defined by . 1
,

ov
th DL R     when the inner wall surface is took as reference, thus 

 
1

. ln /1
2

extov
S

LS W ext ext

D D D Dh
h k D h



 
   
 

 (6.48) 
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1

. ln /1
2

extov
B

LB GB W ext ext

D D D Dh
h h k D h



 
   

  
 (6.49) 

The heat exchange rates in the slug and bubble regions are 

   .S ov
S LS S W S S extq h DL T T h DL T T      (6.50) 

     .B ov
B LB GB B W B B extq h h DL T T h DL T T       (6.51) 

Solving for the average wall temperature in each region 

 
.ov

S S
W ext

LS

hT T T T
h

    (6.52) 

 
 

.ov
B B

W ext
LB GB

hT T T T
h h

  


 (6.53) 

and considering an averaged wall temperature WT  for the whole unit cell 

 
 

.. ovov
B S S S SB B B

W W W ext
U U LB GB U LS U

L h LL h LT T T T T T
L L h h L h L

 
      

  
 (6.54) 

which expresses a relation between the wall temperature WT  and the boundary condition extT . Using eq (6.54) in (6.45), 

term (II) comes 

   
 

 
..1(II)

ovov
S SB B

GB GB B LB LB B LS LS S ext
U LB GB U LS U

h Lh Lk T h S L h S L h S L T T
AL h h L h L

 
        

  
 (6.55) 

where the overall heat transfer coefficients are evaluated from eqs (6.48) and (6.49). 

 

Figure 6.5 – Radial heat transfer resistances related to convection of slug flow, conduction through the flowline wall, 
and convection of the external medium. 

 
Source: own authorship. 
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Gas Expansivity 

Term (III) of eq (6.29) represents the contribution of the expansivity of the phases to the energy balance. Expanding 

the total derivative in time and in the axial direction 

   

(III)

iii iv

DP dP dPT T Tu
Dt dt dz

      (6.56) 

The steps for modeling terms (iii) and (iv) are analogous to the steps used in terms (i) and (ii) of eq (6.30). Term (iii) 

represents the expansivity of the mass content inside the control volume CV7 of Figure 6.3. Using T
dP dPU
dt dz

  and 

separating the contributions of each phase 

 ( ) T U T L LU G GU T
dP dP dP dPiii T TU R TU R R TU
dt dz dz dz 



          (6.57) 

Term (iv) of eq (6.56) 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 zm  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 (6.26), the pressure difference between the unit cell borders is U U
dPP L
dz

  . By recognizing the rela-

tive velocity between mixture and unit cell borders as ( )Tu J U  , then 

     ( )
2 2

U U
m T m T m T

U U

P PdP dPiv Tu T J U P T J U P T J U
dz L L dz

   
    

            
   

 (6.58) 

Separating the contribution of each phase and adopting the slug region as reference 

     B B T L LS LS T G GS GS T
dP dP dPTu R U U T R U U R U U T
dz dz dz  



            (6.59) 

Finally, substituting eqs (6.57) and (6.59) in (6.56), neglecting the liquid expansivity as usually L G  , term (III) 

comes 

 (III) S B
GS GB T GS GS T G

U U

L LDP dPR RT U R U U T
L LDt dz

 
  

     
  

 (6.60) 

where dP
dz

 is the average pressure gradient, coming from eq (6.26). 

 

Energy Dissipation 

Term (IV) of eq (6.29) 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 [58] 
2

(IV)
U

S Lu U
y A L

 

 


  
 

    
 

  (6.61) 
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The contribution of the viscous dissipation in each unit cell structure is averaged in terms of the region lengths. Ap-

plying eq (6.61) to control volume CV3 of Figure 6.3 and considering the separate contributions of the slug, the film, 

the elongated bubble and the gas-liquid interface 

 
1(IV) LS LS S LS LB LB B LB GB GB B GB i i B GB LB

U

S L U S L U S L U S L U U
AL

              (6.62) 

where the shear stresses are calculated from Table 6.1 using Blasius friction factor. 

 

Phase Change 

Term (V) of eq (6.29) 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 

sol./rel.
sol./rel.

gas solubilization/releasehydrate formation

1(V) '''
g g

hyd
hyd

U

dn dn
h hq dt dtAL

    
             

 
 

 (6.63) 

where 
kJ53

molof gashydh   [286] is the enthalpy of methane hydrate formation, and sol./rel. 1600h R   [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 0g

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.

0gdn
dt

  stands for the gas solubilization into liquid, which is also exothermic. 

 

  



 
 
 

168 

Solving the Energy Balance 

Substituting the developed terms (i), (ii) and (II) to (V), that is, eqs (6.31), (6.44), (6.55), (6.60), (6.62) and (6.63), in-

to the energy balance of eq (6.29), and multiplying by the unit cell volume UAL   
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    sol./rel.
sol./rel.

gdn
h

dt

 (6.64) 

This expression is simplified to the following shape 

dTm nT p
dz

   (6.65) 

where 

   ,L L LB B LS S G p G GB B GS S Tc R L R L c R L R Lm AU        (6.66) 

   GS S GB B T GS U GS T G
dPn q R L R L U R L U U A T
dz

        (6.67) 

  sol./rel.
sol./rel.

g g
ext LS LS S LS LB LB B LB GB GB B GB i i B GB LB hyd

hyd

dn dn
p qT S L U S L U S L U S L U U h h

dt dt
            (6.68) 
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 (6.69) 

where the overall heat transfer coefficient of each region .ovh  comes from eqs (6.48) and (6.49), and the heat transfer 

coefficients of the structures with the wall h  are evaluated from Gnielinski’s correlation, Table 6.1, using the actual 

velocities coming from eqs (6.22) to (6.25) and the hydraulic diameters and wetted perimeters coming from Table 6.2. 

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 (6.65) is a first-order, non-
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homogeneous, ordinary differential equation for the mixture temperature in terms of the axial flowline coordinate z , 

which solution for two consecutive nodes is 

   1 expn n
p p nT T z
n n m

   
       

   
 (6.70) 

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. 

 

6.2 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, 1n . The reader should 

refer to Figure 6.1 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 , ,( , )L in G inj j  and the mixture pressure 

( )inP  and temperature ( )inT  at the flowline inlet. Further inputs are the water cut (WC)  when using water-oil 

dispersions (in chapter 7), the flowline geometry (length L , internal D  and external extD  diameters), the 

thermal conductivity of the flowline wall ( )Wk , and the temperature ( )extT  and heat transfer coefficient ( )exth  

of the external medium. 

(ii) The properties of the gas and water phases are evaluated at P&T of each node using a flash coming from NIST 

RefProp [124]. Oil and hydrate properties are kept constant. In the case of an oil-water emulsion or a hydrate-

oil slurry, the properties of the pseudo-liquid phase need evaluation, to be described in chapter 7. 

(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 (6.19) to (6.21). Other available closure reported in literature are summarized in Table A.7, Table A.8 and 

Table A.9. 

(iv) The unit cell geometry (phase fractions and region lengths) comes from the numerical integration of eq (6.13) 

(using trapezoidal rule) until achieving convergence with eq (6.18). Intrinsic parameters for the numerical in-

tegration that vary with the liquid level are: (a) the mean gas fraction in the elongated bubble, eq (6.17); (b) the 

slug and elongated bubble lengths, whereas the unit cell length is constant and comes from eq (6.15); (c) the 

actual velocities of the structures; eqs (6.22) to (6.25); (d) the shear stresses, estimated from Table 6.1; and 

(e) the geometric relationships inside the elongated bubble region, estimated from Table 6.2. 

(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 6.1. 

(vi) The pressure gradient is calculated by eq (6.26). The pressure in the next node 1n  is estimated by eq (6.28). 
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(vii) Terms , ,m n p  and q  of the energy balance are estimated from eqs (6.66) to (6.69). The temperature in the 

next node 1n  is estimated from eq (6.70). 

(viii) If the hydrate formation routine is turned on, then the node is tested for the critical subcooling for onset of hy-

drate formation. If hydrates form, then the growth kinetic and agglomeration models are evaluated using the 

models presented in chapter 4 and 5. 

(ix) The superficial velocities of the phases are updated to node 1n  using eqs (6.2) to (6.5). 

(x) Steps (ii) to (ix) are repeated for node 1n  in order to find P&T and j  of node 2n , and so on, in an up-

wind-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 varia-

tion in properties and slug flow parameters between two consecutive nodes, necessary when finding the solutions for 

P&T, eqs (6.28) and (6.70). 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 7, and the code takes ~ 10 min to simulate slug flow with hydrate growth kinetics and agglomera-

tion 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. Dis-

continuities 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 7); 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 bub-

ble profile of Taitel and Barnea’s [53] 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 [53] algorithm. The 

problem is often solved by changing the initial guess for the film level or by refining the integration step. 

 

6.3 Model Validation 

The steady-state slug flow model was already validated in previous studies of mine [43,78,182] for experimental da-

tabases of air-water flow in small diameter (up to 52 mm-ID) at ambient pressure conditions [314–316], and against 

experimental correlations for the average liquid holdup [317,318], for the pressure drop [70,317] and for the average 

heat transfer coefficient of the mixture [319]. The deviation ranges reported were: (i) ±15% for the temperature gradi-

ent; (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. 
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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 be-

tween 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 SL . For instance, the 

model returns values in the range of 12 30SL D  , which is a rule-of-thumb reported by several experimental studies 

[315,320–322]. 

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 [304,305] 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 [323], and deviations can reach the mark of ±300% [68]. 

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 la-

boratory 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 flow-

lines. 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 aver-

age 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% [57,58,232,324]. 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 pipe-

lines, and pressurized systems (heavier gases). But for the extent of this thesis, no further validation was done regarding 

the previous studies [43,78,182]. The new terms introduced here play a role only at pressurized scenarios (heavier gas-

es), and as datasets for such conditions are not available, those could not be formally validated. The next section dis-

cusses two important aspects: (i) the fact that the new introduced terms give the same results of the previous model 

[43,78,182] for low pressure conditions, therefore the validation done so far extends to this thesis; and (ii) the mecha-

nisms captured by the introduction of these new terms are physically consistent at higher pressure levels. 



 
 
 

172 

 

6.4 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 [43,78,182], 

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 for-

mation, 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 hydrody-

namics and heat transfer. For that, the case scenarios showed in Table 6.3 were simulated for both considering and 

neglecting these new terms, in two system pressurizations (3 and 200 bar), totaling four simulations. No flowline insu-

lation 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. 

 

Table 6.3 – 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 [43,182] 

(no gas terms, no energy dissipation, no solubili-

zation) 

Closure for unit cell translational velocity Bendiksen [185] 

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 Harmathy [309], modified as in Shoham [83] 

(zero for horizontal flow) 

Source: own authorship. 

 

6.4.1 Low Pressure Systems 

Figure 6.6 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 6.6(a), does not present the char-

acteristic exponential asymptote in this simulation because the pipe is too short to reach thermal equilibrium. The pres-

sure drop is linear, Figure 6.6(b). The gas accelerates along the pipeline, Figure 6.6(c), showing that gas expansion 

caused by pressure drop is more important than gas contraction because of mixture cooling in this case scenario. That is 
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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. 

 

Figure 6.6 – Comparison of results when considering (continuous line) and neglecting (dashed line) the new terms 
modeled for the methane-water system at 3 bar of Table 6.3. 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. 

 
Source: own authorship. 

 

The gas molar transfer rate at the gas-liquid interface, Figure 6.6(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 5 410 10 mol/s  , and 

by considering the 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 5 4 m/s~ 5.6 10 5.6 10
s

    . Or yet, for the 2 m/s mixture 

velocity at the inlet, the variation of gas superficial velocity per meter of flowline simulated is 

5 4 m/s~ 2.8 10 2.8 10
m

    . For a flowline of 500 m, this incurs in 2 1~ 1.4 10 1.4 10 m/s     variation of the gas 
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superficial velocity at the flowline outlet. The actual difference of gas superficial velocity variation between both simu-

lations, when considering and neglecting the solubilization term, is of 2~ 1.3 10 m/s  (close to the lower value esti-

mated 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 6.7 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, Figure 6.7(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, Figure 6.7(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 dissipa-

tion and the endothermic nature of gas release are negligible as well. 

 

Figure 6.7 – Competition of (a) momentum and (b) energy balance terms along the pipeline, for the methane-water 
system at 3 bar of Table 6.3. 

 

Source: own authorship. 
 

6.4.2 High Pressure Systems 

Figure 6.8 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 6.8(a,b), although at the 5 km-scale 

of these plots, the variations are not qualitatively considerable. Notice that the methane-water system at 200 bar pre-

sents a gas-liquid density ratio of ~ 13.6%, thus the gas terms are expected to represent only 1/10
th

 of momentum and 

energy balance. For higher pressurizations and/or heavier gases than methane, more drastic variations are expected. It 
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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 [73]. 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 com-

pletely miss the geometric configuration of the flow pattern if ever the mixture starts behaving as a liquid-liquid flow. 

 

Figure 6.8 – 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 6.3. Distributions of: (a) temperature, (b) pressure, (c) gas 
superficial velocity, and (d) molar rate of gas transfer in the gas-liquid interface. 

 
Source: own authorship. 

 

Figure 6.8(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 com-

pressible as for low pressure, thus the gas contraction because of mixture cooling prevails. From Figure 6.8(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 4 310 10 mol/s   range, but the higher values are achieved only at part of the flowline and 

then quickly decrease. At the flowline outlet, the variations in the gas superficial velocity are approximately 
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21.4 10 m/s  , 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. 

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 con-

stant of methane in oil are reported in the order of magnitude of 4
3

mol10
m Pa

 , whereas the ones of water are in the order 

of 5
3

mol10
m Pa

  (values are given in Table 4.1). Figure 6.9 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 6.9(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. Further-

more, in absolute values, the gas transfer rate is one order of magnitude higher for the methane-oil system. In conclu-

sion, the importance of gas solubilization/release is proportional to the affinity between gas and liquid. The gas super-

ficial velocity at the flowline outlet, Figure 6.9(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 sim-

ulations. 

 

Figure 6.9 – 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. 

 
Source: own authorship. 
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In conclusion, the concept of an ideal solution (no heat source term during solubilization or release) is a valid hypothe-

sis to simplify multiphase flow models. 

Figure 6.10 compares the different terms of the momentum and energy balance for the 200 bar case. It is observed 

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 negligi-

ble. 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 propor-

tion between heat transfer with the wall and thermal scooping, for the energy balance. 

 

Figure 6.10 – Competition of (a) momentum and (b) energy balance terms along the flowline for the methane-water 
system at 200 bar of Table 6.3. 

 
Source: own authorship. 

 

Some further testing were done for flowline diameters from 25 to 75 mm, for liquid loadings from 25% to 75%, for 

mixture velocities from 1 to 3 m/s, and for liquid viscosities from 1 to 100 cP. The contribution of the axial momentum 

and energy transfers is found to depend on the following variables, and to stay in the following ranges 

 
recirculation , , 15 45%

recirculation + friction with wall Lf J D    (6.71) 

scooping , , 20 45%
scooping + heat transfer with wall

Ljf J D
J

 
   

 
 (6.72) 

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, 
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the homogeneous model can be majored by an approximately 30% factor in order to improve its results for slug flow 

patterns. 

 

6.5 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 pre-

vious studies of mine [43,78,182]. 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 accelera-

tion 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 [54,57,229] or slug capturing 

[58,178,179]. 

In this section, the discussion will be different than what was published in [43,78,182]. The numerical integration of 

the elongated bubble profile with convergence of the mass balance of the unit cell, eqs (6.13) and (6.18), called Taitel 

and Barnea’s [53] 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 [185], the slug flow frequency [307], and the slug aeration [308], 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 6.3, and tests for different conditions will be introduced in section 6.6. No-

tice 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. 

                                                 

14
 Reminder: a node stands for the update process of fluid properties and acceleration/deceleration of the gas, as the 

P&T solutions are analytical. 
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6.5.1 Sensitivity to the Mixture Velocity 

Figure 6.11 and Figure 6.12 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 6.11(a) shows the behavior of the 

closure correlation for the unit cell translational velocity, coming from eq (6.19) [185]. This empirical correlation cap-

tures 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 6.11(a), higher mixture veloci-

ties imply in higher unit cell translational velocities, in a linear trend. Bendiksen [185] still classifies a different behav-

ior of 0c  and 1c  of eq (6.19) for a critical liquid Froude number of 3.5, however a qualitative change of the linear trend 

is not observed in Figure 6.11(a). The values proposed are for laboratory measurements and conditions closer to indus-

trial application can imply in different drift between phases. 

 

Figure 6.11 – Behavior of closure correlations against the mixture superficial velocity: (a) unit cell translational velocity 
from Bendiksen [185] and (b) slug flow frequency from Hernandez-Perez et al [307]. 

 
Source: own authorship. 

 

Figure 6.11(b) shows a non-linear increase of the slug flow frequency against the mixture velocity, estimated from 

eq (6.20) [307]. Gregory and Scott [325] 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 6.11(b) when 

considering the simulation inputs tested here. The slug flow frequency behavior can be explained in two different man-

ners, herein called weak and strong explanations: 

(i) Weak explanation: faster mixture means faster bubbles, therefore smaller periods of the passing structures, incur-

ring 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 [218]) prior to the evolution of stratified to slug flow. Therefore, more 

perturbations are submitted to Kelvin-Helmholtz instabilities [87], which grow into forming slug bridges [211]. 
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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. 

 

Figure 6.12 – 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. 

 
Source: own authorship. 

 

Figure 6.12 presents the geometry of the slug flow unit cell. At the center (c), it is depicted how the mixture velocity 

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 6.12(a), is observed to have a parabolic 
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form, with a maximum value at a given mixture velocity. The slug length, Figure 6.12(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 param-

eter related to the higher deviations when compared to experimental data. Figure 6.12(d) shows that higher velocities 

incur into higher shear stresses, which cause the aerodynamic shape of the bubble to be thicker, and the average gas 

fraction to increase. Figure 6.12(d) shows the behavior of the liquid fraction coming from eq (6.21) [308]. This expres-

sion 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 [72], 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. 

 

6.5.2 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 6.13(a) shows that the unit cell translational veloc-

ity 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 1c  of eq (6.19), but this is not captured by the empirical expression adopted. 

Figure 6.13(b) presents the sensitivity of the slug flow frequency to the liquid loading, eq (6.20) [307], 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 strat-

ified to slug flow. A depiction of this process is given in Figure 6.14. Higher liquid loadings incur in higher liq-

uid 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 conse-

quent 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 veloci-

ty, 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 [53] model, the concept of ‘bubble rectangularization’ needs to 

be discussed. Figure 6.15(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 gener-

ate different unit cell lengths, and (ii) different elongated bubble lengths, as the truncation of the integration of the elon-

gated bubble profile (mass balance) is different for different liquid loadings. The rectangularization process consists of 
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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 6.15(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 6.13 – Behavior of closure correlations against the liquid loading: (a) unit cell translational velocity from 
Bendiksen [185] and (b) slug flow frequency from Hernandez-Perez et al [307]. 

 
Source: own authorship. 

 

Figure 6.14 – 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 frequen-
cy 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. 

 
Source: own authorship. 
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Figure 6.15 – (a) Influence of the liquid loading in the slug flow unit cell geometry. (b) Same plot after the bubble rec-
tangularization to find the average phase fractions in the elongated bubble region. 

 
Source: own authorship. 

 

 

Figure 6.16 – 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. 

 
Source: own authorship. 
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This is indeed what is observed in Figure 6.16. The higher the liquid loading, the smaller the average gas fraction in 

the elongated bubble, following an approximately linear trend, Figure 6.16(c). The elongated bubble decreases in size 

for higher liquid loadings, Figure 6.16(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, GBR ) decreases. Since these two mechanisms are opposite, then 

Figure 6.16(a) has a curved trend. From Figure 6.16(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 6.16(d) shows that the liquid fraction in the slug body is insensitive to the liquid loading. 

As per eq (6.21) [308], 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 (6.21) [308]. 

 

6.6 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 (6.26) and (6.65), are of straightforward evaluation and depends only on friction factors and heat transfer coeffi-

cients 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 aerody-

namic profile of the elongated bubble. A more straightforward way to evaluate the slug flow geometry for quick engi-

neering 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 ( , , , )T LS driftU freq R U  from eqs (6.19), 

(6.20), (6.21) and (6.24), 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 U TL U freq . 

(iv) Estimation of the elongated bubble length by a correlation (to be presented next). 

(v) Estimation of the average gas fraction in the elongated bubble region from the mass balance in the unit cell, 

eq (6.18), reorganized to the following shape 

 drift LS L
GB GS

B

J U R j
R R

L freq
 

   (6.73) 

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 [53] model) is  
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Table 6.4 – 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 of eq (6.74). 

Parameter Simulated range 

Inner diameter 25 to 75 mm 

Mixture velocity 1 to 4 m/s 

Liquid loading 20 to 80% 

Pressure 3 to 200 bar (that is, gas density from 1 to 130 kg/m
3
) 

Liquid density 800 to 1000 kg/m
3
 (oil to water density) 

Liquid viscosity 1 to 10 cP (water and some light-to-medium viscous oils) 

Other parameters and closure correlations Kept the same as Table 6.3 

Total number of simulations 5318 

Source: own authorship. 

 

 

Figure 6.17 – 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. 

 
Source: own authorship. 

  

 n
Lj

J
 

  
 

 2
1 2c J c J 

 pD
 m

L



 
 
 

186 

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 6.4. 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). 

Figure 6.17(a) show the dimensionless elongated bubble length BL D  against the liquid loading, which is described 

by a power scale of 

n
Lj

J
 

  
 

, with 0n  . Secondary scatterings come from different mixture velocities, flowline di-

ameters and liquid viscosities. This is presented in Figure 6.17(b-d), where the x-axis represents each one of these pa-

rameters, 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 6.17(b-d) do not represent the entire dataset of 5318 simulations, but they are sufficient 

to indicate the parabolic scale against the mixture velocity 2
1 2c J c J  , with a downwards concavity; the power scale 

against the diameter pD , with 0p  ; and the power scale against the liquid viscosity m
L , with 0m  . 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 

 2
1 2

n
m pB L
L

L jC D c J c J
D J


 

  
 

 (6.74) 

where 0.832C  , 1.69n   , 0.04m   , 0.31p  , 1 17.82c   and 2 3.23c   represent fairly well the scales for the 

simulation database created with Table 6.4
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. 

Figure 6.18 shows that eq (6.74) presents similar results to the Taitel and Barnea’s [53] model, inside a deviation 

range of approximately ±30%. This range could be decreased by considering further scales inside eq (6.74), 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 (6.74) will also present discrepancies. That is, extrapolated scenarios (larger diameters, viscous liq-

uids, higher pressures) still require comparison with experimental data. Other suggestion for the future is to fit eq (6.74) 

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. 

  

                                                 

15 Credits for coding the fitting procedure using Matlab go to PhD(c) Rafael Fabrício Alves. 
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Figure 6.18 – Comparison of the proposed correlation for the dimensionless elongated bubble length, eq (6.74), against 
the simulation database using Taitel and Barnea’s [53] model. The conditions tested are presented in Table 6.4. 

 
Source: own authorship. 

 

Contributions of Chapter 6 

In chapter 6, 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 (6.74). This correlation substantially simplifies the solu-

tion 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. 
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7 SIMULATOR OF GAS HYDRATE FORMATION INSIDE 

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 3), the mathematics of growth kinetics (chap-

ter 4) and agglomeration (chapter 5) for oil-continuous systems, the mathematics of multiphase flow (chapter 6), and 

the available closure correlations (chapter 2 and appendix A). The models of growth kinetics, agglomeration and multi-

phase flow considering oil-dominant systems were validated against laboratory experiments, but there is still an im-

portant 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 indus-

try. Equation Chapter (Next) Section 1 

This chapter is therefore focused to answer one question: by coupling these multidisciplinary, multiscale availa-

ble/developed models, with the currently available closure values/correlations, what are the trends that can be cap-

tured? 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 man-

agement strategy in oil and gas production operations. In other words, to understand which situations are most likely to 

avoid plugging. 

 

7.1 The Simulator of Hydrate Formation inside Multiphase Flow 

Figure 7.1 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 proper-

ties of the phases and in intrinsic parameters of the multiphase flow and gas hydrates, as already discussed in chapters 4 

to 6. 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 trans-

fer) and the agglomerate size evolution (population balance). These equations were derived from chapter 4 to 6 and are 

summarized below. 
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Figure 7.1 – Depiction of the inputs, outputs and closure values of the simulator of gas hydrate formation and agglom-
eration inside multiphase flow. 

 
Source: own authorship. 
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For the temperature 
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with 
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For the gas consumption during hydrate formation 
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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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 (5.53) 

Several intermediary steps were discussed in the previous chapters, such as the estimation of the gas concentration in 

the bulk bC , the estimation of the linear outer growth rate G , and the estimation of the shear stresses of the slug flow 
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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 6.1 and the exact step-by-step of the 

use of the equations was discussed in section 4.1.5 for growth kinetics, in section 5.1.1 (subsection: final shape of the 

population balance) for agglomeration, and in section 6.2 for multiphase flow. The difference against what was present-

ed 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 ag-

glomerating 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

zt
U


   (7.2) 

where z  is defined by the user and TU  depends on the mixture velocity at each node [185]. 

Finally, let’s define the water conversion into hydrates as 

 ,

,

Conv w in w z

w in

j j
j


  (7.3) 

where ,w inj  is the water superficial velocity at the flowline inlet, and  w zj  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 

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. 

 

7.1.1 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 [187] is suggested, and several others are presented in Table A.11 
1

WC 1
n m

o o

w w

 

 



    
     
     

 then oil is the continuous phase (7.4) 

where     is the kinematic viscosity and the pairs        ; ;, 0.37,0.3 1,0.4 1,0.5n m   are suggested in [187]. For 

the default case that will be used in this chapter, where 0.85o w    and 11.8o w   , the water cut of inversion 

occurs at 25 to 35% water cut. The default case presents 30% water cut, therefore close to transition. But one should 

notice that an ambivalent region of phase inversion exists, where neither the water nor the oil can be said to be the con-

tinuous phase. The gas hydrate model holds as long as the gas is absorbed by the oil and then distributed to each parti-

cle, and as long as the hydrate particles are inside of the oil phase in order to form liquid bridges after their contact, if 

wet. 
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The initial particle size for the agglomeration model is considered to be equal to the water droplet size prior to the on-

set of formation. The model of Brauner [160] is suggested, which stands for the maximum droplet diameter and pre-

sents the shape 

max We Ren m
c c

d C
D

  (7.5) 

where , ,C n m  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 Table A.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 Rec c c cU D   and captures the 

competition between inertial and viscosity effects on the droplet formation. The Weber number of the continuous phase 

is 2
/Wec c c o wU D   and captures the 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 0n  . 

From the experiments of Kakitani [40], shown in chapter 5, the hypothesis of particle size in the same order of mag-

nitude 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 [129], 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 [40] 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 ex-

pected to hold for high mixture velocities and low water cuts. Better comprehension of the initial particle size is neces-

sary 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 equi-

librium temperature of gas-water-hydrates 

eq onsetT T T   , then the onset of hydrate formation is achieved (7.6) 

and a fixed value of 6 KonsetT   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 vis-

cosity is estimated from Frankel and Acrivos [255] as 
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 (7.7) 

where WC  is the water cut, that is, the volumetric fraction of water droplets in the water-in-oil dispersion. This corre-

lation considers the intrinsic viscosity of 5/2 of Einstein [93,94] that holds for non-interacting, small spheres, and fur-

ther considers that the water inside the droplets present internal flow that decrease the stresslet, comparatively to the 
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rigid particles of Einstein. Frankel and Acrivos’ [255] 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 bub-

bles in the slug region, a further viscosification shall be considered, and Frankel and Acrivos’ [255] model is adopted 

again in the form 

/
/
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 (7.8) 

where GSR  is the gas fraction in the slug. In chapter 6, Gregory et al [308] was employed for GSR . 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 [74,326] is adopted, as it 

comes from a descriptive modeling of the energy furnished by the turbulent flow (Hinze’s [241] theory) against interfa-

cial energy when gas is released to the slug 
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 (7.9) 

where the friction factor is estimated from Blasius as 0.20.046 Ref  , with Re L LJD  . 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 [256] is used to determine the ap-

parent viscosity of the hydrate-in-oil slurry 
 max

3
/

max

1h o o
M  

 




 
  

 
 (7.10) 

where 3M  is the particle volumetric concentration inside oil, coming from the population balance, eq (5.31), max  is 

the maximum packing factor (0.64 for randomly packed, monodispersed, spherical particles), and    is the intrinsic 

viscosity (5/2 for spherical particles). Krieger and Dougherty’s [256] 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 viscosi-

ty is expected to decrease [251], thus the use of Krieger and Dougherty’s [256] 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 7.3.5). 

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

neous analysis as 
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 (7.12) 

where 0hj   before the onset of formation. Notice that eq (7.11) complies with the mass balance, whereas eq (7.12) 

complies with the energy balance. The thermal conductivity of the pseudo-liquid phase is the one of the continuous 

phase L ok k , as what matters is the contact with the wall. The gas-liquid interfacial tension is the gas-oil one, 

/ /G L g o  . 

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 decelera-

tion 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 veloci-

ties, 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 data-

base for gas hydrates. In this chapter, a scale analysis on the order of magnitude of agglomeration is done as an indica-

tion of possible partial restrictions, to be discussed in sections 7.3.4 and 7.3.5. A proposal on how to couple the model 

with critical settling velocity correlations will be discussed in chapter 9. 

 

7.2 Trends Experimentally Observed in Literature 

Literature mainly reports results for the temperature and for the gas consumption (or water conversion) when hy-

drates form [19,20,47,132,205,21,22,24,31,40–42,46]. The plot is usually against time, but it is also representative of 

the distance along a flowline. Figure 7.2(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 con-

stant 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 4, the sealing of the particle incurs in a de-

creased 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. 

Figure 7.2(b) presents the two distinct trends of the mixture temperature, and a third combined one: 

(i) Mixture reheat with a temperature plateau: occurs when the outer medium cannot absorb all the heat release be-

cause 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 re-

lease because of hydrate formation. It occurs in pressure cells, where the volume is small and the cooling jackets 

are efficient. 
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(iii) Combined trend: the mixture reheats after the onset of formation, but afterward starts distancing from the equi-

librium 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 behav-

iors happen. 

 

Figure 7.2 – 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 tem-
perature can (i) reheat considerably and reach a temperature plateau close to the hydrate formation equilibrium condi-
tions (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 con-
ditions. 

 
Source: own authorship. 

 

7.3 Default Case and General Trends Captured by the Simulator 

Table 7.1 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 7.1. 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, numeri-

cal 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. 
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Table 7.1 – 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 
diameter 

75 mm, 150 mm - 

Flowline length and in-
clination 

30 km, horizontal - 

Mixture velocity at the 
inlet 

1 m/s 0.75 to 1.75 m/s 

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 (18oC) - 
External medium temper-
ature and heat transfer 
coefficient 

277.15 K (4oC), 100 W/(m2K) - 

Thermal conductivity of 
the wall 

0.3 W/(m2K) (insulated) 0.1 to 30 W/(m2K) (differ-
ent levels of insulation vs 
without insulation) 

Equilibrium temperature 
and pressure of hydrate 
formation a 

5

P245.5 8.78ln
10eqT  

   
 

 

 523.4 10 exp 0.114( 273.15)eqP T    

- 

Critical subcooling for 
the onset of formation 

6 KonsetT    3.6 to 9 K 

Enthalpies of phase 
change [85,286] sol./rel.

kJ53 , 1600
molof gashydh h R   

 

- 

Methane and water prop-
erties 

Evaluated from NIST RefProp [124] at P&T of the node - 

Oil properties (constant 
with P&T) 3

kg J W850 , 10 cP , 1800 , 0.3
kgK mmo o o oc k      

- 

Methane hydrate proper-
ties [286] 

3 3918.1kg m , 17.7 10 kg molh hM     
J2250 , 6

kgKhc    

- 

Gas diffusivities [288] 9 21.24 10 m /s , 10w o wD D D    - 
Henry’s constants 

b 
5

3

1 1 mol1.4 10 exp 1600
m PawH

T T
     

            
4 32.7 10 mol/(m Pa)oH    

o wH H  

Source: own authorship. Notes: a 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 298.15KT  , valid for 

 20KT T   for methane in water. 
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Table 7.1 (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 

2
/ 4.97 10 N/mw o    Reduction of up to 40% (in 

order to mimic surfactant 
additives) 

Oil-water–hydrate wetted 
angle (water side) 

o
/ / 60o w h   - 

Specific absorption coef-
ficient 

/ 2 -11 10 sabs g b

b

k A
 


 

4 -15 10 s  to
 

2 -11 10 s  

Constant of proportion-
ality for crystal integra-
tion 

11 24.1 10  mol/(m sPa)ik    One order of magnitude 
lower and higher 

Initial surface porosity of 
the particle 

60%in    60 to 90% 

Capillary radius 500 nmcr    100 to 1000 nm 
Birth-to-death ratio of 
capillaries 

31 8 10     One order of magnitude 
lower and higher 

Porous medium parame-
ters 

 

0.0195, 0.02
1 0.02exp 15T

   
     

 
- 

Efficiency of particles 
interacting with the bulk 

0.15p   0.03 to 1 

Closure for the agglom-
eration model 

1 2 40.262, 0.113, 9K K g      - 

Closure for unit cell 
translational velocity 

Bendiksen [185] - 

Closure for slug flow 
frequency 

Hernandez-Perez et al [307] - 

Closure for liquid frac-
tion in the slug body 

Barnea and Brauner [74,326] - 

Closure for gas-liquid 
drift velocity 

Harmathy [309], modified as presented in Shoham [83] 
(zero for horizontal flow) 

- 

Oil-water and gas-liquid 
apparent viscosity 

Frankel and Acrivos [255] - 

Hydrate-oil apparent 
viscosity 

Krieger and Dougherty [256] - 

Source: own authorship. 

 

The goal of the default case is to show: (a) an asymptotic water conversion, with asymptote far from 100% (as com-

monly 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 ca-

pillary 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 4, 5 and 6. 
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7.3.1 Flow Pattern 

Figure 7.3 presents the default case plotted inside the gas-liquid flow map of Barnea [74]. 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 ( 0)GSR  . The flow map is plotted for the inlet condi-

tions, 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 [255], and when hydrates 

form the slurry can achieve the mark of ~ 50 cP [256]. The case of 50 cP of liquid viscosity is plotted by the dashed 

lines in the zoom of Figure 7.3, 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. Un-

less 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 oil-

continuous phase) can be coupled to the hydrate growth kinetics and agglomeration models developed in this thesis. 

The analysis will proceed considering the plug/slug flow pattern. 

 
 
Figure 7.3 – Default case (red line) plotted inside the gas-liquid flow map of Barnea [327], 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. 

 
Source: own authorship. Credits also go to Dr. Cristiane Cozin, who coded the software with the transition criteria. 
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7.3.2 Temperature Distribution 

Figure 7.4 presents the temperature distribution along the pipeline. The gray dashed line represents the equilibrium 

temperature of hydrate formation, coming from equilibrium models [4–7] 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 re-

heat of the mixture caused by the exothermic nature of hydrate formation. The heat release is higher right after the on-

set, 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 

with the wall, and the fact that the active surface decreases during crystallization, causes the mixture temperature to 

slowly distance from the equilibrium. 

 
Figure 7.4 – Temperature distribution along the flowline (default case). 

 
Source: own authorship. 

 

7.3.3 Water Conversion 

Figure 7.5(a) presents the water conversion into gas hydrates along the flowline. It presents an asymptotic trend, ex-

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 7.5(b). Agglomeration also plays a role into decreasing the total interfacial surface between particle and bulk. 
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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 7.4. 

 
Figure 7.5 – (a) Water conversion and (b) surface porosity of particle along the flowline (default case). 

 
Source: own authorship. 

 

7.3.4 Agglomerate Size 

Figure 7.6 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 

agglomeration process ends, reaching a stable agglomerate diameter. Actually, if the plot is zoomed in, it can be ob-

served that the agglomerate still increases in size because of outer growth. Notice that, when the particle is dry, all wa-

ter 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. 

Several models for the settling of slurries exist, as presented in Table A.12. By using those, one can predict if a cer-

tain 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 9. Here, a scale analy-

sis between the agglomerate and flowline diameters is done in order to establish some limiting values. 

 Limit I: 10%pd
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. 
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 Limit II:  O 30%pd
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. 

 Limit III:  O 50%pd
D

  (in the order of 50%) or higher stands for imminent plugging. In this case, the agglom-

erates 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. 

 

Figure 7.6 – Agglomerate size evolution along the flowline (default case), against the proposed limits I, II and III for 
safety alert. 

 
Source: own authorship. 

 

7.3.5 Pressure Drop 

Figure 7.7(a) presents the pressure distribution along the flowline. The inclination of the straight dashed line, in gray, 

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: 

(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 7.8(a). In a macro-scale, this is often interpreted as an apparent vis-

cosity of the phase. 

(ii) Partial restrictions: as particles agglomerate, apparent weight forces start prevailing over the lift forces that dis-

perse the particles, so they start settling down. Beds are formed, causing cross sectional restrictions, as depicted 

in Figure 7.8(b). This explains much higher head losses than viscosification [226]. 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. 
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Figure 7.7 – (a) Pressure and (b) apparent viscosity of the dispersion along the flowline (default case). 

 
Source: own authorship. 

 

 

Figure 7.8 – 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 vis-
cosity 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. 

 
Source: own authorship. 
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The viscosification process (i) is captured by the use of closure correlations for the apparent viscosity, as plotted in 

Figure 7.7(a). Prior to the onset of formation, the oil-in-water dispersion viscosity is estimated from Frankel and 

Acrivos [255], eq (7.7). After the onset of formation, the semi-empirical model of Krieger and Dougherty [256] is used 

to determine the hydrate-in-oil slurry viscosity, eq (7.10). 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 [259], which is a variant of Krieger and Dougherty [256], which in turn is expanded from Einstein’s 

[93,94] and Batchelor’s [95,254], 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, dou-

blet 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 apparent viscosity of the slurry is actually reported to decrease for larger particles [251] 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., 

[28,35,51,328], 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 re-

strictions, 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 mod-

eled). 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 com-

munity. 

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’ [255] and Krieger and Dougherty’s [256] models, as they stand for small particles. Nonetheless, it is seen in 

Figure 7.7(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 recent-

ly published by Di Lorenzo et al [249] 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. 
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7.3.6 Velocities 

Figure 7.9(a) presents the evolution of the gas superficial velocity along the flowline. Four mechanisms act on accel-

erating or decelerating the gas 

(i) The mixture cooling along the flowline acts on contracting the gas, thus decelerating it. 

(ii) The head loss along the flowline acts on expanding the gas, thus accelerating it. 

(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 7.9(a), it is observed that the gas is mainly accelerated prior to the onset of hydrate formation. An im-

portant 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 im-

portant 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. Mecha-

nism (ii) (pressure drop expands the gas) has approximately the same order of magnitude along the entire pipeline, as 

the pressure drops linearly, Figure 7.7(a). 

 

Figure 7.9 – (a) Gas superficial velocity and (b) other velocities (default case), evidencing that gas behavior is key to 
understand accelerations and decelerations along the pipeline. 

 
Source: own authorship. 

 

To understand mechanisms (iii) and (iv) (phase change), the molar transfer rate of gas in the gas-liquid interface 

/
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dn
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 is plotted in Figure 7.10. It is defined as positive when gas is released from the continuous phase, thus acceler-

ating the gas, and already considers the gas consumption caused by hydrate formation. As already discussed in chap-

ter 6, 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 
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agglomeration process have not occurred yet). A steep dive in 
/

g

G L

dn
dt

 is observed, which explains the deceleration of 

the gas found in Figure 7.9(a). 

Finally, variations in the gas superficial velocity act on accelerating or decelerating the mixture as a whole, as plotted 

in Figure 7.9(b). Therefore, any other velocity that depends directly on the mixture velocity, such as the unit cell trans-

lational velocity TU , the liquid slug velocity LSU , the liquid film velocity LBU , and the elongated bubble velocity GBU , 

present the same trends of the gas superficial velocity, and are explained by the same mentioned mechanisms (i) to (iv). 

 

Figure 7.10 – Molar rate of gas transfer in the gas-liquid interface (default case). 

 
Source: own authorship. 

 

7.3.7 Prevailing Phenomena in Momentum and Energy Balances 

Figure 7.11 presents the competition between the terms of the momentum and the energy balances along the flowline. 

For the momentum balance, Figure 7.11(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. 

Figure 7.11(b) presents the energy balance terms. Before the onset of formation, the sensitive heat of the mixture 

(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 domi-

nated 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 7.11(a), estimated from Blasius), whereas the one of the film drops below 2300 during the onset. The laminar 
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solution for developed single-phase flows introduce a steep discontinuity in the heat transfer coefficient, estimated from 

Gnielinski’s [234] correlation for Reynolds close to 3000 or higher. 

 

Figure 7.11 – Competition of phenomena in momentum and energy balances along the flowline (default case). 

 
Source: own authorship. 

 

As already discussed in chapter 6, 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 [234] correlation was adopted even for Reyn-

olds 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. Advanc-

ing 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 ki-

netics already achieved their asymptotes, and where the mixture is close to thermal equilibrium with the external medi-

um, 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. 
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7.4 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 

[19–22,31]), 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 mix-

ing 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 [41,42,46,47,50,130,205,264,300,329] and are able to capture some of the aforementioned phenomena. 

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 7.12, 

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 

reactor scenario” and is plotted as a gray line in Figure 7.13. The water conversion is asymptotic because of the particle 

sealing-up process. 

 

Figure 7.12 – Schematics of the limiting steps of hydrate formation in a flowline, compared to the commonly studied 
pressure cell apparatus. 

 
Source: own authorship. 

 

When the energy balance is turned on, red line of Figure 7.13, 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. 
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Figure 7.13 – 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 exper-
iment, 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. 

 
Source: own authorship. 

 

When the momentum balance is turned on, blue line of Figure 7.13, 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 closet  derived in chapter 4. When the agglomeration process is turned on, black line of 

Figure 7.13, 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 equi-

librium one. The black line of Figure 7.13 represents the default case analyzed in section 7.3 and captures the simulta-

neous 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. 
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7.5 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 7.1, 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 7.1. The aim is to under-

stand which design parameters influence the temperature distribution, the water conversion and the agglomerate diame-

ter evolution along the pipeline, and to discuss the coupled mechanisms that explain such interactions. 

 

7.5.1 System Pressurization 

Figure 7.14 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 7.14(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 for-

mation, incurring in increased heat transfer with the wall. As a consequence, for smaller pressures, the temperature 

plateau trend is more pronounced. 

Figure 7.14(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 7.14(a). The system still remains 

mass transfer-limited, with a similar asymptotic trend of the water conversion. 

Figure 7.14(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, alt-

hough 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 [124], 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 how-

ever 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 7.14(c), higher pressure incurs in higher agglomeration rate. As was discussed from Figure 5.7(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 7.14(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 7.6. 
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Figure 7.14 – 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. 

 
Source: own authorship. 

 

7.5.2 Flowline Insulation 

Figure 7.15 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 1 W/(m K)wk   , and compared to the case 

of a non-insulated flowline, where 30 W/(m K)wk    stands for the thermal conductivity of steel. 

Figure 7.15(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-

perature (called temperature plateau), whereas lower or none insulation relate to trend (ii) of temperature (insensitivity 

to heat release). From Figure 7.15(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 drasti-

cally changes even after the onset of hydrate formation. 

Figure 7.15(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 
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(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 com-

pany 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 7.15. This is further discussed in section 7.6, called synergetic effects, and the 

simulator is not yet prepared for such interactions. 

 

Figure 7.15 – 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. 

 
Source: own authorship. 

 

7.5.3 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 
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those are unknown and beyond the capacity of prediction of the simulator (more is discussed in section 7.6). Additives 

have two main categories 

(i) Thermodynamic inhibitors, usually consisting of salts and alcohols that act at displacing the equilibrium enve-

lope 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 anti-

agglomerant 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 necessari-

ly 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 confiden-

tiality. 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 7.16 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 3, 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 decom-

position of the force created by the oil-water interfacial tension in the axial direction of the capillary, that is, 

/ / /coso w o w h  . 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 7.16(a) shows that the temperature is overall insensitive to the lowering of oil-water interfacial tension. From 

Figure 7.16(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, auto-
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regulate the crystallization because of particle competition into depleting the gas of the bulk (discussion upon p  in 

chapter 4 and 5). 

 

Figure 7.16 – 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. 

 
Source: own authorship. 

 

Figure 7.16(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 [160] model, eq (7.5). The kernel of 

agglomeration (proportional to the rate of increase of the agglomerate size, that is, the inclination of curves in Figure 

7.16(c)) was seen to decrease with the use of surfactant additives in Figure 5.7(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 Figure 7.16(c) present more or less the same inclination 

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 5 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 5), 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 
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direction for engineers to refine their search for better additives, oppositely to the trial-and-error tests nowadays em-

ployed. 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 descrip-

tion should be enhanced in the future. 

 

7.5.4 Mixture Velocity 

Figure 7.17 and Figure 7.18 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 ve-

locity 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 pres-

sure dropped close to 40 bar yet far from the flowline outlet, as observed in Figure 7.17(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 7.17(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. 

 

Figure 7.17 – Model sensitivity to the mixture velocity for: (a) pressure and (b) evolution of gas superficial velocity 
along the pipeline. 

 
Source: own authorship. 

 

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 [53]), 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 consid-

ered unlikely to happen, keeping in mind that this steep increase of the gas superficial velocity comes from a bad behav-
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ior 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. 

 

Figure 7.18 – Model sensitivity to the mixture velocity for: (a) temperature, (b) water conversion and (c) agglomerate 
diameter. 

 
Source: own authorship. 

 

Therefore, the mixture velocity affects considerably the equilibrium temperature of hydrate formation, as it is directly 

dependent on pressure. Figure 7.18(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 

7.18(a) of the mixture temperature before the onset of formation may appear counter intuitive, as higher velocities pre-

sent 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 
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the one at 1.5 m/s have only 5h30min, therefore a decreased residence time to exchange heat. The residence time-

mechanism 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 7.18(b) presents the sensitivity of the water conversion to the mixture velocity. Smaller mixture velocities in-

cur 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 7.6. 

Figure 7.18(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 [160] model, eq (7.5), 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, high-

er mixture velocities incur in higher disruption rates, therefore decreasing the agglomeration rate. Of course those high-

er mixture velocities also imply in higher collision probabilities, but as already discussed from Figure 5.7(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 7.18(c) related to “a dis-

tance 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. 

 

7.5.5 Liquid Loading 

Figure 7.19 and Figure 7.20 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 

LL L

inlet

j
J

 . 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 7.19(a), but not as drastic as 

the mixture velocity. Higher pressure drops occur for higher liquid loadings, explained by higher ratios between the 
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slug and unit cell lengths, as shown in Figure 7.19(b). Since the slug bodies present higher friction than the elongated 

bubbles, then the higher the S UL L  ratio, the higher the head loss along the pipeline. 

 

Figure 7.19 – Model sensitivity to the liquid loading for: (a) pressure and (b) ratio between slug and unit cell lengths. 

 
Source: own authorship. 

 

Figure 7.20 – Model sensitivity to the liquid loading for: (a) temperature, (b) water conversion and (c) agglomerate 
diameter. 

 
Source: own authorship. 

 

For hydrate formation, this incurs in the decrease of the equilibrium temperature, as plotted by the dashed lines in 

Figure 7.20(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 7.20(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 
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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/sw inj  , whereas the case of 30% of 

liquid loading at 30% water cut incurs in , 0.09 m/sw inj  , values that are used as base to estimate the water conversion, 

eq (7.3). 

Figure 7.20(c) presents the sensitivity of the agglomerate size evolution against the liquid loading. Higher liquid load-

ings 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-

nally, the time taken for the particle to dry out is higher for higher liquid loadings, but is not as important as the de-

crease in the kernel of agglomeration. Therefore, higher liquid loading incurs in smaller stable agglomerates. 

 

7.5.6 Water Cut 

Before analyzing the sensitivity results to the water cut, one should notice that the mathematics developed in chap-

ter 4 and 5 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 ki-

netics and agglomeration modeling, then further modeling is necessary for the water-continuous systems. 

Figure 7.21 and Figure 7.22 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 

ratio between the volumetric flow rate of water to the ones of water and oil, and defined as WC w

w o

j
j j




). 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%. Fig-

ure 7.21(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 (7.7) and (7.10), 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 7.21(b). Therefore, the equilibrium temperature for hydrate formation is practi-

cally the same for all water cuts considered, Figure 7.22(a). Still from Figure 7.22(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))w oc c    . 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 
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higher, Figure 7.22(b). For the 1 m/s mixture velocity and 50% liquid loading, , 0.15 m/sw inj   when 30% water cut, 

whereas , 0.05 m/sw inj   when 10% water cut, incurring smaller water conversions for higher water cuts when using 

eq (7.3). Another way to explain this mechanism is that, the smaller the water cut, the smaller the available water vol-

ume to form hydrates, and since growth kinetics is a surface problem (occurring close to the outer surface of the parti-

cle), then higher water conversions are achieved. 

 

Figure 7.21 – 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). 

 
Source: own authorship. 

 

Figure 7.22 – Model sensitivity to the water cut for: (a) temperature, (b) water conversion and (c) agglomerate diameter. 

 
Source: own authorship. 
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Figure 7.22(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 [160] droplet size model. After the onset of formation, the agglomera-

tion 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 [40] database. Although 

only 10% water cut cases were explored from her database in chapter 5, she showed that all experiments in the rock-

flow 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. 

 

7.6 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 micro-

scale 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 ik  also holds only for a certain range of subcooling. Therefore 

 additives, salt, gas andoilcompositions, , ,ik f P T T   (7.13) 

A way to enhance the model is by the use of a crystallization law based on chemical potential, which is an en-

ergetic approach and therefore expected to be more reliable than fugacity [102]. This should remove the influ-

ence of the thermodynamic state ( , , )P T T  on the numerical value of ik . 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 (2.7), instead of the linear Henry’s law adopted in this thesis, eq (2.8). 

(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 pro-

cess [13]. In the same way, the capillary radius ( )cr  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 
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related to the crystal integration process ik . Because the growth velocity plays a role in the porous medium of 

the crystal, then ik  is also important into determining the porous medium. That is, all synergetic effects of sys-

tem chemistry on ik  play a role as well on the porous medium parameters. Therefore 

 , , , additives, salt, gas and oilcompositions,in cr f T      (7.14) 

(iii) 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 ok A  , 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 turbulenceabs g o

p L L
o

k A
f f J     


 (7.15) 

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 

/( )abs g o ok A  -parameter could be estimated, in the future, from CFD of the convective problem using as bound-

ary condition for the mass transfer an interface with known concentration (the saturation of gas inside liquid, hy-

pothesis 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 straight-

forward to implement them in the simulator proposed in this chapter. An attempt of modeling one synergetic effect was 

done in chapter 5, where the porous medium interconnectivity was linked to the subcooling by a sigmoid function, 

eq (5.62). This synergetic effect proved able to capture the agglomeration trends of the experiments of Kakitani [40] in 

chapter 5, 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 trans-

fer of gas from the gaseous free phase up to the active surface of crystallization. In the literature applied to water-

continuous 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 [13,22,31]. 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, 
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as porosity decreases, the water permeation process gets slower until a point where liquid bridges are avoided, ceasing 

agglomeration. That is, the ik -value has an important influence on the time-scales for both capillary closure ( )closet  

and for the particle to dry out ( )dryt , eqs (4.23) and (5.63). 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 (me-

thane), as summarized in Table A.1. As already discussed in chapter 4, 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 7.23 – Model sensitivity to the constant of proportionality of crystal integration ik  for: (a) temperature, (b) water 
conversion, (c) agglomerate diameter and (d) surface porosity of the particle. 

 
Source: own authorship. 

 

Figure 7.23 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 ik  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 ik , the particle surface porosi-

0 5 10 15 20 25 30
Position [km]

0

10

20

30

40

50

W
at

er
 c

on
ve

rs
io

n 
[%

]

ki = 4.1x10-10 mol/(m2.s.Pa)
ki = 4.1x10-11 mol/(m2.s.Pa)
ki = 4.1x10-12 mol/(m2.s.Pa)

0 5 10 15 20 25 30
Position [km]

0

5

10

15

Ag
gl

om
er

at
e 

di
am

et
er

 [m
m

]

Limit I

0 5 10 15 20 25 30
Position [km]

280

285

290

Te
m

pe
ra

tu
re

 [K
]

0 5 10 15 20 25 30
Position [km]

0

10

20

30

40

50

60

Su
rfa

ce
 p

or
os

ity
 [%

]

(c)

(a) (b)

(d)

ki

ki

ki



 
 
 

223 

ty remains open for longer times (d), thus the system toggles to absorption-limited, presenting a linear water conver-

sion (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 ik -synergetic effects should be given priority in future experimental studies. 

Figure 7.24(a,b) shows the model sensitivity to the initial surface porosity of the particle in . Particles with higher ini-

tial 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). 

 
Figure 7.24 – 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 sensi-
tivity to the capillary radius ( )cr . 

 
Source: own authorship. 

 

Figure 7.24(c,d) shows the model sensitivity to the capillary radius cr . Larger capillary radius incurs in higher time-

scales 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 
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chapter 4 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 mathe-

matical 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 polydisper-

sivity of the capillary radii. For the temperature distribution, no important effect to different capillary radii was found 

(not shown here). 

Figure 7.25 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 (4.29), 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, Figure 7.25(a), and causing particles to dry out faster, 

Figure 7.25(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. 

The influence of the efficiency of particles interacting with the bulk p  is presented in Figure 7.25(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 inter-

face do not receive a driving force as important as the ones close to it. The p -parameter shall not be confused with the 

absorption coefficient absk , as absk  relates to the 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 4 and 5, 0 1p  , 

where relatively small values in the order of 0.03 0.15p   were found for the database fitted. This database is relat-

ed to large distances to the gas-liquid interface (flow loop of chapter 4) and to low agitations (gravity-induced flow of 

the rock-flow cell of chapter 5), which explains the small values found for p . But this value is expected to be appa-

ratus-dependent, and therefore the whole range of 0 1p   is possible in real application. Figure 7.25(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 7.25(c). The cases of 

0.6p   show a temperature plateau behavior close to the equilibrium conditions, considerably decreasing the sub-

cooling, 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). 
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Figure 7.25 – 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 . 

 
Source: own authorship. 

 

Figure 7.26 presents the model sensitivity to the specific absorption coefficient /( )abs g o ok A  , ranging from the de-

fault value of 2 11 10 s  , representative of highly agitated convective mass transfer, to lower values of 4 15 10 s   

representative of diffusive mass transfer, see Table A.3. Methane has solubility in oil of one order of magnitude higher 

than in water, where 17o wH H  for the default case. As discussed in chapter 4, the oil therefore acts as a gas distribu-

tor 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 7.26(a). Notice 

that this neglects the effects of the spatial gas distribution in the continuous phase and the competition of gas consump-

tion between particles. A synergetic effect may arise from this, but it is not captured by the model, as p  is kept con-

stant for all simulations of Figure 7.26. 

As the gas solubility in oil is lowered, reaching the same order of magnitude of the solubility in water, o wH H , 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 
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converge to absorption-limited results. But it is known from 100% water cut systems [22,24,31] 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 7.26 – Sensitivity of water conversion to the gas affinity with the oil-continuous phase, expressed in terms of the 
Henry’s constant ( )H , and of the specific absorption coefficient of gas by the bulk /( )abs g o ok A  . 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 [22,24,31]. 

 
Source: own authorship. 

 

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 nm3, because of computer limitations. In turn, such small volumes cannot be meas-

ured experimentally, and there is a gap in between size-scales predicted by model and experiments, incurring in diffi-

culties of fitting. Furthermore, from Kashchiev and Firoozabadi [15,17], it is clear the importance of controlling impuri-

ty 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 be-

have stochastically (stochasticity naturally occurs in the clustering process before reaching the critical nuclei size, but 

that is not the case here). Joshi [47] discusses some synergetic effects of macro-scale conditions (P&T, flow hydrody-

namics) in the critical subcooling for onset of formation, which partially presents a deterministic trend (notice that, even 

stochastic phenomena have general deterministic trends [29]). 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. 
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Figure 7.27 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 [130] to values of 9 K. Kashchiev and Firoozabadi [15] dis-

cusses 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 ~ 15oC, and that the 

minimum ocean temperature is 4oC (temperature of inversion of the behavior of water density, where heat transfer tog-

gles from advective- to diffusive-dominant). Figure 7.27 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 con-

version and agglomeration trends (not shown here). 

 

Figure 7.27 – Model sensitivity to the critical subcooling for the onset of formation. 

 
Source: own authorship. 

 

Contributions of Chapter 7 

In chapter 7, 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. Mod-

el sensitivity was thoroughly tested to the main flowline design parameters. The simulator shows able to capture the 

main trends reported in literature, Figure 7.2. The discussion of when the model is expected to fail and which (empiri-

cal) quantifications are still necessary prior to application of the simulator in industry are given in section 7.6. Chap-

ter 7 accomplishes with the scientific objective of the thesis, which is “to enhance comprehension of gas hydrate for-

mation inside multiphase flow, in a quantitative way and considering multiscale, multidisciplinary phenomena over-

looked in literature so far”.  
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8 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 phe-

nomena that still need quantification are given at the end of the chapter. Equation Chapter (Next) Section 1 

 

8.1 Water Conversion and Temperature Trends 

The water conversion and temperature trends are classified in four distinct categories, as presented in Figure 8.1. No-

tice that these limitations can be competitive, and a system that initially have one type of limitation may evolve to an-

other 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 7. That is, the following classification shall be faced as general rules-of-thumb that describe 

hydrate-forming systems. 

 

8.1.1 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 reduc-

ing the active surface. This occurs mainly in oil-continuous systems. As the porosity decreases, a secondary limi-

tation occurs because the water furnished to the outer surface decreases (that is, less permeation). In water-

continuous systems, crystallization occurs mainly at the outer surface because there is no need for the gas to dif-

fuse through the capillaries, and therefore limitations because of porosity decrease are not as important as in oil-

continuous 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 8.2. 

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

dn
A f

dt
   (valid at the active surface, that is, gas 

and water mass transfer excluded), and since iA  decreases with time, then gdn
dt

 decreases with time. Therefore, the 

water conversion is asymptotic, as shown in Figure 8.1(a). The temperature, by its turn, should not present an important 
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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 4 and 5, from experiments of 

Kakitani [40] and on the flow loop at Mines Saint-Etienne. Other examples are presented by Turner et al [20] and Shi et 

al [21], although their explanation (upon core shrinkage) was proved to be inconsistent in chapter 4. 

 

Figure 8.1 – 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 limi-
tations: (a) active surface-limited systems and (b) dissolution-limited systems. Driving force limitations: (c) heat trans-
fer-limited systems and (d) pressure drop-limited systems. For beds and deposits, see Figure 8.2. 

 
Source: own authorship. 
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8.1.2 Dissolution-Limited Systems 

Absorption of gas into the liquid continuous phase and its further distribution to each particle of the system is another 

type of mass transfer limitation. Absorption stands for what is happening in a surface, whereas distribution occurs in the 

volume of the continuous phase. Absorption and distribution processes, when combined, will be called dissolution. 

Dissolution-limited systems occur mainly when the gas has low affinity with the liquid. When dissolution limits hydrate 

formation, then b eqC C  and the absorption law comes  /
g

sat eqabs G L
abs

dn C Ck A cte
dt

  , which implies in a linear 

water conversion, as presented in Figure 8.1(b). The temperature should not present an important reheat or the tempera-

ture plateau trend close to equilibrium, otherwise the system can toggle to heat transfer-limited. 

An example of dissolution-limited system is methane in water-continuous flow, reported by Englezos et al [31], 

Skovborg and Rasmussen [24] and Herri et al [22]. Another example that can be imagined is the case of CO2 in oil-

continuous flow, although experimental evidences on the behavior of such systems were not found in literature (hy-

pothesis 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 [64]. Notice that active surface-

limitations occur mainly in oil-continuous systems, as water entrapment in the porous structure is unimportant in water-

continuous systems. Since Clarke and Bishnoi [64] 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 7). The 

distribution process will increase the region where systems are dissolution-limited. This is observed in literature 

[22,24,31,64], 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. 

 

8.1.3 Heat Transfer-Limited Systems 

When the external medium is not able to absorb the heat generated by the exothermic nature of gas hydrate for-

mation, the mixture reheats after the onset of formation. If this reheat is important, the driving force decreases substan-

tially, limiting hydrate formation. An auto-regulation occurs because smaller driving forces incur in smaller heat re-

lease. That is, the hydrate formation rate is limited by the amount of heat that can be absorbed by the external medi-
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um16. This causes a temperature plateau close to the equilibrium conditions, as shown in Figure 8.1(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 de-

crease 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 g
i

dn
A f

dt
  , and since T cte  with eqT T  because of the 

temperature plateau trend, then 0f cte   . The porosity decrease is therefore very slow, which incurs in iA cte . 

Therefore, gdn
cte

dt
  and the water conversion is linear, as presented in Figure 8.1(c). 

A harsh criticism must now be given over the often-adopted Arrhenius-type kinetic models for gas hydrates. The pio-

neer work is from Vysniauskas and Bishnoi [18] for systems without oil, but the group abandoned this type of modeling 

five year latter with the work of Englezos et al [31] based on an absorption law. This absorption-approach was then 

used for the next 25 years [61–64]. A simplified approach coming from Vysniauskas and Bishnoi [18], today known as 

Turner’s [49] or Boxall’s [48] model and with the shape   2
1 expg

eqi

dn cT Tc A
dt T

   
 

 is probably the most used kinetic 

model for systems that contain oil. One should notice, however, that this shape based on temperature instead of fugaci-

ty 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, iA cte , then coupling this expression with heat transfer coming from multiphase 

flow [43,45,76] 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 1c  and 2c  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 [18] captures this linear trend, which is at least consistent with the linear trend of dissolution-

limited 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 em-

ployed in these case scenarios. Notice that, although this criticism is very harsh, I myself used this type of model not a 

long time ago [43], 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-

                                                 

16 This occurs in a similar fashion to water boiling in a pan. Once the water reaches 100oC, 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 pro-
portional 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). 
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enment in such subject, in the sense that the community of gas hydrates stops thinking of growth kinetics and agglom-

eration as a stochastic phenomenon, and stops fitting models that are physically not sound. 

 

8.1.4 Pressure Drop-Limited Systems (Isochoric Experimental Procedure) 

Hydrate formation can be limited by pressure drop, which incurs in a decrease of the equilibrium temperature, there-

fore decreasing the driving force (if temperature is kept constant or at least nearly constant). In a mathematical sense 

and using the crystallization law g
i

dn
A f

dt
  , since  eqf ff    decreases, then gdn

dt
 decreases with time, causing 

an asymptotic trend for the water conversion. This is often reported in experiments of pressure cells using an isochoric 

procedure (see, e.g., Straume [132]). 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 be-

have as dissolution-limited (linear water conversion). See, e.g., Joshi [47]. 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 7.4. 

Therefore, it is highly recommended not to use isochoric procedures, as it can mask the actual behavior of the sys-

tems. 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 agglomera-

tion occurs, it is hard to say if it is the porous decrease or the agglomeration that incur in the higher limitation. Further-

more, the formation of beds and deposits can substantially change the water conversion trend, explained in the next 

section. 
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8.2 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 deposits17. Of course that one needs to understand when the system will 

present agglomeration and/or deposition. This will be done by dimensionless analysis. 

 

8.2.1 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 8.2 – 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 8.3). (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 [40] and already discussed in chapter 5). The discontinuity is stronger for 
static deposits. 

 
Source: own authorship. 

 

8.2.2 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 4 and induced by fluid-structure interactions) is substantially reduced. This incurs in a discontinuity of the water 

                                                 

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). 
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conversion, Figure 8.2(b), already discussed in chapter 5 and experimentally observed by Kakitani [40]. The bed still 

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 8.2(b), also observed by Kakitani [40]. The question that remains is when agglomerates are ex-

pected to form? Because without agglomerates, there are no beds; and without beds, there are no deposits (unless nucle-

ation directly on the wall). 

 

8.2.3 When Particle-Particle and Particle-Wall Interactions are Expected to Lead to Agglomeration and Deposi-

tion? 

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 disrup-

tion, 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 under-

stand the possible attractive forces between particle-particle and particle-wall. Some discussion was already given in 

chapters 2 to 5 mainly focusing in oil-dominant system. A summarization and extension to other scenarios is done here. 

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). No-

tice 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 struc-

ture, not on the system morphology [146], 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 [96]. However, a 

colloidal flow incurs in important head loss, because of a probable shifting to non-Newtonian behavior [96]. 

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 hy-

drate particles are hydrophilic. Surfactants can induce an inversion of the wettability nature of hydrates to lipo-
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philic, 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 prop-

erties, as the systems will probably present different morphologies. It is however unclear how a hydrate with in-

verted 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 ex-

pected 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 col-

lision, 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 5 for the agglomeration in oil-

dominant 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 particle-

particle collision), to propose the geometrical model for the particle and the liquid bridge, and to find or fit the neces-

sary closure values. At the end of the day, both agglomeration of deposition efficiencies are described by a dimension-

less 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 dimension-

less group based on liquid bridge formation when particles are wet for gas hydrate applications (which is new in litera-

ture), 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 5, eq (5.48), and by recognizing that the 

moments of the particle size distribution relate to the number of particles pn , to the particle surface pA  and volume p

, and to the liquid volume L  as 
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    (8.1) 

where p  is the particle concentration (  WCp O   for oil-continuous systems because water is completely entrapped 

inside the porous particles during the onset of formation; the same does not applies to water continuous systems, unless 

they undergo phase inversion during the onset of hydrate formation), c  is the dynamic viscosity of the continuous 

phase where the particle is flowing, and b  is the interfacial tension of the liquid bridge (oil-water interfacial tension if 

particles are wet inside oil phase; gas-water interfacial tension if particles are discovered by the gaseous phase in water-

continuous systems; and zero if liquid bridges are out of play, that is, when particles are dry inside oil, or when the 

particles are hydrophilic and inside water). The geometric term is related to a characteristic length of the particle as 
3

2 4

1p p

pp p

L
LA L


  , where pL  stands for the particle radius or diameter (defined by who is modeling the problem). The 
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volume and shape factors of the particles and/or agglomerates will be absorbed by the constant of proportionality that 

relates the quantities in eq (8.1) (this needs further geometry modeling or fitting). 

The shear rate can be related to 
3

c c

c

fU
D





  using Kolmogorov’s theory, where cU  is the velocity of the phase that 

carries the particles and c  is its density. The friction factor is related to the Reynolds number of the carrying phase 

from Blasius-type correlations as Re
n

c cn

c

U D
f





 
   

 
, where 0.2n    to 0.25  for smooth pipes. The velocity of 

outer growth, in turn, was shown to be h
i

h

MG k f


   in chapter 5, valid for wet particles. The driving force is given in 

fugacity difference, and a representation in either concentration or temperature differences will incur in biasing the 

model into mass or heat transfer-limited, that is, 
, for heat transfer-limited systems
, for mass transfer-limited systems

T
f

C


  


. 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 cap-

tured, then a complete description of the mass and heat transfer resistances is necessary, as done in chapter 4. 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   [3,102], 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. Fu-

gacity was used along this entire thesis as it relates linearly to concentration when adopting Henry’s law. That assump-

tion leads to mathematic expressions that can be analytically solved. Otherwise, Gibbs-Duhem equation, eq (2.7), 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 ik , that shall 

be given in 
m mol

J s
 

  
 in order to comply with the crystallization law g

i i

dn
k A

dt
  . 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). 

From all of these considerations, the Lange number is reorganized to 
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 (8.2) 

where La 1  implies that disruptive forces prevail, thus the system remains dispersed; and La 1  implies that con-

solidation prevails, thus the system agglomerates or deposits (depends in the analysis being for particle-particle or parti-

cle-wall interactions). This dimensionless group shows some important subgroups that stand for the size-scale and con-
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centration 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 (8.2), 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 integra-

tion at the outer surface of the particle and water permeation through the hydrate porous particle is captured by 

eq (8.2), and this term is analogous to the analysis of the Damköhler number presented in chapter 5. If water is 

not able to permeate to the outer surface of the particle, or if all water that permeates is instantly crystallized be-

fore accumulating at the outer surface, then the particle is dry and liquid bridges do not form. This implies in 

0b  , 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 squeez-

ing 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 effect18. 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 cU  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 1n   , then the kinetic energy term 

3
cU
D

 
 
 

 prevails. This means that deposition is more difficult to occur in liquid-wetted walls than in gas-wetted 

walls, since ,g w o   . 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. 

 

8.3 Directives for Future Modeling Studies and Phenomena that Still Need Quantification 

The Lange number of eq (8.2) 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 dimen-

sionless 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 4g  in the analysis of chapter 5. Furthermore, the Lange number 

                                                 

18
 The wave effect was afterwards experimentally proved in the ongoing PhD Thesis of Daniela Marques for 100% 

water cut systems. 
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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 5 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. 

 

8.3.1 Wave Effect 

The wave effect is depicted in Figure 8.3 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 h w  , thus accumulating 

at the gas-water interface, Figure 8.3(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 oscilla-

tory 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 5. That 

is, the wave effect still needs quantification. Permeation still happens concomitantly to the wave effect, but the hydro-

dynamics 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 Figure 8.3, 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 

(c), are expected to lead to much faster growth than the ones coming from permeation, (d) and (e). 

 

8.3.2 Splash Effect 

Upon collision, the particles deform and some water is squeezed out, Figure 8.4(a.i). That happens in a similar fash-

ion 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. 
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Figure 8.3 – 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, crys-
tallizing to it. 

 
Source: own authorship. 
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Figure 8.4 – Depiction of the splash effect that may lead to liquid bridge formation even if particles are dry during colli-
sion. 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. 

 
Source: own authorship. 
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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 h o  , 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 8.4 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 8.4(a.i), then liq-

uid bridges form even if the particles are initially dry. If consolidation happens faster than detachment, then a deposit 

forms, Figure 8.4(a.ii). Otherwise, the particle is re-dispersed in the flow, Figure 8.4(a.iv). If the particle is dry and the 

impact of collision is not strong enough, Figure 8.4(a.iii), then liquid bridge does not form and deposition is prevented, 

Figure 8.4(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. 

Figure 8.4 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 8.4(b). The splashed 

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 8.4(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 8.4(d), the deposit will grow similarly to what 

was described in chapter 4 for the outer growth of wet particles. 

 

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

The Lange number of eq (8.2) 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 re-

sistances to motion (inertial forces). As depicted in Figure 8.5, 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 
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liquid bridge binding forces modeled by the Lange number of eq (8.2). 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. 

 

Figure 8.5 – 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 ag-
glomerate 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. 

 
Source: own authorship. 

 

Contributions of Chapter 8 

In chapter 8, the main trends of water conversion and temperature observed in literature were classified into four cat-

egories, Figure 8.1. 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 (8.2), which represents the compe-

tition of disruption and consolidation rates that lead to efficient agglomeration or deposition, depending whether parti-

cle-particle or particle-wall collision are at play. Some directives were given on how to use the Lange number for sce-

narios other than the one explored in part II (agglomeration in oil-dominant systems). 
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9 CRITERION FOR STABLE HYDRATE SLURRY FLOW IN OIL-

DOMINANT SYSTEMS AND DIRECTIVES FOR FUTURE 

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 

 

9.1 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 5 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 fine-

ly 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 4) and in the 52 mm-

ID rock-flow cell apparatus (chapter 5), 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. Hypothe-

sis (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 drop-

let size is expected to hold for non-interacting fine droplets in a dilute system (that is, low water cut, high mix-

ture velocity and use of surfactant additives). This is however not the general case of hydrate formation scenari-

os, and further should be studied in this sense. Here, it will be assumed to hold in order to continue the mathe-

matic 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 
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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 [160], and for the cases studied in chapter 7, 

the expression to be adopted is the one for dense flow with 5DEo  . Other droplet size models are presented in Table 

A.10. For the critical settling velocity of the slurry, the model of Oroskar and Turian [330] is the most complete one 

reported in the literature review done in chapter 2, however it has an implicit nature. The simpler expression for engi-

neering purposes is the one of Shook et al apud [331], 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 [331], 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 [331] is assumed 

here, but further fitting of the available models against systems that present hydrate-like particles are necessary to as-

sure 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 ex-

pression of Spells apud [331]: (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 WCslurry 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 

critJ J  (9.1) 

where the mixture velocity inletJ J  at the flowline inlet can be used, because in chapters 6 and 7 it was observed that 

the mixture predominantly accelerates along the flowline because of gas release from the continuous phase. That is, the 

use of inletJ  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 [331] with the mentioned 

simplifications, from eq (5.65) of chapter 5, and from Brauner [160], the critical settling velocity is evaluated as 
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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 
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  is the Weber number of the oil phase, 
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  is the Reynolds number of the oil phase, 
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 represents the po-

rous medium interconnectivity, and 55 10 Pa/KfTk    stands for methane hydrates. The following fittings were used 

(coming from chapter 5, from Spells apud [331] and from Brauner [160]): min 0.001  , max 0.02  , 6 1a  , 

* 15 KT  , 10 -1
4 2 10 mk   , 7

6 2 10  m.Pa.sk   , 5
7 9.6 10  m.Pa.sk   , 1 0.05,C   0.775m  , 0.816q  , and 

3 5
2 7.61 HC C  with 0.5 2HC   (the value of 1HC   is adopted here). It is highly recommended to further test (and to 

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. 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 [40], as to be discussed in section 9.1.1. 

The criterion of eqs (9.1) to (9.4) 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 

properties (interfacial tension /o w  and wetted angle / /o w h , which change with the insertion of surfactant additives), 

and subcooling T . 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. 

The criterion of eq (9.1) 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: 75 mmD  , 10 cPo  , 31000 kg/mw  , 

3850 kg/mo  , 0.75 2 m/sJ  , 10 WC 30%  , 5 10 KT   , / / 60o
o w h   and 2

/2.45 4.97 10 N/mo w    . 

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 cas-

es, and in red the unstable ones, two defined regions are found in the type of chart of Figure 9.1. A power scale captures 

well the border between safe and unsafe production 

1
1

/ WC
n

o w

T a J



  (9.5) 

where 1 2636a   and 1 2.4n   [SI units] are the values used to plot the dashed line of Figure 9.1. This expression cap-

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 

[40] database. 

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 5, it was shown that the nondimensionalisation of the subcooling, in [K], and the 

oil-water interfacial tension, in [J/m2], 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 (9.5). For the RHS of eq (9.5), and 
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if ever one is able to include liquid viscosity and pipeline diameter, a Reynolds number can be used, or at least a modi-

fied one that is applicable for multiphase flow. This number represents the hydrodynamic forces that relate to the colli-

sion and disruption processes, and to the lift forces over particles. Therefore, an extrapolation of eq (9.5) in dimension-

less form is expected to have the following shape 
2

2Da Rena  (9.6) 

By manipulating eq (9.6), a new dimensionless group that expresses the transportability of gas hydrates in oil-

dominant systems comes 

Ba Da Re nC   (9.7) 

where, per advice of my supervisors, I named this new group as Ba , which stands for Bassani number, in honor to my 

father’s family name19. 

 

Figure 9.1 – Proposal of a chart for safe hydrate management. The dashed line represents eq (9.5). Evaluated upon 
criterion of eqs (9.1) to (9.4), for 1000 points randomly generated for 75 mmD  , 10 cPo  , 31000 kg/mw  , 

3850 kg/mo  , 0.75 2 m/sJ  , 10 WC 30%  , 5 10 KT   , / / 60o
o w h   and 2

/2.45 4.97 10 N/mo w    . 
Caution: further testing is necessary prior to industrial application. 

 
Source: own authorship. 

 

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 (5.52), and depends on still unknown parameters coming from permeation (porous medium) and crystal integration. 

                                                 

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. 
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This point out that further experimentation is necessary to infer such values, called synergetic effects during chapter 7, 

for different fluid compositions, additives and salt concentrations. The correct shape of the Bassani number can only be 

retrieved once these synergetic effects get established. Meanwhile, the absolute form of Bassani number, eq (9.5), needs 

to be adopted, which compromises the extrapolation of laboratory measurements into field conditions. That is, the val-

ues of parameters 1a  and 1n  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 (9.2) to (9.4), the 

fitting of the expression for the stable agglomerate size, eq (9.3), 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 4 6 7, ,k k k  is necessary 

and, as they depend on the shear rate of the system, they are expected to somehow depend on , oD  . The modified 

Reynolds number should also incorporate effects of the water cut and liquid loading. The water cut appears in eq (9.5), 

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 4 6 7, ,k k k , see theoretical expressions in 

eqs (5.67), (5.68) and (5.70). Notice that the representative order of magnitude of the moment of third order of the par-

ticle size distribution was adopted, which is in the same order of magnitude of the water cut,  
3 WCM O . A further 

improvement that can be done in the future is to explicit the water cut from 4 6 7, ,k k k . 

The liquid loading, in turn, does not appear in eqs (9.2) to (9.4), 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 elon-

gated bubbles. That is, for  LL 50%O , the curve of Figure 9.1 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 be-

comes 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 im-

portant 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 9.1 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. 

 

9.1.1 Preliminary Comparison with Experimental Data 

In this section, the experimental dataset of Kakitani [40] is compared to the stable flow criterion in its absolute form, 

eq (9.5). Kakitani [40] 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 
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without the insertion of additives. Additives were considered to decrease the oil-water interfacial tension in 25% rela-

tively to the general order of magnitude of 2~ 5 10 N/m . It should be noticed that Kakitani [40] 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 [40] 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 

 3

/

K.m3 5 10
WC No w

T O



   . The exception is the case of 6 rpm, with additive, which incurred in some deposits. All 

other cases, with  3

/

K.m2 10
WC No w

T O



  , presented unstable slurries. This point out that a critical value of 

 3

/

K.m2 10
WC No w

T O



   can be used 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 pro-

posed in eq (9.5). This is because the rock-flow cell has a narrow range of mixture velocities, and shall another appa-

ratus 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 9.1 show inconsistent with the experiments of Kakitani [40], coming from bad extrapolations of Brauner [160] 

and Spells apud [331] to the case scenario. This point out that better fitting is necessary, once wider databases are avail-

able. 

 

9.2 Directives for Future Experimental Studies 

Next, some directives are given for future experimental studies, focusing on fitting a criterion similar to eq (9.5) and 

proposing some ideas for enhanced experimental procedures and instrumentation, and discussing the use of different 

experimental apparatuses. 

 

9.2.1 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 oil-

water-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 meas-

urements. System pressurization also play an important role, as gas solubilization into oil and water can substan-

tially change interfacial properties [332]. These are however of more difficult implementation. 
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(ii) Keep the driving force as constant as possible along the experiment: that is, give preference to isobaric proce-

dures 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 propor-

tional to the product between driving force and active surface of crystallization. The active surface of crystalliza-

tion 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 con-

version 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 lit-

erature review done, several experimental studies are still based on trial-and-error methods. For the criterion pro-

posed in eq (9.5), 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 be-

tween 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 
/ WCo w

T



 vs J  diagram can be found. Since these experiments are time-consuming (each exper-

iment 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 prop-

erties 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-water-

hydrate 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. 

 

9.2.2 Directives for Enhanced Instrumentation 

The shape of eq (9.5) 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 (9.7), more fundamental 

knowledge is necessary on the called synergetic effects discussed in chapter 7. 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 par-

ticles 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 4. One proposed way to simplify this is by taking particle samples during the onset of formation and after 
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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 ra-

dius and the surface porosity of the particle. This would evidence the order of magnitude of the evolution of such 

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-

tify functions for  , time, ,additives, salt, shear ratecr f T   . 

(v) Measurement of particle size distribution in time: although instrumentation for the Particle Size Distribution 

(PSD) and for the Chord Length Distribution (CLD) exists in literature, they do not prove efficient for gas-oil-

water systems because the systems are dense and the particles are considerably large. The method employed in 

chapter 5, that is, manual treatment of photos in order to find an average particle size evolution, is very time-

consuming and gives a small amount of information to fit population balance models. If ever proper PSD estima-

tion 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 con-

sider 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 

 , , , time, ,additives, salt, shear ratecol col d ck k k f T    could be quantified. 

(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 5, 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, ,p of H T   . 

 

9.2.3 Discussions on the Choice of the Experimental Apparatus Type 

Three main apparatus types are employed in literature for understanding hydrate formation, agglomeration and trans-

portability. 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. 
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(vii) Batch reactors: batch reactors (or pressure cells) are the most common apparatus employed in gas hydrates lit-

erature. 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 pro-

cess. That is, batch reactors are a good option for estimating permeation (porous medium) and crystal integra-

tion parameters, as those occur in a size-scale independent of the flow pattern, and can be used to fit gas con-

sumption models such as the one of eq (4.36). 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 pro-

cesses. 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 up-

ward/downward oscillation of the cell that promotes a gravity-induced flow. Gas consumption and P&T con-

trol are similar to batch reactors because the system volume is still small. The rock-flow cell has a positive as-

pect compared to batch reactors into allowing observation of macro-scale morphologies (flow pattern and ag-

glomeration 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 dis-

ruption 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 experi-

mentation, 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 start-

ing 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 macro-

scale 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 [204]. 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 
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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 phe-

nomena, 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 for-

mation 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 9 

In chapter 9, 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 5) 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 veloci-

ty 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 9.1. 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 (9.7), which in absolute form is given by eq (9.5). Chapter 9 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”. 
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10 CONCLUSIONS 

This thesis gives enhanced compreehension of the off-equilibrium processes of gas hydrate formation in multiphase 

flow systems. Two important phenomena descriptions are new20. 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 (4.29); (ii) an expression for the gas consumption rate during hydrate formation for oil-continuous systems, 

eq (4.36); (iii) the efficiency and the kernel of agglomeration coming from liquid bridge formation when particles are 

wet, eqs (5.48) and (5.50); (iv) a criterion to understand if particles are wet or dry in means of a modified Damköhler 

number, eq (5.52); (v) the time-scale for particles to dry out, eq (5.63); (vi) an expression for the agglomerate size 

evolution in time, eq (5.64), up to reaching a maximum stable agglomerate size for oil-continuous systems, eq (5.65); 

(vii) a dimensionless parameter that is able to describe the efficiency of agglomeration and/or deposition in different 

scenarios, named Lange number, eq (8.2); and (viii) a criterion to assure stable hydrate slurry flow in oil-dominant 

systems, eq (9.5), which in dimensionless form was named Bassani number, eq (9.7). 

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 oil-

dominant systems are quantified by the criterion 1
1

/ WC
n

o w

T a J



 , which captures the following aspects: 

(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. 

                                                 

20
 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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(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 8 and 9 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 

1
1

/ WC
n

o w

T a J



  or any other similar one that might arise once larger experimental databases are available. 

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 7. 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 oil-

continuous systems might evolve to a dimensionless form similar to the called Bassani number in chapter 9, 

Ba Da Re nC  . 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 8, 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 4, which is one of the 

main weaknesses of the model presented in this thesis. 
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APPENDIX A – CLOSURE CORRELATIONS 

This appendix compiles the available closure correlation and values for the growth kinetics, agglomeration and mul-

tiphase flow models. 

 
Table A.1 – Coefficient of proportionality of the crystal integration process. 

Gas hydrate Ref. Range of values Temperature Pressure 
Methane [31] 12 2

, 5.5 6.5 10  mol/(m sPa)i fk     274 282 KT   0.6 8.9 MPaP   

[63] 11 2
, 2.1 3.1 10  mol/(m sPa)i fk     274 282KT   - a 

[61]b 7 2
, 0.6 1.8 10  mol/(m sPa)i fk     274 278 KT   - b 

[61] 8 2
, 6.5 8.1 10  mol/(m sPa)i fk     276 282 KT   3.2 7.3MPaP   

[100] 7
, 0.8 6.2 10  m/si xk    c 275 279KT   3.9 5.6MPaP   

Ethane [31] 11 2
, 1.1 1.4 10  mol/(m sPa)i fk     274 282KT   0.6 8.9 MPaP   

[61]b 7 2
, 1.7 2.4 10  mol/(m sPa)i fk     274 279 KT   - b 

[61] 7 2
, 9.5 10.7 10  mol/(m sPa)i fk     274 282KT   1 1.6MPaP   

Propane [101] d 7
, 2.2 10  m/si xk    274 KT   0.3MPaP   

[61,62] 7 2
, 4.2 5.2 10  mol/(m sPa)i fk     274 276KT   0.39 0.43MPaP   

CO2 [64] 9 2
, 3.5 6.4 10  mol/(m sPa)i fk     274 279KT   1.6 3.0MPaP   

[63] 10 2
, 1.9 4.9 10  mol/(m sPa)i fk     274 278KT   1.6 2.8MPaP   

Ethane (in sII 
structure) d 

[61,62] 8 2
, 1.4 10  mol/(m sPa)i fk    274KT   0.2 0.5 MPaP   

Gas mixture with 
~ 85% methane e 

[21] 10 2
, 6 10  mol/(m sPa)i Ck   e 277 KT   2 MPaP   

Source: values compiled from literature. Notes: the values of ik  spread over several orders of magnitude. It is im-
portant 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, ik  is model-dependent whenever different mass transfer resistances are at play, which explains such 
differences. a Pressure range is not clear in [63]. Values regressed from other experimental work, but not found. Should 
be in the same range of pressure of [31], since direct comparison is done. b Values of Sharma compiled from Al-Otaibi 
[61]. Original study not found. Pressure range not clear. c The studies of Bergeron et al [100,101] consider a crystalli-
zation law in terms of a molar fraction difference,    2 ,g L w w i x w eqhyd

dn dt M k x x    , where ,i xk  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, wx  is the gas molar fraction in water and eqx  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 [21] considers a crystallization law based on the con-
centration difference, but multiplied by a ‘concentration parameter’, which has the same definition of Henry’s constant 

in solubility form [85]. Therefore, , ,i C i fk k  is basically the same, with same units. The hydrate structure is probably 
sII. 
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Table A.2 – Critical subcooling for onset of gas hydrates as observed experimentally in literature. 

Reference Critical 

subcooling 

Conditions 

Joshi et al [47,205] 0.5 – 4.3 K Methane-water flow loop 

Matthews et al [130] 3.3 – 6.7 K Natural gas, gas condensate, water flow loop 

Straume et al [132,250] 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 [15] 

Up to 15 K General value for different gas hydrates 

Source: values compiled from literature. 
 

Table A.3 – Absorption coefficient. 

Reference Range of values / Correlation Solute / Solvent Apparatus 
Herri et al [22] / 4 2 15 10 1 10abs g b

b

k A
s     


   

Methane in water Batch reactor 

Melchuna [41] / 4 2 19.0 10 2.1 10abs g b

b

k A
s     


 

Methane in a mixture of 
Kerdane a/Water 

Flow loop 

Malegaonkar et 
al [63] 

/ 4 3 18.1 10 1.12 10abs g b

b

k A
s     


 

CO2 in water Batch reactor 

Clarke and 
Bishnoi [64] 

/ 4 3 -11.03 10 1.52 10 sabs g b

b

k A
    


 

CO2 in water Batch reactor 

Source: values compiled from literature. Note: 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. 
Reference Sherwood number Observations 
Bird et al [82]a 2pSh   Analytical solution in stagnant liquid 

2 0.6415p pSh Re Sc   Analytical solution for creeping flow with gas 
absorption from a gas bubble 

2 0.991p pSh Re Sc   Analytical solution for creeping flow around a 
solid sphere with a slightly soluble coating that 
dissolves into the approaching fluid 

1/2 1/32 0.6Rep pSh Sc   Correlation for forced convection 

Armenante and 
Kirwan apud 
[22] 

0.52 1 32 0.52Re Scp batchSh    Batch reactor 
Validity: 30μmpd  , 2Re 10batch

 , Sh 3.5  

Source: relationships compiled from literature. Note: a Range of Re  and Sc  validity not commented 
in the book on transport phenomena of Bird et al [82]. Where: pd  = particle diameter; ABD  = diffu-
sivity of component A in B; Shm p A B ph D d  = mass transfer coefficient; pRe pv d   = Reyn-

olds number of the particle; 4 3 1 3Rebatch A BD    = Reynolds number in a batch reactor system; 
Sc ABD   = Schmidt number of the particle; v  = relative velocity between particle and bulk; 
  = mean energy dissipation rate; , ,    = density, dynamic and kinematic viscosity of the sur-
rounding fluid. 
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Table A.5 – Order of magnitude of Henry’s constant of methane inside hydrocarbons. 

Solute / Solvent Ref. Henry’s constant Temperature Pressure 
CH4 in hexane [285] 4

3

mol2.2 3.5 10
m Pa

   310.9 377.6KT   10.8 85.2 barP   

CH4 in decane [285] 4
3

mol1.5 2.4 10
m Pa

   310.9 410.9KT   10.4 86.5 barP   

CH4 in dodecane [285] 4
3

mol1.4 2.0 10
m Pa

   323.2 373.2KT   13.3 104 barP   

CH4 in Kerdane a [41] 4
3

mol1.1 2.8 10
m Pa

   277 303KT   80barP   

Source: values compiled from literature. Note: values regressed from solubility measurements using 
eq (2.8) and REFPROP [124] for estimation of gas fugacity (methane behavior from [287]). a Kerdane 
is a light oil composed of C11 to C14 [283]. 

 
 
 

Table A.6 – Expressions for collision rate. 
Reference Model Observation 
Smoluchowski [89] 

 
2 1 1
3

B
col i j

i j

k Tk r r
r r

 
   

 
 

 
Brownian motion 

Smoluchowski [89] 
 

34
3col i jk r r   

For constant shear rate 

Saffman and 
Turner [153]  

1/2
38

15
t

col i jk r r



 
  

 
 

Turbulent for particles smaller 
than Kolmogorov’s scale 

Abrahamson [333]    
1/2 22 25col i j i jk u u r r    Turbulent for particles larger than 

Kolmogorov’s scale 
Source: relationships compiled from literature. Where: ,i ju u  is the mean squared velocity of 

each particle in turbulent regime (requires characterization of the turbulent flow field). 
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Table A.7 – Correlations for unit cell translational velocity of slug flow. 

General expression for the unit cell translational velocity 
0 1TU C J C gD   

Reference 0C
 1C  Inclination 

Nicklin et al [334] 1.2 0.351 V 
Dukler and Hubbard [320]  1.022 0.021 ln ReJ  0 H 

Ferré [335] 1.10       2.26
1.30       2.26 8.28
1.02       8.28

J

J

J

Fr
Fr

Fr



 



 
0.44       2,26
0            2.26 8.28
3            8.28

J

J

J

Fr
Fr

Fr



 



 
H 

Bendiksen [185]  
21.05 0.15 sin    3.5

1.2                          3.5
L

L

j

j

Fr

Fr

 


 

0.54cos 0.35sin     3.5

0.35sin                       3.5
L

L

j

j

Fr

Fr

 



 


 

H/I/V 

Dukler et al [321] 1.225 - H/V 
Théron [336] 

 
20.231.3 0.13 sin 


 0.80.5 cos 0.35sin 

 
   

 
 

H/I/V 

Manolis [337] 1.033       2.86
1.216       2.86

J

J

Fr
Fr




 

0.477       2.86
0              2.86

J

J

Fr
Fr




 

H 

Woods and Hanratty [338] 1.1       3.1
1.2      3.1

J

J

Fr
Fr




 

0.52        3.1
0             3.1

J

J

Fr
Fr




 

H 

Marcano et al [339] 1.201 1.509 H 
Petalas and Aziz [340]   0.0311.64 0.12sin ReJ   - 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

o

o

o

o

o













 

 

 

 

 

0.08, for 0
0.79, for 4
0.40, for 7
0.52, for 10
0.70, for 13

o

o

o

o

o











 

  

  

  

  

 

13 0o o    

Source: relationships compiled from literature. Where: 2
JFr J gD , 2

L LFr j gD ; 1 ( )cosJ critFr Fr     
with 3.5critFr  ; ReJ L LJD  . Inclinations: H = horizontal; I = inclined; V = vertical 
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Table A.8 – Correlations for slug flow frequency. 
Reference Correlation Inclination 
Gregory and 
Scott [325] 

c
Lj bfreq a J

gD J
  

   
  

 

0.0226a  , 19.75b   and 1.2c   [325] 
0.0037a  , 25b   and 1.8c   [343] 

H 

Modified Grego-
ry and Scott 
correlation 
[344,345] 

c

J
bfreq a Fr
D


  

   
  

 

0.0226a  , 2.02b   and 1.2c   [344] 
0.0434a  , 2.02b   and 1.02c   [345] 

H 

Hernandez-Perez 
et al [307] 

cos sinh vfreq f f    
1.2

19.750.0226 L
h

jf J
gD J

  
   

  
 

0.25
19.750.8428 L

v
jf J

gD J
  

   
  

 

H/I/V 

Cai et al [346] 
 

1.2
360.018exp sin L

t
t

jfreq V
gD V


  

   
   

 

1.25tV J  

H/I/V 

Zabaras [347] 
 

1.2
0.25 19.750.836 2.75 sin 0.0226 Ljfreq J

gD J


           
 

0 11o o   

Nydal [348]  
21.5

0.088 Ljfreq
gD


  
H 

Marcano et al 
[339] 

0.089 0.214 Lfreq j    H 

Sakaguchi et al 
[349] 

10.3171.38 0.166

0.5641.61 0.333 3.042

16100

0.087

G L

G GL L

L L L

j jD J
J J J gD

freq
DJ DJ   

   






                       
       
        
        

 

V 

Shell correlation, 
apud [347] 

 

0.81

20.12.34 0.064

0.048

0.73 1.17

L

L L G L

j

j j j j

Fr
gfreq
D Fr Fr Fr Fr

 
 

  
       

 

H 

Fossa et al corre-
lation [237,350] 21

Gj afreq
D b c



 

 
  

  
 

0.044a  , 1.71b   and 0.70c   [350] 
0.05a  , 1.675b   and 0.768c   [351] 

H 

Thaker and 
Banerjee [352] 2

0.036
1 1.432 0.739

Jfreq
D



 

 
  

  
 

H 

Shea et al [353] 0.75

1.2 0.550.47 Ljfreq
D L

      L is the flowline length 
H 

Source: relationships compiled from literature. 
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Table A.8 (continuation) – Correlations for slug flow frequency. 

Reference Correlation Inclination 
Gokcal et al [354] 

0.6122.816 Ljfreq N
D       

 3/2
L

L L G

N
D g





  



 

H 

Schulkes [68] 
     *Re ,L LFr

Jfreq
D  

              0.016 2 3


     

 

0.37

Re

12.1Re , for Re 4000
1, for Re 4000L

L L

L

 
  


        Re L L

L
L

j D


  

 

 

 
*

*

,
2

*

21 sgn , 0.17

1.8 0.6 2 , 0.17
L

L
Fr

L

para
Fr

para
Fr



  

  


 


  

   


 

*

cos
L

L
jFr

Dg 
  

H/I/V 

Vicencio 
[341,342] 

0.45

0.08 L L

G

j jfreq
D j
 

  
 

 
H 

Rodrigues [315] 
expG Lj jfreq a b

D J
 

  
 

 

0.0035a   and 6.01b   for 0o   
0.0028a   and 6.44b   for 4o    
0.0028a   and 6.16b   for 7o    
0.0075a   and 4.41b   for 10o    
0.0022a   and 6.18b   for 13o    

13 0o o  

 

Source: relationships compiled from literature. Where: Lj J  ; 2
JFr J gD ; 

Lj LFr j gD ; 

Gj GFr j gD ; sgn()  is the sign function. Inclinations: H = horizontal; I = inclined; V = vertical. 
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Table A.9 – Correlations for phase fraction in the slug body. 
Reference Equation Inclination 
Gregory et al 
[308] 

1

1 1
b

GS
JR
a



  
    

   

 

8.66a   and 1.39b   [308] 
9.514a   and 1.274b   [355] 
7.264a   and 1.281b   [356] 

H 

Malnes apud 
[356] 

11/4

1 83 L
GS

m

BoR
Fr



 
  
 

 

83a   and 0.25a   (Malnes apud [356]) 
81.526a   and 0.294b   [356] 

H 

Ferschneider 
apud [356] 

2*

1 1
b

m
GS

Fr BoR
a



  
    

   
 

625a   and 0.2b   (Ferschneider apud [356]) 
10211.22a   and 0.592b   [356] 

0 4o o   

Barnea and 
Brauner 
[74,326,357] 

23/52/5320.058 0.725L
GS C

LG

fJR d
D





   
    
       

 

20.4 32 ,min
8 cos

LLG
C

L GL G

fJd
g g



   

  
   

    
 

H/I/V 

Andreussi et al 
[358]a 

0 1

1

1GS
m

F F
R

Fr F


 


 

2

0
0.025max 0 ; 1 2F a

D

   
         

 

3/4
1

sin1F b Bo
c
  

  
 

 

2.6a  , 2400b   and 3c   [358] 
0.84a  , 1226.9b   and 1.091c   [356] 

H 

Felizola and 
Shoham [359] 

 21GSR a bJ cJ     
0.775a  , 0.041b   and 0.019c    for 0   
0.759a  , 0.053b    and 0.009c    for 10 30o o   
0.690a  , 0.054b    and 0.005c    for 40 60o o   
0.592a  , 0.001b    and 0.016c    for 70 80o o   
0.551a  , 0.017b    and 0.015c    for 90o   

H/I/V 

Abdul-Majeed 
[360] 

 1 1.009GSR CJ A    

0.006 1.3377 G

L

C 


   and 

1, if 0
1 sin , if 0

A


 


 

 
 

1.009a  , 46 10b    and 1.3377c   [360] 
0.995a  , 0.051b   and 1.513c   [356] 

10 9o o    

Source: relationships compiled from literature. 
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Table A.9 (continuation) – Correlations for phase fraction in the slug body. 

Reference Equation Inclination 
Gomez et al [72] 

 61 exp 0.45 2.48 10 ReGSR        with Re L

L

JD


  

H/I/V 

Marcano et al 
[339]  

121 1.001 0.0179 0.0011GSR J J


     
1.001a  , 0.0179b   and 0.0011c   [339] 
0.965a  , 0.106b   and 0.004c   [356] 

H 

Zhang et al [361] 

 

1

1 1
3.16

sm
GS

L G

TR
g  



 
   
  

 

  21 1
2 4

L LB T LB LB
sm S S

e S

R U U J UDT f J
C L




  
  

 
 

2.5 sin
2eC


  

H/I/V 

Al-Safran [362] 0.0417 0.05
0.123GSR  


 

  
2

LB T LB LBR U U J U
J

 
   

H 

Kora et al 
apud [363] 

 

 

* 0.2

* 0.2 * 0.2

* 0.2 * 0.2

0, if 1.5

1 1.012exp 0.085 , if 0.15 1.5

1 0.947exp 0.041 , if 1.5

m

GS m m

m m

Fr N

R Fr N Fr N

Fr N Fr N



 

 

 



    

  

 

H 
Viscous fluids 
0.181 0.587 Pa.sL   

Xu [355]  
0.05

5 1.225

1 sin
1

1 3.166 10 ReGS
eff

R




 

 
 

0 75o o   
Non-Newtonian fluids 

Al-Safran 
et al [364] 

20.15 0.075 0.057 2.27GSR       
* 0.2 0.89mFr N    

H 

Rodrigues [315] 
0.82 1.64 cosL

GS
jR
J

   13 0o o    

Archibong-Eso 
et al [363] 

0.110.0336GSR FrN  H 

Viscous fluids 
0.181 8.09 Pa.sL   

Source: relationships compiled from literature. Where:   2
L GBo gD     = Bond number; 

2
L LBo gD   = Bond number of liquid; mFr J gD  = Froude number; * ( ) ( )m L L GFr J gD      

= modified Froude number; Sf  = friction factor of the slug region; SL  = slug length; 2[ ( )]L L GN J gD      
= dimensionless number for viscous forces; eff L effRe JD   = effective Reynolds number for non-Newtonian 

fluid, given an effective viscosity 1 1 18n n n
eff D kJ    , where k  is the fluid consistency coefficient and n  is 

the flow behavior index; S  = density of the slug region; LBU  = liquid film velocity. Inclinations: H = horizon-
tal; I = inclined; V = vertical. Notes: see [356,360,365] for mean deviations of the correlations against low vis-
cosity liquids; and [363,364,366] for high viscosity liquids. See [356,363] for a review of measured conditions of 
correlations. a The correlation as originally proposed in [358] is slightly different, but the one presented above is 
the one commonly found in the literature [356,363].  



 
 
 

280 

Table A.10 – Droplet size models. 

Type of flow Validity Model 
Dilute or dense 5DEo   

max 0.1k d D

 

3/5
2/5

max 0.725c
td 




 
 

 
 [241]a 

Dilute 5DEo   

max 0.1d D  
1 1/2 0.7

max 1 0.7c c c c d c

dilute

d U U UC
D

  

  

        
       

       
 

with 38 43C   [244,367]b,c,i 

3 5 0.1max 1.516We Rec c
dilute

d
D

  [243]c,e 

 

2/53/52
max 0.55

1
c c m

c ddilute

d U D
f

D R
 

 


  

   
    

 [160]d 

 

2 5

3 5 0.08max 1.88 We Re
1

m
c c

c ddilute

d
D R








 

  
  

 [160]d,f 

5DEo   

max0.1D d D   
max 1.38

Wecdilute

d
D f

  with max0.1 1
dilute

d
D

   [245]g 

max 1.38
We

c

c mdilute

d
D f




  [160]g,h 

1 0.2max 30 We Rec
c c

mdilute

d
D





  [160]f,g,h 

Dense 5DEo   

max 0.1d D  
 

2/53/5 3/52
3 5max 2.22

1 1
c c m d

H
c d ddense

d U D R
C f

D R R
 

 


    

     
       

 [160]d

3 5 2 5
3 5 3 5 0.08max 7.61 We Re 1

1 1
d d d

H c c
d c ddense

d R RC
D R R







    
    

    
 [160]d,f 

5DEo   

max0.1D d D   
max 8

We 1
c dK

c m ddense

d RC
D f R





 
  

 
 [160]g,h 

1 0.2max 174 We Re
1

c d
K c c

m ddense

d RC
D R





  
  

 
 [160]f,g,h 

Source: relationships compiled from literature. 
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Table A.10 (continuation) – Droplet size models. 

Type of flow Validity Model 
Minimum droplet diame-
ter 

Located near the wall 
min 2 32

ˆ25
c

c

d
u




  (Levich apud [243]) 

ˆ
4 c

dP Du
dz 

  (friction velocity) 

Highly viscous oil as 
continuous phase j 

o w   1/6

max 0.074 o

o w

d
D J



 

 
  

 
 [187] 

Source: relationships compiled from literature. Where: 0.5 2HC   and 1KC   = tuning parameters; 
2 (8 )DEo gD    = Eötvös number; Rec c c cU D   = Reynolds number of the continuous phase; 

2Wec c cU D   = Weber number of the continuous phase. Notes: All expressions are valid for turbulent continuous 
phase only, Re 2100c  , but the one for highly viscous oils [187]. a General expression of Hinze [241]. b Including 
effects of the dispersed phase viscosity [244]. c Considering the mean energy dissipation rate per unit mass, although the 
turbulence field in a tube is neither homogeneous nor isotropic, 32t cfU D   [245]. d Considering the dispersed phase 

fraction for the mean energy dissipation rate per unit mass,    32 1t c m c dfU D R      . e Considering Blasius 

friction factor for smooth pipes as 0.20.046 Recf  . f Considering the Blasius friction factor for smooth pipes as 
0.250.0791Recf  . g Hughmark [242] shows that the fluctuating velocity 'u  controls the maximum drop size, with 

' 1.3 2cu U f . h 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 [243]. j This happens only for very low water cuts (see discussion on phase inversion models, Table 
A.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 4 J D  . 
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Table A.11 – Phase inversion models for oil-water flow. 
Reference Model 
Arirachakaran et al [235] 

10WC 0.5 0.1088log o
inv

w





 
   

 
 

Yeh et al [368] 1

WC 1 o
inv

w







 
   
 

 

Nädler and Mewes 
[369]a,b 

 

 
 

2
11/1

1 1
WC 1

o o
w o

ww

kn n
n no o o

inv nn
w ww

Ck DJ
C

 










   
    

    

 

Emulsification of water within oil: 1 2WC [0.05;0.2] 3; 1.2inv k k     
Local phase inversion within the dispersion layer: 1 2WC 0.33 1; 1.2inv k k     
Formation of water-in-oil emulsions: 1 2WC [0.6;0.8] 1; 1.2inv k k      

Brauner and Ullman 
[187]a 

1

WC 1
n

o o
inv

w w

 

 



  
    
   

 with 0.22 0.5n   

Inversion to dilute water-in-oil dispersion: 
10.15 0.1

WC 1 4 o o
inv H

w w

C  

 



    
      
     

 

For viscous oils: 
 

 

1
0.087 5/6

/
0.12 0.4 0.4 0.52 0.12

/

WC 1 105 d w o w o
inv H

d w mo w

k
C

k D J
 

  



 
  
  

 

with 0.5 1HC   and    / /
1d dw o o wk k   

Poesio and Beretta [370] 
,max2

WC

1

a a

o o
d

w w
inv a

o

w

R 

 





   
   

   


 
  
 

 with 1
,max

2
5 da R

 

Viscous oils 
( 0.2 Pa.s)o   [246]c 

WC 0.15inv   

Source: relationships compiled from literature. 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 [187] and Figure 5(a) of Xu et al [371] 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 [369] and Brauner and Ullmann [187] converge to the model of Yeh et al [368]. b ,o wC C  and 

,o wn n  are the Blasius parameters for the friction factor Renf C  of water and oil (depends on laminar or turbu-
lent 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% [246]. This should be used as lower 
limiting value for the correlations presented in this table. 
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Table A.12 – Models for critical settling velocity of slurries. 
Reference Model Observation 
Oroskar and 
Turian [330]  

0.378
0.35640.1536 0.09 0.301.85 1 Re 1S

crit ns ns p p
p L

DJ X gd
d


 



   
      

  

 

Re 1SL
p p

L L

D gd


 

 
  

 
 

2 22 2 4 4exp expX d


 
 

  

    
       

    
  with p

crit

U
J

   

0.5pd mm  

Gillies and 
Shook [372]  S f

crit
f

J F gD
 




  

 74

74

1
1

S m L
f

m





   


 





 


 
 

 exp 0.51 0.0073 12.5DF C K    

 
22 3

1 3
,50

0.14L L

p

K
g d
  

  
  

 

Coarser particles 
and larger pipe-
lines than in 
[330] 

Etchells apud 
[199] 0.3 2 1S

crit
L

J gD




 
  

 
 

Very fine parti-
cles 

Spells apud 
[373] 

0.775
1.225 0.0251 1 slurryS
crit p

L L

D
J gd



 

  
    

  
 

Small particle 
sizes 

Zandi and 
Govatos apud 
[373] 

2 40 1S
crit

LD

DgJ
C





 
  

 
 

 

Shook et al 
apud [331] 

0.019

0.045

0.4

1.78Ar ,   for  Ar 540
1.19Ar ,   for  160 Ar 540
0.197Ar ,   for  80 Ar 160

critFr

 


  


   

 

Source: relationships compiled from literature. Where:  2 3Ar (4 3)( ) 1slurry slurry p S slurrygd      = Archi-

medes number;  2(4 3)( ) 1D S LC gd v     = drag coefficient; ,50pd  = mass median diameter of the 

> 74 µm particle distribution;  
1/2

1crit crit S slurryFr J gD  


  
   = Froude number for settling/deposition ve-

locity; critJ  = critical settling velocity of the slurry; pU  = particle velocity; v  = terminal velocity of the parti-
cle;   = particle concentration (volumetric fraction of solids inside liquid); 74 m  = fraction of solid particles 
with size < 74 µm; ns  = non-slip solid fraction in liquid; slurry  = slurry density; slurry  = slurry dynamic vis-
cosity. Notes: see page 376 of Peker and Helvaci [195] for summarization of other correlations, range of appli-
cation and standard deviations. See Poloski et al [374,375] for more settling velocities in Newtonian and non-
Newtonian fluid types. See Table 3.1 of Poloski et al [375] for particle size limits of settling velocity correla-
tions. 
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Table A.13 – Models for the apparent viscosity of dispersions. 
Reference Model Observations 
Einstein [93,94] 51

2
app

c





   

Analytical solution for 
rigid, non-interacting, 
spherical particles in dilute 
dispersions ( 0.02)   

Frankel and 
Acrivos [255] 

51
2

1
1

d

app c

dc

c



 






  
  

   
  

   
  

 

Variation of Einstein for 
non-rigid particles (bub-
bles and droplets) 

Smoluchowski 
apud [82] 

2
5 11 1
2

app e T

c c e p

D V
k d




  

  
     

    

 
Variation of Einstein for 
charged spheres 

Lin et al apud [96] 
3/ 251 1.34 Re

2
app

p
c





    with 

2

Re c p
p

c

r 


  

Variation of Einstein con-
sidering inertial effects of 
particles 

Batchelor and 
Green [95,254] 

251 6.2
2

app

c


 


    for Brownian movement 

251 7.6
2

app

c


 


    for pure straining 

Analytical solution, ex-
panded from Einstein to 
account second-order 
interactions for larger 
concentrations ( 0.2)   

Mooney [257] 1

max

5exp 1
2

app

c

 


 

  
   
   

 
Concentrated dispersion, 
spherical particles 

Krieger and 
Dougherty a [256] 

  max

max

1app

c

 
 

 



 
  
 

 
Semi-empirical, dense 
suspensions up to max , 
rigid, monodispersed 
spherical particles 

Mills [259] 
 

2

max

1 1app

c

 


 



 
   

 
 

Variation of Krieger and 
Dougherty. Commonly 
employed expression in 
hydrates literature 

Concentrated suspen-
sions  2

1 2 3
51 exp
2

app

c

C C C


  


     

1 10C  ,   3
2 1.9 2.7 10C     

 3 16.6 20C    [195,200,260,261] 

Variation of Batchelor. 
Concentrated suspensions, 
with inter-particle interac-
tions 

Liu and 
Masliyah [258] 

2
2

2
max max max

2 61 2.5app
H

c

k
 

 
   



    
         
     

 

Low shear: max 0.63  , 6Hk   
High shear: max 0.74  , 7.1Hk   

Variation of Batchelor. 
Both dilute and dense 
dispersions 

Source: relationships compiled from literature. Where: eD  = dielectric constant; pd  = particle radius; Hk  = 
Huggins constant; pr  = particle radius; TV  = DLVO potential between particles;   = shear rate; max  = solid 
phase fraction; max  = maximum packing factor, which depends on particles shape and alignment; c  = dy-
namic 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 par-
ticle shapes.  
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APPENDIX B – MATHEMATICAL DEMONSTRATIONS 

This appendix shows mathematical demonstrations and some proof of hypotheses of the model developed from chap-

ters 4 to 6. Equation Chapter (Next) Section 1 

 

Demonstration #1: validity of Henry’s law at high pressure conditions 

Henry’s law is applicable for dilute systems, that is, gases with low affinity with liquid and at low pressure condi-

tions. The adopted Henry’s constant of methane-in-water solutions comes from Sander [85] 

5 1 11.4 10 exp 1600
298.15wH

T
   

    
  

 (B.1) 

for T  in [K] and H  in [mol/(m3Pa)]. 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 pressure-

based Henry’s law, w w

w

H M
x P


 , and (ii) a fugacity-based Henry’s law, w w

w

H M
x f


 . 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 [11,12], at a however much higher 

complexity. For the off-equilibrium modeling, the Henry’s law deviation is considered reliable, as other closure pa-

rameters present much larger deviations (e.g., the constant of proportionality of crystal integration). 

 

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) [85] against experi-
mental data of Table 2 of Frost et al [376]. Comparison is also made for the Cubic Plus Association (CPA) equation of 
state of Sirino et al [11,12]. 

 
Source: own authorship. 
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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 [41] for methane in 

Kerdane [283] (the same oil used in experiment shown in chapter 4) were crossed with the fugacity of methane at the 

given P&T conditions using NIST RefProp [124], giving 4 34/

4

1.1 2.8 10 mol/(m Pa)CH Kerdane
o

CH

CH
f

    . Since this is a 

pure curve fitting, then the numerical values are good as long as the conditions stay close to the ones of the measure-

ments, that is, 4 to 30oC at 80 bar. The linear behavior of Henry’s law using this retrieved value may distance from the 

real behavior for large P&T variations. The order of magnitude of this Henry’s constant holds when checked against 

methane solubility data of Srivastan et al [285] in hexane, decane and dodecane for 10 to 100 bar and 277 to 400 K, as 

presented in Table A.5. 

 
Demonstration #2: linearity of crystal integration law based on fugacity 

Figure B.2 presents a plot of the driving force based on fugacity ( )eqf f  against the driving force based on chemical 

potential ( )eq   for methane at 80 bar. It is observed that the relationship is not linear, and therefore the crystal inte-

gration law based on fugacity, eq (2.15), is not linear, that is, 1m  . But at least for the cases evaluated in chapter 4 and 

5, the fugacity driving force ranges from 28 to 45 bar, and at such range a linear law can be adopted, as pointed out by 

the dashed line of Figure B.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 [124] to estimate fugacity and 
chemical potential, and CSMGem [4–7] to estimate gas hydrate equilibrium conditions. 

 
Source: own authorship. 
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Demonstration #3: proof that micro-heat transfer between capillary-, particle- and multiphase flow-scales are 

negligible in flowing systems 

The exothermic nature of hydrate formation and related heat release once hydrates form cause a decrease in the driv-

ing force if ever the heat is not transferred from the active surface. The heat transfer limitation was modeled in the flow-

line length-scale [33,43,45,76] and in the micro-scale of interaction between particle and mixture bulk [21,25]. 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 4. This is in coherence with the findings of 

Sampaio et al [25], who found that the particle-bulk temperature difference is never higher than 0.2 K. 

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 iQ  is trans-

ferred to the bulk through a heat transfer coefficient /p bh . The mixture exchanges heat with the internal wall of the 

flowline by multiphase flow convection, Figure B.3(b), where the heat release of the entire particle population 

, ,hyd hyd i p hyd i
i

Q Q n Q   is at play. The heat exchange between the mixture and the wall depends on the wetted perim-

eter of the gaseous and the pseudo-liquid phase[182] (slurry composed of water, oil and hydrate). The wall presents a 

heat transfer resistance because of conductivity, Figure B.3(c). The external wall of the flowline transfers heat with the 

external medium by convection, Figure B.3(d), where the external medium temperature is the boundary condition of the 

heat transfer problem. The external medium represents the ocean. 

The heat flux passing from one particle to the bulk is 

,
,

g i
hyd i g hyd

hyd

dn
Q M h

dt

 
   
 
 

 (B.2) 

where hydh  is the enthalpy of hydrate formation expressed in [J/mol] of gas consumed. The sensitive heat of the parti-

cle 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 

 , 2
, 4g i

hyd i g hyd p p b out b
hyd

dn
Q M h r h T T

dt


 
     
 
 

    ,
24

g hyd g i
out b

p p b hyd

M h dn
T T

dtr h

 
   
 
 

 (B.3) 

Table B.1 presents the closure parameters adopted, extra to the ones of mass transfer and crystallization already pre-

sented in Table 4.1. Eq (B.3) gives   0.4 Kout bT T   for a particle of 1 mm in radius when slip between particle and 

bulk is neglected (that is, for a purely diffusive process, thus pNu 2 ). This result agrees with the order of magnitude 

found by Sampaio et al [25], who used much more detailed mathematics to model this heat transfer process. For the 

case of turbulent flow and considering slip velocities of / 0.1 m/sp bU  , then   0.05 Kout bT T  . That is, at least for 

the off-equilibrium modeling of this thesis, the particle can be considered at thermal equilibrium with the bulk. The 



 
 
 

288 

temperature gradient  out bT T  is important only when larger particles are considered ( 5 mm)pr   and for creeping 

flow (low or non-existent slip). 

 

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. 

 
Source: own authorship. 

 

Further heat release occurs in the capillary walls. Figure B.3(e) depicts the distribution of heat generation in the walls 

of one capillary 
 1cap zQ  and the heat diffusion to the outer surface. Applying the energy balance, neglecting any con-

vection, 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 wk  

2
1 ,

c
w c cap dz

dTd k r Q
dz dz


 
  
 

  
2

1 ,
2 2 0cap dzc

w c

Qd T
dz k r

   (B.4) 

where cT  is the temperature at the capillary wall. The heat release per unit length of the capillary 1 ,cap dzQ  is a function 

of the gas consumption in length dz  inside of one capillary 
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,
1 ,

1 ,

g i
cap dz g hyd

cap dz

dn
Q M h

dt

 
   
 
 

 (B.5) 

and by using the crystallization law, eq (4.1) 

 

, 2

1 ,

2g i
c i eq z

cap dz

dn
r k f C dz

dt
   (B.6) 

and the gas concentration distribution inside the capillary comes from eq (4.18). A non-linear ODE comes from 

eqs (4.18), (B.5) and (B.6) in (B.4). To simplify, 1 ,cap dzQ  is assumed constant over the critical penetration length of gas 

inside the capillaries critL . The critical length is defined as the z  value where 
crit eqz L

f f


 . For values of critz L , 

there is no heat release. Therefore, 1 ,cap dzQ  is approximated as 

1

1 ,

   for   0

0   for   

cap
crit

cap dz crit

crit

Q
z L

Q L
z L


 

 




 with ,
1

1

g i
cap g hyd

cap

dn
Q M h

dt

 
   
 
 

 (B.7) 

where the gas consumption inside one capillary comes from eq (4.19) divided by the number of capillaries cn  and par-

ticles pn . The approximation of eq (B.7) overestimates the temperature of the capillary walls, since the uniform distri-

bution causes a deeper heat release in the capillaries (that is, longer distances for heat diffusion). As commented, an 

overestimation of cT  is not a problem since I want to prove that 0c outT T  . 

The first boundary condition is a known temperature at the outer surface of the particle 

0c outz
T T


  (B.8) 

The second boundary condition considers that there is no heat transfer with the inner part of the particle (i.e., neglect-

ing thermal inertia of the inner mass of the particle), evaluated at the critical penetration length. 

0
crit

c

z L

dT
dz



  (B.9) 

Solution of eq (B.4) with eqs (B.7), (B.8) and (B.9) gives 

2
,

2
1

2
g hyd g i

c out
critw c cap

M h dn zT T z
dt Lk r

   
     
   

 for 0 critz L   (B.10) 

where 
crit critc cz L z L

T T
 

 , 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 critz L  

,max
2

1
2crit

crit g hyd g i
c out c outz L

w c cap

L M h dn
T T T T

dtk r

 
     
 
 

 (B.11) 

From the values of Table B.1 and Table 4.1, evaluation of eq (B.11) gives max 35 10 Kc outT T    , which is a negli-

gible temperature difference. Even for the lower constants of proportionality of crystal integration 
12 25.5 10 mol/(m sPa)ik    (that is, deeper penetration lengths of gas into capillaries means higher critL ), for the small-
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er capillaries 100 nmcr   and for fair large particles 10 mmpr  , the capillaries can be considered at thermal equilibri-

um with the outer surface of the particles, with max 0.05 Kc outT T  . 

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; ik  in the range of 12 7 210 10 mol/(m sPa)  ; 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 

considered at thermal equilibrium, c out bT T T  . 

 

Table B.1 – Closure parameters for micro-heat transfer model, eqs (B.3) and (B.11). Other parame-
ters come from Table 4.1. 
Parameter Adopted value / correlation 

Heat transfer coefficient between particle and 
bulk a  (Whitaker apud [81])  

1 4
1/2 2/3 2/5

p p p oNu 2 0.4Re 0.06Re Pr
s





 
    

 
 

Enthalpy of formation of CH4 hydrates [286] 53 kJ/mol of gashydh   

Maximum gas consumption rate per particle b 8
, ,max

4.8 10 mol/sg i hyd
dn dt     

Maximum gas consumption rate per capillary c 15
, 1 ,max

5 10 mol/sg i cap
dn dt     

Critical penetration length d c2.5 Hacrit cL r  

Source: relationships compiled from literature and coming from experiments of chapter 4. Notes: a Valid for 
0.71 Pr 380  , 4

p3.5 Re 7.6 10    and 1.0 3.2s   . With: / pNu (2 )p b o ph k r ; p /Re 2 o p b p oU r  ;  is 
the Prandtl number of oil, considered equal to water 12 ; s  is the fluid viscosity in the surface temperature, consid-

ered the same as in the bulk, thus  
1 4 1s   ; ok  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 4.4, one finds 
3

,
1.1 10 mol/s

nuc
g hyd t t

dn dt 


   . From eq (4.34), the number of particles is 42.3 10pn    for 1 mmpr  . Considering 

even crystallization in all particles, then   1
, ,max ,maxg i g phyd hyd

dn dt dn dt n   . c Considering that 

  1
, ,1 ,max ,maxg i g i ccap hyd

dn dt dn dt n   , where the number of capillaries per particle comes from eq (4.28), thus 
69.6 10cn    when 60%in   and 500 nmcr  . d Hatta number is estimated from eq (4.10). 

 

Demonstration #4: solution of the gas concentration inside water along the capillary for the shell approach in-

cluding 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 (4.9) 

2
2
c2 Ha 0d C C

dz
   (4.9) 

with boundary conditions from eqs (4.13) and (4.15) 

,0 out wz
C C


  (4.13) 
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2
cHa

2 c
c

z L
z L

dC C
dz 



  (4.15) 

The common procedure to solve such a type of ODE is to consider an exponential solution  expC z , and by 

substituting it in eq (4.9) 

   2 2
c cexp Ha exp 0 Haz z         (B.12) 

and by the superposition of the solutions 

   1 c 2 cexp Ha exp HaC c z c z    (B.13) 

By recognizing that cHa  , then the solution can be written using the hyperbolic sine and cosine as 

   3 c 4 ccosh Ha sinh HaC c z c z   (B.14) 

Using the first boundary condition, eq (4.13), inside eq (B.14) 

 30
cosh 0

z
C c


  41

sinh 0c

 , 3 ,0 out w out wC c C


    (B.15) 

and inside eq (B.14) 

   , c 4 ccosh Ha sinh Haout wC C z c z   (B.16) 

and deriving in z  

   , c c 4 c cHa sinh Ha Ha cosh Haout w
dC C z c z
dz

   (B.17) 

Using eqs (B.16) and (B.17) to evaluate the second boundary condition, eq (4.15) 

       
2
c

, c c 4 c c , c 4 c
Ha

Ha sinh Ha Ha cosh Ha cosh Ha sinh Ha
2out w c c out w c cC L c L C L c L    

 (B.18) 

dividing by cHa  and solving for 4c  

   

   

c
c c

4 ,
c

c c

Ha cosh Ha sinh Ha
2

Hacosh Ha sinh Ha
2

c c

out w

c c

L L
c C

L L







 (B.19) 

and inside eq (B.16) 

   
   

   
 

c
c c

c c

c c

,
c

Ha cosh Ha sinh Ha
2cosh Ha sinh Ha

Hacosh Ha sinh Ha
2

c

outz

c

w

c

c

L L
C C z z

L L

 
 

  
 
  

 (4.17) 

which is eq (4.17) and expresses the dimensionless gas concentration distribution inside the capillary of a shelled parti-

cle when gas consumption in the capillary walls is considered. 
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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 (4.9). The first boundary condition is the same, eq (4.13), but the second boundary condition is 

the inexistence of gas consumption at cz L , similar to what was discussed in eq (4.16) 

0
cz L

dC
dz



  (B.20) 

Using eq (B.17) inside (B.20) and solving for 4c  

     , c c 4 c c 4 , cHa sinh Ha Ha cosh Ha 0 tanh Ha
c

out w c c out w c
z L

dC C L c L c C L
dz



       (B.21) 

and recognizing that, in a capillary, c cr L , thus c
c

c

L
L

r
   and  clim tanh Ha 1

c
cL

L


 , then 

4 ,out wc C   (B.22) 

Substituting eq (B.22) in (B.16) 

   , c ccosh Ha sinh Haout wC C z z     (4.18) 

which is eq (4.18) 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 cHa 2.5cL  , 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 (4.1). Since the gas concentration varies along the capillary axial direction z, then integration along the entire 

capillary length cL  is necessary, where the crystallization surface of an element dz  equals 2 cA r dz  (cylindrical 

capillary) 

    

, 2

0 0
1

2 2c cL zg i i
w eq c c i eqz z

wcap

dn k
C H f r dz r k f C dz

dt H
       (B.23) 

and the capillary radius variation with z is neglected for mathematical simplification. Using the expression for the gas 

concentration distribution inside the capillary, eq (4.18), and solving the integral 

2
,

,
c1

2
Ha

g i c
i eq out w

cap

dn r
k f C

dt


   for cHa 2.5cL   (B.24) 

and returning to the primary variables 

 , 3/2
,

1

2g i w i
c out w w eq

wcap

dn D k
Cr H f

dt H
    for cHa 2.5c

c

L
r

  (B.25) 



 
 
 

293 

By: (i) substituting the expression of the gas concentration in the outer surface of the particle, eq (4.6); (ii) by recog-

nizing that , ,out w w out o oC H C H  from the local equilibrium of the oil-water interface; (iii) by recognizing that 

, , ,

1

g i g i g i
c

hyd out cap

dn dn dn
n

dt dt dt
    ; and (iv) by multiplying by the number of capillaries per particle cn  and the num-

ber of particles in the system pn ; then the total gas consumption because of crystallization in the capillary walls comes 

 

3/2
,

2
, /

1 12
1 4

g g ic b
p c w w i eq

o w m p bpcap out

dn dnr Cn n H D k f
dt H H h dtr



 

  
      

     

 (4.19) 

3/2

2
, /

2
4

c w c w i

m p b o wp

n H r D k
h H Hr

   (4.20) 

which are eqs (4.19) and (4.20). 

 

Demonstration #7: finding the maximum constriction rate of a capillary 

The volume variation of one capillary (1cap) in an element of length dz  is related to the molar formation rate of hy-

drates by 

 , 2

1 ,

2h i h h c
c c

h hcap dz

dn drd r dz r dz
dt M dt M dt

 
 

 
    

 
 (B.26) 

where the geometric parameters were depicted in Figure 4.3. The hydrate formation rate is related to the gas consump-

tion rate by the stoichiometric relation  21 1G H O Hyd    , thus 

  ,,

1 , 1 ,

1 g ih i

cap dz cap dz

dndn
dt dt


 
   
 
 

 (B.27) 

The gas consumption rate in a capillary element dz , with crystallizing surface 2 cA r dz  for a cylindrical capillary 

comes from the crystallization law, eq (4.1) 

  ,

1 ,

2h i i
w eq cz

wcap dz

dn k C H f r dz
dt H

   (B.28) 

By combining eqs (B.26) to (B.28) 

 
        

1 1c z h i h i
w eq w eqz z

h w h w

dr M k M kC H f H f C
dt H H

 
 

       (B.29) 

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 0z  . In this case, the driving force (gas 

concentration) comes from the boundary condition, ,0 out wz
C C


 . The maximum constriction rate then comes 

     , ,
0

1 1c h i h i
out w w eq w eq out w

h w h wz

dr M k M kC H f H f C
dt H H

 
 



       (4.22) 

which is eq (4.22). 
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Demonstration #8: determination of the agglomerate shape coefficients
 

Because of the lack of proper instrumentation to measure the particle size distribution, the parameters 1 2,K K  of the 

population balance, eq (5.31), cannot be regressed experimentally. The values of Herri et al [22] were adopted, where 

1 0.262K    and 2 0.113K   . 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. Figure B.4(a) presents the case of two spheres of radius 1 2,r r  that form a spherical agglomerate of radius r . 

Considering that no porosity is created during agglomeration, the final agglomerate radius comes 

1/33
3 3 3 2

1 2 1 2 1
1

1
rv v v r r r r r
r

  
         

   
 (B.30) 

 

Figure B.4 – Geometric assumption of agglomerate shape: (a) sphere and (b) doublet. 

 
Source: own authorship. 

 

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 (5.27) and (5.28), are simplified to ,j agg j jM K M , be-

cause term 0aggK M  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 aggM  is not used anymore, since this dot represents the 

variation in time of the moment jM  coming from agglomeration (agg). The time dependence is inside the term 

0aggK M , with units [s
-1

], which is not important when the interest is in two isolated particles. That is, the problem is 

1r
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r
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1 2r r
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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 1j  , parameter 1K  is given by the variation 

of the total particle length before and after agglomeration,  1, 1 2aggM r r r   , divided by the final length, 1M r  

 
1

1, 1 2 2
1 1/33

1
1 2

2 1

1
1

1

agg

r
M r r r rK

M r r r
r r


 

   
  
  

   

 (B.31) 

For 2j  , parameter 2K  is given by the variation of the particle surface before and after agglomeration, 

 2 2
2, 1 24aggM r r r    , divided by the final outer surface, 2 4M r   
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 (B.32) 

A more realistic agglomerate shape is the case of two sticked-spheres, called doublet, as presented in Figure B.4(b). 

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 1r , 2r  and 1 2r r , then 

 1 2 1 2 2
1

1

2 1
3 3

r r r r rr r
r

    
   

 
 (B.33) 

For 1j   

 1, 1 2
1

1

1
2

aggM r r r
K

M r
 

     (B.34) 

but if the maximum length 1 2r r  of the agglomerate is used instead of the averaged one, then 

1, 1 2
1

1

0aggM r r rK
M r

 
    (B.35) 

Eq (B.34) and (B.35) are approximations, and 1K  when considering a doublet is something in between 

10 0.5.K    For 2j  , it is considered that the active surface in contact with the continuous phase that vanishes 

during agglomeration is the projection of the smaller sphere, 2
1r  for 1 2 1r r  , multiplied by 2 since this surface van-

ishes in both particles 
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 (B.36) 

Figure B.5 shows plots of 1K  and 2K  using both geometrical models, the spherical agglomerate and the doublet, for 

the range of 1 20 1r r  . Notice that 1 2 10r r   is equivalent to 1 2 0.1r r  , since what matters is the proportion be-
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tween the agglomerating particles, and therefore the plot of Figure B.5 cover all possibilities of these geometries. The 

geometric models converge to the ranges of 10 0.6K    and 20 0.3K   , always present negative values, and 

always give 1 2 0K K  . Therefore, the values regressed by Herri et al [22] are physically acceptable. It is important to 

notice that  1 2 1 2,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, 1 2,K K  need to assume a unique value 

that is representative for the entire agglomeration process and that is independent of 1 2,r r . 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. 

 

Figure B.5 – Evaluation of the theoretical agglomerate shape coefficients: (a) 1K  and (b) 2K  against the ratio of the 

agglomerating particle radii 1 2r r  considering geometric models for spherical agglomerate and for doublets. 

 
Source: own authorship. 

 

Demonstration #9: Smoluchowski’s collision rate and its applicability to the rock-flow cell experiments 

Consider a particle with radius 1r  at a reference position 0x   with velocity 0x
u


 flowing at its streamline, as de-

picted in Figure B.6. A second particle of radius 2r  is flowing in a different streamline at a velocity 

  0
,x x

duu x u
dx 

 
  
 

 where 
du cte
dx

    is a constant shear rate. If the streamline of the second particle is in a dis-

tance equal or smaller than the distance for contact between the two particles (that is, 12 1 2R r r   when considering no 

long-range interaction between particles), then the particle 2r  will approach and collide with particle 1r  because of the 

relative velocity   0x x

duu u x z
dx




 
   

 
. The rate of collision between these two particles is given by the flux of 

particles 2r  crossing a circular section of radius 12R
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   (B.37) 
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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. 

 
Source: own authorship. 

 

By recognizing the element of area of a circle in Cartesian coordinates as  2 2
122dA R z dz  , and that the integra-

tion can be done for a semicircle and multiplied by 2, that is, 
12 12

12 0
... 2 ...

R R

R
  , and by using the relative velocity for 

cte  , then 
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J z R z dz z R z dz R r r            (B.38) 

Considering a population of 1n  particles (per unit volume) with radius of 1r , and 2n  particles (per unit volume) with 

radius of 2r , the total collision rate comes 

 
3

1 2 1 2
4
3

J r r n n   (B.39) 

and by comparing with the general expression of agglomeration/collision rate, given by 1 2kn n , the rate of collision 

comes 

 
3

1 2
4
3colk r r   (B.40) 

or yet by considering an averaged particle size, 1 2 pr r r  , then 

3
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 (5.33) 

where the moments of the particle size distribution are used to express the particle average radius. This is Smolu-

chowski’s expression, eq (5.33). Notice that, besides neglecting long-range interactions, the sole hypothesis is the exist-

ence of a constant shear rate, which is however rarely found in practice. The flow in the bulk of the adopted rock-flow 
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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 high-

er 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 4 for the population of particles of chap-

ter 5 

In chapter 4, the aim was to model the gas consumption rate caused by hydrate formation based on the mass transfer 

of a spherical particle of radius pr  and outer surface 
24 pr , and to multiply the results by the pn  particles of the sys-

tem. In chapter 5, the concept was extended to a population of particles described by statistic parameters called the 

moments of particle size distribution jM . Therefore, in the growth kinetics equations, the terms related to the particle-

bulk interface shall be computed as 
2

2 04 pr M M   for a single particle, and 
2

24 p p Lr n M    for the entire particle 

population, where the use of the second moment 2M  does not necessarily implies in a spherical agglomerate, but de-

pends on the agglomerate shape coefficients jK  adopted to solve the population balance of eq (5.31). Therefore, the 

following equations of chapter 4 need to be changed of representation: eq (4.7) for the gas consumption rate in the 

outer surface of one particle, eqs (4.19) and (4.20) for the growth rate inside all capillaries of one particle, eq (4.28) to 

transform the number of open capillaries per particle into surface porosity, and eq (4.30) for the total consumption of 

gas because of hydrate formation. Using the moments of the particle size distribution, these equations come, respec-

tively 
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Demonstration #11: determination of the shear rate in the rock-flow cell experiments of chapter 5, and determi-

nation of the constant of proportionality of Kolmogorov’s relation 

The shear rate is an important parameter for the estimation of the collision rate, eq (5.42), and for the disruption rate, 

eq (5.47). It is however not a simple task to retrieve its value. Oftentimes Computational Fluid Dynamics (CFD) is 

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 [87]) 

, 5
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 (B.46) 

where the shear rate comes from the derivation of eq (B.46) 
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and the dimensionless variables are 
yUy 



  , 
uu

U

  , 2U


    and wU    and the expression used for 

the shear stress at the wall comes from Blasius (smooth pipe), 

0.25
20.0332w U

RU


 
 

  
 

, where R  is the flowline 

radius and   is the kinematic viscosity (of the continuous phase, that is, the oil, thus o o o   ). Eq (B.47) depends 

on the distance to the wall y , and on the oil viscosity, which is an open-question at the pressurized conditions of the 

rock-flow cell. 

Figure B.7(a) shows the shear rate   against the distance to the wall y  for a density of 3850 kg/mo   and for dif-

ferent oil viscosities in the range of 1 40 cPo  , considered to be plausible for the oil at 70 bar, and considering a 

velocity of 0.26 m/sU   (relative to 16 rpm of the rock-flow cell oscillation rate). Plots are given for 0 25 mmy  , 

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 ge-

ometry 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-
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20 s
-1

 a few millimeters away from it. Figure B.7(b) shows the shear rate against the oil viscosity plotted in the wall 

( 0)y   and at distances of 10 and 20 mm of the wall. The only large difference in the order of magnitude of the shear 

rate against viscosity is for the flow close to the wall. Because agglomeration is considered to happen in the liquid bulk, 

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 5. 

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 5.3. 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 [40] 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, 
1t    (given in minutes if   is in [rpm], or in seconds if   is in [Hz]), 

and therefore the velocity scale is proportional to 
2 2LU L

t
 


. 

The intermediary step of estimation of the shear rate by an ( )u y   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 5.4. 

The net force acting over an element of fluid is F P A    and comes from the pressure gradient 
dPP L
dz

   in the 

flow direction z , where A  is the cross section of the pipeline, L  is the flowline length and AL   is the flowline 

volume. The work is the force multiplied by the displacement of the fluid, and per unit time gives the power, 

E F x dPE FU U
t t dL


    
 

. The energy dissipation rate t  is defined as the power per unit mass of fluid m   , 

thus 

32
t

U dP fU
dL D




   (B.48) 

where the pressure gradient comes from the friction factor in Fanning representation as 
2

2dP fU
dL D

 . 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 ( )u y   approach), one can find the energy dissipa-

tion rate. From the 1
st
 similarity hypothesis of Kolmogorov, in every turbulent flow at sufficiently high Reynolds num-

ber, the statistics of the small scale motions (in the Kolmogorov scale) have a universal form that is uniquely deter-

mined 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


  (B.49) 

where a constant of proportionality of 1Kolmk   is often 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, 
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where the average shear rate is 
2 3
r P R PdA

x x


 

 
 

  ) with eq (B.49), one finds 0.94Kolmk  . Eq (B.49) can as well 

be compared to the shear rate at the wall by using eq (B.47) at 0y  , which leads to 0.2 3.3Kolmk   when consider-

ing the oil density of 3850 kg/mo  , the oil viscosity in the range of 1 40 cPo   and the geometry of the rock-

flow cell ( 25.4 mmR   and 0.1 0.26 m/sU  ). That 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 mmD   and 

the velocities in the range of 0.1 0.26 m/sU  , one finds 1.25 0.57Kolmk    . Or yet, for the purpose of estimating 

parameters 5 7k k  of the simplified agglomeration model of section 5.4, one can adopt 0.23Kolmk  . This value 

uniquely holds for the dataset tested and 5 7k k  and eqs (5.68) to (5.70) are probably apparatus-dependent. An engi-

neering alternative is to experimentally regress parameters 5 7k k  for each dataset of interest in order to avoid estima-

tion of Kolmk  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 – (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. 

 
Source: own authorship. 

 

Demonstration #12: proof of the hypothesis that representative values of the moments of particle size distribu-

tion exist 

The major simplification of the agglomeration model of section 5.4 is the existence of representative values for the 

moments of particle size distribution jM  that hold for the entire agglomeration process and that are able to represent 

the dataset tested. The values of 
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3 7k k  from their theoretical expressions, eqs (5.66) to (5.70), and hold as representative values. From the complete 

model, the moments stay inside the ranges of 
10

1

80 900 m
M
M

  , 

4
5 31

3
0

2.9 10 3.4 10  m
M
M

      and 

6 5 23
2
2

1.2 10 2.3 10  m
M
M

     , and therefore the simplifying hypothesis is valid for, at least, the dataset tested in 

chapter 5. 

 

Demonstration #13: sigmoid function for the porous media interconnectivity 

The sigmoid function for the porous media interconnectivity, eq (5.62), was chosen since it predicts two asymptotes. 

Figure B.8 shows plots of the sigmoid function for a fixed 
* 15 KT   and different values of 6a . The values of 

1
6 1 Ka   and * 15 KT   were adopted in this thesis, but more accurate fitting can be retrieved, in the future, by 

using more refined dataset for the subcooling. Parameter 6a  dictates how fast is the variation from the maximum to the 

minimum plateau of interconnectivity, whereas *T  dictates the subcooling at which the lower interconnectivity plat-

eau is reached. For a matter of comparison, a power function is plotted (dashed line) in Figure B.8, given by 

 
3.4219.7T T 


  . 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 1
6 0.7 1 Ka    in the range of 7.5 18 KT   . However, 

it is noticeable that the extrapolation of the power function for 7.5T   causes unrealistic values of 0.02  , lead-

ing to very high dryt . In order to limit the range of 0.001 0.02  , the sigmoid function is preferred. 

 

Figure B.8 – Porous media interconnectivity for the sigmoid function (continuous lines) for different 6a  values, com-

pared to a power regression (dashed line). 

 
Source: own authorship. 
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Demonstration #14: update of superficial velocities along the flowline 

Consider two nodes n  and 1n  distanced by a nodal spacing of z . The mass flowrate of the phase   varies in 

between nodes because of phase change 

           1 1 1
phasechange phasechange

n n n n n n

dm dm
m m Q Q

dt dt
 

     
 

  
      (B.50) 

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  1n A



  and recognizing the superficial velocity as j Q A   
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n n

dm
j j

A dt
 

 

 



 


 

   (B.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 UL , but the superficial velocity variation is for a nodal spacing Uz L  , then 
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1 1 phasechange
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M dnzj j
A L dt

  

 

 



 


 


   (B.52) 

Evaluating the phase change implicitly and evidencing the contribution of gas hydrate formation, gas solubilization or 

release processes, and evaporation or condensation 

 

 

 
 

         

1
1 1 sol./rel. ev./cond.

1n
n n

n n U n hyd n n n

M dn dn dnzj j
A L dt dt dt

    

 

 



 


 

 
    
 
 

 (6.1) 

which is eq (6.1) and stands for the update of the superficial velocity of each phase, node-by-node along the flowline. 

 

Demonstration #15: finding the momentum balance of each phase inside the elongated bubble region 

A general expression for the momentum balance is 

   
other
forcesweight pressure friction acceleration of variation of momentum

the control volume in the control volume (inert

rel
CV CS CS CS CS

g d n dA n dA a d Vd
t

P F       


    


      

flux of momentum crossing
ia) the borders of the control volume

CS

V V n dA   (B.53) 

where CV stands for the control volume and CS for the control volume surfaces, n  is the unitary vector normal to CS, 

and   is the Cauchy stress tensor. Considering constant properties, steady-state flow, an inertial referential and no 

forces other than friction, pressure or weight, then 

     
CV CS CS CS

g d P n dA n dA V V n dA            (B.54) 

Consider the infinitesimal control volumes of Figure B.9 encompassing only one of the phases and placed inside the 

elongated bubble region. The control volume presents a cross section of A  and length of dz . The weight term of each 

phase   at direction z  is 

sin
CV

g d gA      (B.55) 
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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. 

 

Source: own authorship. 
 

Considering the pressure term in each of the control surfaces and using a first order Taylor expansion 

     
   

( )
CS

i

d PA d PA dAdPP n dA PA PA dz dz A dz P dz
dz dz dz dz

  

  

 
       
  

  (B.56) 

where term (i) represents the hydrostatic column of the fluid coming from the inclination of the gas-liquid interface. 

Considering the hydrostatic pressure hydP gH  , where H  is the level of the phase to the bottom wall, and using a 

first order Taylor expansion 

  cos cos cos
dA dH dH

i P dz gH A g H dz A g A dz
dz dz dz

  

            
 

     
 

 (B.57) 

where cos  stands for the projection of the hydrostatic pressure in the axial direction of the flowline. Therefore 

  cos
CS

dP dHP n dA A dz g A dz
dz dz       (B.58) 
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The friction forces are the sum of friction between phases, and between each phase and the wall 

  i i
SC

n dA S dz S dz       (B.59) 

where S
 is the wall-wetted perimeter by phase  , and iS  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). 

The flux of momentum crossing the borders of the control volume come from a first order Taylor expansion 

     
 

 
SC

d V V A dV V n dA V V A V V A dz V V A dz
dz dz

   

           


   

 
      
 
 

  (B.60) 

and recognizing that V A cte     from the continuity equation, then 

   
SC

dV V n dA V A
dz     

dV dV
V dz V A dz V A dz

dz dz
 

          (B.61) 

Substituting eqs (B.55), (B.58), (B.59) and (B.61) in (B.54) 

sin cos i i

dH dVdPgA A dz g A dz S dz S dz V A dz
dz dz dz

 

                    (B.62) 

By dividing by A dz , by recognizing that the relative velocity inside the elongated bubble region is T BV U U    

where TU  is the unit cell translational velocity and BU  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 6 and with the fact that the modeling 

is for the elongated bubble region, and finally by reorganizing the terms 

 
sin cosT B B B i i B

T B
B

d U U S S dHdPU U g g
dz dz A dz

   

   



 
    

 
       (6.12) 

which is eq (6.12) and represents the momentum balance of phase   inside the elongated bubble region. 

 

Demonstration #16: finding the aerodynamic profile of the elongated bubble (Taitel and Barnea’s model) 

Applying eq (6.12) for both liquid and gas phases 

 
sin cosT LB LB LB i i LB

L T LB L L
LB

d U U S S dHdPU U g g
dz dz A dz

 
    

 
       (B.63) 

 
sin cosT GB GB GB i i GB

G T GB G G
GB

d U U S S dHdPU U g g
dz dz A dz

 
    

 
       (B.64) 

Subtracting eq (B.64) from (B.63), considering the same average pressure gradient dP dz  in both phases and rec-

ognizing that 

GB LB
GB LB

dH dHH H D
dz dz

      (B.65) 

then 
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GB GBLB LB LB
i i L G L G

LB GB LB GB

d U U d U U
U U U U

dz dz
SS dHS g g
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 (B.66) 

From eqs (6.22) and (6.23) 

    LS
T LB T LS
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RU U U U
R

    (B.67) 

    GS
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    (B.68) 

and deriving in z  
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 (B.70) 

Recognizing that 

LB LB LB

LB

dR dR dH
dz dH dz

  (B.71) 

GB LB LB LB
GB LB

LB

dR dR dR dHR R D
dz dz dH dz

        (B.72) 

From eqs (B.71) and (B.72) in (B.69) and (B.70), and then in (B.66) 
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 (B.73) 

and by isolating the curvature of the elongated bubble profile 

 

     

1 1 sin
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 (6.13) 

one finds eq (6.13), which represents the aerodynamic profile of the elongated bubble, also known as Taitel and Barnea 

model [53]. 
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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 (6.14). Considering an averaged liquid fraction in the 

elongated bubble GBR , related to an average actual velocity of the film LBU , and solving the integral, then 

S B
L L L LS LS L LB LB

U U

L LAj AR U AR U
L L

     (B.74) 

From eq (6.22), the average velocity of the film relates to the slug region as 

  LS
LB T T LS

LB

R
U U U U

R
    (B.75) 

Inserting in eq (B.74) and multiplying by U

L

L
A

 

U L LS S LS LB B T LS B T LS B LSL j R L U R L U R L U R L U     (B.76) 

Recognizing that B S UL L L  , dividing by TU  and reorganizing the terms 

 
 U L LS LS

B LB LS
T

L j R U
L R R

U


   (B.77) 

Recognizing the slug flow frequency from eq (6.15), 
1U

T

L
U freq

 , and the fact that    LB LS GB GSR R R R    , then 

 
 LS LS L

B GB GS

U R j
L R R

freq


   (6.18) 

which is the liquid mass balance of eq (6.18) used as criterion to stop the integration of the aerodynamic profile of the 

elongated bubble. 

 

Demonstration #18: actual velocities in the elongated bubble region 

Consider the control volume CV2 of Figure 6.3. By neglecting mass accumulation (that is, constant phase density and 

negligible control volume deformation), the fluxes of phase   entering and exiting CV2 are 

   , , , ,out out r rin out
m m V A V A            (B.78) 

where the velocity is relative to the translation of the unit cell, ,r TV U U   . Applying for 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) 

   T B B T S SU U A U U A       (B.79) 

By recognizing the phase fractions as R A A   and by reorganizing the terms 

  S
B T T S

B

R
U U U U

R


 



    (B.80) 
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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 ,L G  , one finds eqs (6.22) and (6.23). 

 

Demonstration #19: average pressure gradient of the slug flow 

By 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 

    0
CV CS CS

g d P n dA n dA         (B.81) 

Let’s evaluate eq (B.81) in the axial flowline direction z  for the control volume CV3 of Figure 6.3, 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 as 

   sin sinL LS G GS S L LB G GB B
CV

g d R R AL g R R AL g            (B.82) 

The pressure term comes from a first order Taylor expansion over the entire unit cell length UL  (hypothesis of an av-

eraged linear pressure drop) 

   
( ) ( )

U U
CS

d PA d PA dP dAP n dA PA PA L L A P
dz dz dz dz

 
       

 
 U U

dPL AL
dz

 
 

 
 (B.83) 

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 

    /LS LS S LB LB B GB GB B G L
CS

n dA S L S L S L SL          (B.84) 

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 

slug region, where  LS slugf   with  ,slug L GSf R  . 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 7.1.1, the apparent viscosity model of 

Frankel and Acrivos [255], eq (7.8), is used for that purpose. 

(ii) The gas-liquid interface in the elongated bubble is i i BA S L , where iS  is the perimeter of the gas-liquid inter-

face. The associated shear stress at the interface is considered the same as the gaseous phase with the wall, 

.i GB   

(iii) 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 GBU U , then some liquid is transferred from the 

film to the slug. The relative velocity is considered as r LB TV U U   and a common expression employed in lit-
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erature of single-phase flow for the local head loss caused by a sudden expansion has the shape of 
2

2
rVK , 

where K  is a proportionality factor coming from the geometry of the expansion. 

With these assumptions, eq (B.84) comes 

 
 

2

2
LB T

LS LS S LB LB B GB GB B i i B L
CS

U U
n dA S L S L S L S L K     


       (B.85) 

By substituting eqs (B.82), (B.83) and (B.85) in (B.81), by dividing by UAL  and by reorganizing the terms 
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 (6.26) 

one finds eq (6.26), which represents the average pressure gradient of the slug flow. 

 

Demonstration #20: determination of the thermal scooping factor 

Equations (6.41) and (6.42) 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 

cell, f r
B ST T T  , then 

 ,
exp

f
LB LB B GB GB BW B W

r r
L L LB G p G GBW B W B

h S L h S LT T T T
c R c R AJT T T T  

  
      

 (6.41) 

 ,
exp

f f
LS LS SW S W S

r
L L LS G p G GSWW S

h S LT T T T
c R c R AJT TT T  

  
     

 (6.42) 

The interest here is to find an expression for the temperature difference along the unit cell, recognized as the differ-

ence between the slug front and the bubble rear temperatures 

f r
U S BT T T    (B.86) 

Let’s do some non-intuitive manipulations. By summing and by subtracting the wall temperature WT  

   f r r f
U S B W W W B W ST T T T T T T T T          (B.87) 

and by multiplying and by dividing by  WT T  

   
1r f f

W B W S W W S
U W Wr

W W WW B

T T T T T T T TT T T T T
T T T T T TT T

        
           

        
 (B.88) 

Now, one can recognize the quantities of eqs (6.41) and (6.42) in eq (B.88). By recognizing that 1 exp( x) exp( )x   

and by dividing by  WT T  
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     , ,
exp expLB LB B GB GB B LS LS SU

L L LB G p G GB L L LS G p G GSW

h S L h S L h S LT
c R c R c R c RAJ AJT T


   

   
          

 (6.43) 

which is eq (6.43), defined as the thermal scooping factor. That factor relates the axial and radial temperature gradients 

along the slug flow unit cell. 
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