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ABSTRACT 

 

Potential flow assurance problems in oil and gas pipelines related to gas hydrates have 

traditionally been resolved by implementing hydrate avoidance strategies, such as water 

removal, insulation, and injection of thermodynamic inhibitors. As a means of lowering 

development and operational costs in the industry, hydrate management is becoming a more 

viable approach. “Hydrate Management” strategies differ from standard “Hydrate Avoidance” 

in the fact that, instead of focusing on preventing hydrate formation, these strategies focus on 

minimizing the risk of plugging and ensuring flow using methods that allow transportability of 

hydrate slurries with the hydrocarbon production fluids in multiphase flow conditions where 

hydrates are stable. In order to safely implement hydrate management strategies, it is required 

to understand mechanisms and processes connected to hydrate formation and accumulation in 

different multiphase systems involving gas, oil and water.  

A number of experiments have been performed using a visual rocking cell to measure 

and observe the various stages of hydrate formation, deposition and accumulation during 

continuous mixing and motion induced by the oscillation of the rocking cell to increase insight 

into the different processes leading to hydrate plug conditions. The experiments were 

performed in a gas-limited scenario considering the fluid combinations consisting of methane-

ethane gas mixture, water and mineral oil or condensate as hydrocarbon liquid. The effects of 
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added monoethylene glycol (MEG) and a model anti-agglomerant (AA) were also studied in 

some of the experiments. Various stages of hydrate formation and accumulation were measured 

and observed under continuous mixing, as a function of several variables: temperature, pressure, 

presence of thermodynamic inhibitors and anti-agglomerants. 

Phenomena such as deposition, sloughing, hydrate particle growth, agglomeration and 

bedding were identified. In this work, a lower tendency of the hydrate to deposit on mineral oil 

wetted surfaces was observed, as compared to surfaces exposed to the condensate or the gas 

phase. Nevertheless, hydrate deposition was also observed in the oil system, mainly at surfaces 

only exposed to the gas phase. Hydrate formation in an experiment with mineral oil, 30% water 

cut and anti-agglomerant resulted in transportable hydrate slurry. Both the condensate and 

mineral oil tested were non-emulsifying, but shear-stabilized dispersion of the liquid phases 

was created prior to hydrate formation by mixing induced by the motion of the cell. The 

dispersion of the oil and water phases appeared to completely phase-separate during constant 

flow due to the incipient hydrate formation. 

A porosity analysis was performed based on analysis of visual appearance of hydrates 

in images captured from the video recordings of the experiments and calculated amount of 

hydrate phase in the system. Highly porous hydrate deposits formed in conditions with a large 

temperature gradient between the bulk and the surface, and high subcooling conditions, then 

suffering from sloughing due to the wetting and weight of the deposit and the shear of the fluids 

on the deposit. However, analysis of the experiments with fresh water demonstrated that 

sloughing was not detected in a narrow operational window defined by both subcooling lower 

than 4 °C and temperature gradient in the cell lower than 1 °C. The potential existence of an 

operational window for conditions without sloughing might be valuable for development of 

hydrate management strategies for blockage-free production.  
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This thesis presents relationships between the phenomena observed (such as deposition, 

sloughing, agglomeration, bedding) and parameters, such as subcooling, porosity and type of 

liquid hydrocarbon in the system. A revised conceptual model for hydrate formation and 

accumulation in non-emulsifying systems, which includes phase separation, agglomeration and 

deposition related mechanisms, has been developed based on the results from the experiments. 

 

Keywords: Gas Hydrate, Flow Assurance, Hydrate Deposition, Hydrate Sloughing 
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RESUMO 

 

Os problemas de garantia de escoamento em tubulações de óleo e gás associados a 

hidratos de gás têm sido resolvidos tradicionalmente pela implementação de estratégias de 

“prevenção de hidratos”, ou seja, técnicas de remoção de água, isolamento e injeção de 

inibidores termodinâmicos. Para reduzir os custos de desenvolvimento e de operação na 

indústria, a técnica conhecida como “gestão de hidratos” vem se tornando uma alternativa 

viável. As estratégias de “gestão de hidratos” diferem da usual “prevenção de hidratos” uma 

vez que, ao invés de focarem na prevenção da formação de hidratos, tais estratégias objetivam 

minimizar o risco de obstrução e garantir o escoamento utilizando técnicas que permitem o 

transporte de suspensões de hidrato estáveis com o óleo produzido em condições de 

escoamento multifásico. A fim de implantar com segurança estratégias de gestão de hidratos, 

é necessário compreender mecanismos e processos ligados à formação e acumulação de hidrato 

em diferentes sistemas multifásicos, compostos por gás, óleo e água. 

Diversos experimentos objetivando aumentar o conhecimento dos diferentes processos 

resultando resultantes em condições de formação de bloqueio foram realizados. Utilizou-se 

uma célula de balanço com janela de visualização para mensurar e observar os vários estágios 

de formação, deposição e acumulação de hidratos em situações de mistura e movimento 

contínuos induzidos pela oscilação da célula. Os experimentos foram realizados em um cenário 

de gás limitado, considerando combinações de fluidos provenientes de uma mistura de gases 
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metano e etano, água e óleo mineral ou condensado como hidrocarboneto líquido. Os efeitos 

da adição de monoetilenoglicol (MEG) e um antiaglomerante modelo (AA) também foram 

estudados em alguns dos experimentos. Foram mensurados e observados vários estágios de 

formação e acumulo de hidratos com mistura contínua como um fator de várias variáveis 

(temperatura, pressão, presença de inibidores termodinâmicos e antiaglomerantes). 

Foram identificados fenômenos como deposição, desprendimento, crescimento de 

partículas de hidrato, aglomeração e formação de leito poroso. Neste trabalho, observou-se uma 

menor tendência de deposição em superfícies molhadas com óleo mineral, em comparação com 

as superfícies expostas ao condensado ou à fase gasosa. Contudo, a deposição de hidrato 

também foi observada no sistema de óleo, principalmente em superfícies expostas à fase gasosa. 

A formação de hidrato em um experimento com óleo mineral, 30% água de volume liquido e 

antiaglomerante resultou em suspensão de hidratos transportável. Tanto o condensado como o 

óleo mineral não eram emulsionantes, mas a dispersão, estabilizada por cisalhamento das fases 

líquidas, foi criada antes da formação de hidrato, através da mistura induzida pelo movimento 

da célula. A dispersão das fases de óleo e água parecia estar completamente separada durante 

o escoamento constante devido ao início da formação de hidrato. 

Uma análise da porosidade foi realizada com base na avaliação visual da aparência de 

hidratos em imagens capturadas a partir das gravações de vídeo dos experimentos e da 

quantidade calculada de fase hidrato no sistema. Os depósitos de hidrato com alta porosidade 

formam-se em condições com um alto gradiente de temperatura entre os líquidos e a superfície, 

e condições de sub-resfriamento elevadas, sofrendo então desprendimento devido à absorção 

de água, ao peso do depósito e ao cisalhamento dos fluidos sobre depósito. No entanto, a análise 

dos experimentos com água pura demonstrou que o desprendimento não foi detectado em uma 

limitada janela operacional, definida por ambos o sub-resfriamento inferior a 4° C e o gradiente 

de temperatura na célula inferior a 1° C. A existência em potencial de uma janela operacional 
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para condições sem desprendimento pode ser valiosa para o desenvolvimento de estratégias de 

gestão de hidratos para a produção sem ocorrência de bloqueios.  

Esta tese correlaciona os fenômenos observados (tais como deposição, desprendimento, 

aglomeração, leito poroso) com parâmetros como sub-resfriamento, porosidade e tipo de 

hidrocarboneto líquido no sistema. Um modelo conceitual revisado para a formação e 

acumulação de hidratos em sistemas não emulsionantes, que inclui mecanismos de separação 

de fases, aglomeração e deposição, foi desenvolvido com base nos resultados dos experimentos. 

 

Palavras-chave: Hidrato de Gás, Garantia de Escoamento, Deposição de Hidratos, 

Desprendimento de Hidratos 



vii 

Table of content 

Table of Contents 

ABSTRACT ............................................................................................................................... i 

RESUMO ................................................................................................................................. iv 

Table of content ....................................................................................................................... vii 

List of Figures ......................................................................................................................... xii 

List of Tables .......................................................................................................................... xxi 

List of Symbols .................................................................................................................... xxiii 

List of Abbreviations .............................................................................................................. xxv 

 Introduction ............................................................................................................ 1 

1.1 Gas Hydrates in the Context of Flow Assurance ........................................... 3 

1.2 Motivation for Studying Hydrate Deposition ................................................ 5 

1.3 Objectives ....................................................................................................... 9 

1.4 Structure of Thesis ....................................................................................... 10 

 Review of History of Gas Hydrate Research, Hydrate Plugging Mechanisms, 

Inhibition Methods, and Hydrate Deposition ........................................................................... 12 

2.1 History of Gas Hydrate Research ................................................................. 12 

2.2 Conceptual Models of Hydrate Plug Formation .......................................... 14 

2.2.1 Plugs in Oil Dominated Pipelines ................................................................ 15 

2.2.2 Plugs in Water Dominated Pipelines ............................................................ 15 

2.2.3 Plugs in Gas Dominated Pipelines with High Water Content ...................... 16 

2.2.4 Plugs in Gas and Condensate Dominated Pipelines ..................................... 16 

2.3 Methods to Prevent the Formation of Hydrate Deposits and Plugs ............. 18 

2.3.1 Thermodynamic Inhibitors ........................................................................... 18 

2.3.2 Risk Management......................................................................................... 19 

2.3.3 Kinetic Inhibitors ......................................................................................... 21 



viii 

2.3.4 Anti-Agglomerants ....................................................................................... 21 

2.3.5 Naturally Inhibited Oils................................................................................ 23 

2.4 Cold Flow Hydrate Management Strategies ................................................ 24 

2.4.1 Cold Flow Hydrate Seeding Process ............................................................ 25 

2.4.2 Cold Flow Once-Through Operation ........................................................... 27 

2.5 Review of Hydrate Deposition Studies ........................................................ 29 

2.5.1 Modeling of Ice and Wax Deposition .......................................................... 32 

2.6 The Contribution of This Work .................................................................... 33 

2.7 Summary of the Chapter .............................................................................. 34 

 Methodology for Hydrate Formation Experiments in a Rocking cell.................. 36 

3.1 Experimental Setup ...................................................................................... 36 

3.2 Materials ....................................................................................................... 39 

3.3 Experimental Procedure ............................................................................... 40 

3.4 Experimental Conditions .............................................................................. 41 

3.5 Additional Experiments for Observation of Shear-Stabilized Dispersion ... 44 

3.6 Constant Volume Hydrate Formation Experiments ..................................... 44 

3.7 Calculation Procedure for Amount of Hydrate Formed and Hydrate 

Equilibrium .............................................................................................................. 46 

3.7.1 Calculation Algorithm .................................................................................. 47 

3.7.2 Flash Calculations, Volume and Component Balance, and Hydrate 

Equilibrium .............................................................................................................. 49 

3.8 Subcooling and Temperature gradient.......................................................... 51 

3.9 Procedure for Porosity Calculations............................................................. 51 

3.10 Observation of Sloughing ............................................................................ 55 

3.11 Observation of Hydrate formation and accumulation mechanisms ............. 57 

3.12 Errors in Experimental Measurements and Calculations ............................. 57 



ix 

 Results and Observations from Hydrate Formation Experiments in a Rocking cell

  .............................................................................................................................. 61 

4.1 Experiments with Fresh Water ..................................................................... 61 

4.1.1 Hydrate Formation in Experiments with Mineral Oil 70T and Fresh Water 63 

4.1.2 Results in Experiments with Condensate and Fresh Water .......................... 69 

4.2 Experiments with Water Phase Containing NaCl and MEG ........................ 72 

4.3 Experiments with Anti-Agglomerant ........................................................... 78 

4.4 Hydrate Growth Rate in the Beginning of the Experiments ........................ 83 

4.5 The Influence of Pressure on Shear-Stabilized Dispersion .......................... 88 

4.6 Calculated Porosity in the Rocking Cell Experiments ................................. 91 

4.6.1 Porosity in Experiments with Mineral Oil 70T and Fresh Water ................. 92 

4.6.2 Porosity in Experiments with Condensate and Fresh Water ........................ 96 

4.6.3 Porosity in Experiments with Mineral Oil 200T and Fresh Water ............... 98 

4.6.4 Porosity in Experiments with Water Phase Containing NaCl .................... 101 

4.6.5 Porosity in Experiments with Water Phase Containing MEG .................... 102 

4.6.6 Porosity in Experiments with Water Phase Containing Arquad ................. 104 

4.6.7 The influence of subcooling and temperature gradient on porosity, hydrate 

volume and hydrate growth.................................................................................... 105 

4.6.8 Conclusions of the Porosity Measurements ............................................... 119 

4.7 Conditions for Hydrate Sloughing ............................................................. 120 

4.8 Summary of the Chapter ............................................................................ 125 

 Revised Conceptual Model for Hydrate Formation in Non-Emulsifying Systems . 

  ............................................................................................................................ 128 

5.1 Phase Separation of Dispersion due to Hydrate Formation ....................... 128 

5.2 Deposition, Sloughing and Calculated Porosity ........................................ 131 

5.3 Hydrate Particle Growth, Agglomeration and Bedding ............................. 134 

5.4 Hydrate Formation and Accumulation in Non-Emulsifying Systems ....... 136 



x 

5.5 Summary of the Chapter ............................................................................ 139 

 Conclusions ........................................................................................................ 140 

 Recommendations for Future Research ............................................................. 146 

7.1 Improvement in Equipment and Procedures for Small Scale Experiments ..... 

  .................................................................................................................... 146 

7.2 Theoretical Studies of Hydrate Formation and Accumulation Mechanisms ... 

  .................................................................................................................... 147 

7.3 Development of Hydrate Management Methods ....................................... 148 

Bibliography ........................................................................................................................... 150 

 Review of Cold Flow Hydrate Management Strategies ................................. 157 

A.1 Crystal Recycling and Seeding .................................................................. 157 

A.1.1 Experimental Results for Hydrates ............................................................ 159 

A.1.2 Experimental Results for Wax .................................................................... 160 

A.1.3 Limitations of the Experiments .................................................................. 161 

A.1.4 Implementation for Oil and Condensate Fields ......................................... 161 

A.1.5 Cold Flow Dehydration of Natural Gas ..................................................... 163 

A.1.6 Empig Induction Heating and Magnetic Pig .............................................. 165 

A.2 Once-Through Operation ........................................................................... 166 

A.2.1 Flow Loop Experiments ............................................................................. 167 

A.2.2 Once-Through Operation Field Trial ......................................................... 170 

A.2.3 Differences between Flow Loops and Field Trial ...................................... 172 

A.3 Suggestions for Future Studies of Hydrate Cold Flow .............................. 173 

A.3.1 Hydrate Deposition studies ........................................................................ 174 

A.3.2 Important Parameters in Future Experiments ............................................ 174 

A.3.3 Design of Future Flow Loop or Field Trial ................................................ 176 

A.3.4 Model Development for Hydrate Cold Flow ............................................. 178 



xi 

A.4 Conclusions ................................................................................................ 178 

 Summary of a Hydrate Deposition Model ..................................................... 180 

B.1 Pressure Drop Modeling ............................................................................ 180 

B.2 Conservation of Energy Modeling ............................................................. 181 

B.3 Modeling of the Growth of the Hydrate Deposit ....................................... 182 

 Chemical Compositions and Structures ......................................................... 185 

C.1 Fluid Compositions .................................................................................... 185 

C.2 Methane-Ethane Mixture Dissolved in Hydrocarbon Liquid..................... 187 

C.3 Arquad Molecule Structure ........................................................................ 187 

 MATLAB® Code for Hydrate Volume Calculations ...................................... 188 

 Measured and Calculated Data from the Rocking Cell Experiments ............ 192 

E.1 Fresh Water Experiments ........................................................................... 192 

E.2 Experiments with 3.5 wt.% NaCl in water ................................................. 199 

E.3 Experiments with 6.6 wt.% MEG in water ................................................ 202 

E.4 Experiments with 0.5 wt.% Arquad in water ............................................. 205 

E.5 Edited Videos from the Experiments ......................................................... 207 

 



xii 

List of Figures 

Figure 1.1: A 512 cage with 20 water molecules held together by hydrogen bonds with a methane 

molecule trapped in the cage (Headrick et al., 2005). ................................................................ 1 

Figure 1.2: Hydrate cages and structures. Images created with Vesta. (Momma, 2014). Cage 

and structures representation originally developed by A. K. Sum. ............................................ 2 

Figure 1.3: Equilibrium temperature and pressure of methane hydrate calculated with the 

program CSMGem (Ballard & Sloan, 2002, 2004a, & 2004b). ................................................ 3 

Figure 1.4: Removing a hydrate plug from a pig catcher after pigging on an offshore installation 

operated by Petrobras (Koh et al., 2011). ................................................................................... 4 

Figure 1.5: Measuring of adhesion force in micromechanical force apparatus  (Nicholas et al., 

2009a). ........................................................................................................................................ 6 

Figure 2.1: Phase diagram for some simple hydrocarbons that can form hydrates.  Q1: lower 

quadruple point; Q2: Upper quadruple point.  Modified from Katz et al. (1959) (Sloan & Koh, 

2008, p. 7). ............................................................................................................................... 14 

Figure 2.2: Conceptual model of hydrate formation and accumulation in oil-dominated system. 

(Sloan et al., 2011), (Turner, 2005) .......................................................................................... 15 

Figure 2.3: Conceptual model of hydrate formation and accumulation in gas-dominated system 

with high water content (Sloan et al., 2011, p. 27). ................................................................. 16 

Figure 2.4: Hydrate formation and accumulation in gas and condensate dominated systems  

(Sloan, et al., 2011, p. 30). ....................................................................................................... 18 

Figure 2.5: Molecular models of (a) MeOH and (b) MEG. The black spheres represent carbon 

atoms, whites: hydrogen, and red: oxygen (Sloan et al., 2011, p. 91). .................................... 19 

Figure 2.6: The macroscopic mechanism of hydrate anti-agglomerant slurries. (Sloan & Koh, 

2008, p. 667) ............................................................................................................................ 22 

Figure 2.7: Photograph of a hydrate particle grown in the presence of sorbitan monolaurate 

(Span-20). (Taylor, 2006) ......................................................................................................... 23 

Figure 2.8: SINTEF Petroleum Research cold flow concept. (Lund et al., 2000) ................... 26 

Figure 2.9: Once-through hydrate formation with static mixers without and with seeding. 

(Talley et al., 2007) .................................................................................................................. 28 

Figure 3.1: Schematic of the experimental setup for the rocking cell system for hydrate 

experiments. The rocking cell was constructed by Grasso (2015). .......................................... 38 

Figure 3.2: Schematic of the rocking cell. ............................................................................... 38 



xiii 

Figure 3.3: Hydrate equilibrium conditions for the 74.7 mol% Methane and 25.3 mol% Ethane 

mixture for fresh water (curve A, red line) and solutions with 3.5 wt.% NaCl in water and 6.6 

wt.% MEG in water (curve B, blue line) calculated with CSMGem program (Ballard & Sloan, 

2002, 2004a, & 2004b). Curve C (green line) shows a typical pressure and temperature trace 

during an experiment................................................................................................................ 46 

Figure 3.4: Equilibrium conditions considered for the gas, oil and hydrate structure II phases.

 .................................................................................................................................................. 48 

Figure 3.5: Equilibrium conditions considered for the gas, oil and water phases. .................. 48 

Figure 3.6: Volume and component balance considered for the gas, oil, water and hydrate 

structure II phases. ................................................................................................................... 48 

Figure 3.7: Flowchart for flash and hydrate equilibrium calculations. .................................... 50 

Figure 3.8: Image captured from the video recorded from an experiment. ............................. 52 

Figure 3.9: Image processed by MATLAB®. Dark area corresponds to hydrate deposit. ....... 53 

Figure 3.10: Extent of hydrates (light blue lines) extrapolated from the window (red rectangle).

 .................................................................................................................................................. 53 

Figure 3.11: Extent of hydrates (light blue curves) extrapolated from the window (red 

rectangle). ................................................................................................................................. 54 

Figure 3.12: Simplified geometry with maximum and minimum extent of hydrates (light blue 

lines) extrapolated from the window (red rectangle). .............................................................. 55 

Figure 3.13: Sample images captured from the video recording for an experiment with  gas + 

condensate + water to illustrate the visual changes (A) before and (B) after  a sloughing event 

occurred. The window of the cell is 145 mm long and 34 mm high. ....................................... 56 

Figure 4.1: Onset max subcooling compared to the time of cooling before hydrate onset in the 

experiments with Methane-Ethane gas mixture, fresh water, and Mineral Oil 200T (green 

quadrats), Mineral Oil 70T (red triangles) or condensate (blue circles) as liquid hydrocarbon 

phase. Experiment numbers are indicated in the plot. ............................................................. 63 

Figure 4.2: Measured and calculated results from Experiment 4 with observations during the 

experiment. The vertical dash lines A to G in the plot refers to specific key mechanistic events 

observed related to hydrate formation and accumulation during the experiment. Time axis is 

compressed before 6 h and after 18 h for clarity. ..................................................................... 64 

Figure 4.3: Phase separation: (A) Dispersion before hydrate formation started. (B) Phase 

separated oil (blue) and water (yellow) 4 minutes after hydrate formation onset. Images are 

captured from the video of Experiment 4 with cooling bath at 4 °C and upper cell surface at 

1 °C. ......................................................................................................................................... 65 



xiv 

Figure 4.4: Hydrate slurry with large agglomerates flowing in the lower part of the rocking cell 

about 30 minutes after hydrate formation onset in Experiment 4 with the cooling bath at 4 °C 

and upper cell surface at 1 °C. ................................................................................................. 66 

Figure 4.5: Sloughing and bedding: Hydrates attached to the surface in the upper left part of 

the window in the top image (A) sloughed off the wall and entered the oil phase with bedded 

hydrates in the lower image (B), which was captured from the video five seconds later. Images 

are captured from the video of Experiment 4 with the cooling bath at 4 °C and upper cell surface 

at 1 °C. ...................................................................................................................................... 66 

Figure 4.6: Agglomerated and bedded hydrates in the top image E (captured 6 h and 45 min. 

after onset) brakes up and starts flowing together with the free liquid phase in image F (captured 

7 hours and 20 minutes after onset) in Experiment 4 with cooling of the bath to 4 °C and upper 

cell surface to 1 °C. .................................................................................................................. 67 

Figure 4.7: This image shows annealed hydrate deposit at the upper surface and liquid oil (blue) 

and water (yellow) phases 24 hours after hydrates started forming in Experiment 4 with cooling 

of the bath to 4 °C and upper cell surface to 1 °C. ................................................................... 68 

Figure 4.8: Measured and calculated results in Experiment 7 with gas mixture, gas condensate 

and fresh water and cooling of the bath to 1 °C. ...................................................................... 70 

Figure 4.9: Images captured from the video of Experiment 7 with gas mixture (transparent), 

condensate (blue) and fresh water (yellow) cooled to 1 °C showing various stages of the hydrate 

formation and accumulation. An oil in water dispersion with low content of condensate (foam-

like visual appearance) formed in the water phase before hydrate formation due to the flow (A), 

hydrates is seen as particles at the water/condensate interface 30 seconds after hydrate onset 

(B), dispersion of hydrate particles in water (C), and a solid hydrate deposit (D). ................. 71 

Figure 4.10: Measured and calculated results from Experiment 19 with gas mixture, mineral 

oil and 3.5 wt.% NaCl in water with cooling of bath to 1 °C. ................................................. 74 

Figure 4.11: Measured and calculated results from Experiment 21 with gas mixture, condensate 

and 3.5 wt.% NaCl in water with cooling of bath to 1 °C. ...................................................... 75 

Figure 4.12: Hydrate deposit at wall and window surfaces 36 hours after hydrates started 

forming. The image is captured from the video of Experiment 19 with gas mixture, mineral oil, 

3.5 wt.% NaCl in water, and cooling of the bath to 1 °C. ........................................................ 76 

Figure 4.13: Agglomerated hydrates blocking the cross-section 8 hours after hydrate formation 

onset (A), and hydrate slurry and some deposits 63 hours after hydrate formation onset (B). 

Images are captured from the video of Experiment 26 with gas mixture, mineral oil, 6.6 wt.% 

MEG in water, and cooling of the bath to 1 °C. ....................................................................... 77 

Figure 4.14: Semitransparent hydrate deposits (yellow/white) covering a majority of the 

window and wall surfaces with condensate (blue/green) flowing behind the deposit. The image 

is from the video of Experiment 21 with gas mixture, condensate and 3.5 wt.% NaCl in water, 

with cooling of the bath to 1 °C about 46 hours after hydrates started forming. ..................... 78 



xv 

Figure 4.15: Semitransparent hydrate deposits (yellow/white) covering a majority of the 

window and wall surfaces with condensate (blue/green) flowing behind the deposit. The image 

is from the video of Experiment 27 with gas mixture, condensate and 6.6 wt.% MEG in water, 

with cooling of the bath to 1 °C about 66 hours after hydrates started forming. ..................... 78 

Figure 4.16: Measured and calculated results from Experiment 30 with gas mixture, mineral 

oil 70T, 60 % water cut with 0.5 wt. % Arquad in water, and cooling of bath to 1 °C. ........... 80 

Figure 4.17: Hydrate deposits (white) in the top of the cell and semitransparent mineral oil 70T 

(blue) with agglomerates/bedded hydrates. Image is from the video of Experiment 30 with gas 

mixture, mineral oil 70T and 0.5 wt.% Arquad in water, with cooling of the bath to 1 °C 36 

hours after hydrates started forming. ....................................................................................... 80 

Figure 4.18: Measured and calculated results from Experiment 32 with gas mixture, mineral 

oil and 30 % water cut with 0.5 wt. % Arquad in water. .......................................................... 81 

Figure 4.19: Different stages of hydrate formation and growth in an experiment with AA: (A) 

dispersed phases before hydrate formation, (B) partly phase-separated system with smaller 

agglomerates 10 minutes after hydrate formation onset, and (C) hydrate slurry at the end of the 

experiment. Images are from the video of Experiment 32 with gas mixture, mineral oil, 30% 

water cut and 0.5 wt.% Arquad in water, with cooling of the bath to 1 °C. ............................. 82 

Figure 4.20: (A) Dispersed phases before hydrate formation started, (B) condensate with some 

dispersed water and hydrate deposit in the bottom of the cell 10 minutes after hydrate formation 

onset, and (C) condensate without water dispersed and the hydrate deposit in the bottom of the 

cell at the end of the experiment. Images are from the video of Experiment 33 with gas mixture, 

condensate, 30% water cut and 0.5 wt.% Arquad in water, with cooling of the bath to 1 °C.. 83 

Figure 4.21: Water converted to hydrates during the experiments with Methane-Ethane gas 

mixture, Mineral Oil 70T and fresh water. Observed sloughing events are indicated with 

markers on the line. (Only a few major sloughing events could be detected in the first 

experiment with bath cooling at 6 °C and wall cooling at 1 °C because of camera position.) 84 

Figure 4.22: Water converted to hydrates during the experiments with Methane-Ethane gas 

mixture, condensate and fresh water. Observed sloughing events are indicated with markers on 

the line. ..................................................................................................................................... 85 

Figure 4.23: Water converted to hydrates during the experiments with Methane-Ethane gas 

mixture, Mineral Oil 200T and fresh water. Observed sloughing events are indicated with 

markers on the line. .................................................................................................................. 85 

Figure 4.24: Water converted to hydrates 2 hours after hydrate formation onset in the 

experiments with Methane-Ethane gas mixture, fresh water, and Mineral Oil 200T (green 

quadrats), Mineral Oil 70T (red triangles) or condensate (blue circles) as liquid hydrocarbon 

phase. ........................................................................................................................................ 87 

Figure 4.25: Images captured from the video from an experiment with methane-ethane gas 

mixture, mineral oil 70T and fresh water at temperatures and pressures as indicated. ............ 89 



xvi 

Figure 4.26: Images captured from the video from an experiment with methane-ethane gas 

mixture, condensate (blue) and water (yellow) at temperatures and pressures as indicated. ... 89 

Figure 4.27: Photo of condensate-water dispersion (visual appearance similar to foam) in the 

water phase in an experiment with condensate and fresh water. .............................................. 90 

Figure 4.28: Images captured from video of bottle test visualization of separation of condensate 

and water after mixing. Seconds after mixing are indicated in the frames. ............................. 91 

Figure 4.29: Hydrate deposits at the upper wall, and oil and water flowing in the lower part of 

the cell. The image is captured from the video of Experiment 3. ............................................ 93 

Figure 4.30: Hydrate deposits at the upper wall, and agglomerated hydrates in the oil phase 

flowing in the lower part of the cell with high porosity during the first hours of an experiment 

with low temperature gradient. The image is captured from the video of Experiment 4......... 94 

Figure 4.31: Hydrate deposits with low porosity at the upper wall, and oil and water flowing in 

the lower part of the cell. The image is captured from the video of Experiment 4. ................. 94 

Figure 4.32: Pressure, temperature, hydrate volume, porosity and water converted behavior 

during experiment 4. ................................................................................................................ 95 

Figure 4.33: Hydrate deposition and agglomeration behavior along the experiment 4. .......... 95 

Figure 4.34: Hydrate deposits at the upper wall and the windows and oil flowing in the lower 

part of the cell. The image is captured from the video in the end of Experiment 8. ................ 97 

Figure 4.35: Hydrate deposits in the lower part of the cell and no deposits at the upper wall in 

the end of Experiment7. The image is captured from the video from the experiment............. 97 

Figure 4.36: Comparing of pressure, temperature, hydrate volume, porosity and water 

converted behavior during experiment 12.............................................................................. 100 

Figure 4.37: Comparing of pressure, temperature, hydrate volume, porosity and water 

converted behavior during experiment 13.............................................................................. 101 

Figure 4.38: Calculated porosity, observed volume, hydrate phase volume and hydrate phase 

volume growth rate in Experiment 5 with methane-ethane gas mixture, mineral oil 70T and 

fresh water, and cooling of both upper wall and bath to 1 °C. Sloughing events are also indicated.

 ................................................................................................................................................ 107 

Figure 4.39: Calculated porosity, observed volume, hydrate phase volume and hydrate phase 

volume growth rate in Experiment 6 with methane-ethane gas mixture, mineral oil 70T and 

fresh water, and cooling of bath to 1 °C. Sloughing events are also indicated. ..................... 108 

Figure 4.40: Calculated porosity, observed volume, hydrate phase volume and hydrate phase 

volume growth rate in Experiment 7 with methane-ethane gas mixture, condensate and fresh 

water, and cooling of bath to 1 °C. No sloughing events were observed............................... 109 



xvii 

Figure 4.41: Calculated porosity, observed volume, hydrate phase volume and hydrate phase 

volume growth rate in Experiment 11 with methane-ethane gas mixture, condensate and fresh 

water, and cooling of bath to 1 °C. No sloughing events were observed............................... 110 

Figure 4.42: Calculated porosity, observed volume, hydrate phase volume and hydrate phase 

volume growth rate in Experiment 12 with methane-ethane gas mixture, mineral oil 200T and 

fresh water, and cooling of bath to 1 °C. Sloughing events are also indicated. ..................... 111 

Figure 4.43: Calculated porosity, observed volume, hydrate phase volume and hydrate phase 

growth in Experiment 4 with methane-ethane gas mixture, mineral oil 70T and fresh water, and 

cooling of upper wall to 1 °C and bath to 4 °C. Sloughing events are also indicated. .......... 113 

Figure 4.44: Calculated porosity, observed volume, hydrate phase volume and hydrate phase 

growth in Experiment 3 with methane-ethane gas mixture, mineral oil 70T and fresh water, and 

cooling of upper wall to 1 °C and bath to 9 °C. Sloughing events are also indicated. .......... 114 

Figure 4.45: Calculated porosity, observed volume, hydrate phase volume and hydrate phase 

growth in Experiment 8 with methane-ethane gas mixture, condensate and fresh water, and 

cooling of upper wall to 1 °C and bath to 4 °C. Sloughing events are also indicated. .......... 115 

Figure 4.46: Calculated porosity, observed volume, hydrate phase volume and hydrate phase 

growth in Experiment 9 with methane-ethane gas mixture, condensate and fresh water, and 

cooling of upper wall to 1 °C and bath to 6 °C. Sloughing events are also indicated. .......... 116 

Figure 4.47: Calculated porosity, observed volume, hydrate phase volume and hydrate phase 

growth in Experiment 10 with methane-ethane gas mixture, condensate and fresh water, and 

cooling of upper wall to 1 °C and bath to 8 °C. Sloughing events are also indicated. .......... 117 

Figure 4.48: Calculated porosity, observed volume, hydrate phase volume and hydrate phase 

growth in Experiment 13 with methane-ethane gas mixture, mineral oil 200T and fresh water, 

and cooling of upper wall to 1 °C and bath to 6 °C. Sloughing events are also indicated. .... 118 

Figure 4.49: Typical traces for the measured (A) pressure and (B) temperatures, (C) calculated 

temperature parameters, (D) amount of water phase converted to hydrates, and sloughing 

events (vertical dashed lines) observed from the video recorded. These particular data shown 

is for experiment 10 with gas + condensate + water with the bulk temperature set to 8 °C and 

the upper wall surface to 1 °C. ............................................................................................... 121 

Figure 4.50: Correlation of sloughing events with temperature gradient and subcooling 

conditions as observed in rocking cell experiments with gas + oil + fresh water. Symbols 

correspond to systems with mineral oil 200T (green squares), mineral oil 70T (red triangles), 

and condensate (blue circles). The circles and numbers represent the distribution of sloughing 

events at the combinations of integer values for the subcooling and temperature gradient. . 122 

Figure 5.1: Steps leading to phase separation: Entrainment: phases are dispersed before hydrate 

formation due to shear forces from the flow; Initial Formation: hydrates form at all 

hydrocarbon-water surfaces; and Phase Separation: hydrate formation causes the liquid 

hydrocarbon and water phases to separate in flowing conditions. ......................................... 129 



xviii 

Figure 5.2: Illustration of hydrate formation and accumulation observed in the experiments. 

Initial formation of hydrate deposits of high volume and calculated porosity at high subcooling. 

Sloughing, and Annealing or formation of deposits with lower volume and calculated porosity 

at conditions close to hydrate equilibrium. ............................................................................ 134 

Figure 5.3: Steps in formation, agglomeration, and accumulation of hydrates as observed in the 

rocking cell experiments for predominant bulk hydrate. ....................................................... 135 

Figure 5.4: Revised conceptual model for hydrate formation and accumulation in shear 

stabilized dispersions (non-emulsifying oil). ......................................................................... 138 

Figure 6.1: A revised conceptual model for hydrate formation and accumulation in shear 

stabilized dispersions (non-emulsifying oil) developed from the experimental observations.

 ................................................................................................................................................ 145 

Figure A.1: Water layer converting to hydrates. (Larsen, et al., 2001) .................................. 159 

Figure A.2: Pigs with collected wax deposit with cold flow on top and without on bottom. 

(Larsen, et al., 2007) .............................................................................................................. 160 

Figure A.3: Example of cold flow in oil fields. (Larsen, et al., 2007) ................................... 162 

Figure A.4: Simplified process diagram for cold flow dehydration. Red lines represent flow at 

temperatures above hydrate equilibrium and blue lines represents flow at has been cooled to 

ambient temperatures. Blue and read dashed line represents the cooling zone where water vapor 

in the gas phase is converted to hydrate particles dispersed in condensate. .......................... 164 

Figure A.5: Subsea compact cooler module converting warm production flow to hydrate slurry 

with Empig cleaning sled installed. (Lund, 2017) ................................................................. 166 

Figure A.6: Once-through hydrate formation with static mixers without and with seeding. 

(Turner & Talley, 2008) .......................................................................................................... 167 

Figure A.7: Diagram of the 4” flow loop with static mixer locations indicated. (Turner & Talley, 

2008) ...................................................................................................................................... 168 

Figure A.8: Simplified process flow diagram for the field trial system. (Lachance, et al., 2012)

 ................................................................................................................................................ 171 

Figure B.1: Section of the pipe in the mathematical model. (Nicholas, et al., 2009c) .......... 181 

Figure B.2: Heat transfer through the pipe. (Nicholas, et al., 2009c) .................................... 182 

Figure B.3: Pipe wall with hydrate deposit, temperatures and water concentrations. (Nicholas, 

et al., 2009c) ........................................................................................................................... 183 

Figure C.1: Methane-Ethane gas mixture dissolved in three different hydrocarbon liquids 

during decrease of pressure due to hydrate growth in the rocking cell calculated by Multiflash.  

(KBC, 2014) ........................................................................................................................... 187 



xix 

Figure C.2: Chemical structure of Dimethyldioctadecylammonium chloride.  (Edgar181, 2010).

 ................................................................................................................................................ 187 

Figure E.1: Measured and calculated results in experiment no. 1 with fresh water, methane-

ethane mixture, mineral oil 70T, and cooling of the bath to 6 °C and the upper wall to 1 °C.

 ................................................................................................................................................ 193 

Figure E.2: Measured and calculated results in experiment no. 2 with fresh water, methane-

ethane mixture, mineral oil 70T, and cooling of the bath to 6 °C and the upper wall to 1 °C.

 ................................................................................................................................................ 193 

Figure E.3: Measured and calculated results in experiment no. 3 with fresh water, methane-

ethane mixture, mineral oil 70T, and cooling of the bath to 9 °C and the upper wall to 1 °C.

 ................................................................................................................................................ 194 

Figure E.4: Measured and calculated results in experiment no. 4 with fresh water, methane-

ethane mixture, mineral oil 70T, and cooling of the bath to 4 °C and the upper wall to 1 °C.

 ................................................................................................................................................ 194 

Figure E.5: Measured and calculated results in experiment no. 5 with fresh water, methane-

ethane mixture, mineral oil 70T, and cooling of the bath to 1 °C and the upper wall to 1 °C.

 ................................................................................................................................................ 195 

Figure E.6: Measured and calculated results in experiment no. 6 with fresh water, methane-

ethane mixture, mineral oil 70T, and cooling of the bath to 1 °C. ......................................... 195 

Figure E.7: Measured and calculated results in experiment no. 7 with fresh water, methane-

ethane mixture, condensate, and cooling of the bath to 1 °C. ................................................ 196 

Figure E.8: Measured and calculated results in experiment no. 8 with fresh water, methane-

ethane mixture, condensate, and cooling of the bath to 4 °C and the upper wall to 1 °C. ..... 196 

Figure E.9: Measured and calculated results in experiment no. 9 with fresh water, methane-

ethane mixture, condensate, and cooling of the bath to 6 °C and the upper wall to 1 °C. ..... 197 

Figure E.10: Measured and calculated results in experiment no. 10 with fresh water, methane-

ethane mixture, condensate, and cooling of the bath to 8 °C and the upper wall to 1 °C. ..... 197 

Figure E.11: Measured and calculated results in experiment no. 11 with fresh water, methane-

ethane mixture, condensate, and cooling of the bath to 1 °C. ................................................ 198 

Figure E.12: Measured and calculated results in experiment no. 12 with fresh water, methane-

ethane mixture, mineral oil 200T, and cooling of the bath to 1 °C. ....................................... 198 

Figure E.13: Measured and calculated results in experiment no. 13 with fresh water, methane-

ethane mixture, mineral oil 200T, and cooling of the bath to 6 °C and the upper wall to 1 °C.

 ................................................................................................................................................ 199 

Figure E.14: Measured and calculated results in experiment no. 19 with 3.5 wt.% NaCl in water, 

methane-ethane mixture, mineral oil 70T, and cooling of the bath to 1 °C. .......................... 200 



xx 

Figure E.15: Measured and calculated results in experiment no. 20 with 3.5 wt.% NaCl in water, 

methane-ethane mixture, mineral oil 70T, and cooling of the bath to 6 °C and the upper wall to 

1 °C. ....................................................................................................................................... 200 

Figure E.16: Measured and calculated results in experiment no. 21 with 3.5 wt.% NaCl in water, 

methane-ethane mixture, condensate, and cooling of the bath to 1 °C. ................................. 201 

Figure E.17: Measured and calculated results in experiment no. 22 with 3.5 wt.% NaCl in water, 

methane-ethane mixture, condensate, and cooling of the bath to 6 °C and the upper wall to 1 °C.

 ................................................................................................................................................ 201 

Figure E.18: Measured and calculated results in experiment no. 23 with 3.5 wt.% NaCl in water, 

methane-ethane mixture, condensate, and cooling of the bath to 1 °C. ................................. 202 

Figure E.19: Measured and calculated results in experiment no. 26 with 6.6 wt.% MEG in water, 

methane-ethane mixture, mineral oil 70T, and cooling of the bath to 1 °C. .......................... 203 

Figure E.20: Measured and calculated results in experiment no. 28 with 6.6 wt.% MEG in water, 

methane-ethane mixture, mineral oil 70T, and cooling of the bath to 1 °C and higher pressure.

 ................................................................................................................................................ 203 

Figure E.21: Measured and calculated results in experiment no. 27 with 6.6 wt.% MEG in water, 

methane-ethane mixture, condensate, and cooling of the bath to 1 °C. ................................. 204 

Figure E.22: Measured and calculated results in experiment no. 29 with 6.6 wt.% MEG in water, 

methane-ethane mixture, condensate, and cooling of the bath to 1 °C and higher pressure. . 204 

Figure E.23: Measured and calculated results in experiment no. 30 with 0.5 wt.% Arquad in 

water, methane-ethane mixture, condensate, and cooling of the bath to 1 °C. ...................... 205 

Figure E.24: Measured and calculated results in experiment no. 31 with 0.5 wt.% Arquad in 

water, methane-ethane mixture, mineral oil 70T, and cooling of the bath to 6 °C and the upper 

wall to 1 °C. ........................................................................................................................... 206 

Figure E.25: Measured and calculated results in experiment no. 32 with 0.5 wt.% Arquad in 

water, methane-ethane mixture, mineral oil 70T, and cooling of the bath to 1 °C and 30% water 

cut. .......................................................................................................................................... 206 

Figure E.26: Measured and calculated results in experiment no. 33 with 0.5 wt.% Arquad in 

water, methane-ethane mixture, condensate, and cooling of the bath to 1 °C and 30% water cut.

 ................................................................................................................................................ 207 

 



xxi 

List of Tables 

Table 3.1: Liquid hydrocarbon properties ................................................................................ 39 

Table 3.2: Fresh water rocking cell experiments ..................................................................... 42 

Table 3.3: Rocking cell experiments with saline water ............................................................ 43 

Table 3.4: Rocking cell experiments with MEG thermodynamic inhibitor ............................. 43 

Table 3.5: Rocking cell experiments with Arquad anti-agglomerant ....................................... 43 

Table 4.1: Results from rocking cell experiments with fresh water. ........................................ 62 

Table 4.2: Results from rocking cell experiments with 3.5 wt.% NaCl in water. .................... 73 

Table 4.3: Results from rocking cell experiments with 6.6 wt.% MEG in water. .................... 73 

Table 4.4: Results from rocking cell experiments with 0.5 wt.% Arquad in water. ................. 79 

Table 4.5: Water converted to hydrates 2 hours after onset and time of 0.9 of equilibrium 

conditions in the experiments with Methane-Ethane gas mixture, mineral oil 70T and fresh 

water ......................................................................................................................................... 86 

Table 4.6: Water converted to hydrates 2 hours after onset and time of 0.9 of equilibrium 

conditions in the experiments with Methane-Ethane gas mixture, condensate and fresh water

 .................................................................................................................................................. 86 

Table 4.7: Water converted to hydrates 2 hours after onset and time of 0.9 of equilibrium 

conditions in the experiments with Methane-Ethane gas mixture, mineral oil 200T and fresh 

water ......................................................................................................................................... 86 

Table 4.8: Porosity measurements in the end of selected experiments with fresh water. ........ 92 

Table 4.9: Porosity measurements for selected experiments with condensate and fresh water.

 .................................................................................................................................................. 98 

Table 4.10: Porosity measurements for experiments with mineral oil 200T fresh water. ........ 98 

Table 4.11: Porosity for experiments with mineral oil 70T and 3.5 wt.% NaCl in water. ..... 102 

Table 4.12: Porosity for experiments with condensate and 3.5 wt.% NaCl in water. ............ 102 

Table 4.13: Porosity for experiments with mineral oil 70T and 6.6 wt.% MEG in water. .... 103 

Table 4.14: Porosity for experiments with condensate and 6.6 wt.% MEG in water. ............ 103 

Table 4.15: Porosity for experiments with 0.5 wt.% Arquad in water. .................................. 105 

Table 5.1: Summary of mechanisms observed in various rocking cell experiments ............. 137 



xxii 

Table C.1 Composition of mineral oil 70T ............................................................................ 185 

Table C.2 Composition of mineral oil 200T .......................................................................... 186 

Table C.3 Composition of condensate ................................................................................... 186 

Table E.1: Results from rocking cell experiments with fresh water. (Duplicate of Table 4.1)

 ................................................................................................................................................ 192 

Table E.2: Results from rocking cell experiments with 3.5 wt.% NaCl in water. (Table 4.2)

 ................................................................................................................................................ 199 

Table E.3: Results from rocking cell experiments with 6.6 wt.% NaCl in water. (Table 4.3)

 ................................................................................................................................................ 202 

Table E.4: Results from rocking cell experiments with 0.5 wt.% Arquad in water. (Table 4.4)

 ................................................................................................................................................ 205 

 



xxiii 

List of Symbols 

Average concentration of water in the condensate .................................................................. CB 

Water concentration in the condensate at the surface of the hydrate deposit ........................... Ci 

Specific heat ............................................................................................................................. Cp 

Internal pipe diameter ............................................................................................................... D 

Molecular diffusion coefficient of water in the condensate .................................................. DWC 

Fanning friction factor............................................................................................................... fF 

Internal heat transfer coefficient .............................................................................................. hB 

External heat transfer coefficient ............................................................................................. hc 

Mass transfer coefficient .......................................................................................................... hm 

Thermal conductivity ................................................................................................................. k 

Thermal conductivity of the composite solid deposit ............................................................... ks 

Mass flowrate ............................................................................................................................ ṁ 

Molecular weight of the condensate ....................................................................................... Mc 

Nusselt number ....................................................................................................................... Nu 

Prandtl number ......................................................................................................................... Pr 

Heat transfer through a section of the pipe wall ....................................................................... qr 

External radius of the pipe ........................................................................................................ rc 

Reynolds number .................................................................................................................... Re 

Pipe radius measured from the deposit surface ......................................................................... ri 

Internal radius of the pipe ........................................................................................................ rw 

Schmidt number ....................................................................................................................... Sc 

Sherwood number .................................................................................................................. ShD 

Temperature ............................................................................................................................... T 

Average temperature of the condensate ................................................................................... TB 



xxiv 

Temperature of the cooling fluid .............................................................................................. TC 

Inlet temperature ..................................................................................................................... Tin 

Surface temperature of the hydrate deposit ............................................................................... Ti 

Outlet temperature .................................................................................................................. Tout 

Combined heat transfer coefficient .......................................................................................... u´ 

Liquid velocity ........................................................................................................................... v 

Molar volume of water ............................................................................................................. vw 

Volume of hydrate phase ................................................................................................... Vhydrate 

Apparent total volume of hydrate ........................................................................................ Vtotal 

Volume of hydrate phase ................................................................................................... Vhydrate 

Apparent total volume of hydrate ........................................................................................ Vtotal 

Enthalpy of hydrate formation .............................................................................................. ΔHf 

Measured temperature gradient in the rocking cell ................................................................. ΔT 

Pressure drop ........................................................................................................................... Δp 

Length of pipe section ............................................................................................................. Δz 

Hydrate porosity ................................................................................................................. ɛhydrate 

Roughness of the internal pipe surface ...................................................................................... ɛ 

Oil/water interfacial tension ................................................................................................... Γow 

Viscosity .................................................................................................................................... µ 

Viscosity of condensate ............................................................................................................ µc 

Density ....................................................................................................................................... ρ 

Water density in the hydrate deposit ......................................................................................... ρs 

Association factor of the condensate....................................................................................... 
c  



xxv 

List of Abbreviations 

Anti-agglomerants .................................................................................................................. AA 

Cubic-Plus-Association Equation of State ........................................................................... CPA 

Colorado School of Mines .................................................................................................. CSM 

Colorado School of Mines Gibbs Energy Minimizer ................................................. CSMGem 

Ethanol ............................................................................................................................... EtOH 

Gas oil ratio ......................................................................................................................... GOR 

Gas void fraction ................................................................................................................. GVR 

Hydrates .................................................................................................................................... H 

Ice ............................................................................................................................................... I 

Kinetic hydrate inhibitors ..................................................................................................... KHI 

Low dosage hydrate inhibitors ........................................................................................... LDHI 

Liquid hydrocarbon phases ................................................................................................... LHC 

Liquid loading ......................................................................................................................... LL 

Aqueous phase ........................................................................................................................ LW 

Monoethylene glycol ........................................................................................................... MEG 

Methanol .......................................................................................................................... MeOH 

Sodium chloride .................................................................................................................. NaCl 

Lower quadruple point ............................................................................................................ Q1 

Upper quadruple point............................................................................................................. Q2 

Sulfur dioxide ........................................................................................................................ SO2 

Southwest Research Institute ............................................................................................. SwRI 

Thermodynamic hydrate inhibitors ....................................................................................... THI 

Universidade Tecnológica Federal do Paraná ................................................................. UTFPR 

Vapor phase ............................................................................................................................... V 

Water cut ............................................................................................................................... WC 



1 

  

INTRODUCTION 

 

Gas hydrates, also known as clathrate hydrates, are crystalline solids of water 

resembling ice, but with a crystalline structure of hydrogen-bonded water molecules organized 

as regular polyhedrons with a water molecule in each of the vertices, hydrogen bonds as edges, 

and stabilized by gas molecules inside the polyhedrons as illustrated in Figure 1.1. Light natural 

gas molecules like methane, ethane, propane, iso-butane, nitrogen, carbon dioxide, and 

hydrogen sulfide are among the molecules that may stabilize gas hydrates. 

 

Figure 1.1: A 512 cage with 20 water molecules held together by hydrogen bonds with a 

methane molecule trapped in the cage (Headrick et al., 2005). 

The most common crystalline structures of gas hydrates are structure I and structure II. 

Laboratory experiments have also been performed forming structure H. A unit cell of structure 

I consists of two 512 cages, which has 12 pentagonal faces, and six 51262 cages, which have 12 

pentagonal and 2 hexagonal faces. A unit cell of structure II consists of sixteen 512 cages and 

eight 51264 cages. A unit cell of structure H consists of three 512 cages, two 435663 cages and 
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one 51268 cage. Figure 1.2 shows an overview over the different cages and structures. The gas 

composition and size of the guest molecules determine which type of hydrate structure that will 

form.  

51262 51264 512 435663 51268 

 
Structure I  

46 H2O 

 Structure II 

136 H2O 

 Structure H 

34 H2O 

Figure 1.2: Hydrate cages and structures. Images created with Vesta. (Momma, 2014). Cage 

and structures representation originally developed by A. K. Sum.  

While ice formation is a phenomenon mainly driven by temperature, gas hydrate 

stability depends on a combination of temperature, pressure and gas composition. Methane 

hydrates and fresh water, for example, form at temperatures below 0 °C at a pressure of 26 bar 

(Point A in Figure 1.3), but at 240 bar pressure methane hydrates may form at temperatures up 

to 20 ° C (point B in Figure 1.3).  

Davy (1811) documented the existence of gas hydrates as a physical phenomenon, and 

various researchers studied hydrates as a scientific curiosity during the 19th century and early 

20th century. Some physical characteristics of gas hydrates were determined during these 

studies. Gas hydrates were discovered in nature as part of permafrost in arctic regions and in 

sediments beneath the ocean sea floor in the latter part of the 20th century (Sloan & Koh, 2008, 

pp. 1-27). 

6 2 8  16 3 2   1 
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Figure 1.3: Equilibrium temperature and pressure of methane hydrate calculated with the 

program CSMGem (Ballard & Sloan, 2002, 2004a, & 2004b). 

 

1.1 Gas Hydrates in the Context of Flow Assurance 

Flow assurance is a term in oil and gas exploration and was coined by Petrobras in the 

early 1990s. It originally involved the thermal hydraulic and production chemistry issues 

encountered during oil and gas production, but has later also been used as a term for a multiple 

of other issues. Flow assurance considers pressure drop versus production and pipeline size, 

which also includes multiphase flow regimes like slugging etc. It considers thermal behavior 

(temperature change, insulation and heating), which is related to formation of solids like 

hydrates and wax. System Performance (mechanical integrity, equipment reliability, system 

availability etc.) has also become part of the term flow assurance in the broader meaning 

(Watson et al., 2003). These are all issues linked to ensuring that production fluids drained from 

the reservoir are delivered through the flowline to topside separation with high regularity 

focusing on safe and secure operation.  

The history of gas hydrates in the context of flow assurance started with 

Hammerschmidt (1934) discovering that gas hydrates could cause restrictions to flow due to 
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their accumulation in natural gas lines (Sloan & Koh, 2008, p. 9). Modern deep-sea oil and gas 

exploration involves ambient temperatures of about 4 °C and transport of unprocessed well 

fluids in high-pressure pipelines (50 to 500 bar). If water is also present in the system under 

these conditions, gas hydrates may form and block flow in the pipes (Figure 1.4). A study of 

110 oil companies throughout the world conducted by Welling and Associates in 1999 revealed 

that flow assurance was the most important technical issue facing the oil and gas industry 

(Mackintosh & Atakan, 2000). Hydrates are considered the largest flow assurance problem by 

an order of magnitude relative to the others in oil and gas exploration in the Gulf of Mexico 

(Sloan & Koh, 2008, p. 645).  

 

Figure 1.4: Removing a hydrate plug from a pig catcher after pigging on an offshore 

installation operated by Petrobras (Koh et al., 2011). 

The traditional method to prevent hydrate plug formation is injection of thermodynamic 

hydrate inhibitors (THI) like methanol, ethanol, glycol or saline water, which reduce the 

freezing temperature of water and hydrate equilibrium temperature hindering hydrate 
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formation. The cost of using thermodynamic inhibitors is high, especially when the amount of 

produced water is high. Oil companies therefore began looking at the possibility of using low 

dosage hydrate inhibitors (LDHI) during the 1990s. The two main categories of LDHI additives 

are kinetic hydrate inhibitors (KHI) and anti-agglomerants (AA). 

According Sloan and Koh (2008, p. 660), kinetic inhibitors are active at significantly 

lower concentrations (0.5-2.0%) compared to the thermodynamic inhibitors (40-60%). Kinetic 

hydrate inhibitors are low molecular weight polymers, which are assumed to delay and limit 

the nucleation and growth of hydrates by binding to the surface of hydrate crystals. They are 

efficient in short pipelines with temperatures slightly below the hydrate formation temperature.  

The anti-agglomerants do not have the subcooling limitations of the kinetic inhibitors, 

since they allow the formation of hydrates, but prevent hydrate particles from agglomeration 

together and form hydrate plugs. The anti-agglomerants allow formation of a transportable 

dispersion of hydrate particles in liquid hydrocarbon phase (Kelland, 2006). However, most 

anti-agglomerants do not work when the amount of water in the system is high, since the large 

amount of hydrate particles formed in an oil continuous system might result in too high 

viscosity, agglomeration and bedding of hydrates, which eventually cause a blockage of flow 

in the pipeline. 

 

1.2 Motivation for Studying Hydrate Deposition 

“Hydrate Management” strategies in oil and gas production differ from standard 

“Hydrate Avoidance” design in the fact that, instead of focusing on preventing hydrate 

formation, these strategies focus on ensuring flow and avoiding blockage formation in 

multiphase flow conditions where hydrates are stable. In order to safely implement hydrate 

management strategies, it is required to study and understand mechanisms and behaviors 
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connected to hydrate formation and accumulation in different multiphase systems involving 

gas, oil and water.  

Due to the presence of natural anti-agglomerates in the oil from many Brazilian fields, 

hydrate particles that form during oil exploration from these fields at water cuts lower than 30-

50% are less likely to agglomerate and form hydrate plugs in the pipelines than hydrates formed 

in systems with oil compositions without natural anti-agglomerates. However, the oil 

compositions of the pre-salt fields may have different properties. Furthermore, the temperature 

is lower and the pipeline pressure is higher in these fields, both of which results in an increased 

driving force for hydrate formation. More oil and gas exploration at deep ocean depths calls 

for increased attention towards dealing with gas hydrates.   

During the first decade of this century, researchers viewed cold flow as a promising 

method of transporting unprocessed well fluids (Lund et al., 2000), (Talley et al., 2007). This 

method involves converting all free water to hydrate particles dispersed in the oil phase. 

Without any free water trapped inside or in-between the hydrate particles, there will not be any 

capillary forces in-between the hydrate particles, and they will stay dispersed in the oil phase 

without agglomerating. Nicholas et al. (2009a) measured and calculated adhesion force 

between a dry hydrate particle and a steel surface from the elastic bending of a glass fiber 

cantilever where the hydrate particle was attached in a micromechanical force apparatus 

(Figure 1.5). The measurements indicated that dry hydrate particles would not deposit on steel 

pipe walls that are gas or oil wetted and not water wetted under normal flowing conditions.  

 

Figure 1.5: Measuring of adhesion force in micromechanical force apparatus 

 (Nicholas et al., 2009a). 
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The research institute SINTEF (Lund et al., 2010) and Exxon Mobil (Turner & Talley, 

2008) conducted cold flow experiments in flow loops without problems of agglomeration or 

deposition of hydrates. However, an exponential increase in pressure drop was measured when 

Exxon Mobil performed a field trial of their cold flow method. The pressure drop was explained 

by deposition of hydrates on the pipe wall (Lachance et al., 2012). Hydrate deposition on the 

pipe wall had not been studied extensively earlier, but the observations from the field test of 

cold flow resulted in an increased focus on hydrate deposition in the industry and more 

experimental campaigns.  

Hydrate deposition on the pipe wall has traditionally been considered a problem in the 

gas and condensate lines. Rao et al. (2013) performed experimental study of hydrate deposition 

on the outer surface of a cooled pipe exposed to water-saturated natural gas. The study 

identified growth of hydrates with high porosity until the hydrate layer reached a certain 

thickness at which the growth stopped and water started filling the porous space decreasing 

porosity and hardening the deposit. Grasso et al. (2014) performed laboratory experiments in a 

rocking cell studying hydrate deposition in mineral oil and gas condensate systems as well as 

100% water cut system. These experiments indicated that water could reach the deposition 

surface by direct contact between the water phase and the cold surface, by condensation of 

water on the surface, and by liquid capillarity.  

Estanga et al. (2014) measured liquid velocity by radioactive tracers and compared 

results to traditional measurements of pressure drop and volumetric flow rate in an 

experimental campaign performed in a flow loop. The results showed that increased pressure 

drop at a certain flow rate caused by hydrate deposits could have been mistakenly judged as 

increased pressured drop caused by increased hydrate particle content in a hydrate slurry if the 

decrease in internal diameter caused by deposition had not been detected by direct 

measurement of flow velocity.  
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Recent experimental studies of hydrate deposition in annular gas-water flow in a pipe 

test section at various subcooling conditions indicated some disagreement with simple model 

of increased pressure drop due to hydrate film growth (Di Lorenzo et al., 2014). The authors 

suggest that additional hydrate phenomena not considered in the model like particle deposition 

from the liquid or deposit sloughing from the wall made significant contributions to the 

pressure drop. These studies demonstrate that hydrate deposition plays an important role in the 

formation of hydrate blockages in pipelines. 

Studies of hydrate formation and accumulation mechanisms could improve the overall 

understanding of how hydrates form in a pipeline, which can be expressed in conceptual models 

for hydrate formation and accumulation. This might contribute to improvement of traditional 

inhibition methods and low dosage inhibitors. Procedure for removing of hydrate plugs could 

be improved. Increased knowledge of mechanisms involved in hydrate formation and 

agglomeration, and the conditions under which hydrates form and deposit are also vital for the 

development of management strategies. Cold flow is an example of a method that could be 

improved with a better understanding of the mechanism that resulted in deposition, increased 

pressure drop in the field trial, and other difference between the results from the laboratory 

experiments and the field trial. A thorough understanding of the mechanisms observed and 

further development of cold flow and other hydrate management strategies might result in 

future implementation.  

Cost of inhibition with traditional thermodynamic inhibitors may reach tens of millions 

of US dollars per year for one pipeline (Cooley et al., 2003), (Sloan et al., 2011, p. 32). Given 

the high costs of inhibition and the importance of flow assurance in offshore oil and gas 

exploration, both improvement of existing technology and development of new hydrate 

management strategies can result in major improvement in the overall economy in existing oil 

and gas production and future exploration. A better understanding of the mechanistic events 
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occurring during hydrate formation, deposition, agglomeration and accumulation under various 

conditions could therefore improve the economy in oil and gas exploration by identifying under 

which conditions a pipeline can be operated safely without deposition, accumulation of 

hydrates and blockage of flow.  

 

1.3 Objectives 

The objective of this work has been the study of hydrate formation and accumulation 

mechanisms focusing specifically on hydrate deposition on pipeline walls. An experimental 

study of hydrate formation and deposition has been performed in a rocking cell with visual 

capabilities. Mechanisms for hydrate formation, deposition, agglomeration and accumulation 

were observed through video recordings and related to measured and calculated parameters. 

Some of the findings in this work are:  

 Traditionally known hydrate formation and accumulation mechanisms like hydrate 

particle formation, agglomeration, bedding, deposition, and sloughing have been 

identified visually in rocking cell experiments with a Methane – Ethane gas mixture, 

non-emulsifying hydrocarbon liquid, and water with and without inhibitor. 

 Phase separation between the liquid hydrocarbon and water phases during constant flow 

conditions was observed at the time of hydrate formation onset. This is proposed as a 

step in a revised conceptual model for hydrate formation and accumulation in systems 

with non-emulsifying hydrocarbon liquid phase.  

 Differences in hydrate formation and accumulation behavior were studied for 

experiments with three different hydrocarbon liquid phases: mineral oil 70T, mineral 

oil 200T and gas condensate. 

 The influence of four different water phases were also studied: Fresh water, 3.5 wt.% 

NaCl in water, 6.6 wt.% MEG in water and 0.5 wt.% Arquad anti-agglomerant in water.  
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 Quantity of each phase present and hydrate equilibrium were calculated based on the 

total volume of the rocking cell, the volume of the filled liquids and measured pressure 

and temperatures during the experiments. The quantity of water converted to hydrates 

during the experiment is presented in the thesis. 

 Porosity of the hydrates was calculated based on analysis of images captured from the 

video recordings of the experiments and calculated to quantity the hydrate phase 

volume. 

 Conditions for hydrate sloughing were studied and related to subcooling and 

temperature gradient in the rocking cell.  

 

1.4 Structure of Thesis 

Chapter 2 of this thesis presents a review of the history of gas hydrate research, the 

traditional conceptual models for hydrate plugging mechanisms for various hydrocarbon 

systems, an overview over methods to prevent hydrate plug formation, and previous studies 

that have focused on hydrate deposition specifically. 

Chapter 3 presents the methodology used in this study, which includes experimental 

setup, experimental procedure, conditions and fluids used in the various experiments, and 

procedure for calculation of experimental results. 

Chapter 4 presents visual observations and results based on experimental measurements 

and calculation of hydrate equilibrium and quantity of water converted to hydrates in the 

rocking cell experiments. The results from studies specifically focused on hydrate porosity and 

hydrate sloughing are also presented.  

Chapter 5 presents hydrate formation and accumulation mechanisms observed in the 

experiments. A revised conceptual model for hydrate formation and accumulation in non-

emulsifying systems is proposed based on the experimental result and observations. 
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Chapter 6 presents the conclusions from this experimental study. 

Chapter 7 gives some suggestions to future study of hydrate deposition and hydrate 

formation and accumulation mechanism in general. 

The appendix chapters provide supporting information which includes an extensive 

review of cold flow, review of a mathematical model of hydrate deposition, fluid composition, 

transcript of MATLAB® code used in porosity calculations, and plots of measured and 

calculated parameters from the rocking cell experiments. Edited videos from the rocking cell 

experiments can be accessed on a CD attached to the inside back cover of this thesis. 
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REVIEW OF HISTORY OF GAS HYDRATE RESEARCH, 

HYDRATE PLUGGING MECHANISMS, INHIBITION METHODS, 

AND HYDRATE DEPOSITION 

 

This chapter gives a brief presentation of the history of hydrate research and hydrates 

as a general problem in the oil industry. The manner in which plugs and depositions of hydrates 

form in pipelines with various hydrocarbon systems are presented. The common methods for 

hydrate inhibition are also presented.  

 

2.1 History of Gas Hydrate Research 

Joseph Priestley performed laboratory experiments involving gases and water at low 

temperatures in 1778. These experiments showed that a system comprising SO2 and water, 

exposed to low temperature (0 °C) can solidify (Makogon, 2010). This is commonly recognized 

as the first time that gas hydrates were formed in laboratory experiments, but it can only be 

viewed as an indication of the formation of hydrates and not evidence since the temperature at 

which this phenomenon was observed was lower than the ice point. The existence of gas 

hydrates was proven and documented with certainty by Sir Humphrey Davy in 1810, who 

performed experiments at temperatures above the ice point (Davy, 1811). Hydrates were 

studied as an academic phenomenon in the laboratory, during the 19th century and early 20th 

century. 

Hammerschmidt (1934) discovered that gas hydrates could cause blockages in natural 

gas pipelines, which resulted in an increased attention on hydrates as a problem in the oil and 

gas industry. Experiments were performed identifying the hydrate formation pressure and 

temperature conditions for different hydrocarbon mixtures. Hammerschmidt (1939) also 
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started the research related to the effects of thermodynamic inhibitors and developed an 

empirical equation for hydrate formation conditions in the presence of inhibitors in gas 

pipelines.  

Deaton and Frost (1946) conducted experiments studying the formation of hydrates 

from pure components, such as methane, ethane and propane, as well as mixtures of these with 

other heavier components. Phase diagrams (or equilibrium diagram) related the stability of the 

hydrate phase with temperature, pressure and chemical composition were developed. Figure 

2.1 shows a phase diagram for various components of natural gas, where H represents the 

hydrates, I the ice phase, V the vapor phase, and LW and LHC the aqueous and liquid 

hydrocarbon phases, respectively. The region of stable hydrates is left of the three lines (I-H-

V), (LW-H-V), (LW-H-LHC). The phases present on the right of these lines are liquid water or 

ice and the guest as liquid component or gas. The connection between four three-phase lines in 

Figure 2.1 is represented with the two points where there are four phases coexisting, Q1 (I-LW-

H-V) and Q2 (LW-H-V-LHC), which are unique for each of the gases. Since methane has a 

critical temperature much lower than the freezing point of water, no liquid phase of methane is 

present in the diagram. The diagram for methane therefore only has a lower quadruple point 

and no upper quadruple point. 

The study of hydrates in nature in geological formations began in the 1960s when it 

was discovered that gas hydrates also exist in the deep oceans and sediments below permafrost 

in the arctic regions of the world (Makogon et al., 2007). Natural gas has currently only been 

produced from a few gas hydrates fields, but may become an important energy resource in the 

future. An estimated hydrate reserves in the world is 1.2 x 1017 cubic meters of methane, which 

is 3 orders of magnitude larger than worldwide conventional natural gas reserves (Klauda & 

Sandler, 2005). Even if the estimates are uncertain, it is clear that the energy reserves in these 

hydrate deposits is significant compared to all other fossil fuel deposits. 
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Figure 2.1: Phase diagram for some simple hydrocarbons that can form hydrates.  

Q1: lower quadruple point; Q2: Upper quadruple point.  

Modified from Katz et al. (1959) (Sloan & Koh, 2008, p. 7). 

 

2.2 Conceptual Models of Hydrate Plug Formation 

The mechanisms of hydrate plug formation differ depending on what is the dominant 

component in the hydrocarbon system. Sloan et al. (2011 p. 16) presents four different 

conceptual models of hydrate plug formation in a pipeline. 

 



15 

2.2.1 Plugs in Oil Dominated Pipelines 

Figure 2.2 presents the four steps of hydrate plug formation in oil-dominated systems: 

The water will be emulsified in the oil phase due to shear caused by the flow in the pipeline 

and surfactants present in the oil. Hydrate will form on the water droplets, and the hydrate-

covered water droplets will agglomerate because of the capillary attractive forces in-between 

the hydrate-covered water droplets, and between free water in the system and these droplets. 

This will increase the viscosity of the system and eventually result in a blockage of the pipeline. 

 

Figure 2.2: Conceptual model of hydrate formation and accumulation in oil-dominated 

system. (Sloan et al., 2011), (Turner, 2005) 

 

2.2.2 Plugs in Water Dominated Pipelines 

Similar mechanisms cause hydrate blockages in systems with high water cut as in oil 

dominated systems. The main difference is that the water phase only will be partly entrained in 

the oil phase and there will be a separate water phase that is not entrained due to the high water 

cut. Oil droplets will also entrain in the water phase since there will be a free water phase when 

the water cut is high. Hydrates will form on interfaces where water and hydrate forming 

hydrocarbon components are present, agglomeration of hydrates leads to increased viscosity, 

and hydrate plug formation. 
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2.2.3 Plugs in Gas Dominated Pipelines with High Water Content 

In gas dominated systems where a sufficient amount of liquid water is present and the 

pipe geometry permits accumulation of water in low points, hydrates will form in the water 

phase at sufficient subcooling because of bubbles of gas passing through accumulated water at 

these low points. The increasing amount of hydrates in the water will eventually result in 

pressure buildup and a blockage of the pipe downstream the low point where the water initially 

accumulated as illustrated in the five-step conceptual model of Figure 2.3.  

 

Figure 2.3: Conceptual model of hydrate formation and accumulation in gas-dominated 

system with high water content (Sloan et al., 2011, p. 27). 

 

2.2.4 Plugs in Gas and Condensate Dominated Pipelines  

Deposition of hydrates on the pipe wall is viewed as an important mechanism in hydrate 

blockage formation both in condensate and gas dominated systems. Since the hydrocarbon 

viscosity is low and stable water droplet emulsions do not occur in condensate-dominated 
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systems due to the lack of surface active components, the formation and agglomeration of 

hydrates in the liquid phase is not viewed as a mechanism for hydrate plug formation.  

The conceptual model of hydrate plug formation in gas and condensate systems due to 

deposition may be divided into five steps as illustrated in Figure 2.4. Hydrates may start 

forming when the temperature and pressure conditions are such that hydrates are stable in the 

given mixture of hydrocarbon and water. The formation of the first hydrates in the pipeline 

requires a certain level of subcooling below the hydrate equilibrium temperature. Hydrates 

often start forming at the pipe wall since the temperature of the pipe wall usually is lower than 

the temperature in the bulk flow. In addition to this, the pipe wall surface may have surface 

properties favorable for hydrate formation.  

Gas and condensate pipeline sometimes have no free water phase, only water present 

as dissolved water in the hydrocarbon phase. In these kinds of systems, the concentration of 

dissolved water in the gas or condensate must be higher than hydrate equilibrium concentration 

for hydrates to form. Experiments by Nicholas (2008) suggest that water concentration in the 

hydrocarbon face needed to reach a level at which water condenses before hydrates started 

forming. After hydrates have started forming, the water concentration in the hydrocarbon 

decreases to hydrate equilibrium conditions. At low temperatures, the concentration of water 

dissolved in hydrocarbon is lower in the presence of hydrates than the concentration at which 

the water started condensing.  

When hydrate formation has started, the hydrate deposit will continue growing covering 

the circumference of the pipe as a second step in the conceptual model. The third step of the 

conceptual model is growth in radial direction. The increased thickness of the hydrate deposit 

results in an increased pressure drop due to the narrowing of the cross-section area available 

for flow of gas and condensate in the pipe. The fourth step in the conceptual model is that 

particles and larger agglomerations of hydrate slough off the pipe wall due to flow in the 
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pipeline, the weight of the deposit, flow velocity or other triggering mechanisms. The final step 

is jamming of these particles to an obstruction of the pipe flow that eventually leads to complete 

blockage of the pipe. 

 

Figure 2.4: Hydrate formation and accumulation in gas and condensate dominated systems  

(Sloan, et al., 2011, p. 30). 

 

2.3 Methods to Prevent the Formation of Hydrate Deposits and Plugs 

Hydrate plug formation and deposition can be prevented by keeping the pressure and 

temperature of the pipe at conditions at which hydrates do not form or by removing the water 

from the system. Hydrate plugs and deposits can also be avoided by using chemical methods 

that involve injection of thermodynamic inhibitors, kinetic inhibitors or anti-agglomerates in 

the pipeline. Some studies have also been performed with respect to the cold flow method that 

involves generating transportable slurry of hydrate particles dispersed in the oil phase. 

 

2.3.1 Thermodynamic Inhibitors  

The objective of a thermodynamic hydrate inhibitor (THI) is to change the hydrate 

equilibrium pressure and temperature conditions of a hydrocarbon-water system so as to avoid 

the pressure and temperature of the system entering the region where hydrates are stable. The 

most commonly used THI are methanol (MeOH) and ethylene glycol (MEG). Ethanol (EtOH) 
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is normally used as THI in Brazil and is also used increasingly in the North Sea, because it is 

non-toxic and environmentally friendly. 

The inhibition effect of MeOH and MEG is caused by the attractive nature of the 

inhibitor oxygen atoms for neighboring water molecules. Each red oxygen atom in the OH 

group shown in Figure 2.5 has two lone-pair electrons (Bernal & Fowler, 1933), which attract 

hydrogen in neighboring water molecules to form a strong hydrogen bond between the inhibitor 

and the water molecule. The hydrogen atom in the OH group will in the same way form a strong 

hydrogen bond with oxygen in neighboring water molecules. The inhibitor hydrogen bonds 

with water is competing with the hydrogen bonds between water molecules, hindering 

conversion of water to hydrates. 

 

Figure 2.5: Molecular models of (a) MeOH and (b) MEG. The black spheres represent carbon 

atoms, whites: hydrogen, and red: oxygen (Sloan et al., 2011, p. 91). 

A variety of equations has been proposed for calculation of inhibition effect of alcohols, 

glycols and salt. Bucklin and Nielsen (1983) presented an equation that can be used effectively 

to methanol injection systems to a temperature as low as 165 K. The reduction in the hydrate 

equilibrium temperature is given in °F: 

  129,6ln 1 MeOHT x     (2.1) 

 

2.3.2 Risk Management  

Thermodynamic inhibitors are efficient, but there is an economic motivation for 

switching to LDHIs and new methods that prevent the formation of plugs and depositions of 
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hydrates. The Ormen Lange field in Norway, which produces 70 × 106 m3/d of natural gas and 

430 m3/d of condensed water (Lorimer, 2009), can be viewed as an example of a field where 

use of THI becomes expensive. This field is in an area where the ocean can reach temperatures 

below 0 °C. Safe operation without hydrate and ice formation requires injection of 60 wt.% of 

MEG or about 500 m3/d in the pipelines from this field. A large MEG recovery system is 

required to recirculate the MEG after reaching the process facility, and only the loading the 

system with the initial quantity of MEG in this field alone is a substantial fraction of the yearly 

world production of MEG (Sloan et al., 2011, pp. 91-92). 

The equipment and volume of chemicals needed for THI injection at the Ormen Lange 

field and other large oil and gas fields demonstrate the high cost of hydrate avoidance. In risk 

management, it is possible to allow operation of a pipeline at conditions that hydrates may form, 

by preventing hydrate aggregation and blockage of the pipe, and ensuring that the hydrate 

particles that might form will flow dispersed in the oil phase. In order to move from avoidance 

to risk management, it is essential to understand and quantify the time dependence of hydrate 

formation (Sloan et al., 2011, pp. 33, 92).  

The type of oil, water cut, flow rate, subcooling, the time the fluids stay at pressure and 

temperature conditions where hydrates are stable and other factors influence the flow assurance 

strategy for a pipeline. All these factors are considered during the design of a field development. 

One or a combination of several flow assurance strategies like water removal, heating, THI, 

KHI, AAs or actions needed is chosen based on evaluation of plugging risk and cost. As new 

flow assurance strategies are developed some of these may also be considered to be 

implemented later during production if this can increase the lifespan and improve the economy 

of the field (Kinnari et al., 2015). 
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2.3.3 Kinetic Inhibitors  

Kinetic inhibitors (KHI) are polymers with low molecular weight that are dissolved in 

a carrier solvent to facilitate injection into the pipeline. The efficiency of KHI can be considered 

as time-dependent, unlike the thermodynamic inhibitors. Even though the full mechanism of 

how a KHI works is not fully understood, a significant amount of evidence suggests that the 

kinetic hydrate inhibitors delays the growth after the nuclei have reached the critical dimension 

(Kelland, 2006). It is currently assumed the pendant group of these molecules is absorbed as a 

“pseudo-guests” in cavities growing at the hydrate crystal surface. This disrupts further growth 

of the hydrate crystals. Hydrates would normally grow rapidly when the hydrates cores have 

grown to a critical size.  

In cases where the temperature is much lower than hydrate equilibrium and the fluid is 

exposed to this temperature for a longer period, crystal growth will sooner or later occur and 

consequently hydrate plugs may form. The limit for the effectiveness of the KHIs is a 

subcooling (temperature below the equilibrium temperature) between 5 and 14 °C (Sloan et al., 

2011, p. 107). Because of these limitations, the kinetic inhibitors cannot be used to prevent 

hydrate plugs in long transport pipes and production pipelines connected to high pressure in 

deep sea wells. 

 

2.3.4 Anti-Agglomerants  

The anti-agglomerant agents (AA) prevent agglomeration of hydrate particles, which is 

one of the key steps in the conceptual model of how hydrate plugs form in oil dominated 

systems (Figure 2.2). When the hydrate particles are prevented from agglomerating they remain 

dispersed in the oil phase and do not form plugs as illustrated in Figure 2.6. Effective AAs are 

typically surfactants, which provide a relatively stable oil in water emulsion when injected in 

a pipeline. 
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Several companies have developed anti-agglomerants. A typical anti-agglomerant of 

the Shell type is a quaternary ammonium salt, which is soluble in water. It has two or three 

short ammonium branches and one or two alkane branches (e.g. C8 to C18). The AA-butyl 

ammonium branches attract water and hydrates. These branches remain firmly connected to 

the water droplet or the hydrate particle after conversion of water droplet. The alkane branches 

of the AA have the function to stabilize the AA-molecule in the liquid hydrocarbon (Kelland, 

2006), (Sloan & Koh, 2008, pp. 662-668). Zerpa et al. (2011) reported several studies showing 

an increase in the hydrate growth rate when the surfactants are mixed with oil and water. 

 

Figure 2.6: The macroscopic mechanism of hydrate anti-agglomerant slurries. 

(Sloan & Koh, 2008, p. 667) 

Figure 2.7 gives a concept illustration of how an anti-agglomerant works. The hydrate-

covered water droplet has an anti-agglomerant agent (Span-20) adsorbed onto the surface. 

Span-20 causes growth of thin “hydrate hairs” from the droplet surface into the oil phase. These 

“hydrate hairs” create a buffer zone increasing the distance between the droplets, which in turn 

reduces capillary attraction forces between liquid water trapped inside the droplets. The hydrate 
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particles will then remain in suspension in the oil phase and not agglomerate, thus avoiding the 

formation of hydrate plugs. 

 

Figure 2.7: Photograph of a hydrate particle grown in the presence of sorbitan monolaurate 

(Span-20). (Taylor, 2006) 

 

2.3.5 Naturally Inhibited Oils  

Polar compounds in crude oil fractions, such as asphaltenes, resins, or naphthenic acids, 

enable stable water in oil emulsions to be formed (Førdedal et al., 1996). These natural anti-

agglomerants, which reduce the agglomeration of hydrates and plugs formation for water cuts 

lower than 30-50% (depending on oil), are present in the oil in the Campos Basin.. However, 

hydrates could become a larger problem in new Brazilian fields with oils of other compositions.  

When hydrate formation takes place at the oil-water interface, a solid hydrate shell is 

formed at the water droplets with water trapped inside. In water in oil emulsion, these water 

filled “hydrate balloons” behave like solid particles and the emulsion gradually transforms to 

a hydrate slurry. Lab experiments (Sjöblom et al., 2010) and field experiments (Palermo et al., 

2004) provided evidence on the ability of oils to prevent the formation of plugs and allow the 

transportation of these hydrate particles (Sloan et al., 2011, p. 97).  
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Zerpa et. al. (2011) studied the behavior of natural surfactant in oil systems during 

hydrate formation. This study emphasized the importance of how different surfactants 

influence the water-oil interface where hydrates usually forms. It also explains how hydrate 

particles or deposits of hydrates are formed at solid surfaces like pipeline walls depending on 

the presence of natural surfactants and wettability of the oil and water on the surface.  

In the planning of hydrate management strategies for an oil field, the understanding of 

fundamental concepts of surface chemistry, especially surfactants and emulsions is of great 

importance. The evaluation of risk for hydrate blockages and deposition need to take into 

consideration the effect of several factors, such as oil composition (presence of natural 

surfactants), wettability of solid surfaces, formulation variables and their effect on anti-

agglomerants performance, presence of free water, and particle size among others. 

 

2.4 Cold Flow Hydrate Management Strategies 

Cold flow involves transport of hydrate particles that does not contain unconverted 

water, and these dry hydrate particles will therefore not agglomerate and form hydrate plugs. 

Measurement of the adhesive forces between cyclopentane hydrates and carbon steel by 

Nicholas (2008) indicated that hydrate particles 3 microns and larger would be removed from 

the carbon steel surface at a typical offshore pipeline flow rate. These non-adhesive properties 

of dry hydrate particles measured by attraction force between a particle and the pipe wall, and 

the similar non-cohesive properties between two particles, are key factors making cold flow a 

promising alternative to conventional flow assurance strategies. In a pipeline in which hydrate 

particle do not agglomerate nor deposit to the pipe wall, hydrate formation and accumulation 

will not follow the traditional conceptual models resulting in plugging, but hydrates will form 

as dispersed particles flowing together with the oil phase. Implementation of cold flow related 

hydrate management strategies might significantly reduce the costs of oil and gas field 
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development and production by removing or reducing the need for injection of chemicals, 

insulation and heating. However, converting water/oil mixture to hydrate slurry without 

agglomeration and deposition on the pipe wall has been viewed as one of the main challenges 

for cold flow since both liquid water and hydrate will be present during the conversion process. 

Appendix A gives a comprehensive review discussing the utilized methods and published 

results on cold flow in light of known mechanisms for hydrate formation and accumulation. 

The present chapter provides a brief overview over the main methods tested in the experiments. 

 

2.4.1 Cold Flow Hydrate Seeding Process  

Starting experiments in the late 1990s and continuing through the first decade of this 

century, the research institute SINTEF developed and tested their patented cold flow process. 

The central idea of this process is seeding of hydrate crystals to initiate controlled growth of 

hydrate particles in the bulk flow (Lund et al., 2000). The cold flow process was further 

developed utilizing similar crystal seeding principals for wax, asphaltenes and other solids, 

which may form during flow of hydrocarbons. This process is patented by SINTEF and BP 

(Argo et al., 2004). A patent application also describes how this method also can be 

implemented as a component of a dehydration process for natural gas (Lund et al., 2011), which 

might allow transportation of natural gas at ambient temperature without hydrate film growth 

at the pipeline wall. 

In the cold flow process patented by SINTEF, a slurry containing a certain fraction of 

hydrate particles is drained from a location in a pipeline downstream the hydrate growth zone 

where the well stream has cooled down to a temperature close to the ambient temperature. This 

slurry is then pumped upstream and injected into the flow at a location where the mixture 

product of the slurry and the rest of the bulk flow will have a temperature about at hydrate 

equilibrium. Because of the hydrophilic surface of hydrate, the free water in the bulk flow will 
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coat the surface of the hydrate particles. When cooled further while exposed to gas, oil or 

condensate containing the required guest molecules for hydrate formation, this water coated 

surface will be converted to hydrates, which results in dry particles as illustrated in Figure 2.8. 

 

Figure 2.8: SINTEF Petroleum Research cold flow concept. 

(Lund et al., 2000) 

Hydrate formation normally requires subcooling of the system to a temperature 3 to 

4 °C below the hydrate equilibrium temperature (Sloan et al., 2011, p. 20). The pipeline wall 

will be a natural location for hydrate nucleation both because the temperature of the wall is 

normally lower than the temperature in the bulk flow and because the surface conditions require 

less subcooling to initiate hydrate formation at the wall than in the middle of the bulk flow 

(Sloan & Koh, 2008, p. 130). However, when hydrate particles are seeded into the flow at 

conditions close to equilibrium, hydrates will continue to grow on these seeded particles at a 

low subcooling. In theory, the system will therefore not reach the subcooling necessary for 

nucleation of new hydrate crystals at other locations than already existing hydrate particles. 

Lab scale experiments indicate that the cold flow hydrate crystal seeding can work well 

for both oil and condensate dominated systems with water cut up to 20 % and low to medium 

gas/oil ratio. In addition to eliminating hydrate deposition and plug formation, experiments 

have demonstrated that cold flow could significantly reduce or eliminate wax deposition on 

pipe walls (Larsen et al., 2007). 
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2.4.2 Cold Flow Once-Through Operation  

ExxonMobil (Talley et al., 2007) has proposed a once-through method of generating 

non-plugging hydrate slurry. This patented method involves use of static mixers to reduce water 

droplet diameter in order to facilitate instant conversion of the entire water droplet to hydrates 

when hydrate formation occur as illustrated in Figure 2.9. Static mixers are non-mechanical 

devices, which mix flow in tubes by diverting flow, rotating flow, and reversing the flow 

rotation. A once-through process will not require any pump for recirculation of hydrate seeds 

as the process patented by SINTEF. This reduces the need for power supply to only include 

power to actuators for valves and possible other moving part like the static mixers that can be 

bypassed as proposed in another patent by ExxonMobil (Broussard, et al., 2012). The patents 

also include the option of hydrate seeding, but in that case, the hydrate seeds are produced in a 

side branch of the pipe before the slurry is mixed into the main pipe downstream to facilitate 

hydrate formation and growth. This seeding process is therefore also considered a once-through 

process. 

A number of different parameters were studied experimentally in a 95 meter long 4” 

diameter flow loop to investigate their effect on water droplet size and pressure drop. Higher 

liquid velocity resulted in more flowable hydrate slurry (Turner & Talley, 2008). It is believed 

that flowable hydrates are promoted by mechanisms caused by the higher share rate, heat 

transfer and mass transfer. Higher share rate produces smaller water droplets and gas bubbles, 

which results in rapid hydrate growth. It also breaks aggregates that may form. Higher heat and 

mass transfer increase hydrate growth rates. Use of static mixers at low velocities caused the 

droplet size to decrease significantly. 
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Figure 2.9: Once-through hydrate formation with static mixers without and with seeding. 

(Talley et al., 2007) 

ExxonMobil also conducted a field trial in a once-through, 4” diameter, 3.2 km pipeline 

facility. The experiments in the once-through field trial gave exponential rise in pressure drop 

mainly caused by wall deposits of hydrates in various sections of the field trial system. This 

result differed from the flow loop experiments in the 4” loop even though the fluids used were 

the same and the run conditions were similar to the flow loop experiments. Lachance et al. 

(2012) note that the flow loop experiments could be considered short-duration “snap shots” 

corresponding somewhat to the state of fluids in a once-through pipeline before a steady-state 

conditions are achieved in the pipeline, and that steady state conditions in the flow loop are not 

the same as steady state conditions in the once-through pipeline. In the flow loop, the quantity 

of water available for hydrate formation is limited, which means that when the available water 

is converted, the measured parameters will in many cases plateau. However, in a once through 

pipeline, “new” water is continually arriving at the location of hydrate deposits at the pipe wall 

cause a steady growth of the deposit. 
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Identifying causes for the differences between the successful flow loop experiments 

and the once-through field trial experiments with hydrate deposits at the pipe wall could be a 

natural starting point for future studies of cold flow. Since hydrate deposition was identified as 

a major problem in the once-through field trial, it could be helpful to explore more in detail the 

mechanisms involved in deposition of hydrates in laboratory studies. 

 

2.5 Review of Hydrate Deposition Studies 

It is difficult to separate deposition from other hydrate related phenomena like 

formation of hydrate plugs due to agglomeration. There are therefore few earlier studies 

focusing specifically on hydrate deposition. However, the interest in hydrate deposition has 

increased in recent years and more studies have been published. 

Dholabhai et al. (1993) presented results from hydrate deposition experiments in a flow 

loop. Water and condensate saturated with natural gas components at high pressure were 

circulated in a flow loop and cooled to hydrate forming conditions. The amount of hydrate 

deposits in the flow loop were calculated from measured pressure drop in the pipe and by visual 

observation in the transparent sections. No hydrate accumulation could be observed with 0.5% 

water cut. Deposition of hydrates was observed in a transparent cell and/or a transparent elbow 

with larger volumes of water. Hydrate particles could also be seen flowing past the windows. 

This study also suggests an interaction between wax precipitation and hydrate formation. Based 

on the observation that the condensate becomes clear liquid without wax particles after hydrate 

formation, it is suggested that the wax settled along with the hydrates or that the hydrate formed 

on wax particles. 

Dorstewitz and Mewes (1994) experimented with hydrate deposition under 

atmospheric conditions with water and R134a refrigerant. A mathematical model of the flow, 

pressure drop and heat transfer was developed. 
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In the winter of 1997, the Southwest Research Institute (SwRI) measured the formation 

and dissociation of hydrates plugs in a pipe of gas and condensate in the Werner-Bolley field, 

Wyoming, USA (Hatton & Kruka, 2002), (Sloan et al., 2011, pp. 24-26). Hydrate formation 

was first detected as a smooth, gradual pressure drop increase across the pipeline followed by 

cycles of buildup and collapse of pressure drop. Final-stage behavior indicated formation of a 

hydrate blockage by severely fluctuating pressure measurements, which eventually led to a 

hydrate blockage that shut in well flow. It was hypothesized that as gas emerged from water 

accumulation in low points, substantial surface area was created by the exiting bubbles. The 

resulting gas hydrates deposited on the walls, with growth eventually resulted in sloughing, 

and jamming. 

Nicholas (2008) studied the hydrate deposition in pipes with flow of gas condensate 

saturated with water. His work includes studies of attraction force between hydrate particles 

and between hydrate particles and the pipe wall (Nicholas et al., 2009a), flow loop experiments 

focusing on hydrate deposition (Nicholas et al., 2009b), and mathematical modeling of hydrate 

deposition (Nicholas et al., 2009c). The attraction force experiments showed that the hydrates 

formed directly at the pipe wall adhere to it, while the hydrates formed in the liquid flowing in 

the pipe does not adhere to a dry carbon steel wall at typical flow conditions for offshore 

pipelines. These results agree with the laboratory tests of the SINTEF cold flow process (Lund 

et al., 2010). The flow loop experiments of Nicholas were conducted with constant saturation 

of the condensate with water and heating of the fluid to a temperature above hydrate 

equilibrium after it had passed through the cooled deposition section of the flow loop to avoid 

circulation of hydrate particles that could have interfered with the growth of hydrate deposits 

on the pipe wall. The mathematical model developed by Nicholas et al. (2009c) includes change 

of pressure drop due to hydrate deposition at the pipe wall, and calculations of heat and mass 

transfer resulting in a model for the growth of hydrate deposit on the wall. The model was 
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calibrated with results for hydrate deposition experiments. Appendix B gives a summary of 

this model. 

Rao et al. (2013) performed an experimental study of hydrate deposition on the outer 

surface of a cooled steel pipe exposed to water-saturated pure methane and methane-ethane gas 

mixture. The hydrate formation started with growth along the pipe until a hydrate film covers 

the entire surface. High porous hydrate then grew outward from the surface. At a certain hydrate 

layer thickness, the hydrate surface temperature was equal to the hydrate equilibrium 

temperature because of the insolating effect of the hydrate. At this stage the radial growth 

stopped, and water condensed on the hydrate filling the pore space, decreasing the porosity and 

hardening the deposit. The study estimates the porosity to around 95% during the initial growth. 

It decreased to below 50% the first 25 h after which it stayed constant for the next 25 h until 

the radial growth stopped. In the final phase of the experiment, hydrates continued forming 

from liquid water in the porous volume of the deposit decreasing the porosity to 5% while the 

radial thickness of the deposit remained constant.  

Grasso et al. (2014) reported results from an experimental study of hydrate deposition 

in a rocking cell. The experiments indicated that the water reached the deposition surface in 

three different ways: direct contact with the surface of the water, water condensation on the 

cold surface, and finally by liquid capillarity. The experiments also showed that the hydrate 

deposits first formed had high porosity, and that the volume and porosity of the deposit formed 

in this closed volume system was reduced as the experiment progressed. The thickness of the 

deposit increased with increasing subcooling. These experiments demonstrate that the 

deposition of hydrates at the pipe wall is a key component in the formation of hydrate plugs. 

Estanga et al. (2014) performed an experimental study of hydrate formation and 

deposition in the flow loop at the University of Tulsa. In addition to using traditional methods 

of measurement to the acquisition of pressure drop and mass flow, they also used radioactive 
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tracer for measuring the velocity of the liquid phase between detectors along the pipe. In an 

experiment that could be interpreted as flow of hydrate slurry with higher apparent viscosity 

than liquid oil flow due to dispersed particles based on the measured flow rate and pressure 

drop, the measured liquid velocity revealed that hydrates depositing at the pipe wall was the 

cause of the increased pressure drop. These experiments showed that the current experiment 

techniques fail to detect the deposition, since the parameters measured in these experiments 

(pressure drop and mass flow) do not distinguish between the diameter reduction (due to the 

deposition) and viscosity increase (due to growth of hydrate particles in the liquid phase).  

Di Lorenzo et al. (2014) performed hydrate deposition experiment with natural gas 

mixture and water in a single-pass flowloop at high gas velocities resulting in annular flow. 

Average hydrate growth rates varied linearly with subcooling and were an order of magnitude 

larger than formation rates predicted using models developed for water-dominated systems.  

The model assumed homogenous growth of nonporous deposits, and did not consider hydrate 

phenomena like particle deposition from the liquid or deposit sloughing from the wall. The 

authors suggest that these additional hydrate phenomena made significant contributions to the 

pressure drop and need to be taken into consideration in development of future models for 

hydrate deposition.  

 

2.5.1 Modeling of Ice and Wax Deposition  

There are few studies on hydrate deposition modeling, but similar phenomena, like ice 

deposition and deposition of wax can be described by mathematical models for heat and mass 

transfer, which might also be used for hydrate deposition. Looking at these studies will 

therefore be useful in the planning of development of a mathematical model of hydrate 

deposition. LeGall et al. (1997) developed a model for growth and densification of ice at a cold 

wall with wet air flow pass the wall. Similar mathematical models can be developed for the 
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deposition of hydrates and densification or annealing of the deposit. Huang et al. (2011) and 

Lu et al. (2012) conducted wax deposition experiments in a flow loop, and developed a 

mathematical model based on the experiments. The model includes equations for flow in the 

pipe the temperature (heat transfer) and the concentration of wax molecules (mass transfer). 

Diffusion and convection equations are included in the heat and mass transfer model. Similar 

equations can be used for heat and mass transfer in a mathematical model for hydrate deposition.  

 

2.6 The Contribution of This Work 

The review of previous studies has revealed that hydrate deposition may be an 

important part of the hydrate formation and accumulation mechanisms causing blockages of 

oil and gas pipelines. The work presented in this thesis has identified how hydrate formation 

and accumulation mechanisms both related to hydrate deposition on the pipe wall and hydrate 

formation in the bulk flow are present to various degrees in mineral oil and condensate systems. 

This work has also identified phase separation at the time of hydrate formation onset as a new 

step in the conceptual model of hydrate formation and accumulation. This has not been reported 

in previous studies. A revised conceptual model for hydrate formation and accumulation in 

non-emulsifying systems is presented based on the experimental results and observations. The 

conceptual model involves hydrate formation and accumulation mechanisms both related to 

deposition and hydrate formation in the bulk, rather than considering exclusively 

agglomeration in some systems and deposition related mechanisms in other systems, which has 

been the traditional view of hydrate plugging of pipelines.  

A calculation procedure for quantity and composition of each phase present in the 

rocking cell at each logged pressure-temperature step of the experiment has been developed. 

Hydrate equilibrium temperatures are also calculated as part of this procedure. Both quantity 

of hydrates present in the system and hydrate equilibrium temperature are important for the 
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interpretation of the experimental results and contribute to the calculation of porosity and 

identifying conditions for hydrate sloughing. 

Some previous studies of hydrate deposition are based on simple mathematical models 

describing symmetric growth of non-porous hydrate deposits. In reality, hydrates deposits are 

porous, the porosity varies over time depending on subcooling, flow and other parameters, and 

chunks of the deposits might slough off the wall under certain conditions. These and other 

hydrate phenomena contribute significantly to the pressure drop effects and might explain why 

some current models have errors of an order of magnitude compared to experimental results 

(LeGall, et al., 1997), (Di Lorenzo, et al., 2014). A procedure for calculation of porosity of the 

hydrates formed in the experiments has been developed, and porosity has been calculated for 

several experiments in this work. This work has also quantified subcooling and temperature 

gradient conditions that favor hydrate sloughing in the rocking cell used in the experimental 

campaign based on observed hydrate sloughing events and calculated and measurements of 

subcooling and temperature gradient. The hydrate sloughing phenomena has not been studied 

much in previous studies, and no previous work has quantified conditions for hydrate sloughing.  

The experimental results and observations, and the new conceptual model for hydrate 

formation and accumulation might contribute in development and implementation of 

traditional hydrate avoidance methods like thermodynamic inhibitors and low dosage inhibitors, 

and the further development of hydrate management methods like cold flow. 

 

2.7 Summary of the Chapter 

Gas hydrates and their physical properties have been studied in laboratory experiments 

for more than 200 years. Gas hydrate has also been identified as a major fossil energy resource 

due to the large amount of natural gas stored in sediments of hydrates beneath the sea floor and 

in artic regions. The discovery of gas hydrates as a flow assurance problem in gas transportation 
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pipelines in 1934 resulted in increased focus on research on how hydrates forms and methods 

to prevent hydrate formation. The current conceptual models for hydrate formation and 

accumulation in various hydrocarbon systems have been presented. Hydrate formation in the 

liquid phases and agglomeration of hydrates are assumed to be the main mechanisms in hydrate 

plug formation in oil and water dominated systems. Hydrate deposition, sloughing and 

jamming of hydrates are regarded as the main mechanisms for hydrate plug formation in gas 

and condensate dominated systems.  

Hydrate avoidance through injection of thermodynamic inhibitors like methanol, 

ethanol and MEG has been the traditional way of dealing with potential hydrate problems in 

oil and gas pipelines. After their introduction in the 1990s, low dosage hydrate inhibitors have 

been used more widely in the industry. They are divided into two categories: kinetic inhibitors, 

which delays growth of hydrates, and anti-agglomerants, which cause hydrate to form as 

dispersed particles that do not agglomerate but stay dispersed in the oil phase. Research has 

also been performed on two different cold flow methods with the goal of creating hydrate slurry, 

which is transportable at ambient temperature, without or with minimal quantity of chemical 

injection. The laboratory experiments were successful, but a field trial resulted in hydrate 

deposition and plugging of the pipeline. 

The work presented in this thesis contribute with a revised conceptual model for hydrate 

formation and accumulation in non-emulsifying systems. Phase separation at the time of 

hydrate formation onset, which has not been reported in previous studies, has been added as a 

step in the conceptual model. This thesis also presents results regarding calculation of porosity 

of the hydrates under various experimental conditions, and conditions for hydrate sloughing, 

which has not been quantified in previous published studies. These are related to subcooling 

and temperature gradient in the rocking cell. 
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METHODOLOGY FOR 

HYDRATE FORMATION EXPERIMENTS IN A ROCKING CELL 

 

According to Sloan and Koh (2008), the availability and low cost of computer 

calculations often results in elevation of the value of theory and simulations over experiments. 

However, in the area pertaining to gas hydrates, the most significant discoveries have been 

made by researchers who have performed experiments guided by intuition, theory and 

simulations. Experiments have provided the base and correction of the theory. The main focus 

of this work is experimental investigation. The experiments reported in this thesis were 

performed in a rocking cell at Colorado School of Mines (CSM). This chapter presents the 

experimental apparatus, procedures and material used in the rocking cell experiments, and the 

calculation procedures related to hydrate formation and growth like calculation of the quantity 

of hydrate, hydrate equilibrium, and hydrate porosity. Methodologies related to identifying 

conditions for hydrate sloughing and hydrate formation and accumulation mechanisms from 

video recordings are presented. The chapter also considers the errors related to experimental 

measurements and calculations in this thesis. 

 

3.1 Experimental Setup 

The experiments were performed at Colorado School of Mines in a high pressure 

rocking cell with visual capabilities. Figure 3.1 presents an overview of the experimental setup. 

The rocking cell has a cylindrical shape with an internal diameter of 50.8 mm, internal length 

of 281 mm, and a total pressurized volume of 578 ml. It is pressure-rated to 69 barg. It is 

installed horizontally and can be oscillated between positive and negative pipe inclinations 

using a HP Dayton electrical motor connected to the rocking cell by a wire. The oscillation 
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results in mixing and gravity driven flow inside the rocking cell because of the density 

difference between the gas, oil and water phases. The rocking cell is submerged in a water bath 

with transparent walls. The water is circulated through a chiller to maintain a constant 

temperature in the bath throughout an experiment. The upper surface in the rocking cell has a 

cooling chamber connected to a separate chiller that can be set to a different temperature than 

the bath temperature, to induce local formation of hydrate deposits in the upper part of the cell. 

The temperature set points of the chillers can be regulated within 0.1 °C. The rocking cell is 

connected by a flexible hose to the gas filling and draining system, which consist of the gas 

supply line connected to a gas cylinder with the gas mixture used in the experiment, a safety 

pressure release valve, and the gas vent line.  

The pressure transducer measuring the total pressure of the system is an Omega 

absolute pressure transducer, which has a range of 172.4 bar and an accuracy of ±0.20%. It is 

installed where the flexible hose is connected to the gas filling and draining system. 

Temperatures are measured by thermocouple probes located in the following three positions in 

the rocking cell: at the upper pipe wall surface, in the gas phase close to the upper wall, and in 

the liquid phase close to the bottom as indicated in Figure 3.2. The probes are of type Omega 

quick disconnect thermocouple probe with an accuracy of ±1 °C. The temperature 

measurements in these experiments were calibrated to an accuracy of ±0.1 °C by comparing 

measurements of the thermocouple probes to a VWR® Waterproof Electronic Thermometer at 

a number of constant temperatures while the thermocouple probes and the thermometer were 

immersed in an isolated water bath. Pressure and temperature data from the experiments were 

logged using a National Instruments data acquisition system connected to a LabVIEW® 

(National Instruments, 2012) based logging software. The development of flow characteristics, 

hydrate formation and deposition are visually monitored and recorded with a JVC Everio HD 



38 

video camera through the windows (made of polycarbonate) measuring 145 × 34 mm on both 

side walls of the rocking cell. 

 

 

Figure 3.1: Schematic of the experimental setup for the rocking cell system for hydrate 

experiments. The rocking cell was constructed by Grasso (2015).  

 

 

Figure 3.2: Schematic of the rocking cell.  
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3.2 Materials 

The experiments were performed with a three-phase system of gas, liquid hydrocarbon, 

and aqueous phase. A gas mixture containing 74.7 mol% Methane and 25.3 mol% Ethane 

(General Air) was used for all experiments. This particular gas mixture was chosen because 

methane-ethane gas mixtures containing between 1% and 26% ethane form structure II 

hydrates at 35 bar experimental pressure according to hydrate equilibrium calculations with 

CSMGem (Ballard & Sloan, 2002, 2004a, & 2004b). Three different systems were used as 

liquid hydrocarbon, namely two mineral oils (70T and 200T, purchased from STE Oil Company, 

Inc.) and a liquid sample from a gas condensate field. These hydrocarbon liquids were chosen 

because they do not form stable emulsions and because of the large variation in viscosity and 

density. The fluid properties of the hydrocarbon liquids are given in Table 3.1. The condensate 

has components from n-butane to dodecane, mostly alkanes and some aromatics. Mineral oil 

70T and 200T are composed mostly of alkanes, ranging from C15 to C25. The chemical 

composition of the mineral oils and condensate are listed in Appendix C. With respect to the 

aqueous phase, four systems based on tap water were used: pure water, a water solution of 3.5 

weight percent (wt.%) NaCl (Lab Grade), 6.6 wt.% monoethylene glycol (MEG, ≥99%) in 

water and 0.5 wt.% water solution of Arquad (a model anti-agglomerant purchased from 

Sigma-Aldrich Co. – see the chemical structure in Appendix C). 

Table 3.1: Liquid hydrocarbon properties 

Property Gas Condensate Mineral Oil 70T Mineral Oil 200T 

Specific Gravity  

at 25 °C 
0.660 0.825 0.856 

Viscosity (cP)  

at 20 °C 
0.264 21 47 

Oil-Water Interfacial 

Tension (mN/m) 
28 50 (not measured) 

Average Molecular 

Weight 
87 308 298 
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The gas mixture has a hydrate equilibrium temperature of 10.9 °C at 35 bar for fresh 

water (see hydrate phase equilibrium curve A in Figure 3.3). To be able to compare more 

directly the results from the experiments with NaCl and MEG, these systems were designed by 

simulation with CSMGem (Ballard & Sloan, 2002, 2004a, & 2004b) to have the same hydrate 

formation temperature: 9.4 °C at a pressure of 35 bar (see hydrate phase equilibrium curve B 

in Figure 3.3). Consequently, the experiments with NaCl and MEG had lower subcooling and 

thus less driving force for hydrate formation than the fresh water experiments with the same 

pressure and temperature conditions. 

 

3.3 Experimental Procedure 

The preparation of an experiment started with cleaning of the rocking cell with water 

and dish cleaning soap followed by a throughout rinsing with deionized water to remove any 

remaining surfactants from the cleaning procedure. The water, liquid hydrocarbon and 

optionally additives were then filled by weight under atmospheric conditions. After filling of 

the liquid components, the flexible gas line and hoses to chiller controlling the upper wall 

temperature were connected, and the rocking cell was placed in the temperature controlled bath. 

The rocking cell was then pressurized with gas to 38 barg at 20 °C and oscillated for about one 

hour at constant temperature in order to saturate the liquid hydrocarbon phase with the gas 

mixture.  

When stable pressure indicated that the liquid had been saturated, the data acquisition 

for the experiment was started. The set point temperature of the chillers controlling the bath 

and upper pipe wall temperatures were changed from 20 °C to the experimental temperatures 

for the given experiment, and kept at these temperatures throughout the duration of the 

experiment. The oscillation rate of the rocking cell was set to a constant rate of 35 oscillations 

per minute with maximum pipe inclination of ±10° throughout the entire experiment. This 
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oscillation rate and pipe inclination created a flow pattern in the rocking cell that might be 

compared visually to slug flow in a pipeline. A much higher oscillation rate would create more 

mixing of all phases in the rocking cell, and the flow would not resemble any pipe flow pattern. 

A much lower oscillation rate would reduce the shear, the mixing of liquid phases and the 

transport of water to the upper wall deposits due to direct contact.   

After an experiment was stopped, the system was heated to 20 °C again, and if a new 

experiment was planned with the same fluids, the new experiment was started when all the 

hydrates had dissociated and the pressure and temperature had stabilized. It was difficult to 

initiate hydrate formation in experiments with NaCl (Table 3.3) or MEG (Table 3.4) in the 

water phase due to the reduced subcooling caused by the thermodynamic inhibitors. The 

hydrates were therefore dissociated at a temperature just slightly above the hydrate equilibrium 

temperature at the set pressure in these experiments to preserve some “memory effect” in the 

water phase and form hydrates faster in the next experiment. When the planned experiments of 

a given filling composition of the rocking cell were completed, the system was depressurized 

slowly to atmospheric conditions. The flexible gas line and hoses to chiller were disconnected, 

and the liquids of the rocking cell were emptied to liquid waste disposal containers. 

 

3.4 Experimental Conditions 

A total of 26 rocking cell experiments were performed with various filling compositions 

and cooling conditions. Tables 3.2 to 3.5 give experimental properties like filled quantity of oil, 

water and optionally additives, pressure and temperature of gas phase after pressurizing and 

saturation, and combinations of cooling temperatures for the bath and the upper pipe wall. 

Liquid loading (LL) is the total volume of liquids compared to the total volume. Water cut 

(WC) is the volume of water based on the total volume of liquids. The gas phase occupied 30% 

of the cell volume at pressurized conditions. 28% of the cell volume at pressurized conditions 
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was filled with the hydrocarbon liquid phase which was either King Ranch Condensate or 

mineral oil 70T saturated with the natural gas mixture. Two experiment were also performed 

with mineral oil 200T as oil phase. 42% of the cell volume was filled with the water phase, 

which was either fresh water, water with 3.5 wt.% NaCl or water with 6.6 wt.% MEG (Ethylene 

glycol). 0.5% of the anti-agglomerant Arquad was added to the water phase in some 

experiments. These experimental conditions with high water volume compared to gas volume 

were selected to limit the amount of hydrate formed in the experiments by the available amount 

of gas. Hydrate growth stopped when the pressure was reduced to hydrate equilibrium 

conditions at experimental temperature due to gas consumed in the hydrates. Two of the 

experiments with Arquad anti-agglomerant were performed with lower water cut to enable 

formation of transportable hydrate slurry. 

Table 3.2: Fresh water rocking cell experiments 

Exp. 

no. 

Gas 

phase 

Water 

phase 

Oil 

phase 

Cooling 

[°C] 

bath / wall 

Liquid 

vol. 

[%] 

Water 

cut 

[%] 

Filled 

water 

[g] 

Filled 

oil 

[g] 

Pres. 

20 °C 

[bar] 

Start 

temp. 

[°C] 

1 

7
4
,7

%
 C

H
4  2

5
,3

%
 C

2 H
6  

F
resh

 W
ater 

M
in

eral O
il 7

0
T

 

6 1 70 60 243 125 39 20 

2 6 1 70 60 243 125 39 20 

3 9 1 70 60 243 125 39 20 

4 4 1 70 60 243 125 39 20 

5 1 1 70 60 243 125 39 20 

6 1 -1 70 60 243 125 39 20 

7 

G
as C

o
n
d
en

sate 

1 - 70 60 243 101 39 20 

8 4 1 70 60 243 101 39 20 

9 6 1 70 60 243 101 39 20 

10 8 1 70 60 243 101 39 20 

11 1 - 70 60 243 101 39 20 

12 MO 

200T 
1 - 70 60 243 131 39 20 

13 6 1 70 60 243 131 39 20 

 

                                                 

 

1 In the majority of the experiments with cooling of bath to 1°C, the cooling and circulation of 

cooling fluids in the upper wall was turned off. 
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Table 3.3: Rocking cell experiments with saline water 

Exp.  

no. 

Gas 

phase 

Water 

phase 

Oil 

phase 

Cooling 

bath 

[°C] 

Cooling 

wall 

[°C] 

Liquid 

vol.  

[%] 

Water 

cut  

[%] 

Filled 

water 

[g] 

NaCl  

[g] 

Filled 

oil  

[g] 

Start 

pressure 

[bar] 

Start 
temp. 

[°C] 

19 
74,7% 

CH4 

25,3% 

C2H6 

Water 

with 

3.5% 

NaCl 

MO 70T 
1 - 70 60 239.9 8.70 125 39.0 20.0 

20 6 1 70 60 239.9 8.70 125 35.8 11.8 

21 
Gas 

Cond. 

1 - 70 60 239.9 8.70 101 40.2 14.5 

22 6 1 70 60 239.9 8.70 101 39.9 14.2 

23 1 - 70 60 239.9 8.70 101 37.1 14.5 

 

Table 3.4: Rocking cell experiments with MEG thermodynamic inhibitor 

Exp.  

no. 

Gas 

phase 

Water 

phase 

Oil 

phase 

Cooling 

bath 

[°C] 

Cooling 

wall 

[°C] 

Liquid 

vol.  

[%] 

Water 

cut  

[%] 

Filled 

water 

[g] 

MEG 

[g] 

Filled 

oil  

[g] 

Start 

pressure 

[bar] 

Start 
temp. 

[°C] 

26 74,7% 

CH4 

25,3% 

C2H6 

Water 

with 

6.6% 

MEG 

MO 70T 
1 - 70 60 237.4 16.78 125 36.9 12.3 

28 1 - 70 60 237.4 16.78 125 46.5 20.1 

27 Gas 

Cond. 

1 - 70 60 237.4 16.78 101 37.8 14.9 

29 1 - 70 60 237.4 16.78 101 40.6 15.2 

 

Table 3.5: Rocking cell experiments with Arquad anti-agglomerant 

Exp.  

no. 

Gas 

phase 

Water 

phase 
Oil 

phase 

Cooling 

bath 

[°C] 

Cooling 

wall 

[°C] 

Liquid 

vol.  

[%] 

Water 

cut  

[%] 

Filled 

water 

[g] 

Arquad 

[g] 

Filled 

oil  

[g] 

Pres. 
20 °C 

[bar] 

Filling 

temp. 

[°C] 

30 74,7% 

CH4 

25,3% 

C2H6 

Water 

with 

0.5% 
Arquad 

MO 70T 

1 - 70 60 241.4 1.62 125 39 20 

31 6 1 70 60 241.4 1.62 125 39 20 

32 1 - 50 30 88.6 0.59 182.3 39 20 

33 Cond. 1 - 50 30 88.6 0.59 147.3 39 20 
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3.5 Additional Experiments for Observation of Shear-Stabilized Dispersion 

Additional rocking cell experiments were performed to investigate if the pressure of the 

experiments and gas content in the liquid hydrocarbon phase influenced the visual appearance 

of the shear-stabilized dispersion, which was observed prior to hydrate formation in the 

experiments. These experiments were performed with methane-ethane gas mixture, water and 

mineral oil 70T or condensate as liquid hydrocarbon phase, and filled volumes of liquids were 

the same as in previous hydrate formation experiments. The conditions for the experiments 

were 1 bar (atmospheric pressure), 18 bar and 35 bar at temperatures between 1 and 20 °C and 

with 35 oscillations per minute, which is the same oscillation rate as the other rocking cell 

experiments. To study separation characteristics of the share-stabilized dispersion of 

condensate and water, a simple visual bottle-test was performed on gravitational separation of 

the phases at atmospheric condition after mixing of condensate and water by shaking a 250 ml 

bottle filled with about 40 % condensate and 60% water. The visual appearance of the 

separation of the two phases was documented by video recordings.  

 

3.6 Constant Volume Hydrate Formation Experiments 

The rocking cell is a closed system in which the exchange of components between 

phases and change of volumes of the phases are restricted to the conditions that both total 

volume and total amount of each component are constant in the system. The pressure will 

therefore change depending on the temperature and the amount of the phases present in the 

system. Figure 3.3 shows the upper temperature limit for stable hydrates at a given pressures, 

which is called hydrate equilibrium temperature for a gas mixture containing 74.7 mol% 

Methane and 25.3 mol% Ethane (the gas composition used in the experiments) and the various 

water compositions filled in the experiments. The typical temperature and pressure trace during 

an experiment is also given in the same figure.  
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As illustrated in the figure, the pressure of this closed volume system decreases slightly 

due to contraction of the gas phase while cooling from start conditions (point 1) to hydrate 

formation onset (point 2). Hydrate formation may occur when the temperature and pressure 

conditions are such that hydrates are stable with the given filling of gas, oil and water in the 

rocking cell. However, experiments have shown that it is necessary to cool the system to 

temperatures lower than the hydrate equilibrium temperature before hydrate formation starts, 

when there are initially no hydrates present in the system. 

The start of hydrate formation (point 2 in Figure 3.3) in an experiment could be detected 

by a rapid decrease of pressure caused by the gas consumed in the formed hydrates. The 

temperature would also slightly increase at the time of hydrate formation, due to the heat 

released from the phase change, as illustrated in Figure 3.3. The normal procedure was to run 

an experiment for 36 to 72 hours after hydrate formation onset. In the majority of the 

experiments, the pressure stopped decreasing within 24 hours following hydrate onset after 

reaching hydrate equilibrium pressure at the experimental temperature (point 3 in Figure 3.3). 

In a few of the experiments, the hydrate growth was slower, and the pressure decreased over a 

period of several days not reaching equilibrium conditions in the end of the experiments.  

The bath was cooled to temperatures between 1 and 9 °C in the experiments performed. 

In experiments with bath temperature higher than 1 °C, the upper wall was cooled to 1 °C. A 

higher bath temperature resulted in less subcooling, and a temperature gradient in the rocking 

cell that favored hydrate deposition at the upper pipe wall. The pressure during an experiment 

decreased from about 39 bar before cooling to between 16 and 30 bar (depending on the cooling 

temperature) at hydrate equilibrium conditions at the end of the experiment. Consequently, the 

amount of water converted to hydrates also varies depending on the pressure decrease due to 

hydrate formation during an experiment. 
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Figure 3.3: Hydrate equilibrium conditions for the 74.7 mol% Methane and 25.3 mol% 

Ethane mixture for fresh water (curve A, red line) and solutions with 3.5 wt.% NaCl in water 

and 6.6 wt.% MEG in water (curve B, blue line) calculated with CSMGem program (Ballard 

& Sloan, 2002, 2004a, & 2004b). Curve C (green line) shows a typical pressure and 

temperature trace during an experiment. 

 

3.7 Calculation Procedure for Amount of Hydrate Formed and Hydrate Equilibrium 

Both quantitative and qualitative results are extracted from the experiments performed. 

The amount of hydrates formed and the hydrate equilibrium conditions in each experiment 

were calculated from the pressure and temperature data measured during the experiments, 

amount and composition of filled components (gas, the hydrocarbon liquid and the water 

phase), and total volume of the system. The temperature measured in the gas phase close to the 

upper wall was used as experimental temperature in these calculations, and this temperature is 

also reported in the plots from the experiments. The upper gas phase temperature was chosen 

because it measures a temperature close to the average of the three measured temperatures of 
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the experiments, and because it measures highest fluctuations of these temperatures during 

hydrate formation onset and sloughing events. At the time of hydrate formation onset, the 

closed and constant volume rocking cell system of the three phases gas, oil and water, changes 

to a four-phase system of gas, oil, water and structure II hydrate (the time of hydrate formation 

onset can be identified by more rapid pressure decrease and temporary increase in temperature 

detected in the logged data). Equilibrium condition for this system (with excess water) is 

reached when the pressure stabilizes at hydrate equilibrium for the experimental temperature 

due to gas consumed in hydrates. However, the hydrate growth in the rocking cell is a relatively 

slow process with hours of pressure decrease before the conditions are at equilibrium. In some 

experiments, the pressure did not reach hydrate equilibrium conditions before the experiments 

were stopped. The following section describes details of the simplifications, assumptions and 

calculation algorithm that were used to determine the quantity and composition of each phase 

during the experiments through flash calculations and volume balance. 

 

3.7.1 Calculation Algorithm  

In order to perform flash calculations, equilibrium conditions are assumed for the 

rocking cell system at the measured pressure and temperature each time these values were 

logged. This is defined as the pressure-temperature steps of the calculation algorithm. 

Interchanging of components between the phases of the system is assumed to occur between 

the pressure-temperature steps to achieve a constant volume system. The four-phase system 

needed to be simplified and assumed as two three-phase systems at equilibrium conditions at 

each logged pressure-temperature step to performed flash calculations. One three-phase system 

consists of gas, oil and hydrate structure II phases in equilibrium (Figure 3.4). The other system 

consists of gas, oil and water phases in equilibrium (Figure 3.5). The errors associated with the 

assumption of equilibrium conditions in the calculations is not quantified in this thesis, but are 
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considered small due to the slow hydrate growth rate. The volumes, compositions and quantity 

of components considered in the calculations of the two systems were adjusted so that the total 

composition and total volume of the four phases of the system (Figure 3.6) remained constant 

from the time of hydrate formation onset to the end of the experiment.  

 

Figure 3.4: Equilibrium conditions considered for the gas, oil and hydrate structure II phases. 

 

Figure 3.5: Equilibrium conditions considered for the gas, oil and water phases. 

 

Figure 3.6: Volume and component balance considered for the gas, oil, water and hydrate 

structure II phases. 
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3.7.2 Flash Calculations, Volume and Component Balance, and Hydrate Equilibrium  

A simplified flowchart demonstrating the steps of the flash and hydrate equilibrium 

calculations is provided in Figure 3.7. The flash calculations were performed with the Cubic-

Plus-Association (CPA) equation of state available in Multiflash® (KBC, 2014) for the 

calculations of the composition and density (compressibility factor) of the phases in the system. 

Two flash calculations were performed at each pressure-temperature step after hydrate 

formation onset considering equilibrium of three phases in each calculation: gas, oil and 

structure II hydrate phase (Figure 3.4), and gas, oil and liquid water phase (Figure 3.5). Input 

data for the flash calculations were the measured pressure and temperature for the pressure-

temperature step considered, and the total compositional data of the respective combination of 

phases from the previous pressure-temperature step. To achieve stable compositional data 

throughout the calculation, the compositional input data for flash calculations of the gas, oil 

and structure II hydrate system was calculated by subtracting the water phase (quantity and 

composition calculated in the previous pressure-temperature step) from the total composition 

at the time of hydrate formation onset. Hydrate equilibrium temperature was also calculated 

for each pressure-temperature step considering the phases: gas, oil and liquid water. The 

quantity of water and gas phases converted to hydrate phase was adjusted assuring that the total 

volume and quantity of the components present in the system remained constant. This 

algorithm for composition and volume calculations was numerically stable owing to the fact 

that the amount of hydrocarbon components dissolved in the water phase was insignificant 

compared to the amount of hydrocarbon components in the three other phases of the system. 

The calculations were administered by a Microsoft Excel worksheet calling on the Multiflash® 

routines needed in the calculations for each pressure-temperature step. In this thesis, the 

quantity of hydrates formed in the experiments is reported as the quantity of water converted 

to hydrates.  
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Figure 3.7: Flowchart for flash and hydrate equilibrium calculations. 
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3.8 Subcooling and Temperature gradient 

Some of the data analysis from the rocking cell experiments discuss in detail the 

influence of subcooling and temperature gradient in the cell, which are both parameters 

calculated from the temperature measurements. Temperatures were measured at three different 

locations in the rocking cell: the surface temperature of the upper wall, the temperature of the 

upper volume mainly occupied by the gas phase, and the bulk temperature in the lower region 

of the cell. The experimental temperature reported in the plots in this thesis is the temperature 

of the upper volume of the cell. The temperature gradient reported in this thesis is the difference 

between the surface temperature of the upper wall and the bulk temperature. The average 

subcooling temperature reported is the difference between the calculated hydrate equilibrium 

temperature (calculation procedure given in subsection 3.7), and the average of the three 

measured temperatures in the cell. The subcooling when the system is in equilibrium will 

theoretically be 0 °C. A large internal temperature gradient results in hydrate growth at 

temperatures lower than equilibrium in the upper part of the cell and hydrate dissociation at 

temperatures higher than equilibrium in the lower part of the cell when the total system is at 

equilibrium. The temperature gradient may introduce some error in the calculation of the 

subcooling. Other factors that can affect the calculated subcooling include the uncertainty in 

determining the volume of the phases and the hydrate equilibrium temperature for the different 

hydrocarbon systems. 

 

3.9 Procedure for Porosity Calculations 

The porosity of hydrates reported in this thesis is defined as the void volume fraction 

of the apparent total volume of hydrates, assuming that void volume is the volume of the visual 

observed hydrates that is not occupied by the hydrate phase with the density and gas filling 

calculated by Multiflash® (KBC, 2014). Based on this definition the hydrate porosity (ɛhydrate) 
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could be estimated from the volume of hydrate phase present in the system (Vhydrate), which 

was calculated according to the procedures presented in the previous subsection (3.7), and the 

apparent total volume of hydrate (Vtotal), which was estimated from visual observation: 

 1
hydrate

hydrate

total

V

V
    (3.1) 

The apparent total volume of the hydrate deposits at the upper surface and bedded 

hydrates in the bulk was estimated based on images captured from the video recordings and 

known dimensions of the cell and cell windows. Appendix D lists the program that was 

developed using the software MATLAB® (MathWorks, 2009) to calculate the apparent total 

volume of hydrate (Vtotal). Since the hydrate interface is not well defined, it was contoured 

manually for each of the frames that were analyzed (Figure 3.8). 

 

Figure 3.8: Image captured from the video recorded from an experiment. 

This MATLAB® program processed the area contoured (as showed at Figure 3.9) and 

calculated the black 2D area covered by hydrates. The calculation of apparent total volume of 

hydrates is based on three assumptions: (1) since the images give only two dimensions covering 

only the window area, the extension of hydrate in the rest of the cell was extrapolated from the 

hydrate filled area seen in the images. (2) since the images give only two dimensions, the 

volume calculations assume an extension of images 2D (axis x and y) to 3D (axis x, y and z) 

following the internal cylindrical shape of the rocking cell. (3) the hydrates formed in the bulk 

phase were neglected. 

z 

y 

x 

Hydrate 
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Figure 3.9: Image processed by MATLAB®. Dark area corresponds to hydrate deposit. 

The rocking cell window covers about 50% of the length of the rocking cell. There will 

therefore be uncertainties in the calculations of hydrate volume in the part of the cell that is not 

monitored through the window. There are two possible ways to approach the calculation of 

volume in the hidden part of the cell. The first is to extrapolate the extent of hydrates viewed 

in the window to the rest of the cell as illustrated in Figure 3.10. 

 

Figure 3.10: Extent of hydrates (light blue lines) extrapolated from the window (red 

rectangle). 

A second possible approach consider the heat transfer and flow in the cell in  calculating 

the hydrate deposit volume in the upper part of the cell: 

 In experiments with temperature gradient in the cell it might be assumed that 

the end caps of the cell are cooled by the bath. 
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 Due to wall thickness of the cell between the middle section and the end caps, 

it can further be assumed that the heat transfer between these parts of the cell is 

low compared to heat transfer between the end caps and cooling bath. 

 It would then be reasonable to assume that hydrates will deposit at the upper 

wall in the middle section of the cell in experiments with cooling of the upper 

wall to a lower temperature than the surrounding bath. 

 Furthermore, the inner surface of the end caps area of the cell is most likely oil 

wetted in the mineral oil experiments due to the flow in the cell. 

 Based on visual observations of no deposition at oil wetted surfaces in other 

parts of the cell during hydrate formation and growth, it might then be assumed 

that hydrates did not deposit in the end caps area in the experiments with mineral 

oil and fresh water. 

Given these assumptions, the extent of the hydrate deposit at the upper wall will be as 

illustrated in Figure 3.11. 

 

Figure 3.11: Extent of hydrates (light blue curves) extrapolated from the window (red 

rectangle). 
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Figure 3.12 shows a simplified and combined geometry of the cell and deposits 

illustrated in figures 3.10 and 3.11 that maintain the same volume of the rocking cell. Based on 

this geometry, the maximum hydrate volume and porosity can then be calculated assuming the 

extent of the deposit in the upper part of the cell and bedded hydrates in the lower part of the 

cell is 285 mm, and the minimum hydrate volume and porosity can be calculated assuming the 

extent is 175 mm. 

 

Figure 3.12: Simplified geometry with maximum and minimum extent of hydrates (light blue 

lines) extrapolated from the window (red rectangle). 

 

3.10 Observation of Sloughing 

Sloughing is the process of detachment of a solid deposit, which can occur due to a 

combination of shear from flow, gravitational forces, and deposit integrity. While sloughing is 

recognized as a critical process leading to hydrate blockage, its quantification remains elusive, 

in part due to the inability of creating hydrate deposits under flow conditions and induce 

sloughing under such same conditions. This thesis is the first quantitative report of sloughing 

under multiphase flow conditions, as attained from gravity-driven flow in a rocking cell. From 

measurements of hydrate deposition in gas + oil (mineral oil or condensate) + water, hydrate 
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sloughing is observed and correlated to the temperature gradient and subcooling. The observed 

sloughing events reported in this thesis is defined as any small or large piece of hydrates 

detaching from the “solid” volume deposited on the wall of the cell, as illustrated with the 

images in Figure 3.13.  

 

Figure 3.13: Sample images captured from the video recording for an experiment with  

gas + condensate + water to illustrate the visual changes (A) before and (B) after  

a sloughing event occurred. The window of the cell is 145 mm long and 34 mm high. 

An average of about 60 hours of video was recorded for each experiment. Because of 

the extent of the video recordings, the analysis of videos for sloughing events was limited to 

only looking for changes in the visual appearance of the hydrate deposits that could be detected 

by watching short segments every 10 minutes of the video recordings. Videos for 11 of the 13 

experiments with fresh water were considered altogether to quantify sloughing events. This 

included systems with mineral oil 70T, mineral oil 200T and condensate as the hydrocarbon 
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liquid. Two experiments with condensate and uniform cooling of the system to 1 °C was not 

considered since hydrates formed as a continuous deposit in the lower part of the cell and no 

sloughing was observed. All cases had 70% liquid loading and 60% water cut.  

 

3.11 Observation of Hydrate formation and accumulation mechanisms 

The video recordings from the experiments also contributed with visual information, 

which in these cases was very insightful to understand the mechanisms of hydrate formation, 

deposition and accumulation during the experiments. The time of the video camera was 

synchronized with the computer time, which was logged together with the temperature and 

pressure measurements from the experiments. During the analyses of the experiments the 

events captured visually in the video were related to measured and calculated parameters. 

Results and observations from these analyses are discussed in detail for the various 

hydrocarbon systems in Chapter 4. The video observations from the experiments supported by 

the experimental data and calculated parameters are the foundation for the development of the 

revised conceptual model for hydrate formation and accumulation in non-emulsifying systems, 

which is presented in Chapter 5.  

 

3.12 Errors in Experimental Measurements and Calculations 

Experimental measurements and calculations related to the experiments have a series 

of uncertainties and errors that all influence the results of the experiments. The measurement 

uncertainty in the rocking cell experiments are:  

 Temperature measurements: ±0.1 °C  

The temperature measurements in these experiments were calibrated to an 

uncertainty of ±0.1 °C as described in subsection 3.1. 

 Pressure measurements: ±0.34 bar  



58 

The pressure was measured with an absolute pressure transducer with a range 

of 172.4 bar and an uncertainty of ±0.20% as described in subsection 3.1. 

 Total pressurized volume of the rocking cell was measured to 578 ml with 

estimated uncertainty of ±0.5 ml. 

 The weight of the filled liquids was measured with an uncertainty of ±0.1 g. 

 The weight of the filled additives (NaCl, MEG and Arquad) were measured with 

an uncertainty of ±0.01 g. 

Errors in the calculations of quantity of water converted to hydrates and hydrate 

equilibrium are related to the following sources of error:  

 Uncertainties in the measured data from the experiments as listed above. 

 Errors in gas composition due to gas leakages. 

 Errors in the GC-analysis of hydrocarbon liquid compositions. 

 Errors in the assumption of equilibrium conditions at each pressure-temperature 

step in the calculations. 

 Errors in the flash calculations, which were performed with the Cubic-Plus-

Association (CPA) equation of state available in Multiflash® (KBC, 2014) for 

the calculations of the composition and density (compressibility factor) of the 

phases in the system, and errors in the hydrate equilibrium calculations of 

Multiflash®. 

Multiflash® (KBC, 2014) is a commercial program, of which the detail code is not 

available to the users. It is therefore difficult to estimate any error related to this program. The 

propagation of uncertainties in the calculations in this experimental campaign could therefore 

not be estimated based on uncertainties in instrumentation, filling and calculation procedure.  

However, the hydrate subcooling calculations at equilibrium conditions in the end of 

the experiments indicate that the analysis of the liquid hydrocarbon and the ability of 
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Multiflash® to calculate hydrate equilibrium for the different compositions might have 

contributed significantly to the errors in the hydrate equilibrium calculations. The calculated 

subcooling at equilibrium conditions in the final stage of the experiments with gas mixture, 

condensate and fresh water with temperature gradient in the cell were between 0 and 0.2 °C, 

which indicates that the accumulated error was low in the hydrate equilibrium calculations for 

this composition. The calculated subcooling during this final part of the experiments with gas 

mixture, mineral oil 70T and fresh water with temperature gradient in the cell were between 

0.7 and 1.0 °C, and the calculated subcooling during this final part of the one experiment with 

gas mixture, mineral oil 200T and fresh water with temperature gradient in the cell was about 

1.4 °C. The subcooling in the end of the experiments with condensate and mineral oil 70T as 

oil phase, and NaCl and MEG in the water phase varied from –0.6 to 1.2 °C, which indicates a 

20% or larger (depending on oil phase) accumulated error in hydrate equilibrium calculations 

than in the fresh water experiments. 

A minor gas leakage caused the experimental pressure to decrease from 39.0 bar at 

20 °C before experiment 7 to 36.0 bar at 20 °C before experiment 10, which is 3 bar leakage 

in 13 days. The pressure was increased to 39.0 bar by adding methane-ethane gas mixture 

before experiment 10 started. The calculated composition of the gas phase in the rocking cell 

after the condensate had been saturated with the gas mixture at experimental pressures (without 

hydrates) was 90% methane and 10% ethane. It could therefore be assumed that more methane 

than ethane leaked from the gas phase of the cell compared to the gas mixture composition 

(74.7% methane and 25.3% ethane). The exact composition of the gas phase after the pressure 

was increased by adding more gas mixture could not be calculated since Multiflash® was not 

available at the time this was considered. For an order of magnitude estimation of the change 

of hydrate equilibrium, it might be assumed that the ethane content in the gas phase increased 

from 10% to 11%. The hydrate equilibrium temperatures calculated with CSMGem for 
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methane-ethane gas mixtures with 10% and 11% ethane and fresh water are 8.87 °C and 9.11 °C 

respectively at 35 bar, which indicates 0.24 °C higher hydrate equilibrium due to increase of 

ethane content in the gas phase. An under-prediction of hydrate equilibrium and subcooling in 

the same order of magnitude should be taken into consideration as an error in the interpretation 

of the results from experiments 10 and 11.  

The errors in the porosity calculations are associated with analysis of hydrate covered 

area in the images captured from the video recordings, the assumption concerning maximum 

and minimum hydrate volume in the part of the cell that cannot be observed through the 

window and the uncertainty in the calculations of volume of hydrate phase in the system. The 

results from the calculations presented in Chapter 4 indicates a difference of about 10% in the 

maximum and minimum calculated porosities for the analyzed experiments.  

This presentation of uncertainties and errors in the experimental measurements and 

calculations could not quantify the propagation of uncertainties due to the fact that the details 

about the calculation procedure of Multiflash® (KBC, 2014) are not available. However, 

calculated subcooling in the end of the experiments indicates that the accumulated error is to a 

large degree dependent on the combination of liquid phases in the system. 
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RESULTS AND OBSERVATIONS FROM 

HYDRATE FORMATION EXPERIMENTS IN A ROCKING CELL 

 

This chapter provides a summary of the experimental results and observations from 

video recordings of the rocking cell experiments. Conditions for hydrate formation onset and 

quantity of the water phase that was converted to hydrates are presented. Characteristics for the 

various mineral oil and condensate systems are discussed. The influence of the various 

additives tested with the different hydrocarbon systems are considered. Results from studies of 

porosity of hydrates and sloughing of hydrates are also presented.  

 

4.1 Experiments with Fresh Water 

Thirteen rocking cell experiments were performed with methane-ethane gas mixture, 

fresh water, and three different hydrocarbon liquids. The plots of measured experimental data 

and calculated parameters during the experiments are given in Appendix E, subsection E.1. 

Table 4.1 shows time of cooling before hydrate formation onset, max subcooling at the time of 

onset, and the percentage of the filled water that converted to hydrates in the experiments. The 

parameter onset max subcooling is the difference between hydrate equilibrium temperature and 

the lowest measured temperature in the rocking cell. This is the driving force for the hydrate 

formation onset, which would normally occur at the location with the lowest temperature. The 

average subcooling reported elsewhere in this thesis is the average driving force for hydrate 

formation during an experiment and is calculated as the difference between the hydrate 

equilibrium temperature and the average of the three measured temperatures in the rocking cell.  

Table 4.1 shows that a larger percentage of the water phase was converted to hydrates 

in the experiments with lower bath temperature than in the experiments with higher bath 
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temperature. This might be explained by the nature of a closed volume system: a larger quantity 

of the gas in the system needed to form hydrates to lower the system pressure to hydrate 

equilibrium conditions (Figure 3.3) at lower temperatures than at higher temperatures. The 

quantity of hydrates formed in the condensate experiments is also higher than in the mineral 

oil experiments under the same conditions. This is a result of the higher solubility of the 

methane – ethane gas mixture in condensate than in mineral oil. Calculated quantities of gas 

dissolved in oil phase for typical experimental conditions for the three hydrocarbon liquids 

used in these experiments are given in Appendix C subsection C.2.  

Table 4.1: Results from rocking cell experiments with fresh water. 

Exp. 

No. 

Oil 

phase 

Cooling 

Bath [°C] 

Cooling 

Wall [°C] 

Hydrate 

onset [h]  

Onset max 

subcooling 

[°C] 

Water 

converted to 

hydrates 

1 

M
in

eral O
il 7

0
T

 

6 1 1.20 9.4 2 9.1% 

2 6 1 3.35 9.0 2 10.5% 

3 9 1 1.91 3.7 5.1% 

4 4 1 7.34 7.2 11.3% 

5 1 1 1.94 9.1 12.2% 

6 1 -3 1.30 4.4 10.2% 

7 

G
as 

C
o
n
d
en

sate 

1 - 4.13 8.0 20.2% 

8 4 1 1.55 5.5 16.4% 

9 6 1 1.75 4.3 11.7% 

10 8 1 33.1 3.2 8.3% 

11 1 - 1.59 4.8 21.2% 

12 MO 

200T 
1 - 3.12 9.2 7.5%4 

13 6 1 8.35 5.7 8.0% 

 

The results listed in Table 4.1 indicate that the lowest calculated onset max subcooling 

at which hydrates formed in the rocking cell experiments with fresh water was 3.2 °C, which 

                                                 

 

2 The cooling of the two first experiment was unstable. 
3 In the majority of the experiments with cooling of bath to 1°C, the cooling and circulation of 

cooling fluids in the upper wall was turned off. 
4 The hydrate formation was slow in this experiment, and pressure was still decreasing due to 

hydrate formation when it was stopped (See plots in Appendix E). 
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is similar to the nominal subcooling required to hydrate formation measured in various 

flowloops (Sloan, et al., 2011, p. 20). The time of hydrate formation onset is compared to onset 

max subcooling in Figure 4.1. This figure demonstrates that hydrate formation onset may occur 

at any time when the subcooling is sufficient, which might be explained by the stochastic nature 

of hydrate nucleation (Sloan & Koh, 2008, p. 138). The results also indicate that it might take 

much longer time for hydrate formation to occur when the subcooling is low.  

 

Figure 4.1: Onset max subcooling compared to the time of cooling before hydrate onset in the 

experiments with Methane-Ethane gas mixture, fresh water, and Mineral Oil 200T (green 

quadrats), Mineral Oil 70T (red triangles) or condensate (blue circles) as liquid hydrocarbon 

phase. Experiment numbers are indicated in the plot. 

 

4.1.1 Hydrate Formation in Experiments with Mineral Oil 70T and Fresh Water 

The experiment with gas mixture, 70% liquid loading, mineral oil 70T as oil phase, 

60% water cut, cooling bath at 4 °C, and upper wall temperature at 1 °C (Experiment 4), is 
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used as an example to present mechanisms for hydrate formation and accumulation in the 

experiments with mineral oil and fresh water. Figure 4.2 shows the temperature and pressure 

traces, as well as hydrate equilibrium temperature, subcooling, and the amount of total water 

consumed to form hydrates (calculated based on the amount of gas consumed – pressure drop). 

The vertical dash lines A to G in the plot refers to specific key mechanistic events observed 

related to hydrate formation and accumulation during the experiment. 

 

Figure 4.2: Measured and calculated results from Experiment 4 with observations during the 

experiment. The vertical dash lines A to G in the plot refers to specific key mechanistic events 

observed related to hydrate formation and accumulation during the experiment. Time axis is 

compressed before 6 h and after 18 h for clarity. 

Before hydrate formation onset (Figure 4.2-A), the mineral oil and water phases were 

completely mixed in a shear-stabilized dispersion (see Figure 4.3-A). Dispersion differs from 

stable emulsion by the fact that the phases easily separate right after oscillation of the rocking 

cell is stopped. At the time of hydrate formation onset, the blue dyed oil and yellow dyed water 

phases separated within minutes before any significant amount of hydrates had formed or was 
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observed, as shown in Figure 4.3-B, which is captured 4 minutes after the hydrate formation 

onset.  

 

Figure 4.3: Phase separation: (A) Dispersion before hydrate formation started. (B) Phase 

separated oil (blue) and water (yellow) 4 minutes after hydrate formation onset. Images are 

captured from the video of Experiment 4 with cooling bath at 4 °C and upper cell surface at 

1 °C.  

Between 5 and 10 minutes after onset (Figure 4.2-B) hydrate deposits started appearing 

at the upper surface of the cell. The hydrates did not appear to deposit on the cell surface 

exposed to the liquid phase. Hydrates also started forming as particles in the water phase, which 

started agglomerating causing an increase in the apparent viscosity of the water phase. The 

liquid phase gradually transformed to a hydrate slurry with large agglomerates of hydrates 

about 30 minutes after hydrate formation onset (Figure 4.2-C, Figure 4.4). The volume of the 

deposit at the upper wall in the cell and low amount of water converted to hydrates during this 

first part of the experiment indicated that it was porous compared to later stages of the 

experiment. The color indicated that this porous hydrate deposit contained oil (blue) in addition 

to some unconverted water (white/green/yellow). The hydrates in the liquid phase appeared as 

yellow colored due to the water absorbed in the agglomerated hydrate. 
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Figure 4.4: Hydrate slurry with large agglomerates flowing in the lower part of the rocking 

cell about 30 minutes after hydrate formation onset in Experiment 4 with the cooling bath at 

4 °C and upper cell surface at 1 °C. 

About 52 minutes after hydrates started forming (Figure 4.2-D) some of the hydrates 

slough off the surface, as shown in Figure 4.5. At this time, all the free liquid water was 

absorbed in the hydrate deposit or the bedded hydrate agglomerates in the lower part of the cell. 

Growth of highly porous hydrates and sloughing occurred repeatedly until 3 hours after hydrate 

formation onset in this particular experiment.  

 

Figure 4.5: Sloughing and bedding: Hydrates attached to the surface in the upper left part of 

the window in the top image (A) sloughed off the wall and entered the oil phase with bedded 

hydrates in the lower image (B), which was captured from the video five seconds later. 

Images are captured from the video of Experiment 4 with the cooling bath at 4 °C and upper 

cell surface at 1 °C. 
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Figure 4.6 shows the bedding of hydrates in the lower part breaking up and flowing 

together with a free liquid phase between 5 and 7 hours after hydrate formation onset (Figure 

4.2-E and F). Based on the observations of the experiments, it is likely that liquid water was 

trapped inside the agglomerated hydrate, which after some internal re-arrangement of the solid, 

formed hydrates and caused the pressure drop. When the pressure drops, the hydrate 

equilibrium and subcooling temperatures are also reduced. The volume of the deposit starts 

decreasing due to annealing or formation of hydrates with lower calculated porosity in this 

stage of the experiment. 

 

Figure 4.6: Agglomerated and bedded hydrates in the top image E (captured 6 h and 45 min. 

after onset) brakes up and starts flowing together with the free liquid phase in image F 

(captured 7 hours and 20 minutes after onset) in Experiment 4 with cooling of the bath to 

4 °C and upper cell surface to 1 °C. 

Towards the end of the experiments, when there was a temperature gradient between 

the upper surface and the bath, there were no visible hydrate agglomerates in the bulk and a 

free water phase was present in the lower part of the cell, as shown in Figure 4.7. The pressure 

and temperature reached equilibrium conditions 10 hours after hydrate formation started 

(Figure 4.2-G) and there were just minor fluctuations in the measurements after this time. The 

calculated subcooling during this final part of the experiment was about 0.7 °C, while it in 

theory should be 0 °C at equilibrium conditions. In the experiment with cooling of bath to 9 °C 
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and upper wall to 1 °C (Experiment 3), the subcooling during the final part of the experiment 

was about 1.0 °C. This error might be explained by accumulation of errors from measurements, 

fluid composition and the calculation procedures as discussed in subsection 3.12. Less than 

12% of water available was converted to hydrates in experiment 4, because the quantity of 

hydrate was limited by the available gas before the pressure reached equilibrium conditions. In 

the experiments with higher bath temperature, a lower quantity of the water was converted to 

hydrates. The bedded agglomerated hydrate did not break up in the experiments in which the 

entire rocking cell was cooled to 1 °C. The amount of water converted to hydrates in these 

experiments was also around 12%, but the hydrate growth was slower and the pressure was 

still decreasing by the end of the experiments more than 60 hours after it started. The hydrate 

growth rates in the experiments are discussed more in subsection 4.4. Plots of each of the 

experiments with mineral oil 70T and fresh water are provided in Appendix E, subsection E.1. 

 

Figure 4.7: This image shows annealed hydrate deposit at the upper surface and liquid oil 

(blue) and water (yellow) phases 24 hours after hydrates started forming in Experiment 4 

with cooling of the bath to 4 °C and upper cell surface to 1 °C. 

Rocking cell experiments performed with gas mixture, mineral oil 200T and fresh water 

resulted in similar phenomena as in the experiments with mineral oil 70T. The main difference 

was a lower hydrate growth rate, which might be due to less gas dissolved in the oil phase and 

higher viscosity resulting in less mixing. The plots of measured experimental data and 

calculated parameters during the experiments are given in Appendix E, subsection E.1. The 

accumulated error in the hydrate equilibrium calculations appears to be higher than for the 
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mineral oil 70T experiments with a subcooling calculated to 1.4 °C in the final stage of the 

experiment with mineral oil 200T and temperature gradient in the cell.  

 

4.1.2 Results in Experiments with Condensate and Fresh Water 

The experiments with the methane + ethane gas mixture, condensate and fresh water 

resulted in similar pressure decrease due to hydrate formation as the experiments with mineral 

oil. However, more gas dissolves in condensate than mineral oil, which resulted in more gas 

and water converting to hydrates before the pressure decreased to the hydrate equilibrium at 

the experimental temperature compared to equivalent experiments with mineral oil. Figure 4.8 

shows measured and calculated data from an experiment where the whole rocking cell was 

cooled to 1 °C (Experiment 7). Hydrates rapidly formed in the first hour upon onset and after 

then slowed down. About 63 hours after the experiment started, the hydrate growth rate 

increased possibly due to unconverted water being exposed to gas due to cracking of the deposit 

caused by tension. This was also observed at about 80 hours after the experiment started when 

the experiment was repeated under the same conditions in Experiment 11. Plots of the 

experimental measurements and calculations for Experiment 11 are provided in Appendix E 

Figure E.11. The hydrate growth rate again slowed down as pressure and temperature 

conditions approached equilibrium. About 20% of the water was converted to hydrates when 

Experiment 7 was stopped 96 hours after onset, as shown in Figure 4.8. 

The mechanisms for hydrate formation and accumulation in the experiments with 

condensate showed both similar and different characteristics to those observed in the 

experiments with mineral oil. In the experiments with condensate and fresh water, the liquid 

phases were partly dispersed before hydrate formation. An oil in water dispersion with low 

content of condensate (foam-like visual appearance) formed in the water phase before hydrate 

formation due to the flow (Figure 4.9-A). This dispersion phase separated within five seconds 
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upon hydrate formation onset. About five seconds after the phase separation, hydrate particles 

started appearing at the interface between the condensate and water phases. 

 

Figure 4.8: Measured and calculated results in Experiment 7 with gas mixture, gas 

condensate and fresh water and cooling of the bath to 1 °C. 

The experiments where the whole rocking cell was cooled to 1 °C were dominated by 

hydrate formation, agglomeration, bedding and deposition in the oil and water phases, as 

illustrated in Figure 4.9. Thirty seconds after hydrate formation onset a thick layer of hydrate 

particles had formed at the interface, as shown in Figure 4.9-B. As more water was converted 

to hydrates, the water phase transformed to a hydrate slurry with increasing apparent viscosity 

(Figure 4.9-C, captured two minutes after hydrate formation onset). The increased hydrate 

content resulted in bedding and no liquid flow. The bedding of hydrate particles ultimately 

formed a solid deposit of hydrates when more of the water in-between the hydrate particles 

were converted to hydrates. There was no visual difference observed in the video between one 

hour after hydrates started forming (Figure 4.9-D) and the end of the experiment.  
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Figure 4.9: Images captured from the video of Experiment 7 with gas mixture (transparent), 

condensate (blue) and fresh water (yellow) cooled to 1 °C showing various stages of the 

hydrate formation and accumulation. An oil in water dispersion with low content of 

condensate (foam-like visual appearance) formed in the water phase before hydrate formation 

due to the flow (A), hydrates is seen as particles at the water/condensate interface 30 seconds 

after hydrate onset (B), dispersion of hydrate particles in water (C), and a solid hydrate 

deposit (D). 

In the experiments with a temperature gradient between the upper wall and the bath, 

hydrates started depositing mainly at the upper wall, but there were also some deposits in the 

rest of the rocking cell. Similar to the mineral oil experiments, sloughing and agglomerates of 

hydrates in the liquid phase were also observed in these experiments. Similar to the experiments 

with mineral oil, these experiments also reached hydrate equilibrium conditions in less than 20 
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hours (see plots in Appendix E, subsection E.1). The hydrate growth rates in the experiments 

are discussed more in subsection 4.4. The calculated subcooling in the final stage of these 

experiments was between 0 and 0.2 °C, which indicates that the accumulated error was low in 

the hydrate equilibrium calculations for the experiments with condensate and fresh water. For 

Experiment 10 with condensate and fresh water with cooling of the bath to 8 °C and upper cell 

surface to 1 °C, sloughing continued throughout the entire experiment. Due to heat transfer in 

the rocking cell, the measured temperature difference was only 1.9 °C between the temperature 

of the upper surface and the liquid in the lower part of the cell even though the difference in 

setpoint temperature is 7 °C in this experiment. The results on sloughing will be discussed in 

detail under subsection 4.7. Plots of each of the experiments with condensate and fresh water 

are provided in Appendix E, subsection E.1. 

 

4.2 Experiments with Water Phase Containing NaCl and MEG 

Five rocking cell experiments were performed with water phase containing 3.5 wt.% 

NaCl and four experiments were performed with water phase containing 6.6 wt.% MEG. Also 

in these experiments, the gas phase was the methane-ethane gas mixture, and mineral oil 70T 

or Gas Condensate was the hydrocarbon liquid phase. Tables 4.2 and 4.3 show the summary of 

results from the experiments with NaCl and MEG respectively. It was difficult to start hydrate 

formation in these experiments because of the thermodynamic inhibitors. In a majority of the 

experiments, the system needed to be cooled to temperatures below 0 °C to form the initial 

hydrates, and then dissociated at temperatures slightly above hydrate equilibrium before the 

experiments was started. Because of this procedure, the time of cooling before hydrate 

formation onset and max subcooling at the time of onset were influenced by the memory effect, 

and the two parameters “Hydrate onset” and “Onset max subcooling” can therefore not be 

compared with the results from the fresh water experiments. The mechanisms observed in the 
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experiments with fresh water were also observed in the experiments with water phase 

containing NaCl or MEG. As shown in Figure 3.3, the concentration of NaCl and MEG used 

cause a slight inhibition. This resulted in a lower subcooling, and thus less hydrates than in the 

fresh water experiments at the same temperature conditions.  

Table 4.2: Results from rocking cell experiments with 3.5 wt.% NaCl in water. 

Exp. 

No. 
Oil phase 

Cooling  

Bath / Wall 

[°C] 

Start 

pres./temp. 

[bar]  /  [°C] 

Hydrate 

onset [h] 

Onset max 

subcooling 

[°C] 

Water 

converted 

to hydrates 

19 Mineral 

Oil 70T 

1 - 39.0 20.0 7.95 7.9 11.8% 

20 6 1 35.8 11.8 0.52 5 3.2 5 5.5% 

21 
Gas 

Condensate 

1 - 40.2 14.5 0.98 5 2.4 5 21.5% 

22 6 1 39.9 14.2 0.68 5 2.1 5 9.9% 

23 1 - 37.1 14.5 0.96 5 2.0 5 18.8% 

Table 4.3: Results from rocking cell experiments with 6.6 wt.% MEG in water. 

Exp. 

No. 
Oil phase 

Cooling  

Bath / Wall 

[°C] 

Start 

pres./temp. 

[bar]  /  [°C] 

Hydrate 

onset [h] 

Onset max 

subcooling 

[°C] 

Water 

converted 

to hydrates 

26 Mineral 

Oil 70T 

1 - 36.9 12.3 1.03 5 5.3 5 11.5% 

28 1 - 46.5 20.1 22.0 9.3 19.3% 

27 Gas 

Condensate 

1 - 37.8 14.9 1.73 5 6.2 5 15.7% 

29 1 - 40.6 15.2 1.09 5 3.4 5 23.3% 6 

Hydrate growth rate was similar over the length of an experiment in the majority of the 

experiments with water phase containing NaCl or MEG. Hydrate formed fast the first few hours 

after hydrate formation onset and the growth rate decreased when pressure and temperature 

conditions came closer to hydrate equilibrium conditions. The experiment with water phase 

                                                 

 

5 The hydrates were dissociated at 12-15 °C to preserve the history effect before the hydrate 

formation in the next experiment since it was difficult to start hydrate formation in these experiments. 

The time before hydrate onset and the onset max subcooling should therefore not be compared to the 

fresh water experiments. 
6 This experiment had a higher ethane content because gas was filled to a higher pressure at low 

temperature to initiate hydrate formation after which the hydrates were dissociated and the pressure 

reduced for safety reasons to avoid surpassing the pressure limits for the cell windows. Since a higher 

content of ethane dissolves in the condensate than methane, the gas mixture after draining of gas phase 

had higher ethane content and higher hydrate equilibrium temperature.  
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containing NaCl or MEG and uniform cooling to 1 °C reached equilibrium condition much 

faster than in the experiments with fresh water at uniform cooling condition. The experiments 

with NaCl and MEG in the water reached equilibrium conditions 12 hours or less after hydrate 

formation onset, as shown in Figure 4.10, while the experiments with fresh water and uniform 

cooling did not reach equilibrium before they were stopped 60 hours or more after hydrate 

formation onset. This work does not have a proven explanation for this difference. One theory 

is that hydrate deposit, which formed from water with thermodynamic inhibitor trapped water 

with higher concentration of inhibitor that will not convert to hydrates in porous spaces. 

However, in the fresh water experiments, hydrate growth continued inside the hydrate deposit 

from trapped water, which gradually converted to hydrate phase and made the hydrate denser, 

which in turn slowed down the mass transfer limiting the formation rate. Finding explanation 

of this could be a topic for future studies. 

 

Figure 4.10: Measured and calculated results from Experiment 19 with gas mixture, mineral 

oil and 3.5 wt.% NaCl in water with cooling of bath to 1 °C. 



75 

Experiment 21 with condensate and 3.5 wt.% NaCl in water and cooling of the whole 

system to 1 °C had a slightly different development as shown in Figure 4.11. The hydrate 

growth rate was high right after hydrate formation onset also in this experiment. The growth 

rate then slowed down a little and increased again a little after 4 hours, which is both indicated 

by a temporarily increased temperature and rapid pressure drop before the growth again slowed 

down. The amount of converted water plateaued at about 20 % about 9 hours after hydrate 

formation onset. The second rapid hydrate growth could possibly be explained by increased 

contact between natural gas and unconverted water due to sloughing and cracking of hydrate 

deposit because of material tension. Experiment 23, which was performed under the same 

conditions demonstrated similar behavior. These experiments might be compared to the 

equivalent experiments with condensate and fresh water. Plots for all the experiments with the 

water phase contain NaCl or MEG are provided in Appendix E, subsection E.2 and E.3 

respectively. 

 

Figure 4.11: Measured and calculated results from Experiment 21 with gas mixture, 

condensate and 3.5 wt.% NaCl in water with cooling of bath to 1 °C. 
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Calculated subcooling at equilibrium conditions in the final part of the experiments with 

mineral oil and water phase containing NaCl and MEG was 1.2 and 1.1 °C respectively for the 

experiments run at the same pressure conditions as the fresh water experiments. For the similar 

experiments with condensate and water phase containing NaCl and MEG, the calculated 

subcooling at equilibrium conditions was –0.3 and –0.6 °C respectively. These results indicate 

more accumulated error in the hydrate equilibrium calculations than in the experiments with 

fresh water.  

The video recordings from the experiments indicate that hydrates formed in the 

experiments with NaCl or MEG in water appear more “sticky” compared to hydrates formed 

with fresh water, which might be viewed as the main influence of these two additives besides 

the thermodynamic inhibition effect. Similar to the experiment with fresh water, hydrates 

deposited mainly at the upper wall that was not oil wetted in the experiments with mineral oil 

and salt water. Some hydrates also deposited at window surfaces and in the lower part of the 

cell and some hydrates flowed with the oil in the lower part of the cell without sticking to the 

wall. Also, hydrates that sloughed off from the upper cell surface deposited at the wall and 

windows in the lower part of the cell. Figure 4.12 shows the deposits at the upper wall, part of 

the window and the lower part of the rocking cell towards the end of an experiment with 

mineral oil and salt water.  

 

Figure 4.12: Hydrate deposit at wall and window surfaces 36 hours after hydrates started 

forming. The image is captured from the video of Experiment 19 with gas mixture, mineral 

oil, 3.5 wt.% NaCl in water, and cooling of the bath to 1 °C. 



77 

In the experiments with mineral oil and MEG, the more sticky nature of the hydrates 

resulted in more agglomeration, but less deposit than similar experiments with fresh water, as 

shown in Figure 4.13. Figure 4.13-A shows agglomerated hydrates blocking the entire cross-

section of the cell 8 hours after hydrate formation started. Towards the end of the experiment 

there was a small amount of deposit at the upper surface and the bedded agglomerates of 

hydrate broke down to slurry of water and hydrate particles as indicated in Figure 4.13-B, 

captured 63 hours after hydrate formation started.  

 

Figure 4.13: Agglomerated hydrates blocking the cross-section 8 hours after hydrate 

formation onset (A), and hydrate slurry and some deposits 63 hours after hydrate formation 

onset (B). Images are captured from the video of Experiment 26 with gas mixture, mineral 

oil, 6.6 wt.% MEG in water, and cooling of the bath to 1 °C.  

Hydrates started forming as deposits at both wall and window surfaces, and as particles 

in the liquid phase in the experiments with gas condensate and water phase with 3.5 wt.% NaCl 

or 6.6 wt.% MEG. Agglomeration of hydrate particles and bedding of hydrates resulted in 

deposits in the lower part of the cell. Sloughing of hydrates from the upper wall and window 

surfaces could be observed. A larger window area was covered with deposit in the end of these 

experiments than in the fresh water experiments with condensate, and parts of the upper wall 

appeared to be without deposits. The visual appearance in the end of experiments with these 

two systems are very similar, as shown in Figure 4.14 and Figure 4.15 for experiments with 
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NaCl and MEG respectively. Flow of condensate inside the cell could still be observed through 

the semitransparent hydrate deposit covering the windows at the end of these experiments.  

 

Figure 4.14: Semitransparent hydrate deposits (yellow/white) covering a majority of the 

window and wall surfaces with condensate (blue/green) flowing behind the deposit. The 

image is from the video of Experiment 21 with gas mixture, condensate and 3.5 wt.% NaCl in 

water, with cooling of the bath to 1 °C about 46 hours after hydrates started forming. 

 

Figure 4.15: Semitransparent hydrate deposits (yellow/white) covering a majority of the 

window and wall surfaces with condensate (blue/green) flowing behind the deposit. The 

image is from the video of Experiment 27 with gas mixture, condensate and 6.6 wt.% MEG 

in water, with cooling of the bath to 1 °C about 66 hours after hydrates started forming. 

 

4.3 Experiments with Anti-Agglomerant  

Four rocking cell experiments were performed with 0.5 wt.% Arquad in water. The gas 

phase was methane-ethane mixture and the oil phase was mineral oil 70T and condensate. Table 

4.4 shows time of cooling before hydrate formation onset, max subcooling at the time of onset 

and the percentage of the filled water that converted to hydrates in the experiments. The 

calculated subcooling in the end of experiments 30 and 32 was 1.2 °C, which is higher than in 

the fresh water experiments. This error could be a combination of accumulated error in the 

calculations and a minor thermodynamic inhibition effect due to the molecule structure of the 

anti-agglomerant (Appendix C, subsection C.3). 
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The two first experiments with anti-agglomerant (AA) were performed with gas 

mixture, mineral oil 70T and 60% water cut. The amount of water converted to hydrates in the 

end of Experiment 30 with cooling of bath to 1 °C is higher than any other of the experiments 

with mineral oil 70T under the same pressure and temperature conditions. This might be 

explained by faster hydrate growth in the beginning of the experiment due to better dispersion 

between the oil and water phase. The pressure stabilized less than 20 hours after hydrate 

formation onset as demonstrated in Figure 4.16. The video recording of this experiment showed 

that AA resulted in slower phase separation but did not inhibit hydrate deposition at this water 

cut. The final results of the experiments showed similar amount of deposits as in the 

experiments without AA and bedding agglomerates of hydrates moving in a nearly transparent 

oil phase, which may contain a small amount of dispersed water and hydrate particles as shown 

in Figure 4.17. Probable explanations for why hydrate slurry was not formed in these 

experiments could be that the water cut was too high or the concentration of AA was too low 

for this combination of oil system and anti-agglomerant. The water cut was therefore reduced 

in the next experiments in an attempt to facilitate the formation of hydrates within the water 

cut limitations of the anti-agglomerant. 

Table 4.4: Results from rocking cell experiments with 0.5 wt.% Arquad in water. 

Exp. 

No. 
Oil phase 

Cooling  

Bath / Wall 

[°C] 

Liquid 

loading 

Water 

cut 

Hydrate 

onset 

[h] 

Onset max 

subcooling 

[°C] 

Water 

converted 

to hydrates 

30 
Mineral 

Oil 70T 

1 - 70% 60% 8.74 9.2 13.5% 

31 6 1 70% 60% 2.99 5.7 8.0% 

32 1 - 57% 30% 1.26 6.4 52.4% 7 

33 Condensate 1 - 59% 30% 9.08 8.1 76.4% 7 

                                                 

 

7 Two experiments were performed with 30% water cut. The lower water content resulted in a 

relatively higher amount of available water converted to hydrates in these two experiments. 
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Figure 4.16: Measured and calculated results from Experiment 30 with gas mixture, mineral 

oil 70T, 60 % water cut with 0.5 wt. % Arquad in water, and cooling of bath to 1 °C. 

 

Figure 4.17: Hydrate deposits (white) in the top of the cell and semitransparent mineral oil 

70T (blue) with agglomerates/bedded hydrates. Image is from the video of Experiment 30 

with gas mixture, mineral oil 70T and 0.5 wt.% Arquad in water, with cooling of the bath to 

1 °C 36 hours after hydrates started forming. 

Experiment 32 was performed with gas mixture, mineral oil 70T and 30% water cut. 

Consequently, there was a lower amount of water available for hydrate formation compared to 

the amount of gas before the pressure reached equilibrium, which resulted in a relatively higher 

amount of the water (about 50%) converted to hydrates, as shown in Figure 4.18. In this 

experiment, the rapid pressure decrease due to hydrate growth slowed down about 6 hours after 

the start of hydrate formation and only decreased slightly during the rest of the experiment. 
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Plots of each of the experiments with Arquad added to the water are provided in Appendix E, 

subsection E.4. 

 

Figure 4.18: Measured and calculated results from Experiment 32 with gas mixture, mineral 

oil and 30 % water cut with 0.5 wt. % Arquad in water. 

The water and oil phases appeared visually to be fully mixed or dispersed in Experiment 

32 with mineral oil 70T, 30% water cut and 0.5 wt.% AA, as shown in image A in Figure 4.19. 

Partly phase-separation of water and oil could be observed during the first few minutes of 

hydrate formation. About 10 minutes after hydrate formation onset, some smaller agglomerates 

of hydrates (yellow) had formed in the mineral oil (blue), as shown in image B in Figure 4.19. 

These hydrate agglomerates broke down to small particles, and about 15 minutes after hydrate 

formation onset, hydrate particles and water were fully dispersed in the oil phase. As the 

hydrate content in this slurry increased, the apparent viscosity also increased. At the end of this 

experiment, the slurry appeared to be highly viscous but still a transportable slurry with a small 

amount of hydrates sticking to the windows and pipe wall in the area that was not exposed to 

the slurry flow (image C in Figure 4.19). 
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Figure 4.19: Different stages of hydrate formation and growth in an experiment with AA: (A) 

dispersed phases before hydrate formation, (B) partly phase-separated system with smaller 

agglomerates 10 minutes after hydrate formation onset, and (C) hydrate slurry at the end of 

the experiment. Images are from the video of Experiment 32 with gas mixture, mineral oil, 

30% water cut and 0.5 wt.% Arquad in water, with cooling of the bath to 1 °C.  

For Experiment 33 performed with gas mixture, condensate, 30% water cut and 0.5 

wt.% Arquad in water, with cooling of the bath to 1 °C, the water was fully dispersed in the 

condensate before hydrate formation onset, as shown in image A in Figure 4.20. When hydrates 

started forming, the condensate and water partly phase separated. Hydrates started depositing 

at the lower wall of the cell (Figure 4.20-B). One hypothesis for why the water and hydrates 

separated from the condensate might be due to the lower density and viscosity of the condensate 

compared to the mineral oil.  

As the experiment progressed and more hydrates formed, the condensate became 

gradually more transparent until all dispersed water or hydrate particles had been removed from 

the condensate due to hydrate deposition in the lower part of the cell. During the hydrate growth, 
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pillars of hydrates formed at the deposit in the bottom of the cell (Figure 4.20-C). The 

mechanism behind this is not fully understood, but it is likely that the pillars were formed from 

water that was trapped in the deposit in an early stage of the experiment and later permeated 

upward from the deposit along the duration of the experiment while the amount of water 

converted to hydrates increased. 

 

Figure 4.20: (A) Dispersed phases before hydrate formation started, (B) condensate with 

some dispersed water and hydrate deposit in the bottom of the cell 10 minutes after hydrate 

formation onset, and (C) condensate without water dispersed and the hydrate deposit in the 

bottom of the cell at the end of the experiment. Images are from the video of Experiment 33 

with gas mixture, condensate, 30% water cut and 0.5 wt.% Arquad in water, with cooling of 

the bath to 1 °C. 

 

4.4 Hydrate Growth Rate in the Beginning of the Experiments 

This subsection presents a study of possible correlations between the hydrate growth 

rate in the beginning of the experiments before the system reaches equilibrium and calculated 

parameters especially focusing on the influence of subcooling and temperature gradient. 
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Hydrate growth rate varies during the experiment due to change in subcooling and porosity of 

the hydrates, and sloughing events. Figures 4.21, 4.22 and 4.23 show calculated percentage of 

water converted to hydrates and observed sloughing events at two different time scales in the 

rocking cell experiments with mineral oil 70T, condensate and mineral oil 200T, respectively. 

Sloughing events observed from the video recordings are also included in the graphs presenting 

the measured and calculated parameters. The conditions for hydrate sloughing will be discussed 

in detail in subsection 4.7. The plots demonstrate that the hydrate growth rate was higher in the 

beginning of an experiment than towards the end, but there were also fluctuations in growth 

rate during an experiment. The plots also demonstrate that the experiments with temperature 

gradient in the cell reached equilibrium conditions faster than the experiments with only 

cooling of the bath.  

 

Figure 4.21: Water converted to hydrates during the experiments with Methane-Ethane gas 

mixture, Mineral Oil 70T and fresh water. Observed sloughing events are indicated with 

markers on the line. (Only a few major sloughing events could be detected in the first 

experiment with bath cooling at 6 °C and wall cooling at 1 °C because of camera position.) 
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Figure 4.22: Water converted to hydrates during the experiments with Methane-Ethane gas 

mixture, condensate and fresh water. Observed sloughing events are indicated with markers 

on the line. 

 

Figure 4.23: Water converted to hydrates during the experiments with Methane-Ethane gas 

mixture, Mineral Oil 200T and fresh water. Observed sloughing events are indicated with 

markers on the line. 

The time from hydrate formation onset until the quantity of water converted to hydrates 

reached 0.9 of the stable end value at equilibrium conditions and the amount of water converted 

at 2 hours after onset was calculated to quantify the hydrate growth rate in the beginning of the 

experiments. Tables 4.5, 4.6 and 4.7 present the results for Mineral Oil 70T, condensate and 

Mineral Oil 200T respectively as oil phase, Methane-Ethane gas mixture and fresh water as 
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water phase. The experiments with uniform cooling to 1 °C did not reach equilibrium 

conditions before they were stopped. The amounts of available water converted to hydrates 2 

hours after hydrate formation onset are given in Figure 4.24. 

Table 4.5: Water converted to hydrates 2 hours after onset and time of 0.9 of equilibrium 

conditions in the experiments with Methane-Ethane gas mixture, mineral oil 70T and fresh 

water  

Exp. 

no. 

Bath T 

[ºC] 

Wall T 

[ºC] 

Subcooling 

onset [ºC] 

Water 

converted 

Time 0.9 

conv. [h] 

Converted 

at 2 h 

1 6 1 9.4 8 9.1% 2.31 7.8% 

2 6 1 9.0 8 8.7% 2.38 7.7% 

3 9 1 3.7 5.1% 2.05 4.5% 

4 4 1 7.2 11.3% 6.89 3.7% 

5 1 1 9.1 12.2% - 8.6% 

6 1 - 4.4 10.2% - 4.5% 

Table 4.6: Water converted to hydrates 2 hours after onset and time of 0.9 of equilibrium 

conditions in the experiments with Methane-Ethane gas mixture, condensate and fresh water  

Exp. 

no. 

Bath T 

[ºC] 

Wall T 

[ºC] 

Subcooling 

onset [ºC] 

Water 

converted 

Time 0.9 

conv. [h] 

Converted 

at 2 h 

7 1 - 8.0 20.2% - 5.6% 

8 4 1 5.5 16.4% 15.46 7.8% 

9 6 1 4.3 11.7% 1.95 10.7% 

10 8 1 3.2 8.3% 8.89 4.6% 

11 1 - 4.8 21.2% - 6.6% 

Table 4.7: Water converted to hydrates 2 hours after onset and time of 0.9 of equilibrium 

conditions in the experiments with Methane-Ethane gas mixture, mineral oil 200T and fresh 

water  

Exp. 

no. 

Bath T 

[ºC] 

Wall T 

[ºC] 

Subcooling 

onset [ºC] 

Water 

converted 

Time 0.9 

conv. [h] 

Converted 

at 2 h 

12 1 - 9.2 7.5% - 3.2% 

13 6 1 5.7 8.0% 3.96 5.7% 

 

                                                 

 

8 Cooling was unstable in the experiments cooled to 6 °C. 
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Figure 4.24: Water converted to hydrates 2 hours after hydrate formation onset in the 

experiments with Methane-Ethane gas mixture, fresh water, and Mineral Oil 200T (green 

quadrats), Mineral Oil 70T (red triangles) or condensate (blue circles) as liquid hydrocarbon 

phase. 

Figures 4.21, 4.22 and 4.23 indicate that the hydrate growth rate the first 15 minutes of 

the experiments was lowest for the experiments with lowest subcooling (highest bath 

temperature) for both the two mineral oils and condensate systems. Calculated amount of water 

converted to hydrates 2 hours after onset was higher for the experiments with cooling of bath 

to 6 °C and upper wall to 1 °C than the experiments with cooling of bath to 4 °C and upper 

wall to 1 °C and the experiments with only cooling of bath to 1 °C. This indicates that high 

temperature gradient promoted faster average hydrate growth rate. One experiment was 

performed with Mineral Oil 70T and cooling of both bath and upper wall to 1 °C. This 

experiment had the highest formation rate the first 15 minutes of the mineral oil experiments 

and slightly more hydrates formed the first two hours of the experiment than in the experiments 

with Mineral Oil 70T with cooling of bath to 6 °C and upper wall to 1 °C. This might be 
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explained by the internal temperature gradient in during the start of the experiment due to the 

two cooling sources.  

The variation of formation rate during the first hours of the experiments might also be 

attributed to variations that are not identified due to the small number of experiments. Only 

one or two experiments were performed at the various temperature settings for the two systems. 

An experimental campaign with a larger number of experiments at each temperature setting is 

required to develop a clear correlation between hydrate growth rate and temperature gradient. 

Possible future experiments in a flow loop, a rocking cell or an autoclave studying hydrate 

formation and accumulation under flowing conditions should be repeated several times at each 

temperature conditions to identify variations in the results. When these variations are identified, 

experiments at various temperature settings might be compared and trends might be identified 

with more certainty.  

 

4.5 The Influence of Pressure on Shear-Stabilized Dispersion 

The additional rocking cell experiments focusing on observation of the shear-stabilized 

dispersion during mixing at 35 oscillations per minute at various pressure and temperature 

conditions did not reveal any major difference in the visual appearance of the dispersion due 

to different pressure and temperature conditions. The mineral oil 70T and fresh water was fully 

dispersed at tested pressures from 1 to 35.1 bar and temperatures around 1 °C as indicated in 

Figure 4.25. Similar fully dispersed system was also observed at 10 °C for the same pressure 

range. Experiments with condensate and fresh water resulted in formation of a dispersion of 

condensate and water with a visual appearance similar to foam in the water phase and 

transparent condensate at the tested pressure and temperature conditions as demonstrated in 

Figure 4.26. Figure 4.27 shows a close-up photo of the dispersion in the water phase taken 

immediately after the oscillation of the rocking cell was stopped. 
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Figure 4.25: Images captured from the video from an experiment with methane-ethane gas 

mixture, mineral oil 70T and fresh water at temperatures and pressures as indicated. 

 

Figure 4.26: Images captured from the video from an experiment with methane-ethane gas 

mixture, condensate (blue) and water (yellow) at temperatures and pressures as indicated. 
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Figure 4.27: Photo of condensate-water dispersion (visual appearance similar to foam) in the 

water phase in an experiment with condensate and fresh water. 

A bottle test demonstrating separation of condensate and water after mixing showed 

that the majority of the condensate separated from the water phase within 5 seconds after 

mixing while the condensate-water dispersion separated completely from the water phase after 

60 seconds separation time. Figure 4.28 shows images captured from the video recording of 

the test at various times during the 60 seconds of separation. These results indicates that the 

dispersion with low condensate content is more stable than the fully mixed system for mixtures 

of this condensate and fresh water.  
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Figure 4.28: Images captured from video of bottle test visualization of separation of 

condensate and water after mixing. Seconds after mixing are indicated in the frames.  

 

4.6 Calculated Porosity in the Rocking Cell Experiments 

The calculated porosity of the hydrates formed in the rocking cell experiments was 

compared and related to the parameters such as cooling temperatures, measured temperature 

gradient (ΔT) and water converted to hydrates to evaluate how these parameters influence the 

porosity. Table 4.8 shows these parameters in the end of the experiments with methane-ethane 

gas mixture, various oil phases and fresh water. In an effort to find trends and correlations 

between the parameters listed in Table 4.8, the results of the experiments with two mineral oils 

and gas condensate were analyzed separately because of the difference between the three 

systems. 
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Table 4.8: Porosity measurements in the end of selected experiments with fresh water.  

Exp. 

no. 
Oil Phase 

Bath T 

[ºC] 

Wall T 

[ºC] 

ΔT 9 

[ºC] 

Water 

converted 

Porosity 

(low) 

Porosity 

(high) 

210 

Mineral oil 70T 

6 1 1.1 8.7% 50.1%10 60.0%10 

3 9 1 1.5 5.1% 84.1% 91.3% 

4 4 1 0.8 11.3% 71.5% 81.5% 

5 1 1 0 12.2% 78.9% 87.6% 

6 1 - 0 10.2% 80.4% 86.2% 

7 

Gas condensate 

1 - 0 20.2% 83.0%11 89.6%11 

8 4 1 1.0 16.4% 80.0% 87.0% 

9 6 1 1.5 11.7% 86.0% 91.3% 

10 8 1 1.9 8.3% 87.9% 92.3% 

12 Mineral oil 

200T 

1 - 0 7.5% 91.2% 93.7% 

13 6 1 1.1 8.0% 80.0% 87.3% 

 

4.6.1 Porosity in Experiments with Mineral Oil 70T and Fresh Water 

Video recordings from the experiments showed that the temperature gradient (ΔT) 

influences the location at which the hydrates will preferentially form and deposit. In the case 

of mineral oil 70T, the higher the temperature gradient, the greater the tendency of the hydrate 

to deposit in the upper wall of the cell, since this is the coldest point in the cell. The measured 

temperature gradient in the cell was highest in experiment 3 (see Table 4.8). The hydrates 

deposited preferentially on the top wall of the cell throughout this experiment as shown in 

Figure 4.29.  

                                                 

 

9 ΔT is the measured temperature difference between the upper wall and the liquid in the lower part of 

the cell in the end of the experiment. This measured temperature gradient is much lower than set point of the 

cooling of the upper wall and the surrounding bath due to heat transfer in the wall of the rocking cell.  
10 Volume and porosity was not calculated for the first experiments because of camera angel in the video 

recordings. Both experiments 1 and 2 had unstable cooling of the system. Fluctuations in the temperature might 

have influenced the deposit volume of experiment 2. 
11 Hydrates formed as particle in the bulk converting the liquid phases to a hydrate deposit in the lower 

part of the cell in the experiments with condensate, fresh water and uniform cooling. Assuming that total deposit 

volume is the sum of the volume of liquid phases and hydrate phase calculated with Multiflash®, the calculated 

porosity is 84.9%.  
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Figure 4.29: Hydrate deposits at the upper wall, and oil and water flowing in the lower part of 

the cell. The image is captured from the video of Experiment 3. 

Experiment 4, which was analyzed in more detail in subsection 4.1.1, is an example of 

an experiment with lower temperature gradient. Hydrates were observed both as agglomerates 

in the oil phase and as deposits at the upper wall during the first few hours of this experiment 

as shown in Figure 4.30. About 23 hours after hydrate onset, most agglomerated hydrates in 

the lower part of the cell had dissociated while hydrate deposits attached to the upper wall 

remained. Figure 4.31 shows the conditions towards the end of the experiment with hydrate 

deposits at the upper wall, and oil and a minor quantity of water flowing in the lower part of 

the cell. Plots of the pressure, temperature, porosity and water converted behavior throughout 

the experiment is showed in Figure 4.32. The calculated porosity of hydrates in this experiment 

decreased from about 94% in the beginning to 70-80% towards the end. After the initial fast 

hydrate growth, also the total volume of hydrates decreased during the experiment mostly due 

to hydrate dissociating in the lower part of the cell while the deposit at the upper wall had a 

more constant volume. The change in hydrate volume distribution between hydrates as 

agglomerates flowing with the liquid phases in the lower part of the cell and deposits at the 

upper wall during experiment 4 is shown in Figure 4.33. This development might be explained 

by the temperature gradient in the rocking cell at conditions close to equilibrium towards the 

end of the experiment. At this time the pressure was constant, which indicates hydrate 

equilibrium conditions for the total rocking cell system. However, the hydrates in the lower 

part dissociated because the local temperature was slightly higher than equilibrium temperature. 

At the same time the local temperature close to the upper wall was slightly lower than 

Hydrate deposits 

Oil phase 

Liquid water phase 



94 

equilibrium temperature causing water, which was trapped inside the porous volume of the 

deposit, to convert to hydrates. A high porosity was observed in the beginning of the experiment 

followed by a decrease in porosity with time as subcooling decreases was also observed by Rao 

et at. (2013). The constant pressure during the rest of the experiment (Figure 4.32) indicates 

that the total system remained at equilibrium conditions. A similar decrease in porosity over 

time was also observed in other rocking cell experiments, which will be discussed more in 

subsection 4.6.7. 

 

Figure 4.30: Hydrate deposits at the upper wall, and agglomerated hydrates in the oil phase 

flowing in the lower part of the cell with high porosity during the first hours of an experiment 

with low temperature gradient. The image is captured from the video of Experiment 4. 

 

Figure 4.31: Hydrate deposits with low porosity at the upper wall, and oil and water flowing 

in the lower part of the cell. The image is captured from the video of Experiment 4. 

Hydrates

s 
Oil phase 

Hydrate deposits 

Oil phase 

Water phase 
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Figure 4.32: Pressure, temperature, hydrate volume, porosity and water converted behavior 

during experiment 4.  

 

Figure 4.33: Hydrate deposition and agglomeration behavior along the experiment 4. 
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The porosity results given in Table 4.8 refer to the porosity of the hydrate at the end of 

each experiment. The hydrate growth had not stopped in the end of the fresh water experiments 

with uniform cooling, which makes it difficult to compare the results directly with the other 

experiments. The data from experiment 2 might also be difficult to compare to the other data 

since the cooling was unstable during this experiment. The results from experiment 3 and 4, 

indicate that an increased amount of water converted to hydrate due to low bath temperature 

results in decreased porosity and higher temperature gradient results in increased porosity in 

the end of the experiment. Two experiments represent a too low quantity of data to draw final 

conclusions with accurate quantification of the results, but these results might be used to 

suggest trends as a first approach. A dedicated experimental study with a higher number of 

experiments and more cooling temperature combinations is needed for accurate quantification 

of porosity with more certainty in the results.  

 

4.6.2 Porosity in Experiments with Condensate and Fresh Water 

The experiments with condensate and temperature gradient in the cell resulted in 

hydrates depositing at the upper wall and oil phase flowing in the lower part of the cell in the 

end of the experiment as illustrated in Figure 4.34. The observed mechanisms for hydrate 

formation and accumulation are similar to those observed in the experiments with mineral oil 

70T, however, a thicker hydrate deposits at the upper wall that also covered the part of the 

windows were observed in the end of the condensate experiments. This might be explained by 

difference in fluid properties and the larger quantity of hydrates formed in these experiments 

due to more gas dissolved in the oil phase (Appendix C, Figure C.1). A lower heat transfer 

caused by the thicker deposit might explain the difference in measured ΔT between mineral oil 

and condensate experiments with the same cooling set points. The porosity in the end of the 

experiments was also calculated to be slightly lower for the mineral oil 70T experiments than 
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the condensate experiments if it is compared experiments with similar cooling conditions 

(Experiment 4 compared to Experiment 8, and Experiment 3 compared to Experiment 10). The 

cause of this difference in porosity between the two systems is not studied in detail in this thesis, 

but this is most likely that it is a related to the difference in oil phase properties like viscosity 

and quantity of gas dissolved in the oil phase.  

 

Figure 4.34: Hydrate deposits at the upper wall and the windows and oil flowing in the lower 

part of the cell. The image is captured from the video in the end of Experiment 8. 

In experiment 7, which had constant cooling of the entire cell to 1 °C, the hydrates 

formed as particles dispersed in the liquid phases. These dispersed hydrate particles bedded 

and formed a continuous deposit in the lower part of the cell with no deposits at the upper wall 

as shown in Figure 4.35. Details about this experiment are given in subsection 4.1.2. The visual 

appearance of the deposit in this experiment did not change from one hour after hydrate 

formation onset until the end of the experiment, but the quantity of water that formed hydrates 

increased slowly until the end of the experiment. The hydrate growth from water trapped in the 

porous volume of the deposit caused the porosity of the deposit to decrease until the end of the 

experiment. 

 

Figure 4.35: Hydrate deposits in the lower part of the cell and no deposits at the upper wall in 

the end of Experiment7. The image is captured from the video from the experiment. 

Hydrate deposits 

Oil phase 

Hydrate deposit 
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Although there were differences in observed hydrate formation and accumulation 

mechanism between experiments with condensed gas and mineral oil 70T, similar trends were 

observed for the porosity results. As demonstrated in Table 4.9, lower temperature gradient 

(ΔT) and lower temperature resulted in higher water to hydrate conversion and lower porosity, 

which is similar to the experiments with mineral oil 70T. A study of the trends in hydrate 

volume and porosity in the fresh water experiments related to subcooling and temperature 

gradient is presented in subsection 4.6.7. 

Table 4.9: Porosity measurements for selected experiments with condensate and fresh water.  

Exp. 

no. 

Bath temp. 

[ºC] 

Wall temp. 

[ºC] 

ΔT  

[ºC] 

Water 

converted 

Porosity 

(low) 

Porosity 

(high) 

7 1 - 0 20.2% 83.0%12 89.6%12 

8 4 1 1.0 16.4% 80.0% 87.0% 

9 6 1 1.5 11.7% 86.0% 91.3% 

10 8 1 1.9 8.3% 87.9% 92.3% 

 

4.6.3 Porosity in Experiments with Mineral Oil 200T and Fresh Water 

The results obtained with 200T mineral oil are shown in Table 4.10. The same variables 

that were compared in the experiments with mineral oil 70T and condensed gas were also 

compared in these experiment: Temperature gradient, bath temperature, water converted to 

hydrate and porosity. 

Table 4.10: Porosity measurements for experiments with mineral oil 200T fresh water.  

Exp. 

no. 

Bath temp. 

[ºC] 

Wall temp. 

[ºC] 

ΔT  

[ºC] 

Water 

converted 

Porosity 

(low) 

Porosity 

(high) 

12 1 - 0 7.5% 91.2% 93.7% 

13 6 1 1.1 8.0% 80.0% 87.3% 

                                                 

 

12  Considering total deposit volume as the sum of the volume of liquid phases and hydrate phase 

calculated with Multiflash®, the calculated porosity is 84.9%. The real volume is most likely close to this value 

because of the nature of the hydrate formation the whole length of the lower part of the cell in this experiment in 

experiments with condensate and uniform cooling. The calculated porosity only considering the middle section is 

83.0%, but this value will not be correct considering the hydrate formation in this experiment.  
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Based on the data in Table 4.10, the amount of water converted to hydrates was lower 

and porosity higher at high subcooling with no temperature gradient (bath temperature = 1 ºC) 

than at low subcooling with high temperature gradient (bath temperature = 6 ºC, upper wall 

temperature = 1 ºC), contrary to the experiments described in the previous sections. To 

understand these results, it is necessary to evaluate the change of the parameters during the 

experiments. Figures 4.36 and 4.37 show a comparing of plots of pressure, temperature, volume, 

porosity and amount of water converted throughout the experiment 12 and 13. In experiment 

12 the pressure continues falling and amount of water converted to hydrates continues 

increasing, both with close to constant rates, throughout the entire experiment. This indicates 

that the hydrate growth was very slow and the experiment had been stopped long before 

equilibrium conditions were achieved. It should also be noted that the volume of hydrates and 

porosity in this experiment were decreasing before it was stopped. All these parameters had 

stabilized to a constant value about 12 hours after hydrate formation onset in experiment 13. 

Based on these observations, it is likely that the quantity of water converted to hydrates would 

have increased to a higher level and the porosity would have decreased to a lower level than 

experiment 13 if experiment 12 had been run until equilibrium conditions was achieved. The 

explanations for the difference between the measurements for the mineral oil 200T experiments 

and the experiments with the other two systems should therefore be attributed to the slow 

hydrate growth and the fact that the pressure had not decreased to equilibrium conditions when 

experiment 12 was ended about 60 hours after hydrate formation onset (following the normal 

procedure).  
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Figure 4.36: Comparing of pressure, temperature, hydrate volume, porosity and water 

converted behavior during experiment 12.  
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Figure 4.37: Comparing of pressure, temperature, hydrate volume, porosity and water 

converted behavior during experiment 13. 

4.6.4 Porosity in Experiments with Water Phase Containing NaCl 

The results from the experiments with addition of the thermodynamic inhibitor NaCl in 

the water phase, and mineral oil 70T and condensate as oil phases are given in Table 4.11 and 

Table 4.12 respectively. As expected, the lower bath temperature (higher subcooling) resulted 

in higher amount of water converted to hydrates also in these experiments. However, no clear 
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tendency could be found in the porosity results like in the fresh water experiments. It should 

be mentioned that hydrate formation was difficult also in the experiments with NaCl in water 

because of the effect of the thermodynamic inhibitor, and hydrate formation was initiated 

following the procedure discussed in subsection 4.2 in experiments 20, 21, 22 and 23. 

Table 4.11: Porosity for experiments with mineral oil 70T and 3.5 wt.% NaCl in water. 

Exp. 

no. 

Bath temp. 

[ºC] 

Wall temp. 

[ºC] 

ΔT  

[ºC] 

Water 

converted 

Porosity 

(low) 

Porosity 

(high) 

19 1 - - 11.8% 80.2% 88.9% 

20 6 1 0.9 5.5% 70.9% 13 70.9% 13 

Table 4.12: Porosity for experiments with condensate and 3.5 wt.% NaCl in water. 

Exp. 

no. 

Bath temp. 

[ºC] 

Wall temp. 

[ºC] 

ΔT  

[ºC] 

Water 

converted 

Porosity 

(low) 

Porosity 

(high) 

21 1 - - 21.5% 74.1% 84.5% 

22 6 1 1.1 9.9% 69.7% 80.7% 

23 1 - - 18.7% 79.4% 88.0% 

 

4.6.5 Porosity in Experiments with Water Phase Containing MEG 

The results from the experiments with addition of the thermodynamic inhibitor MEG 

in the water phase, and mineral oil 70T and condensate as oil phases are given in Table 4.13 

and Table 4.14 respectively. Hydrate formation was difficult also in the experiments with MEG 

in water because of the effect of the thermodynamic inhibitor similar to the observations in the 

experiment with NaCl in water (subsection 4.2). Experiments 26 and 27 were performed at 

normal pressure conditions, but hydrates were not formed during cooling to 1 °C. The 

procedure with cooling below 0 °C to initiate ice formation, then increased above 0 °C to form 

hydrates, and dissociation at moderate temperatures was therefore implemented in these two 

                                                 

 

13 There were only visible hydrate deposits in the middle of the upper part of the window in 

this experiment. The MATLAB® program did therefore not extrapolate the extent of the hydrate to the 

maximum and minimum length in the volume calculations, but extrapolated each end of the deposit to 

the upper wall.  
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experiments. In experiment 28, hydrates were formed at higher pressure conditions and normal 

cooling to 1 °C. This was also attempted in experiment 29, but hydrates were not formed. The 

procedure with ice formation at temperatures much lower than 0 °C, and hydrate formation 

above 0 °C was followed. At dissociation, some gas was vented from the cell due to concerns 

that the pressure would increase to a level that was not safe for the windows of the cell. Since 

the gas phase contains a larger quantity of methane than the original filling composition due to 

more ethane dissolved in the condensate, the total gas composition changed due to the venting 

of gas. This resulted in higher hydrate equilibrium temperature than for the experiment in which 

no gas was vented. 

Table 4.13: Porosity for experiments with mineral oil 70T and 6.6 wt.% MEG in water.  

Exp. 

no. 

Bath temp. 

[ºC] 

Start pres. 

[Bar] 

Start temp. 

[ºC] 

Water 

converted 

Porosity 

(low) 

Porosity 

(high) 

26 1 36.9 12.3 11.6% 76.2% 85.4% 

28 1 46.5 20.1 15.7% 73.0% 82.5% 

Table 4.14: Porosity for experiments with condensate and 6.6 wt.% MEG in water.  

Exp. 

no. 

Bath temp. 

[ºC] 

Start pres. 

[Bar] 

Start temp. 

[ºC] 

Water 

converted 

Porosity 

(low) 

Porosity 

(high) 

27 1 37.8 14.9 19.3% 82.2% 89.4% 

29 1 40.6 15.2 23.3% 79.2% 87.2% 

When comparing the results from experiment 26 and 28, we could note that higher 

initial pressure (more driving force for hydrate formation) resulted in higher quantity of water 

converted to hydrates and lower porosity. The same trend can also be observed when comparing 

the results from experiment 27 and 29. These results are similar to the observations from the 

fresh water experiments in which cooling to a low temperature (more driving force for hydrate 

formation) resulted in a higher quantity of water converted to hydrates and lower porosity.  
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4.6.6 Porosity in Experiments with Water Phase Containing Arquad 

The results from the experiments with addition of the anti-agglomerant Arquad in the 

water phase, and mineral oil 70T or condensate as oil phases are given in Table 4.15. 

Comparing the results from experiments 30 and 31, both with 70% liquid loading and 60% 

water cut, we observe that more hydrates formed in the experiment with cooling of bath to 1 °C 

than in the experiment with cooling of bath to 6 °C, which was expected since the pressure 

needed to decrease to a lower level to reach equilibrium. The average between high and low 

value for calculated porosity is lower for the experiment with cooling to 1 °C compared to the 

experiment with cooling of bath to 6 °C and an internal temperature gradient in the cell. This 

result agree with the trends observed in the fresh water experiment.  

Experiments 32 and 33 were performed with a smaller amount of liquid compared to 

the experiments analyzed above. Note that the experiment 32 was performed with 70T mineral 

oil and experiment 33 with the condensate, which dissolves more gas. Therefore, more gas had 

to be absorbed in the hydrate phase to decrease pressure to hydrate equilibrium, which caused 

more water to convert to hydrates in experiment 33 than in experiment 32. Experiment 32 

resulted in conversion of the liquids to high viscous hydrate slurry. Calculating porosity of the 

dispersed hydrate particles became challenging since the method used in all the other 

experiments relied on the ability to distinguish visually the volume occupied by the phases of 

the system. The results from this particular experiment is therefore given based on volumes of 

the phases present in the system calculated by Multiflash®. If the porosity should be calculated 

assuming all fluids in the liquid phase as void volume, the porosity would be 82.3%. If the 

porosity of each hydrate particle should be calculated assuming these particles only consisted 

of hydrates and unconverted water and were dispersed in an oil phase with no free water phase, 

the porosity of these particles would be 41.6%.  
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Experiment 33 had the lowest calculated porosity calculated from analyzes of images 

from the video recordings. This might be explained by the much higher percentage of the 

available water converted to water due to the lower water cut. 

Table 4.15: Porosity for experiments with 0.5 wt.% Arquad in water. 

Exp. 

No. 
Oil phase 

Liq. loading/ 

Water cut 

Bath/wall 

temp. [°C] 

ΔT 

[ºC] 

Water 

conv. 

Porosity 

(low) 

Porosity 

(high) 

30 
Mineral Oil 

70T 

70% 60% 1/- - 13.5 77.3 89.2% 

31 70% 60% 6/1 1.1 8.0 81.4 88.5% 

32 57% 30% 1/- - 52.4 41.6% 14 82.3% 14 

33 Condensate 59% 30% 1/- - 76.4 28.115 58.5% 

 

4.6.7 The influence of subcooling and temperature gradient on porosity, hydrate 

volume and hydrate growth 

This subsection presents a study of the influence of subcooling and temperature 

gradient on hydrate porosity, hydrate volume and hydrate growth in eleven of the experiments 

with fresh water. The volume of the gas, oil, water and hydrate phases in the closed volume 

rocking cell system was calculated through flash calculation by the software Multiflash® and a 

volume and component balance given the known constant volume and filling compositions, 

and the measured pressure and temperatures during the experiment as explained in subsection 

3.7. The volume of the hydrate deposits at the upper surface and bedded hydrates in the bulk 

was estimated by a MATLAB® program based on images captured from the video recordings 

and known dimensions of the cell and cell windows as explained in subsection 3.9. Only 

maximum volume and maximum porosity are included in this analysis since trends and not the 

absolute values are compared and discussed. The selected experiments for volume and porosity 

                                                 

 

14 The experiment formed slurry of oil, hydrates and water phase. The low estimate consider 

that the water phase fills the porous volume of the hydrate particles. The high estimate consider the 

total slurry volume and assume that the oil and water phase represent the void volume.  
15 The cooling was uniform and hydrates most likely formed as a continuous deposit with an 

extent similar to the internal length of the lower part of cell.  
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analysis are presented as two categories of experiments: Experiments with uniform cooling of 

the rocking cell to 1 °C, and experiments with temperature gradient in the rocking cell. 

The plots for the experiments with uniform cooling of the rocking cell to 1 °C are given 

in figures 4.38 to 4.42. The results from both the experiments with mineral oil 70T and with 

mineral oil 200T as oil phase and cooling of the rocking cell to 1 °C indicate that the hydrate 

volume and porosity decreases over time, and lower subcooling resulted in both lower hydrate 

volume and lower hydrate porosity. In both experiments with condensate as oil phase, the 

hydrates formed as a slurry that bedded and transformed to deposits. The visible volume of 

hydrates was therefore constant throughout these experiments. The change of porosity in the 

condensate experiments does not reflect any change of volume, but only conversion of more 

free water inside the formed hydrate deposit.  

The experiments with uniform cooling to 1 °C demonstrate high hydrate phase growth 

in the beginning of the experiments when the subcooling was high. A minor temperature 

gradient was measured in the beginning of the experiment with Mineral Oil 70T as oil phase 

and cooling of both upper wall and bath to 1 °C. Figure 4.38 suggests that there might be a 

relation between this temperature gradient and the hydrate growth rate in this particular 

experiment, which adds to the effect of the high subcooling. 
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Figure 4.38: Calculated porosity, observed volume, hydrate phase volume and hydrate phase volume growth rate in Experiment 5 with methane-

ethane gas mixture, mineral oil 70T and fresh water, and cooling of both upper wall and bath to 1 °C. Sloughing events are also indicated. 
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Figure 4.39: Calculated porosity, observed volume, hydrate phase volume and hydrate phase volume growth rate in Experiment 6 with methane-

ethane gas mixture, mineral oil 70T and fresh water, and cooling of bath to 1 °C. Sloughing events are also indicated. 
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Figure 4.40: Calculated porosity, observed volume, hydrate phase volume and hydrate phase volume growth rate in Experiment 7 with methane-

ethane gas mixture, condensate and fresh water, and cooling of bath to 1 °C. No sloughing events were observed. 
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Figure 4.41: Calculated porosity, observed volume, hydrate phase volume and hydrate phase volume growth rate in Experiment 11 with 

methane-ethane gas mixture, condensate and fresh water, and cooling of bath to 1 °C. No sloughing events were observed. 
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Figure 4.42: Calculated porosity, observed volume, hydrate phase volume and hydrate phase volume growth rate in Experiment 12 with 

methane-ethane gas mixture, mineral oil 200T and fresh water, and cooling of bath to 1 °C. Sloughing events are also indicated. 
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The plots for the experiments with temperature gradient in the rocking cell are given in 

figures 4.43 to 4.48. The data given in these plots provide some trends for the relations between 

porosity and volume development compared to subcooling and temperature gradient. Figures 

4.43, 4.45, 4.46 and 4.47 suggest that both the hydrate volume and porosity decreases over time 

in these experiments, which is consistent with the discussion in subsection 4.6.1. Because of 

the constant closed volume nature of the experiments, the subcooling decreases as the hydrate 

phase increases over time. The results therefore suggest that lower subcooling results in both 

lower observed volume, and lower porosity.  

Figures 4.43 and 4.45 indicate that lower temperature gradient resulted in lower 

porosity and volume. The temperature gradient seems to influence the porosity and volume 

development over time less in the experiments with higher temperature gradient. The plots 

suggest that there is a high hydrate phase growth rate in the beginning of the experiment when 

the subcooling is high as discussed in subsection 4.4, but the subcooling and temperature 

gradient does not influence the hydrate phase growth rate after the first few hours of initial fast 

hydrate growth.  

When comparing the measured temperature gradient to the sloughing events, the results 

and observations of sloughing from the experiment suggest that sloughing occurs throughout 

the total duration of the experiments with a measured temperature gradient higher than about 

1 °C, but only in the beginning of the experiments with a measured temperature gradient lower 

than about 1 °C. This will be further discussed in subsection 4.7. 
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Figure 4.43: Calculated porosity, observed volume, hydrate phase volume and hydrate phase growth in Experiment 4 with methane-ethane gas 

mixture, mineral oil 70T and fresh water, and cooling of upper wall to 1 °C and bath to 4 °C. Sloughing events are also indicated. 
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Figure 4.44: Calculated porosity, observed volume, hydrate phase volume and hydrate phase growth in Experiment 3 with methane-ethane gas 

mixture, mineral oil 70T and fresh water, and cooling of upper wall to 1 °C and bath to 9 °C. Sloughing events are also indicated. 
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Figure 4.45: Calculated porosity, observed volume, hydrate phase volume and hydrate phase growth in Experiment 8 with methane-ethane gas 

mixture, condensate and fresh water, and cooling of upper wall to 1 °C and bath to 4 °C. Sloughing events are also indicated. 
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Figure 4.46: Calculated porosity, observed volume, hydrate phase volume and hydrate phase growth in Experiment 9 with methane-ethane gas 

mixture, condensate and fresh water, and cooling of upper wall to 1 °C and bath to 6 °C. Sloughing events are also indicated. 
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Figure 4.47: Calculated porosity, observed volume, hydrate phase volume and hydrate phase growth in Experiment 10 with methane-ethane gas 

mixture, condensate and fresh water, and cooling of upper wall to 1 °C and bath to 8 °C. Sloughing events are also indicated. 
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Figure 4.48: Calculated porosity, observed volume, hydrate phase volume and hydrate phase growth in Experiment 13 with methane-ethane gas 

mixture, mineral oil 200T and fresh water, and cooling of upper wall to 1 °C and bath to 6 °C. Sloughing events are also indicated.  
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4.6.8 Conclusions of the Porosity Measurements 

The main trends in these experiments are that hydrate deposits grow with a higher 

porosity when the internal temperature gradient is high and when the subcooling is high in the 

beginning of an experiment with low internal temperature gradient. The porosity of the hydrates 

decreased during some of the experiment as the pressure decreased and stabilize at hydrate 

equilibrium conditions at experimental temperatures. In experiments with temperature gradient 

in the cell, this might be explained by conversion of liquid water trapped inside the deposits to 

hydrates while hydrates in the lower part of the cell dissociated due to higher temperature. In 

experiments with the whole system cooled to 1 °C and no free water after the initial fast hydrate 

growth, hydrate continued growing slowly in the deposits, agglomerated and bedded hydrates 

due to liquid water phase trapped in the void volume in the apparent total volume of the 

hydrates. 

The measured porosity of the hydrates in these experiments were generally higher than 

what have been reported in the literature (Rao, et al., 2013). This might be explained by the 

fact that these experiments were designed to have a large amount of excess of water in the 

system when hydrate growth stopped because the pressure had reached hydrate equilibrium at 

the experimental temperature. Porous volume in the hydrate deposit was filled with excess 

water during the experiments due to capillary forces and the hydrophilic nature of hydrates. 

The high porosity calculated in this thesis might also be related to the overestimation of the 

hydrate covered area in the interpretation of the images captured from video recordings and the 

assumption of hydrate filled volume in the part of the rocking cell that could not be observed 

through the windows. 

The results from this study of porosity show that image analysis might be used as a tool 

in estimating the volume of hydrates in a system with visual capabilities, and that these volume 

estimates can be used in the calculation of porosity. The accuracy of such method will increase 
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with the windows covering a larger portion of the cell. This will reduce the hidden area in 

which the volume need to be calculated through extrapolation of data gathered in the part of 

the volume that can be viewed through the windows.  

 

4.7 Conditions for Hydrate Sloughing 

The observations of sloughing in the experiments was compared to experimental 

measurements and calculated parameters. Figure 4.49 shows measured and calculated 

parameters during experiment 10. This particular experiment had many larger sloughing events 

throughout the duration of the experiment, which also influenced the measured pressure and 

temperatures. Sloughing occurring during the entire experiment was a common trend also in 

other experiments with high measured temperature gradient. However, sloughing was only 

observed in the beginning of experiments with low temperature gradient and low bath 

temperature, which resulted in high subcooling in the beginning of the experiment and 

equilibrium conditions towards the end of the experiment. 
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Figure 4.49: Typical traces for the measured (A) pressure and (B) temperatures, (C) 

calculated temperature parameters, (D) amount of water phase converted to hydrates, and 

sloughing events (vertical dashed lines) observed from the video recorded. These particular 

data shown is for experiment 10 with gas + condensate + water with the bulk temperature set 

to 8 °C and the upper wall surface to 1 °C. 

Figure 4.50 shows the summary of the quantification of hydrate sloughing observations 

correlated to the temperature gradient and subcooling conditions at the instance the event 

occurred. The number of all observed sloughing events at each combination of temperature 

gradient and subcooling rounded to the closest integer temperature value is marked by the 

enclosing circles with the number of events. The figure also shows the range of estimated 

porosity for hydrate deposits for the same conditions at which the sloughing events were 

observed. 
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Figure 4.50: Correlation of sloughing events with temperature gradient and subcooling 

conditions as observed in rocking cell experiments with gas + oil + fresh water. Symbols 

correspond to systems with mineral oil 200T (green squares), mineral oil 70T (red triangles), 

and condensate (blue circles). The circles and numbers represent the distribution of sloughing 

events at the combinations of integer values for the subcooling and temperature gradient. 

A number of observations can be made from Figure 4.50. A larger number of sloughing 

events were observed in the experiments with high temperature gradient and low subcooling 

than in the experiments with high subcooling and no internal temperature gradient. The 

sloughing events continued throughout the entire test for the largest internal temperature 

gradient experiments. However, in the experiments with no temperature gradient, sloughing 

only occurred during the first few hours when the subcooling was high, and ceasing afterwards 

due to reduced driving force (lower pressure). The subcooling and temperature gradient 

conditions for sloughing in Figure 4.50 show that sloughing was not observed at conditions 

limited to a window of subcooling lower than 4 °C and temperature gradient lower than 1 °C. 

While it is important to realize that a certain window exists in which no sloughing occurred, 
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the precise range defined in terms of subcooling and temperature gradient needs to be further 

studied, so it is not specific to the testing setup and fluids used. The calculated porosity 

indicates that the range of porosities at which sloughing occurs is slightly higher than the 

conditions at which sloughing is not observed, however, there is a large overlap in these two 

ranges of porosity and there can be significant uncertainty in the estimated porosity. 

The visual appearance of the oscillating flow in rocking cell can be compared to slug 

flow. However, it should be noted that both pipe diameter and flow velocity in a pipeline is 

much higher resulting in turbulent conditions, higher shear between deposits and flow, and 

large variation of shear over time in the case of slug flow. These forces from the flow on hydrate 

deposits in a pipeline will influence sloughing. 

The possible region in which no sloughing would occur is a revealing result that might 

be valuable both in planning of hydrate formation experiments and new hydrate management 

strategies. Knowledge of this sloughing-free region can be useful in defining the specific 

subcooling and temperature gradient conditions to study other hydrate formation and 

accumulation mechanisms like deposition and agglomeration. As a comparison to these 

observations of sloughing-free region limited by low temperature gradient and subcooling, it 

could be mentioned that one key element in the hydrate seeding cold flow process is seeding 

of hydrate crystals into the flow at conditions close to hydrate equilibrium, which will result in 

hydrate formation at low subcooling conditions (Lund, et al., 2010). Temperature gradient 

conditions have not been studied in the cold flow experiments.  

Consequently, design of future experimental apparatus for studies of hydrate formation 

and accumulation mechanisms should focus on accurate measurement and control of hydrate 

equilibrium conditions (gas composition, pressure and temperature) and temperature gradient 

in the system in order to perform experiments at stable and known subcooling and temperature 

gradient conditions. Variable volume experiments could be considered to compensate for gas 
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consumed in hydrate formation over time. The lowest calculated subcooling at which hydrates 

formed in the rocking cell experiments was 3.2 °C, which is similar to the nominal subcooling 

required for hydrate formation measured in various flowloops (Sloan et al., 2011, p. 20). An 

option of adding pressurized hydrate particles to initiate hydrate formation could be considered 

to facilitate hydrate growth in experiments studying hydrate formation at low subcooling 

conditions. Flow loop experiments and field trials should be performed with various pipe 

diameters, flow patterns and velocities to measure the influence of shear on sloughing. 

One of the main goals for research on hydrate formation is to further the knowledge 

about how hydrates form in order to develop strategies for hydrate blockage avoidance and 

hydrate management. The reported window for sloughing-free conditions can be a very 

important element in determining the operational risk in hydrate management. Since this 

window is only observed in a selected number of experiments with selected types of 

hydrocarbon liquids and test conditions, it may be premature to draw general conclusion for its 

extendibility to a variety of systems and conditions. However, since this is the first documented 

observation of hydrate sloughing and the difficulty in making such measurements, it is 

important that such concept be shared so that other experiments and other researchers may also 

probe for a possible sloughing-free range of conditions. In particular, the effect of subcooling 

and temperature gradient on other hydrate formation and accumulation related mechanism need 

to be studied in detail to determine if hydrate formation and growth at low subcooling and 

temperature gradient conditions reduces or eliminates agglomeration and deposition of hydrate. 

If controlling these temperature conditions has positive effect on long-term flowability of 

unprocessed reservoir fluids with hydrates present, management of subcooling and temperature 

gradient could reduce the risk for hydrate blockage. 
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4.8 Summary of the Chapter 

The results and observations from the hydrate formation and accumulation experiments 

in the rocking cell have been presented in this chapter. The experiments were performed in the 

rocking cell following the methodology presented in Chapter 3. The measured pressure and 

temperature from the experiments have been presented together with quantified parameters 

from the processing of experimental data through Multiflash® (KBC, 2014) like hydrate 

equilibrium, quantity of water converted to hydrates, and porosity calculated from image 

analysis together with calculated quantity of hydrate phase in the system.  

Due to the constant volume nature of the experiments, a larger quantity of gas and water 

were converted to hydrate phase to reduce the pressure to hydrate equilibrium conditions at 

lower experimental temperatures than higher temperatures. More hydrates formed in the 

experiments with condensate than with mineral oil as oil phase due to more gas dissolved in 

the condensate than in the mineral oil. The conditions in the fresh water experiments with 

uniform cooling to 1 °C did not reach equilibrium before the end of the experiments even when 

the experiments lasted more than 60 hours while the conditions stabilized at equilibrium in less 

than 20 hours in the experiments with higher temperature and a temperature gradient in the cell. 

The pressure stabilized at equilibrium conditions in less than 12 hours in the experiments with 

NaCl and MEG in water. Less hydrates formed in these experiments with NaCl and MEG due 

to the effect of the thermodynamic inhibitor. Accumulated error in hydrate equilibrium 

calculations was lowest in the experiments with condensate and fresh water with a calculated 

subcooling between 0 and 0.2 °C in the final stage of the three experiments with temperature 

gradient. Accumulated error in hydrate equilibrium calculations was highest in the experiment 

with mineral oil 200T and temperature gradient in the cell with a subcooling calculated to 

1.4 °C in the final stage of the experiment. 
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Various mechanistic events were observed in the experiments: dispersion of water in 

oil, phase separation at hydrate formation onset, hydrate particle growth, agglomeration of 

hydrate particles, bedding of hydrates, deposition, and sloughing of hydrates from the deposits. 

In the experiments with mineral oil and fresh water, hydrates mainly deposited on the upper 

wall surface of the cell that was not oil wetted and agglomerates of hydrates formed in the oil 

phase. Deposition of hydrates in the top of the cell was also dominant in the experiments with 

condensate and temperature gradient in the cell, while hydrates formed as particles dispersed 

in the condensate, which bedded, agglomerated and formed a continuous deposit in the lower 

part of the cell, in the experiment with condensate and fresh water with uniform cooling. 

Hydrates agglomerated more in the experiment with mineral oil 70T and MEG added to the 

water, and there was more deposition of hydrates in the other experiments with MEG and NaCl. 

Transportable hydrate slurry formed in one experiment with mineral oil 70T and Arquad in 

water and 30% water cut. 

Observations of higher or similar formation rate the first two hours in experiments with 

cooling of bath to 6 °C and upper wall to 1 °C compared to experiments with lower bath 

temperature for both mineral oil and condensate systems indicate that internal temperature 

gradient in the rocking cell increases the hydrate growth rate. The hydrate phase growth was 

high in the beginning of the experiments when the subcooling was high, but no consistent 

correlations can be found later in the experiments. However, because of the low number of 

experiments, these observations should only be viewed as a first indication of a correlation 

between temperature gradient and formation rate. 

Results from a study of dispersion of water and oil phase at pressure level from 1 to 35 

bar suggest that the stability and visual appearance of the shear-stabilized dispersion observed 

before hydrate formation onset in the rocking cell experiments were not influenced by different 

pressure levels and different amount of gas dissolved in the oil phase.  
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A study of hydrate porosity was performed based on analysis of images captured from 

video recordings of the experiments. The analysis of porosity in the fresh water experiments 

showed a general trend that hydrates formed with higher porosity, 90-93% in the end of the 

experiments, when there was a higher temperature gradient in the cell. In the experiments with 

a low temperature gradient or uniform cooling, the hydrates formed with high porosity in the 

beginning of the experiments. As the subcooling decreased during the experiments the hydrates 

formed with lower porosity. The porosity could decrease to 70-80 % towards the end of the 

experiments when the system was at hydrate equilibrium conditions. The experiments with 

MEG also showed that more subcooling resulted in lower porosity. The results from the 

experiments with NaCl in water and Arquad did not give conclusive trends when comparing 

porosity to subcooling. Larger windows enabling visual inspection of a larger part of the cell 

could improve the accuracy of porosity measurements in future experimental equipment. 

A study of hydrate sloughing was performed for the fresh water experiments. Sloughing 

was observed throughout the experiments with at high temperature gradient and low subcooling. 

In the experiments with high subcooling and low temperature gradient, the sloughing events 

were only observed in the beginning of the experiments until the subcooling had decreased 

below a certain level due to decrease in pressure caused by hydrate growth. The sloughing 

study revealed that there were no observed sloughing events in a window of operation limited 

by a subcooling lower than 4 °C and a temperature gradient lower than 1 °C.  

These results and observations are the foundation of the development of a revised 

conceptual model for hydrate formation in non-emulsifying system presented in the next 

chapter. The experimental results presented in this chapter will also be helpful in evaluation of 

focus and important parameter for future studies on hydrate deposition and other hydrate 

formation and accumulation mechanisms.   
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REVISED CONCEPTUAL MODEL FOR 

HYDRATE FORMATION IN NON-EMULSIFYING SYSTEMS 

 

This chapter presents an overview of the mechanistic events observed in the 

experiments presented in Chapter 4. The results from the experimental study in the rocking cell 

have demonstrated various mechanisms related to hydrate formation, deposition, and 

accumulation. The new insights from the observations in this study improve understanding on 

how hydrates form in different hydrocarbon systems and give fundamental knowledge to 

facilitate existing and new control strategies for hydrate management. This discussion will 

focus on hydrate formation and accumulation mechanisms observed with various fluid 

compositions in the rocking cell experiments. The phase separation at hydrate formation onset, 

which has not been reported in literature previously, will be discussed in the first subsection. 

Mechanisms related to hydrate formation on the pipe wall like deposition and sloughing will 

be discussed in one subsection. Mechanisms related to hydrate formation in the liquid phases 

like hydrate particle growth, agglomeration and bedding will be discussed in one subsection. 

The chapter will conclude with a presentation of a revised conceptual model for hydrate 

formation and accumulation in non-emulsifying systems, which is based on the measurements 

and observations from the experiments presented in this thesis.  

 

5.1 Phase Separation of Dispersion due to Hydrate Formation 

One interesting observation from the experiments performed is the phase separation or 

change in the dispersion state of water in the oil phase at the onset of hydrate formation, which 

was observed to various degrees in all the systems tested. As shown in Figure 5.1, the 

mechanism observed can be divided into three steps: i) Entrainment: phases are dispersed due 
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to shear forces from the flow in the rocking cell. The oils tested are non-emulsifying which 

imply a low content of surface active components. The dispersion will therefore quickly phase 

separate if the flow and mixing in the cell is stopped. ii) Initial Formation: Hydrates can form 

at all interfaces between water and hydrocarbon containing hydrate forming components. iii) 

Phase Separation: liquid hydrocarbon and water phases quickly phase separate shortly after 

hydrate formation onset with a macroscopically undetectable amount of hydrates. Detection of 

gas consumed in hydrate formation based on pressure and temperature measurements, and 

appearance of visible hydrates shortly after the phase separation, suggest that the phase 

separation is related to hydrate formation onset. 

 

Figure 5.1: Steps leading to phase separation: Entrainment: phases are dispersed before 

hydrate formation due to shear forces from the flow; Initial Formation: hydrates form at all 

hydrocarbon-water surfaces; and Phase Separation: hydrate formation causes the liquid 

hydrocarbon and water phases to separate in flowing conditions. 

Dispersion of the oil and water phases could be observed in all the systems studied 

before hydrate formation, but it had different visual appearance in the various systems. The 

mineral oil 70T and fresh water were fully dispersed before hydrate formation, while 

condensate and fresh water formed a partly dispersed system of a separate condensate phase 

and water in oil dispersion with a very low oil content resembling a foam structure (Figure 

4.27). This dispersion, which broke down within seconds when hydrates started forming, 

seemed to be much more “fragile” to the influence of hydrates than the fully dispersed water 

in mineral oil system, in which the phases gradually separated in the first 4 minutes after 

hydrates formation onset. The experiments with MEG or NaCl in water showed various extents 
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of partly dispersed systems, which transformed to completely phase separated systems shortly 

after hydrate formation onset. The difference in amount of water dispersed in oil between 

experiments with fresh water and water with NaCl might be attributed to how the salt content 

influences physical properties like interfacial tension (Lima, et al., 2013). 

The phase separation mechanism was least present with mineral oil 70T, and 30% water 

cut with 0.5 wt.% Arquad, which might be explained by how AA works: one end of the 

molecule binds to water droplets or hydrate particles and the other end dissolves in the oil phase 

in such way that dispersed water droplets and hydrate particles do not agglomerate (Kelland, 

2006). This experiment showed some tendencies of partial phase separation and agglomeration 

of hydrates 5 to 10 minutes after hydrate formation onset. However, the oil phase did not 

become transparent due to complete phase separation as in the experiments with fresh water. 

The dark opaque color of the oil phase in Figure 4.19-B indicated that it contained dispersed 

water or hydrates when the agglomerates of hydrates formed in the oil phase. The concentration 

of AA chosen for these experiments might have been too low to fully inhibit phase separation 

and agglomeration, but sufficient to keep some of the hydrates and water dispersed in the oil. 

The phase separation in all the systems tested indicates that there is a connection 

between the presence of hydrates in a system and dispersion of the phases. Also Vijayamohan 

(2015) reported that the water phase dropped out of the dispersion at the hydrate onset. Høiland 

et al. (2005) reported difference in phase inversion point for emulsions with and without 

hydrates present, which also indicates that hydrates may affect stability of emulsions. The cause 

of the phase separation mechanism is yet not fully understood, but it is likely related to the 

instantaneous change in the fluid viscosity, interfacial tension, and gas concentration when the 

gas in the oil phase is consumed due to the initial hydrate. To test some of these hypotheses, 

experiments without hydrate formation were performed in the rocking cell with the same liquid 

filling composition as the experiments with hydrate formation, and pressurized with gas 
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mixture to 1, 18 and 35 barg, at the same oscillation rate as in the hydrate experiments, to 

investigate whether the amount of dissolved gas in the oil phase affected the visual appearance 

of the dispersion. The video recording from these experiments shows that the dispersion of the 

phases was very similar for the experiments at 18 bar and 35 bar at 1 °C for the various fluid 

combinations before any hydrates had formed as discussed in Chapter 4, subsection 4.5. An 

alternative explanation is that the hydrate particles forming at the oil/water interface might 

destabilize dispersions due to the hydrate surface energy properties, similar to the theory that 

demonstrates how particles with certain surface energy properties may stabilize emulsions and 

foams (Aveyard, et al., 2003), (Hunter, et al., 2008). 

 

5.2 Deposition, Sloughing and Calculated Porosity 

Deposition of hydrates was the principle topic of this experimental study. The presented 

experimental results demonstrate variation in the manner hydrates deposited at surfaces in the 

tested systems. Video recordings from the experiments show that hydrates deposited at all 

surfaces in experiments with condensate, while hydrates had a higher tendency to deposit at 

surfaces that were not wetted by the oil phase in the experiments with mineral oil. The 

experiments with mineral oil and water with MEG resulted in a much lower amount of deposits, 

but more agglomeration than the experiments with fresh water or water with NaCl. In the 

experiments with mineral oil and water with NaCl, hydrates also deposited at oil wetted 

surfaces, while there were no deposits at oil wetted surfaces in the other experiments with 

mineral oil. Some of the differences between the various systems might be attributed to the 

difference in physical properties like density, viscosity and interfacial tension. These findings 

need further studies to be fully understood and explained. 

Comparing measured and calculated parameters during the various experiments with 

the video recordings of hydrate deposition in the rocking cell gives insight into how various 
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parameters might influence deposition of hydrates. The measured and calculated parameters of 

interest are the temperature gradient inside the rocking cell, subcooling (the difference between 

calculated hydrate equilibrium temperature and the average of the measured temperatures in 

the rocking cell), and the calculated volume and calculated porosity of the hydrate phase during 

the experiment. From a flow assurance point of view, relating measured and calculated 

parameters to observation of sloughing and variation of volume of the hydrate deposits during 

the experiments are of particular interest, considering that these parameters might influence 

hydrate blockage formation in a pipeline. 

Common trends were observed in many of the experiments: formation of large volume 

hydrate deposits and sloughing events in the beginning of the experiments, and formation of 

hydrate deposits of lower volume towards the end of the experiments. Sloughing was observed 

in a majority of the experiments with fresh water and with mineral oil and condensate as oil 

phase, and also in some of the experiments with NaCl or MEG in the water phase. Based on 

the observations from the experiments, the hydrate formation and accumulation mechanisms 

related to hydrate deposition can be divided into three steps, as indicated in Figure 5.2. The 

first step is the formation of deposits of high volume and high calculated porosity at the upper 

wall surface of the cell and some hydrate formation in the bulk liquid phases for conditions of 

high subcooling (“Deposition” in Figure 5.2). This is followed by sloughing of the hydrate 

deposit (“Sloughing”, Figure 5.2); the large chunks of hydrate break off the deposit at the wall 

and flow with the liquid. Some experiments, in which the upper wall surface was cooled to a 

lower temperature than the surrounding bath, demonstrated repeating formation of deposits of 

high volume and sloughing, with the sloughed hydrates broken down in the liquid phase (return 

to “Deposition” in Figure 5.2). 

The experiment with gas mixture, mineral oil 70T and fresh water, cooling bath at 4 °C, 

and upper wall temperature at 1 °C formed hydrate deposits with a porosity of above 90% for 
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subcoolings of about 4 to 6 °C in the first 5 hours after hydrate formation onset. During this 

time, there were several sloughing events and large bedded agglomerates of hydrate in the 

liquid phase. The experiment with condensate and fresh water with cooling of the bath to 8 °C 

and upper wall of the rocking cell to 1 °C, with 2 °C measured temperature gradient between 

the upper surface and the liquid in the lower part of the cell, showed repetitious formation of 

high volume deposits and sloughing throughout the entire experiment (“Deposition” and 

“Sloughing” in Figure 5.2). The calculated porosity was also above 90% in this experiment. 

The difference between the measured temperatures of the upper wall and liquid phase in the 

cell indicates a high subcooling at the upper wall surface where hydrates deposited throughout 

the experiment. 

When the amount of hydrates increased in an experiment, pressure decreased, and 

consequently, the subcooling also decreased. In the majority of the experiments with low 

temperature gradient in the cell, hydrates of much lower volume formed at the upper wall 

surface after the calculated hydrate equilibrium temperature had decreased and stabilized at a 

value close to the measured cell temperature due to the pressure decrease (“Annealing” in 

Figure 5.2). The sloughing events were not observed in the experiments with formation of low 

volume deposits in the later stages of the experiments, and a free water phase that might contain 

a small amount of hydrates were flowing in the lower part of the cell. This behavior was 

observed in the experiment with gas mixture, mineral oil 70T and fresh water, cooling bath at 

4 °C, and upper wall temperature at 1 °C (subsection 4.1.1). After the pressure had decreased 

to the hydrate equilibrium conditions, the calculated porosity of the hydrate deposit decreased 

to a stable value of 70 – 80% for the rest of the experiment and no more sloughing events 

occurred. 
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Figure 5.2: Illustration of hydrate formation and accumulation observed in the experiments. 

Initial formation of hydrate deposits of high volume and calculated porosity at high 

subcooling. Sloughing, and Annealing or formation of deposits with lower volume and 

calculated porosity at conditions close to hydrate equilibrium. 

These observations from the various experiments indicate that the volume and 

calculated porosity of the formed deposits depends on the subcooling of the system. High 

volume and low amount of water converted to hydrates signify that the calculated porosity of 

the deposits was high and the solid content ensuring structural stability of the deposits was low. 

The highly porous deposits enclosed a large quantity of liquid water, and the weight and low 

solid content caused the sloughing events. The deposits of lower volume and higher solid 

content were structurally more stable and sloughing did not occur when these deposits formed. 

 

5.3 Hydrate Particle Growth, Agglomeration and Bedding 

In addition to deposition at the cell surfaces, hydrate formation and growth in the bulk 

liquid phase and bedding were observed in the majority of the experiments. This starts as 

hydrate growth at all hydrocarbon-water interfaces as illustrated in the first stage in Figure 5.3. 

As the hydrate content increases, the apparent viscosity increases. In some of the experiments 

the hydrates were dispersed in the water phase, while the oil phase appeared transparent without 

any water or dispersed hydrates. These dispersed hydrate particles can agglomerate, as shown 

in the second stage in Figure 5.3. As the agglomerates of hydrates grow larger, all free water 

becomes occluded in the agglomerates, which may not move along with the oil flow in the cell. 
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Figure 4.13 demonstrates this stage in the rocking cell. This can be considered the bedding, the 

final stage in Figure 5.3.  

Hydrate agglomeration was the dominant hydrate formation and accumulation 

mechanism in the experiments with gas mixture, mineral oil and water with MEG, which lead 

to bedding and blockage of the entire cross section of the rocking cell with agglomerated 

hydrates; this outcome would have been characterized as a hydrate blockage had it happened 

in a pipeline. These results indicate that an increased level of agglomeration at low 

concentrations of MEG could increase the risk of plugging of a pipeline where the injection 

amount of MEG causes the system to be under-inhibited. 

 

Figure 5.3: Steps in formation, agglomeration, and accumulation of hydrates as observed in 

the rocking cell experiments for predominant bulk hydrate. 

The experiment with gas mixture, condensate and fresh water with cooling of the 

rocking cell to 1 °C demonstrated a slightly different bedding mechanism. After an initial 

growth of hydrate particles at the condensate/water interface, all of the condensate and water 

with hydrates was transformed to a dispersion with increasing hydrate content and increasing 

apparent viscosity. This dispersion eventually stopped flowing because of the high apparent 

viscosity, which could be defined as bedding of the hydrate particles. At that time (20 minutes 

after hydrate formation onset), 2.8% of the water had been converted to hydrates and the 

dispersion contained about 41 volume% hydrocarbon liquid phase, 57% liquid water phase, 

and 2% hydrate phase. One hypothesis is that the hydrate particles with low solid hydrate 

content may act as solid particles in a slurry even when the solid hydrate content in the particles 
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is very low. This hypothesis might explain why this particular experiment resulted in bedding 

at very low hydrate phase content in the dispersion. Further hydrate growth from unconverted 

water in-between the hydrate particles resulted in formation of a continuous hydrate deposit. 

The experiment with gas mixture, mineral oil and 30% water cut with 0.5% Arquad 

showed that the AA prevented the agglomeration of hydrate particles. The early stages of that 

particular experiment revealed some tendency of partly phase-separation and agglomeration 

(second stage in Figure 5.3). The conditions then returned to hydrate particle growth (first stage 

in Figure 5.3), and a transportable hydrate slurry was formed. These results demonstrate that 

use of AA as a flow assurance strategy might be a good option for fields where other approaches 

are less economically viable. 

 

5.4 Hydrate Formation and Accumulation in Non-Emulsifying Systems 

Table 5.1 lists hydrate formation and accumulation mechanisms observed in a selection 

of experiments with different fluid compositions and cooling conditions. The mechanisms 

discussed were observed to various degrees depending on the fluid system and conditions of 

the experiments. The experiments show that rather than considering exclusively hydrate 

deposition-related mechanism for some systems (Chapter 2, subsection 2.2.4) and hydrate 

agglomeration in other systems (Chapter 2, subsections 2.2.1 and 2.2.2), it would be more 

accurate to consider a combination of various mechanisms for the different systems with 

agglomeration as the most dominant mechanism in certain systems and deposition-related 

mechanisms in others. 
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Table 5.1: Summary of mechanisms observed in various rocking cell experiments 

Experiment 
Oil/Water 

Dispersion 

Phase 

Separation 

Hydrates in Oil / 

Water Dispersion 
Agglomeration, Bedding Deposition, Sloughing 

Gas + mineral oil 70T 

+ Fresh Water (Twall at 

1°C, Tbath at 4°C) 

Complete 

dispersion 

Complete 

separation 

Transient hydrate 

dispersion after onset 

Transient 0.5 to 7 h after 

onset 

Transient sloughing, 

followed by annealing 

Gas + Condensate + 

Fresh Water (Twall at 

1°C, Tbath at 8°C) 

Partial 

dispersion 

Complete 

separation 
Transient after onset 

Continually throughout the 

experiment 

Continually throughout the 

experiment 

Gas + Condensate + 

Fresh Water (Tbath at 

1°C) 

Partial 

dispersion 

Complete 

separation 
Transient after onset Bedding of dispersion 

Hydrate growth after 

bedding resulted in solid 

deposit 

Gas + mineral oil 70T 

+ 3.5 wt.% NaCl in 

Water (Tbath at 1°C) 

Partial 

dispersion 

Complete 

separation 
Transient after onset 

Agglomeration and bedding 

first hour 

Deposition dominated, 

sloughing observed 

Gas + mineral oil 70T 

+ 6.6 wt.% MEG in 

Water (Tbath at 1°C) 

Partial 

dispersion 

Complete 

separation 

First hour after onset 

and towards the end 

Dominated by 

agglomeration and bedding 

between 1 and 24 h after 

onset 

Minor deposits 

Gas + Condensate + 

3.5 wt.% NaCl in 

Water (Tbath at 1°C) 

Partial 

dispersion 

Complete 

separation 
Transient after onset 

Transient 0.25 to 1 h after 

onset 

Deposition dominated, 

sloughing observed 

Gas + mineral oil 70T 

+ 0.5 wt.% AA in 

Water (Tbath at 1°C) 

Complete 

dispersion 

Partial 

separation 

High viscous hydrate 

dispersion 

Transient agglomeration 5 

to 10 min. after onset 
Insignificant deposits 

Gas + Condensate + 

0.5 wt.% AA in Water 

(Tbath at 1°C) 

Complete 

dispersion 

Partial 

separation 

Dispersed hydrates 

gradually deposited 

No agglomeration before 

deposition 

Deposition from hydrate 

onset, only deposits in the 

end 
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Based on the observations and measurements in this study, a revised conceptual model 

for hydrate formation and accumulation in non-emulsifying systems has been developed, as 

shown in Figure 5.4, which combines all the observed hydrate formation and accumulation 

mechanisms. The first stage is entrainment of the phases due to the shear imposed by the flow. 

The second stage is phase separation of the shear-stabilized dispersion at the time of hydrate 

onset before any significant amount of hydrates is formed or macroscopically detected. In the 

third stage, hydrates grow as particles dispersed in the liquid phases and as deposits on the pipe 

wall. The fourth stage includes agglomeration of hydrate particles, sloughing of hydrates from 

the pipe wall and bedding of hydrates that can no longer be transported with the liquid flow in 

the pipe. These mechanisms will eventually lead to build up of hydrates and plugging of the 

pipeline, which is the last stage. 

 

Figure 5.4: Revised conceptual model for hydrate formation and accumulation in shear 

stabilized dispersions (non-emulsifying oil). 

Most oils produced have some amount of emulsifying agents, but not all oils form stable 

emulsions. Emulsions are likely formed and these may simply result from the shear imposed 

in the system due to the flow conditions, that is, shear stabilized dispersion, as encountered in 

the systems considered here. Moreover, condensate systems typically do not have emulsifying 

agents, and again, only formed shear stabilized dispersion. Non-emulsifying oils were chosen 

for this particular study, in which deposition at the pipe wall was the principal topic, reducing 

the effect of emulsifying agents. The video recordings from the experiment with mineral oil 

and water with AA showed some tendency of phase separation after hydrate formation started, 



139 

and then re-dispersion of the water and hydrates in the oil. This indicates that mechanisms like 

phase separation might be less present in oil systems with emulsifying agents, but still play a 

role in hydrate plug formation. 

 

5.5 Summary of the Chapter 

Mechanisms related to phase separation, hydrate formation as deposits on the pipe wall 

and hydrate formation in the liquid phases are presented based on the experimental results 

presented in Chapter 4. The revised conceptual model presented in this chapter consider a 

combination of mechanisms related to hydrate formation in the liquid phases flowing in the 

pipeline and hydrate deposition on the pipe wall rather than considering exclusively one or the 

other. Phase separation at the time of hydrate formation onset is proposed as a new step in the 

conceptual model for hydrate formation and accumulation in non-emulsifying systems. The 

partly phase separation right after hydrate formation onset and formation of a transportable 

hydrate slurry in one of the experiments with anti-agglomerants suggests that this phase 

separation mechanism plays a role in hydrate plug formation with oils containing some amount 

of emulsifying agents. The results and observations of this thesis show that the current 

conceptual models for hydrate formation and accumulation in various hydrocarbon systems 

might need to be reassessed focusing on the influence of phase separation and other observed 

mechanistic presented in this chapter. 
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CONCLUSIONS 

 

Hydrate deposition has traditionally been considered a key element in the conceptual 

model for hydrate formation and accumulation in gas and condensate dominated systems. 

However, little research has been performed studying this hydrate formation and accumulation 

mechanism. The work presented in this thesis investigates hydrate formation in various 

hydrocarbon system with a focus on hydrate deposition.  

Hydrate formation, agglomeration, deposition, and accumulation mechanisms in 

various hydrocarbon systems have been observed and measured experimentally in a rocking 

cell with visual capabilities. The gas used was a mixture of 74.7% methane and 25.3% ethane, 

which forms structure II hydrates under the pressure and temperature conditions of these 

experiments. Both condensate and mineral oil have been used as oil phase. Fresh water, water 

with NaCl, and under inhibited systems with MEG have been tested. The effect of Arquad, a 

model anti-agglomerant, has also been studied. A majority of the experiments was performed 

in a constant volume gas limited system with high liquid loading and high water cut, which 

resulted in a halt in hydrate growth when the pressure had decreased to hydrate equilibrium 

conditions due to gas consumed in hydrates with only a fraction of the water phase converted 

to hydrates.  

 

The quantity of water converted to hydrates was calculated through an analysis 

methodology using flash calculations performed by the software Multiflash® in combination 

with volume and component balance for the constant volume system. Hydrate equilibrium was 

also calculated by Multiflash® during these calculations. The main results from these 

calculations are:  
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1. In the experiments with methane – ethane mixture and fresh water with 70% liquid 

loading, 60% water cut, 39 bar start pressure at 20 °C and uniform cooling to 1 °, 

about 12 % of the water phase converted to hydrates with mineral oil 70T as oil 

phase and 20 % of the water phase converted to hydrates with condensate as oil 

phase. 

2. The hydrate growth was slow in the final part of the experiments with fresh water 

and uniform cooling, and the pressure had not reached equilibrium when the 

experiments was stopped 60 hours or more after hydrate formation onset. 

3. The experiments with temperature gradient in the cell reached equilibrium 

conditions less than 20 hours after hydrate onset, but less hydrates formed due to 

higher average temperature in the cell. 

4. Experiments with NaCl or MEG in water with uniform cooling to 1 °C reached 

equilibrium conditions less than 12 hours after hydrate onset. Less hydrates formed 

at the same initial pressure conditions compared to the fresh water experiments due 

to the thermodynamic inhibitor.  

5. Hydrates formed faster with mineral oil 70T and water with anti-agglomerant than 

in the experiments with fresh water at uniform cooling to 1 °C. Quantity of water 

converted to hydrates stabilized at 13.5 % in less than 20 hours after hydrate 

formation onset for the same liquid loading and water cut as the fresh water 

experiments.  

6. Accumulated error in hydrate equilibrium calculations appears to depend on fluid 

composition. It was lowest in the experiments with condensate and fresh water with 

subcooling calculated to between 0.0 and 0.2 °C in the final stage of the three 

experiments with temperature gradient, and highest with a subcooling calculated to 

1.4 °C in the final stage of the experiment with mineral oil 200T and temperature 
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gradient in the cell. Experiments with thermodynamic inhibitor had higher error 

than experiments with fresh water. 

 

A calculation metrology for the porosity of hydrates was developed based on analysis 

of pictures captured from the video recordings of the experiments. The main results from this 

porosity study are:  

1. The analysis of porosity in the fresh water experiments showed a general trend that 

hydrates formed with higher porosity, 90-93% in the end of the experiments, when 

there was a higher temperature gradient in the cell. 

2. In the experiments with a low temperature gradient or uniform cooling, the hydrates 

formed with high porosity in the beginning of the experiments. When the 

subcooling decreased during the experiments the hydrates formed with lower 

porosity, with a porosity of 70-80% towards the end of the experiments when the 

system was at hydrate equilibrium conditions.  

3. The experiments with MEG also showed that greater subcooling resulted in lower 

porosity.  

4. The results from the experiments with NaCl in water and Arquad did not give 

conclusive trends when comparing porosity to subcooling and temperature gradient. 

 

The video recordings were analyzed for identification and quantification of sloughing 

in a selection of 11 experiments with Methane-Ethane gas mixture, fresh water, and mineral oil 

70T, condensate or mineral oil 200T as oil phase. The observations were correlated to the 

calculated temperature gradient and subcooling at the time of each sloughing event. The 

conclusions of this analysis of sloughing events are: 
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1. A larger number of sloughing events were observed in the rocking cell experiments 

with high temperature gradient and low subcooling than in the experiments with 

high subcooling and no internal temperature gradient. 

2. Sloughing-free region was observed in the experiments at temperature conditions 

limited to subcooling lower than 4 °C and temperature gradient lower than 1 °C for 

this particular experimental setup. 

3. The potential existence of a window of a sloughing-free operational conditions 

could be valuable for the development of hydrate management strategies, but 

further experiments are needed in various experimental apparatus to expand and 

validate the results. 

4. The effect of these temperature conditions on other hydrate formation and 

accumulation mechanisms also need to be investigated. 

 

The measurements and calculated parameters in these experiments were related to 

observations of various hydrate formation and accumulation mechanisms on the recorded 

videos. The main findings related to hydrate formation and accumulation mechanisms in the 

various experiments reported in this thesis are: 

1. A combination of deposition at the upper wall and agglomeration of hydrates in the 

liquid phases was observed during the experiments with mineral oil. Only deposits 

were observed in the end of the experiments with temperature gradient in the cell 

and both deposits and agglomerated/bedded hydrates in the liquid phases were 

observed at the end of the experiments with uniform cooling. 

2. The experiments with condensate and temperature gradient in the cell also 

demonstrated combination of deposition and agglomeration, but with hydrate 

deposition on all surfaces. 
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3. The experiments with condensate and uniform cooling resulted in formation of 

hydrate particles, bedding and continuous deposit in the lower part of the cell. 

4. The experiments with NaCl in the water and mineral oil showed higher tendency of 

deposition than the fresh water experiments. Experiments with NaCl in water and 

condensate resulted in deposition on all surfaces. 

5. Under-inhibited system with MEG in the water phase and mineral oil resulted in 

more agglomeration than non-inhibited system. Under-inhibited system with MEG 

in water and condensate resulted in deposition on all surfaces. 

6. The anti-agglomerant used in the experiments promoted formation of transportable 

hydrate slurry in mineral oil systems with moderate water cut, but transient 

agglomeration of hydrates could be observed at low concentration of AA. 

7. Some phase separation of the dispersed phases was detected at the onset of hydrate 

formation in all the tested hydrocarbon systems. The cause of this instantaneous and 

brief phase separation is not yet fully understood. 

8. These observations resulted in a modified conceptual model for hydrate formation 

and accumulation in non-emulsifying systems (Figure 6.1). This model includes a 

combination of all the observed mechanisms from the experiments. Entrainment 

and mixing of the phases due to shear forces from the flow is the first step. Phase 

separation at the time of hydrate formation onset is the second step. This is followed 

by both hydrate growth in the liquid phase and deposition at the pipe wall. The 

fourth step is agglomeration sloughing and bedding of hydrates, which eventually 

leads to accumulations of hydrates and plugging of the pipeline. The experimental 

results with different systems presented in this thesis support this conceptual picture 

with a combination of hydrate deposition and agglomeration related mechanisms 
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rather than viewing strictly deposition as the principle mechanism for condensate 

systems and agglomeration for oil systems.  

 

Figure 6.1: A revised conceptual model for hydrate formation and accumulation in shear 

stabilized dispersions (non-emulsifying oil) developed from the experimental observations. 
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RECOMMENDATIONS FOR FUTURE RESEARCH 

 

The work presented in this thesis primarily investigates hydrate formation and 

accumulation in gas limited system with non-emulsifying oil phase. The focus of the study has 

been deposition of hydrates, but other hydrate formation and accumulation mechanisms have 

also been discussed. The recommendations for future research will focus on changes of 

procedures and experimental setup that will improve the accuracy of experiments using similar 

small scale setup as the rocking cell used in the experiments of this thesis. Some of the hydrate 

formation and accumulation mechanisms discussed in this thesis need to be understood and 

explained theoretically. Suggestions will also be given to areas of focus in future research on 

hydrate formation and accumulation mechanisms and develop hydrate management methods. 

 

7.1 Improvement in Equipment and Procedures for Small Scale Experiments 

These modifications of future equipment and procedures might improve the accuracy 

and value of future experiments: 

1. Constant pressure experiments: The experiments of this thesis were all constant 

volume experiments in which hydrate formation started at high subcooling 

conditions followed by a time of hydrate growth until the pressure had decreased to 

hydrate equilibrium. In order to study the effect of high subcooling or temperature 

gradient in the cell at a certain fixed subcooling over time it would be useful to do 

experiments at a constant pressure with variable volume or mass, which could be 

controlled by a isco pump connected to the gas phase of the rocking cell. 

2. Larger visible area: The study of this thesis has relied heavily on visual information 

collected through video recordings of the experiments. The windows in the cell used 
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for the experiments covered slightly more than half of the cell length. To obtain 

more accurate visual information in future experiments, a rocking cell could be 

designed with larger windows or a larger number of windows covering a larger 

portion of the length of the cell. 

3. Adding hydrates to initiate hydrate formation: The experiments of this thesis 

demonstrated that hydrate formation at low subcooling conditions was challenging. 

To resolve this issue, the experimental equipment could be designed with an option 

of adding a small amount of pressurized hydrate particles or ice during the 

experiment.  

4. Fluid analysis: The calculated subcooling in the end of the various experiments 

indicates that calculation accuracy for hydrate equilibrium depended on the fluids 

of the system. Additional analysis of the gas phase during some experiments could 

be implemented as means of correcting errors in the calculations. 

5. Repetition of experiments: A larger number of experiments at the various cooling 

settings could be helpful for verification of the results.   

 

7.2 Theoretical Studies of Hydrate Formation and Accumulation Mechanisms 

The following areas related to hydrate formation and accumulation mechanisms 

discussed in this thesis could be topics for future theoretical studies: 

1. The phase separation mechanism at the time of hydrate formation onset has not been 

explained theoretically. A study related to interfacial forces between the oil and 

water phases with and without hydrate particles present could possibly improve the 

understanding of the fundamental physics behind the phase separation mechanism. 

Change of other physical properties like viscosity and density due to hydrate 

formation also need to be considered in such study. 
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2. Hydrate growth under various temperature gradient and subcooling conditions 

could also be a topic for a theoretical study. This might in turn be helpful for 

explanation of the variation in porosity at various conditions. 

3. The influence of porosity of hydrates on parameters like heat transfer and volume 

growth of hydrate deposits need to be a part of future mathematical models for 

hydrate deposition.  

 

7.3 Development of Hydrate Management Methods 

The experimental results presented in this thesis might be helpful in the development 

of hydrate management methods. Some areas that could be of particular interest for further 

investigations are: 

1. Phase separation: How does the newly discovered phase separation mechanism at 

the time of hydrate formation onset influence our understanding of hydrate plug 

formation?  

2. The influence of subcooling and temperature gradient: The experiments of this 

thesis have revealed that subcooling and temperature gradient influence hydrate 

porosity and sloughing. Works of other research groups have also revealed that one 

key element in the hydrate seeding cold flow process is seeding of hydrate crystals 

into the flow at conditions close to hydrate equilibrium, which will result in hydrate 

formation at low subcooling conditions (Lund, et al., 2010). These results indicate 

that subcooling and temperature gradient during hydrate formation and growth 

might be important for various hydrate formation and accumulation mechanisms. 

Ultimately, these two variables could become important design criteria for hydrate 

management methods. Future experimental equipment for study of hydrate 
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formation should therefore be designed with the ability to control subcooling and 

temperature gradients to realistic industrial flowline conditions.  

3. The influence of flow and flow patterns: Small scale rocking cell experiments are 

performed at a low flow velocity with low shear in the system. The results from this 

kind of small scale experimental setup therefore need to be validated in flow loops 

or field trials.  
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REVIEW OF COLD FLOW HYDRATE MANAGEMENT STRATEGIES 

 

Hydrate cold flow can be defined as flow of non-adhesive and non-cohesive hydrate 

particles dispersed in the production fluids at ambient temperatures. Implementation of cold 

flow related hydrate management strategies might significantly reduce the costs of oil and gas 

field development and production by removing or reducing the need for injection of chemicals, 

insulation and heating. Two research groups have independently preformed experiments 

focusing on two different methods of producing the hydrate dispersion. The objective of this 

review is to summarize the research on hydrate cold flow from its beginning in the end of last 

century until recent years through a presentation of the methods used and main results from 

flow loop experiments and a field trial. Explanations of the physical mechanisms in connection 

with the presented methods are proposed based on known mechanisms for hydrate formation 

and accumulation, and areas of application of cold flow are presented. Some suggestions are 

also given for further work to improve the understanding of mechanisms influencing cold flow 

and determine the window of operation for solid content, flow velocities and flow patterns in 

pipelines operating with hydrate cold flow. 

 

A.1 Crystal Recycling and Seeding 

Starting experiments in the late 1990s and continuing through the first decade of this 

century, the research institute SINTEF developed and tested their patented cold flow process. 

The central idea of this process is seeding of hydrate crystals to initiate controlled growth of 

hydrate particles in the bulk flow (Lund, et al., 2000). This cold flow process was further 

developed utilizing similar crystal seeding principals for wax, asphaltenes and other solids, 
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which may form during flow of hydrocarbons, a process which is patented by SINTEF and BP 

in partnership (Argo, et al., 2004).  

Hydrate formation normally requires subcooling of the system to a temperature below 

the hydrate equilibrium temperature. In a survey involving various flow loops in the US, the 

average subcooling before hydrate formation was calculated to 3.3 °C (Sloan, et al., 2011, p. 

20). The pipeline wall will be a natural location for hydrate nucleation both because the 

temperature of the wall is normally lower than the temperature in the bulk flow and because 

the surface conditions require less subcooling to initiate hydrate formation at the wall than in 

the middle of the bulk flow (Sloan & Koh, 2008, p. 130). However, in the cold flow process 

patented by SINTEF, a dispersion of hydrate particles in liquid hydrocarbon (hydrate slurry) is 

drained from a location in a pipeline at which the well stream has cooled down to a temperature 

close to the ambient temperature downstream the cooling zone where water is converted to 

hydrates. This slurry is then pumped upstream and injected into the flow at a location where 

the mixture product containing gas, liquid hydrocarbon, water and hydrate particles will have 

a temperature about at hydrate equilibrium. The water will be attracted to the hydrate particles, 

because of the hydrophilic surface of hydrates, and coat the particles with a thin water layer 

(Lund & Larsen, 2000). When cooled further while exposed to gas, oil or condensate containing 

the required guest molecules for hydrate formation, this water coated surface will be converted 

to hydrates, which results in dry particles as illustrated in Figure A.1. In theory, the system will 

not reach a subcooling necessary for nucleation of new hydrate crystals at other locations than 

already existing hydrate particles, considering the hydrate formation conditions stay close to 

equilibrium throughout the growth. 
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Figure A.1: Water layer converting to hydrates. 

(Larsen, et al., 2001) 

 

A.1.1 Experimental Results for Hydrates  

The cold flow experiments of SINTEF were performed in a 50 m long flow loop with 

inner pipe diameter of 24.3 mm for the majority of the loop distance and with 100 bar operating 

pressure. The flow loop was contained in a temperature controlled chamber with temperature 

set to 4 °C during experiments. The gas phase in the loop was a natural gas mixture dominated 

by methane with some propane. Both fresh and salt water were tested as water phase, and one 

condensate-like model oil and various crude oils were tested as oil phase. The experiments 

focused on low to mid gas/oil ration (GOR) below 1000 Sm3/m3 and were successful at water 

cut (WC) up to 20% (Lund, et al., 2010). The absence of hydrate deposition and hydrate plug 

formation in the experiments with circulation of hydrate particles or hydrate seeding supports 

the theory of only hydrate growth on existing particles, and that these particles do not 

agglomerate or deposit on the pipe wall. 
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A.1.2 Experimental Results for Wax  

Experiments were performed with circulation of various crude oils with high wax 

content to investigate the effect of cold flow on wax deposits at the pipe wall with and without 

water in the system. After finishing a run, a section of the pipeline was pigged and the quantity 

of wax collected on the pigs (Figure A.2) were measured. The quantity of wax deposition was 

reduced by an order of magnitude when the cold flow process was operating compared to blank 

tests without cold flow in the experiments that were performed without water in the system. 

Experiments with water present indicate that recirculation of slurry of cooled oil with dispersed 

hydrate particles almost eliminated the wax deposition on the pipe wall for oil with high wax 

content (Larsen, et al., 2007).   

 

Figure A.2: Pigs with collected wax deposit with cold flow on top and without on bottom. 

(Larsen, et al., 2007) 
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A.1.3 Limitations of the Experiments  

The design of the flow loop and the manner the experiments were performed introduce 

uncertainty in extrapolation of the results and observations to a potential field implementation 

of the method. Considering the flow loop used in the experiments mainly consists of 1” pipe, 

the Reynolds number (Re) was low compared to typical Re for flow in an industrial scale 

pipeline. This influences both flow characteristics and heat transfer in the pipe. Another 

drawback in terms of realistic testing is that injection of warm fluid into the recirculating cold 

slurry had to be done batch-wise, as continuous operation would not allow fast enough cooling 

(Larsen, et al., 2009). In order to validate the process for industrial use, it needs to be tested in 

a field test or flow loop with higher diameter and sufficient cooling capacity for continuous 

experiments.  

Concerns have been raised about the fact that this is a recirculation process with growth 

of hydrate on existing particles, which could indicate that the particles will grow to larger size 

throughout the process (Talley, et al., 2007). Growing particle size has not been reported as a 

problem in any of the experiments. However, detailed particle size measurements in continuous 

experiments are needed to verify that growth of particle size due to recirculation of hydrates 

will not be a problem in a field implementation. 

 

A.1.4 Implementation for Oil and Condensate Fields  

The experimental program of SINTEF has focused on developing cold flow as a 

concept for the subsea treatment of liquid-dominant (crude oil or gas condensate) well streams 

to avoid deposition and agglomeration of solids (e.g., wax and gas hydrates), and allow long-

distance transport without using heating and without or with minimized injection of chemicals 

(Larsen, et al., 2007). The field implementation of this method at an oil field with several 

templates could be as illustrated in Figure A.3. Hydrates dispersed in oil, which are pumped 
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from a position downstream, are injected at the template furthest away from the production 

platform, or onshore production facility. The warm oil and water produced from the wells at 

the first template are mixed with the cold hydrate in oil dispersion, and the mixture is cooled 

by heat exchange with the environment while flowing downstream the pipe until the water has 

been converted to hydrates. Some of the hydrate slurry is pumped upstream as described, while 

the main flow is transported further downstream. As this pipeline passes other templates, more 

warm oil and water is mixed into the flow, and the water is converted to hydrates. The hydrates 

will be dissociated when the dispersion of oil and hydrate particles reaches the processing 

facility (this dissociation process has not been described in detail). 

 

Figure A.3: Example of cold flow in oil fields. 

(Larsen, et al., 2007) 

An alternative to the field development illustrated in Figure A.3 could be a long loop 

where hydrate slurry is pumped from the production platform or onshore facility. This would 

open the possibility for pigging of the whole pipeline. In cases where the fields have expectance 
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of high water production, a subsea separator could be installed at the template that reduces the 

WC to 10 to 20% before it enters the cold flow process. In this way SINTEF does not envision 

the cold flow technology as a very specific configuration which will be installed independently 

of local field variations. Rather, it envisions configuration of equipment being designed based 

on each individual field’s characteristics implementing a collection of design and operation 

principles that will assure formation and flow of transportable hydrate slurry (Lund, et al., 

2010). 

 

A.1.5 Cold Flow Dehydration of Natural Gas  

One of the major components on the production platform of an offshore natural gas 

field is the glycol dehydration and regeneration process equipment. SINTEF has proposed 

using cold flow as an alternative dehydration process (Lund, et al., 2011). This has not been 

tested experimentally but builds on the experimental results from cold flow experiments with 

a condensate like model oil. The simplified process diagram in Figure A.4 illustrates one 

example of possible implementation of this method. The warm well stream from a natural gas 

well is mixed with excess slurry of condensate and hydrate particles from the cold separator. 

The hydrate dissociates and the majority of the water and condensate is separated from the 

natural gas in the warm separator. The condensate from the warm separator might be exported 

together with dehydrated natural gas in a wet-gas pipeline or separately. The water can be re-

injected or sent through water treatment. The warm natural gas with dissolved water and some 

condensate is mixed with slurry of condensate and hydrate particles taken from the cold 

separator, and this multiphase mixture is cooled by heat exchange with the environment. 

Because of the hydrophilic surface of hydrate, water vapor dissolved in the natural gas will 

form hydrates on the existing particles and the natural gas will be dehydrated while the mixture 

is being cooled. The design criteria for the length of the pipeline and number of parallel 
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pipelines in the cooling zone will be that the gas and hydrate slurry reach a temperature close 

to surrounding seafloor or air temperature before entering the cold separator. In the cold 

separator, the hydrate slurry is separated from the cold dehydrated gas and transferred upstream 

for dissociation and seeding of the cold flow process as described above. The dehydrated 

natural gas is sent to the gas export pipeline. 

 

Figure A.4: Simplified process diagram for cold flow dehydration. Red lines represent flow at 

temperatures above hydrate equilibrium and blue lines represents flow at has been cooled to 

ambient temperatures. Blue and read dashed line represents the cooling zone where water 

vapor in the gas phase is converted to hydrate particles dispersed in condensate. 

If the export pipeline requires higher pressure than the pressure of the cold separator 

without compressor in the system, a compressor might be located between the warm separator 

and the cooling zone. More water will then be extracted from the gas due to hydrate formation 

because of higher partial pressure of water vapor. Due to pressure drop, the partial pressure of 

water vapor and dew point temperature in the natural gas will always be lower in the export 

pipeline than in the end of the cooling zone. A simplified version of the process could be 

implemented without the warm separator and with export the excess slurry of condensate and 

hydrate particles in a separate pipeline. The cold flow dehydration process could be designed 
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as a subsea development or it could be in part located on a production platform and in part 

subsea. Hence, in a similar way as envisioned for oil fields the cold flow dehydration process 

can be designed based on each individual field’s characteristics.  

Multiflash® (KBC, 2014) predictions and experiments by Nicholas (2008) indicate that 

the quantity of water dissolved in hydrocarbon will be lower for a system with hydrocarbon 

and hydrates than for systems with hydrocarbon and liquid water or ice. It is therefore likely 

that the water content in the natural gas dehydrated by the cold flow dehydration process will 

represent a dew point temperature significantly lower than the temperature in the pipeline. 

 

A.1.6 Empig Induction Heating and Magnetic Pig  

During the past 5 years, the Norwegian company Empig has developed their patented 

technology for cleaning of wax and hydrate deposits from the pipe wall in the cooling zone in 

a cold flow hydrate formation process. One version of their technology consists of a hallow 

pig, which may remove deposits inside the pipe while it is moved using a magnetic sled outside 

the pipe. Another version consists of a sled with an inductive coil providing local induction 

heating of short segments of the pipe while moving along the outside of the pipe. The heating 

at regular intervals will cause melting and sloughing of deposits in the whole cooling section 

before any deposits grow to a critical thickness (Lund, 2013), (Lund, 2016). In both versions, 

the pipe wall cleaning procedure is planned to operate in a compact cooler module in which 

warm fluid is cooled to ambient temperatures while hydrates and wax are forming (Figure A.5). 

The cold flow seeding process is implemented by cold fluid with hydrate and wax particles 

being pumped from the cold outlet and mixed with warm production flow at the inlet of the 

cooler. Empig envision their process as one component of a subsea production unit, which 

might also include production wells, manifold, subsea separator to lower the water content to 
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acceptable level for cold flow transport of hydrate slurry, and water injection well as illustrated 

in Figure A.5. 

 

Figure A.5: Subsea compact cooler module converting warm production flow to hydrate 

slurry with Empig cleaning sled installed. (Lund, 2017) 

 

A.2 Once-Through Operation 

ExxonMobil has proposed a once-through method of generating non-plugging hydrate 

slurry (Talley, et al., 2007). This patented method involves the use of static mixers to reduce 

water droplet diameter in order to facilitate instant conversion of the entire water droplet to 

hydrates when hydrate formation occur as illustrated in Figure A.6. Static mixers are non-

mechanical devices, which mix flow in tubes by diverting flow, rotating flow, and reversing 

the flow rotation. Since this is a once-through process, it will not require any pump for 

recirculation of hydrate seeds as the process patented by SINTEF. This reduces the need for 

power supply to only include power to control valves and possible other moving part like the 

static mixers that can be bypassed as proposed in another patent by ExxonMobil (Broussard, 

et al., 2012). The patents also include the option of hydrate seeding, but in that case, the hydrate 

seeds are produced in a branch of the main pipe before the slurry is mixed into the main pipe 

downstream to facilitate hydrate formation. It is therefore also considered a once-through 

process. 
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Figure A.6: Once-through hydrate formation with static mixers without and with seeding. 

(Turner & Talley, 2008) 

 

A.2.1 Flow Loop Experiments  

ExxonMobil performed the following three classes of flow loop experiments: (1) 

hydrate slurries produced in bare piping, (2) hydrate slurries produced through static mixers, 

and (3) hydrate nucleation by seeds (Turner & Talley, 2008). The experiments were performed 

in a 4” and a ½” flow loop that were connected to enable seeding of the fluids in the 4” loop 

with hydrate slurry produced in the ½” loop. The 4” loop (Figure A.7) was 95 m loop with an 

inner pipe diameter of 97.2 mm and pressure rating 83 bar. It was contained in a chamber with 

temperature controlled between –7 and 32 °C. The ½” loop was 42 m loop with an inner pipe 

diameter of 12.7 mm and pressure rating 310 bar, and was placed in a temperature bath with 

temperature range –7 to 38 °C. The typical experimental temperature was 4.4 °C for both loops. 

The pressure was maintained constant during the experiment by hydraulically controlled piston 

accumulators. Particle size, mass flow and differential pressure were measured. To avoid 

shifting equilibria during hydrate formation, methane gas with 99.9 % purity was used as gas 
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phase. Hydrocarbon liquids used include dodecane (Γow = 51 mN/m2, µ = 2.0 cP, ρ = 790 kg/m3), 

King Ranch Condensate (Γow = 38 mN/m2, µ = 0.4 cP, ρ = 683 kg/m3), and Conroe Crude  

(Γow = 25 mN/m2, µ = 6-11 cP, ρ = 845 kg/m3). 

 

Figure A.7: Diagram of the 4” flow loop with static mixer locations indicated. 

(Turner & Talley, 2008) 

A number of different parameters were studied to investigate their effect on water 

droplet size and pressure drop. The experiments showed that higher gas void fraction (GVF) 

resulted in high pressure drop and slushy hydrate agglomerates that caused plugging upon 

restart, while hydrates produced with low GVF dispersed readily as a suspension after restart 

and did not accumulate on the pipe walls. Higher liquid velocity resulted in more flowable 

hydrate slurry. It is believed that flowable hydrates are promoted by a mechanism caused by 

the higher share rate, heat transfer and mass transfer. Higher share rate produces smaller water 

droplets and gas bubbles, which results in rapid hydrate formation. It also breaks aggregates 

that may form. Higher heat and mass transfer increase hydrate growth rates. Static mixers had 
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a similar effect as higher velocity. Static mixers caused the droplet size to decrease significantly 

at low velocities. Necessary velocity for production of 20-30 micron diameter droplets is 

decreased from 1.2 – 1.5 m/s to well below 1.0 m/s by using static mixers. At velocities above 

2.7 m/s in the 4” loop, there was no additional effect using static mixers. The static mixers 

increase mass and heat transfer from the surroundings. For Re < 2000 the Nusselt number (Nu) 

was 2.5 times higher utilizing static mixers. Nu was more than 3 times higher using static 

mixers for Re > 2000. The oil properties also affected the water droplet size and transportability 

of the hydrate slurry. Oil with high viscosity and low interfacial tension between oil and water 

produce smaller water droplets, which are desired for rapid and complete hydrate conversion. 

An experiment in the ½” loop with 9 % WC in dodecane ended in total blockage of the pipe an 

hour after hydrate formation started while similar experiments with 9 % WC in Conroe crude 

resulted in a flowable hydrate slurry. 

Hydrate seeding was tested by first producing seeds in the ½” loop and transferring the 

seeds to the 4” loop, which was filled with Conroe oil without water present, pressurized with 

methane to 69 bar and cooled to 4.4 °C before transfer of hydrate seeds. Fresh water was filled 

to a total WC of 34% after the seeds had been transferred and the hydrate slurry had circulated 

for about 15 hours. The GVF was 44% in the experiment, oil velocity was 0.9 m/s and 4 static 

mixers elements were installed in the flow loop. Filling of additional water resulted in a higher 

but constant differential pressure probably caused by the increased amount of hydrate particles 

in the oil. The relative viscosity was constant at 1.0 for the rest of the experiment, which lasted 

about 24 hours after water injection. A baseline run without seeding was run under the same 

conditions and the relative viscosity increased to 7.7 before plugging of the flow loop 22 hours 

after hydrate onset. The method used and the experimental results are similar to the results in 

the experiments performed by SINTEF. The results suggest that seeding of hydrate particles 

promotes the growth of flowable hydrate slurries. 
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Flowable hydrate slurries also seem to erode wax from the pipe wall particularly at high 

liquid velocities, and liquid loadings. Flowable hydrate slurry was observed to successfully 

restart after a 26-day shut-in period in the 4” loop without significant increase in pressure drop. 

Both of these results also agree with the results from the experiments performed by SINTEF 

(Larsen, et al., 2007). 

 

A.2.2 Once-Through Operation Field Trial  

ExxonMobil also conducted a field trial in a once-through, 4” diameter, 3.2 km pipeline 

facility with the focus on: (1) comparing hydrate slurry performance in a once-through flow 

system versus a 4” flow loop at various operating conditions and scenarios, (2) determining the 

effect of long-term operation while mimicking actual field life conditions during hydrate slurry 

formation, and (3) characterizing transient performance during rate changes and shut-in/startup 

with hydrate slurry formation (Lachance, et al., 2012). 

The basic process flow in the field trial equipment is shown in Figure A.8. The flow of 

oil, water and gas entering the system were controlled by flow meters to achieve the desired 

GOR, water cut and liquid loading required for an experiment. The mixture of oil and water 

was cooled to hydrate equilibrium temperature in heat exchanger EX1, after which the cooled 

liquids were mixed with the gas. The mixture could continue through static mixtures which 

were installed after EX1 or bypass the static mixtures. At this point the oil, gas and water could 

continue through the parallel heat exchangers EX3/EX4 that cooled the mixture into the hydrate 

region (3-6 °C). These heat exchangers could also be bypassed by most of the flow and a minor 

part of the flow could be cooled in the heat exchangers for production of seeds and mixed into 

the main flow afterwards according to the principals illustrated in Figure 6. After leaving EX-

3/EX-4 the fluid could either pass through a static mixture or bypass the mixtures after which 

the particle size was analyzed before the fluid entered the test section. After the test section, 
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the hydrate slurry flowed through the line heater HX-1 for dissociation of hydrates before 

separation. Erosion/corrosion monitors monitored the effect of hydrate slurry compared to flow 

conditions without hydrates. It was also possible to inject chemicals like Span 80 or methanol. 

 

Figure A.8: Simplified process flow diagram for the field trial system. 

(Lachance, et al., 2012) 

The experiments in the once-through field trial gave exponential rise in pressure drop 

mainly caused by wall deposits of hydrates in various sections of the field trial system. This 

result differed from the flow loop experiments in the 4” loop even though the fluids used were 

the same and the run conditions were similar to the flow loop experiments. However, on bulk 

fluid slurry behaviors were similar for the flow loop and field trial. The water dispersion 

characteristics of the flowing fluids were the most important factors in hydrate transportability 

and depositional rates. The water dispersion properties were adjusted by changing water cut, 

concentration of chemical for emulsion stability, and the fluid velocity. It was also observed 

that higher shear flow patterns tended to delay hydrate deposition on the pipe wall, with the 

most rapid slug frequency delaying deposition the most. Geometry had some effect on 

deposition. Based on X-ray tests, the main contributor to increased pressure drop was 
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depositions around bends, especially downstream of the bend in the stagnation zones. The field 

trial included a successful restart with fluids entering the pipeline in the hydrate region after a 

7 day shut-in. No large spikes in differential pressure were observed, indicating that hydrate 

aggregates did not appear to be jamming. As the flowline warmed along the 3.2 km length, a 

steady decrease in the pressure drop was observed indicating that some deposition, which had 

occurred earlier, dissociated at this point. 

 

A.2.3 Differences between Flow Loops and Field Trial  

Lachance et al. (2012) note that the flow loop experiments could be considered short-

duration “snap shots” corresponding somewhat to the state of fluids in a once-through pipeline 

before a steady-state condition is achieved in the pipeline, and that steady state conditions in 

the flow loop are not the same as steady state conditions in the once-through pipeline. In the 

flow loop, the quantity of water available for hydrate formation is limited, and when the 

available water is converted, the measured parameters will in many cases plateau. However, in 

a once through pipeline, “new” water continually arriving at the location of hydrate deposits at 

the pipe wall cause a steady growth of the deposit. 

The circular nature of a flow loop may also have a small influence on how hydrates 

form as deposits on the pipe wall and particles in the bulk flow. Flow loops circulate hundreds 

of times while water converts slowly to hydrates. In the beginning, hydrates mostly form on 

the wall as a film until they grow thick enough to slough off and then seed the bulk water. The 

sloughing may result in more hydrate particles and hydrate growth in the bulk flow in a flow 

loop than in a once through process, because circulation of fluids will distribute hydrate 

particles throughout the loop. However, the effect of these particles will be much smaller than 

in a flow loop that has been seeded with hydrate particles in the beginning of the experiment, 

since the number of particles will be low. In a seeding cold flow apparatus, bulk water sees 
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seeds immediately and hydrates start growing at existing hydrate particles when the system 

enters conditions where hydrates are stable. This may result in much less or absent of hydrate 

growth on specific locations at the pipe wall, and consequently much less wall deposition 

compared to the non-seeded flow apparatus. A once-through pipeline in which there is no 

recirculation of any hydrate particles will have the normal requirement of subcooling to a 

temperature below hydrate equilibrium as mentioned earlier, and the pipeline wall will be the 

natural location for hydrate nucleation. This could also be part of the explanation of the 

difference between flow loop experiments and the Once-through operation field trial. 

 

A.3 Suggestions for Future Studies of Hydrate Cold Flow 

The cold flow experimental campaigns of SINTEF and ExxonMobil demonstrated two 

categories of conditions enhancing formation of transportable hydrate slurry. Experiments 

performed both by SINTEF and by ExxonMobil showed that seeding of powder-like hydrate 

particles result in formation of transportable hydrate slurry. The experiments of ExxonMobil 

in addition showed that effects increasing water dispersion or reducing water droplet size also 

enhance formation of transportable hydrate slurry. It would therefore be natural to address 

hydrate seeding, and methods reducing water droplet size and increasing water dispersion, in 

possible future flow loop experiments and field trials. 

It is essential for further studies to understand the causes for the differences between 

the successful flow loop experiments and the once-through field trial experiments with hydrate 

deposits at the pipe wall. The comparison of the various types of tests has identified a few 

differences based on the nature of hydrate formation and the flow of gas, oil and water in flow 

loops and once through processes. Identifying explanations based on theory and experiments 

focusing on specific topics concerning hydrate formation, deposition and hydrate slurry flow 

will be important input for design of future test facilities and experimental procedures. 
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In addition to focusing on the process of converting warm well fluid to hydrate slurry 

at ambient temperatures, experiments and theoretical studies should also identify flow 

characteristics of multiphase flow of gas and oil phase with dispersed water droplets and 

hydrate particles. Results from these studies will contribute to the development of models for 

operational conditions for hydrate cold flow both in the cooling zone where water is converted 

to hydrates close to the wellhead and in the longer part of the pipeline in which hydrate slurry 

is transported to the platform or onshore processing facility. 

 

A.3.1 Hydrate Deposition studies  

Designated laboratory studies would be helpful for an improved understanding of 

mechanisms involved in hydrate deposition, which was identified as the cause of increased 

pressure drop in the once-through field trial. Experiments could be performed with various 

hydrocarbon mixtures containing pressurized gas, oil, water and possibly hydrate particles 

cooled to temperatures within the hydrate forming region with various level of subcooling and 

temperature gradient in the system. The influence of the pipe wall surface properties on hydrate 

deposition could be investigated by designing the experiments so that the pipe wall is oil wetted 

in some experiments, water wetted in some, and with hydrate film that has started growing on 

the pipe wall in the beginning of some experiments. These small scale laboratory experiments 

could identify the conditions which promote hydrate deposition and the conditions which limit 

and prevent hydrate deposition, and would therefore give valuable input for future field trials. 

 

A.3.2 Important Parameters in Future Experiments  

Parameters that are necessary to measure in potential future flow loop or field trial 

experiments should be carefully considered and selected during the planning of the experiments 

and design of test facility. This appendix chapter lists suggestions to what parameters that could 
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be considered. Parameters influencing hydrate equilibrium conditions should be measured at 

some selected locations in the flow loop or field trial pipe. These parameters are: pressure, 

temperature, gas composition and water composition. By measuring the temperature and 

pressure at various positions along the pipe, the hydrate equilibrium conditions and subcooling, 

which might be viewed as the driving force for hydrate formation, can be calculated for 

different locations in the cooling zone where water is converted to hydrates. It may be sufficient 

to measure the gas and water composition at the start and the end of the cooling zone if multi-

component gas and water phases are used. Radial temperature gradient in a pipeline might 

influence deposition on the pipe wall. It would therefore be useful to measure the temperature 

in top, center and bottom of the pipe and run experiments with different cooling temperature 

applied to the top and the bottom of the pipe. This allow evaluation of which temperature 

gradient conditions that might cause deposition in the pipe.  

Fluid flow related parameters need to be measured to understand their influence on the 

efficiency of the cold flow process and for development of models for hydrate slurry flow. 

Fluid density, viscosity and interfacial tension for the phases are fundamental fluid properties 

needed for any multiphase flow model. Fluid flow in which solid particles are present is also 

influenced by properties of the particles like density and surface energy. Velocity or mass flow 

rate, differential pressure, liquid hold up, flow pattern, water droplet size and solid particle size 

are important input parameters for both understanding the cold flow process and development 

of multiphase flow models involving hydrate particles. Hydrate particle size measurement over 

time in a possible future field trial of the SINTEF patented hydrate recycling and seeding 

process will determine if this method results in growing particle size that will require 

mechanical grinding of the hydrate particles. It is important to know the rates of hydrate crystal 

growth at all locations (e.g., walls, films, bulk water, shrinking core droplets, gas/water and 

water/hydrate interfaces). It would therefore be desirable to develop and implement methods 
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to measure these parameters. Considering hydrate deposition has been identified as a challenge 

in previous experiments, measurements of hydrate deposit thickness and growth rate in long 

duration steady-state and transient experiments are essential for the validation of cold flow as 

a flow assurance strategy. Measurement of accumulation of hydrates as bedded hydrate 

particles in the pipe could be helpful in determining solid content and velocity limits for 

transportable hydrate slurry. 

Wax related parameters that are of interest for measuring influence of Cold Flow on 

wax deposition may include: wax appearance temperature, wax dissolution temperature, 

thickness of wall deposit of wax without recirculation of cooled oil, and with recirculation of 

oil with and without hydrate particles present. Measurement of water vapor content in the gas 

phase or dew point temperature could be included to evaluate the efficiency of the SINTEF 

patented cold flow dehydration process. 

 

A.3.3 Design of Future Flow Loop or Field Trial  

Possible design options for a field trial test pipe or flow loop are dictated by available 

equipment and flow rates from a production field, and the economical limitations of the project. 

However, a future test facility should have characteristics that would help give decisive answers 

on the efficiency of cold flow. One of the main operations that need to be tested is long term 

continuous run of a cold flow process with constant flow of water, oil and gas into the water to 

the cooling zone and constant flow of slurry of oil containing non-adhesive and non-cohesive 

hydrate particles out of it. 

If these kinds of experiment should be performed in a closed flow loop system with 

pipe dimensions and flow rates similar to a possible future field implementation, it would 

require high cooling effect for continuous formation of hydrates of all the water passing through 

cooling zone and similar heating effect for continuous dissociation of all hydrate slurry in 
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another section of the loop to produce mixture of warm oil and water. Some heat exchange 

between the two processes could be implemented, but the cost of heating and cooling systems 

and energy consumption would become a substantial part of the cost performing experiments 

in such a flow loop. It is therefore likely that a field trial would be a better option, in which the 

cooling zone of the test facility receive warm oil, gas and water from the well, and exchange 

heat with the environment for cooling of the cold flow process to produce hydrate slurry. 

In addition to testing of the proposed processes for conversion of warm well fluid to 

hydrate slurry under constant flow operation, various types of transient operation should be 

tested. This may include controlled shut-in, emergency shut-in, and restart after several days 

or weeks of shut-in. The test facility should have capability of performing experiments at 

several different pipe diameters and a sufficient range of GOR, water cut and content of solid 

hydrates in the liquid. The fluid velocities should have a range that makes it possible to 

reproduce a variety of different flow patterns for development of hydrate slurry flow models. 

However, the available field production rate or compressor capacity may limit the option of 

performing experiments with certain flow patterns. 

The pipe configuration of the test facility should be such that it will be possible to run 

all the suggested configurations of the once-through process proposed by ExxonMobil and the 

process with crystal recycling and seeding proposed by SINTEF. Running all processes in the 

same test facility under similar conditions will give a better understanding of advantages and 

limitations of the proposed processes. Static mixers of different design should be included to 

evaluate how this will affect water droplet size and the efficiency of the proposed cold flow 

processes. The efficiency of equipment and methods related to cold flow, like the pipe wall 

deposition removal systems proposed by Empig, could also be tested in such facility. 
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A.3.4 Model Development for Hydrate Cold Flow  

The cold flow experimental campaigns of SINTEF and ExxonMobil focused mainly on 

validating the cold flow concept by producing transportable hydrate slurry containing non-

adhesive and non-cohesive hydrate particles. Planning of field implementation of the method 

will require calculation tools for multiphase flow with hydrate particles present in the liquid 

for prediction of flow pattern pressure drop and other important parameters for pipeline design. 

Calculations based on such model will also give information about possible need for separation 

of water from the oil before hydrate formation and if pumps or compressors are required 

because of high pressure drop. 

Hydrate slurry flow models need to be based both on known theory about flow of 

particles dispersed in liquids, and on experimental results and observations form experiment 

with flow of hydrate particles dispersed in oil. Experimental measurements and modeling could 

focus on determining pressure drop, liquid hold-up and flow regime at various flow rates of 

gas, liquid and hydrates, at various pipe inclinations and diameters, determining conditions that 

result in bedding and build-up of hydrate particles in the pipe, and determining maximum 

hydrate content in the liquid for transportable hydrate slurry. 

 

A.4 Conclusions 

Hydrate cold flow has the potential of becoming an important flow assurance strategy 

in oil and gas exploration. It may reduce cost, exploration complexity and use of chemicals. 

Flow loop experiments have demonstrated formation of transportable hydrate slurry, while a 

field trial of once-through operation has indicated pipeline wall deposition of hydrates. A study 

of hydrate wall deposition under the various conditions that may occur in hydrocarbon systems 

where cold flow might be utilized could be of great value in the further evaluation of this 

hydrate management strategy. Measurement of various parameters, which could increase the 
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understanding of the cold flow conversion of warm well fluid to hydrate slurry in particular 

and hydrate slurry flow in general, are proposed for potential future experiments. Suggestions 

to design of future cold flow test facility focus on including flexibility in design to be able to 

test various concepts and equipment presented by ExxonMobil, SINTEF and others in 

continuous long duration operation under conditions close to possible field implementation. 

Quantifying upper limit of hydrate particle content a hydrate in oil dispersion, performing 

measurements of multiphase flow with hydrate particles dispersed in the liquid hydrocarbon 

phase, and developing models for multiphase flow with hydrate particles included, will be 

necessary for further development and field implementation of hydrate cold flow. 
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SUMMARY OF A HYDRATE DEPOSITION MODEL 

 

Nicholas (2008) studied the hydrate deposition in pipes with flow of gas condensate 

saturated with water. He developed a model for hydrate deposition (Nicholas, et al., 2009c) 

based known theory on flow, heat and mas transfer. This model was calibrated with results for 

hydrate deposition experiments in a flow loop with condensed saturated with water (Nicholas, 

et al., 2009b). This appendix chapter presents the main theory of this model as an example of 

a mathematical model of hydrate deposition.  

 

B.1 Pressure Drop Modeling 

The change in pressure drop in the pipe is one of the effects of hydrate deposition 

described in this model. The pressure drop is expressed with this equation:   

 
   22 ,F

z
p f v

D



   (B.1) 

where Δp is the pressure drop, fF is the Fanning friction factor, Δz is the length of one section 

of the pipe as demonstrated in Figure B.1, D is the internal diameter of the pipe, ρ is the density 

and v is the liquid velocity. When the hydrate deposit is growing, the internal diameter is 

reduced and the pressure drop increased. The friction factor is expressed by the Colebrook and 

White correlation (Wilkes, 1999): 
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 (B.2) 

in which ɛ represent the roughness of the surface, which can increase if the hydrate deposits 

grow in an irregular manner at the pipe wall. The change of diameter does not only depend on 

the quantity of hydrates formed, but also on the porosity of the hydrate deposit. The pipe 
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diameter will decrease faster with the same quantity of hydrates formed when the porosity of 

the hydrates is higher. 

 

Figure B.1: Section of the pipe in the mathematical model. 

(Nicholas, et al., 2009c) 

 

B.2 Conservation of Energy Modeling 

The quantity of water dissolved in the condensate is small compared to the quantity of 

condensate. In the experiments of Nicholas et al. (2009b), the highest quantity of water was 50 

ppm. The heat transfer because of hydrate formation is therefore much less than the heat 

transfer because of change of condensate temperature in this model. The heat transfer through 

a section of the pipe wall (qr) can then be simplified to only consider the specific heat of the 

condensate (Cp), the flow rate of condensate (ṁ) and the change of temperature of the 

condensate (Tin – Tout ) from the inlet to the outlet of this pipe section: 

     r p in outq C m T T   (B.3) 

The temperature of the cooling fluid can be considered constant, and the conduction 

resistance through the pipe wall can be neglected. The heat transfer from the condensate in the 

pipe to the cooling fluid outside the pipe may then be modeled as shown in Figure B.2, where 

TB is the average temperature of the condensate, TC is the temperature of the cooling fluid, rw 

is the internal radius of the pipe, rc is the external radius, hB is the internal heat transfer 

coefficient, and hc is the external heat transfer coefficient. 
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Figure B.2: Heat transfer through the pipe. 

(Nicholas, et al., 2009c) 

The internal heat transfer coefficient, hB, is calculated by the Chilton-Colburn equation 

(Incropera & DeWitt, 1996): 

 
   4/5 1/30,023 ,B

D D

h D
Nu Re Pr

k
   (B.4) 

where NuD is the Nusselt number, ReD is the Reynolds number, Pr is the Prandtl number, k is 

the thermal conductivity and D is the internal pipe diameter. The external heat transfer 

coefficient, hC, can be calculated with these equations and the experimental measurements in 

the beginning of the experiment. 

 

B.3 Modeling of the Growth of the Hydrate Deposit 

The growth of hydrates at the pipe wall is the focus of this model. This is a mass transfer 

phenomenon that depends on the concentration of dissolved water in the condensate and the 

concentration gradient, which is driving the transport of water from the bulk flow to the pipe 

wall where the water is forming hydrates. The concentration of water possible to dissolve in 

the condensate before it starts condensing or forms hydrates depends on the temperature. In a 

flow where hydrate particles are present in the flow, hydrates would also have continued 

growing on these particles during cool down of the pipe, but this effect is not included in this 

model since there were no particles in the flow in the experiments of Nicolas (2008). In the 
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model of Nicolas et al. (2009c), the mass transfer of water dissolved in the condensed to the 

hydrate deposit is described by the equation: 

 
     2 22 ,i m B i i w i s

d
zrh C C T z r r

dt
           

 (B.5) 

where 
s  is the water density in the hydrate deposit, 

ir  represents the pipe radius measured 

from the deposit surface, 
mh  is the mass transfer coefficient, 

BT  is the average temperature of 

the condensate with dissolved water, 
iT  is the surface temperature of the hydrate deposit, 

BC  is 

the average concentration of water in the condensate, and 
iC  is the water concentration in the 

condensate at the surface of the hydrate deposit as shown in Figure B.3: 

 

Figure B.3: Pipe wall with hydrate deposit, temperatures and water concentrations. 

(Nicholas, et al., 2009c) 

The mass transfer coefficient, 
mh , is calculated in the same way as the heat transfer 

coefficient: 
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where 
DSh  is Sherwood number, Sc is Schmidt number, and 

WCD  is the molecular diffusion 

coefficient of water in the condensate, which can be calculated using the correlation Wilke and 

Chang (1955): 
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where 
c  is the association factor of the condensate (typically chosen 1c   because the range 

of components in the condensate), 
cM  is the molecular weight of the condensate, T is the 

temperature, 
c  is the viscosity of condensed and is 

wv  molar volume of water. 

Equation B.5 has two unknown variables 
iT  and 

ir . 
iT  is calculated by solving the energy 

balance of the control volume, assuming instantaneous heat transfer and that the deposit does 

not accumulate energy. The time scale is considered long and therefore the energy equation can 

be assumed as quasi-steady state without a time component: 

             Inlet Outlet Generated Accumulated     

      2 2 2 0,i B i i i c i m B i i fzrh T T zru T T zrh C C T H                (B.8) 

where fH   is the enthalpy of hydrate formation, and u   is the combined heat transfer 

coefficient, which includes solid thermal conductivity and the external heat transfer coefficient 

in the expression: 
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where 
sk  is the thermal conductivity of the composite solid deposit (

 
W

m K
). 

Then, the final part of this model is to choose a numerical procedure that can solve the 

equations for each z  section of the pipe, and continue to the next time step and repeat the 

calculations. This results in a transient and one-dimensional mathematical model for deposition 

of a pipe hydrates. 
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CHEMICAL COMPOSITIONS AND STRUCTURES 

 

This appendix lists chemical compositions of fluids and the molecule structure of the 

anti-agglomerant Arquad.  

 

C.1 Fluid Compositions 

Table C., Table C.2 and Table C.3 provides the full chemical composition of the oils 

and condensate used in the experiments.  

Table C.1 Composition of mineral oil 70T 

Compound Name Mole fraction 

Normal Alkane C15 0.01050 

Normal Alkane C16 0.00862 

Isoprenoid C18 0.00351 

Normal Alkane C17 0.00924 

Isoprenoid C19 (Pristane) 0.00298 

Phenanthrene 0.00561 

Normal Alkane C18 0.01323 

Isoprenoid C20 (Phytane) 0.00691 

Normal Alkane C19 0.02683 

Normal Alkane C20 0.11107 

Normal Alkane C21 0.24030 

Highly Branch Isoprenoid C25 0.10665 

Normal Alkane C22 0.18745 

Normal Alkane C23 0.21903 

Normal Alkane C24 0.02695 

Normal Alkane C25 0.00727 

Normal Alkane C26 0.00296 

Normal Alkane C27 0.00240 

Normal Alkane C28 0.00257 

Normal Alkane C29 0.00173 

Normal Alkane C30 0.00181 

Normal Alkane C31 0.00093 

Normal Alkane C32 0.00146 
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Table C.2 Composition of mineral oil 200T 

Compound Name Mole fraction 

Normal Alkane C16 0.008093 

Isoprenoid C18 0.011315 

Normal Alkane C17 0.032580 

Isoprenoid C19 (Pristane) 0.018740 

Phenanthrene 0.025569 

Normal Alkane C18 0.053034 

Isoprenoid C20 (Phytane) 0.040151 

Normal Alkane C19 0.062937 

Normal Alkane C20 0.105043 

Normal Alkane C21 0.181906 

Highly Branch Isoprenoid C25 0.080332 

Normal Alkane C22 0.142597 

Normal Alkane C23 0.183183 

Normal Alkane C24 0.038108 

Normal Alkane C25 0.012261 

Normal Alkane C26 0.004151 

 

Table C.3 Composition of condensate 

Component Name         Mole fraction 

Propane           0.00001 

Iso-Butane      0.00001 

N-Butane     0.00858 

Iso-Pentane     0.28965 

N-Pentane      0.19206 

Hexane 0.22492 

Methylcyclopentane  0.04562 

Benzene        0.04183 

Cyclohexane      0.04839 

Heptane         0.09475 

Methylcyclohexane  0.03666 

Toluene        0.01228 

Octane       0.00391 

Ethylbenzene      0.00006 

M-Xylene      0.00010 

P-Xylene         0.00010 

O-Xylene        0.00005 

Nonane       0.00049 

Decane  0.00033 

Undecane     0.00017 

Dodecane    0.00004 
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C.2 Methane-Ethane Mixture Dissolved in Hydrocarbon Liquid 

Figure C.1 shows how more gas mixture is dissolved at 1 °C in the condensate than in 

the two mineral oils used in the experiments. This explain the higher amount of hydrates formed 

in the condensate experiments than the mineral oil experiments under the same conditions. 

 

Figure C.1: Methane-Ethane gas mixture dissolved in three different hydrocarbon liquids during 

decrease of pressure due to hydrate growth in the rocking cell calculated by Multiflash.  

(KBC, 2014) 

 

C.3 Arquad Molecule Structure 

Arquad contains 75% Di(hydrogenated)dimethylammonium chloride as active 

component, which consists mainly of C18 and C16 alkyls (Sigma-Aldrich, 2014), (2017). The 

chemical structure of Dimethyldioctadecylammonium chloride, which has C18 as the two long 

alkyl branches, is given in Figure C.2. 

 

Figure C.2: Chemical structure of Dimethyldioctadecylammonium chloride.  

(Edgar181, 2010). 
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MATLAB® CODE FOR HYDRATE VOLUME CALCULATIONS 

 

This appendix chapter lists the program code written in MATLAB® (MathWorks, 2009) 

that was used for the calculation of volume of hydrates based on analysis of images captured 

from the videos of the experiments.  

 

function calcular_volume 

  
nome_das_imagens=dir('*_hidrato.png'); 

  
for num_imagem=1:size(nome_das_imagens) 

     
clearvars -except nome_das_imagens num_imagem Volume_ml 

  
D_janela_mm=35; 
L_janela_mm=145; 

  
D_celula_mm=50.8; 
L_celula_mm=285; 

  
img1=imread(nome_das_imagens(num_imagem).name); 
img2=rgb2gray(img1); 

  
imagem(1:size(img2, 1), 1:size(img2, 2))=0; 
for i=1:size(imagem, 1) 
    for j=1:size(imagem, 2) 
        if img2(i, j)==0 
            imagem(i, j)=1; 
        end 
    end 
end 

  
imagem=~imfill(imagem, 'holes'); 
% imview(imagem) 
imwrite(imagem, [nome_das_imagens(num_imagem).name '_Processada.png' ]);  

  
D_janela_pixel=size(imagem, 1); 
L_janela_pixel=size(imagem, 2); 

  
D_celula_pixel=round(D_celula_mm/D_janela_mm*D_janela_pixel); 
L_celula_pixel=round(L_celula_mm/L_janela_mm*L_janela_pixel); 

  
Dif_D=round((D_celula_pixel-D_janela_pixel)/2); 
Dif_L=round((L_celula_pixel-L_janela_pixel)/2); 

  

  
for j=2:size(imagem, 2)-1 
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    cont1=1; 
    cont2=1; 

     
    for i=1:size(imagem, 1) 

         
        if i==1 && imagem(i, j)==0 
            Di(1, j)=0; 
            anterior=0; 
            cont1=2; 
        elseif i==1 && imagem(i, j)==1 
            anterior=1; 
        end 

         
        if imagem(i, j)==0 && anterior==1 
            Di(cont1, j)=i+Dif_D; 
            cont1=cont1+1; 
        end 
        if imagem(i, j)==1 && anterior==0 
            Df(cont2, j)=i-1+Dif_D; 
            cont2=cont2+1; 
        end 

         
        if i==size(imagem, 1) && imagem(i, j)==0 
            Df(cont2, j)=i+2*Dif_D; 
        end 

         
        anterior=imagem(i, j); 

         
    end 

     
end 

  
j=1; 
inicio=size(Di, 2)+1; 
cont1=1; 
cont2=1; 

  
for i=1:size(imagem, 1) 

     
    if i==1 && imagem(i, j)==0 
        Di(1, inicio:inicio+Dif_L)=0; 
        anterior=0; 
        cont1=2; 
    elseif i==1 && imagem(i, j)==1 
        anterior=1; 
    end 

     
    if imagem(i, j)==0 && anterior==1 
        Di(cont1, inicio:inicio+Dif_L)=i+Dif_D; 
        cont1=cont1+1; 
    end 
    if imagem(i, j)==1 && anterior==0 
        Df(cont2, inicio:inicio+Dif_L)=i-1+Dif_D; 
        cont2=cont2+1; 
    end 

     
    if i==size(imagem, 1) && imagem(i, j)==0 
        Df(cont2, inicio:inicio+Dif_L)=i+2*Dif_D; 
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    end 

     
    anterior=imagem(i, j); 

     
end 

  
j=size(imagem, 2); 
inicio=size(Di, 2)+1; 
cont1=1; 
cont2=1; 

  
for i=1:size(imagem, 1) 

     
    if i==1 && imagem(i, j)==0 
        Di(1, inicio:inicio+Dif_L)=0; 
        anterior=0; 
        cont1=2; 
    elseif i==1 && imagem(i, j)==1 
        anterior=1; 
    end 

     
    if imagem(i, j)==0 && anterior==1 
        Di(cont1, inicio:inicio+Dif_L)=i+Dif_D; 
        cont1=cont1+1; 
    end 
    if imagem(i, j)==1 && anterior==0 
        Df(cont2, inicio:inicio+Dif_L)=i-1+Dif_D; 
        cont2=cont2+1; 
    end 

     
    if i==size(imagem, 1) && imagem(i, j)==0 
        Df(cont2, inicio:inicio+Dif_L)=i+2*Dif_D; 
    end 

     
    anterior=imagem(i, j); 

     
end 

  

  

  

  

  

  

  
Di=Di/D_celula_pixel; 
Df=Df/D_celula_pixel; 

  
cont=1; 
for i=1:size(Di, 1) 
    for j=1:size(Di, 2) 
        A(cont)=calcula_area(Df(i, j))-calcula_area(Di(i, j)); 
        cont=cont+1;         
    end 
end 

  
A=A*pi*(D_celula_pixel/2)^2;   %Vetor com a área de cada seção em pixel^2 
V=sum(A);   %Volume em pixel^3 
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Volume=V*(L_janela_mm/L_janela_pixel)^3;     %Volume em mm^3 
Volume_ml(num_imagem)=Volume/10^3;     %Volume em cm^3 

  
% A 
% Di 
% Df 

  
end 

  
% Volume_ml 
titulo={'Nome da imagem', 'Volume (ml)'}; 
xlswrite('.\Volumes.xlsx', titulo,'Plan1','A1'); 
xlswrite('.\Volumes.xlsx', {nome_das_imagens.name}','Plan1','A2'); 
xlswrite('.\Volumes.xlsx', Volume_ml','Plan1','B2'); 

  
end 

  
function [area]=calcula_area(h) 
    if h>1 
        h=1; 
    end 
    if h==0 
        area=0; 
    else 
        ang=2*acos(1-(2*h)); 
        area=1-(2*pi-ang+sin(ang))/(2*pi); 
    end 

  
end 
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MEASURED AND CALCULATED DATA 

FROM THE ROCKING CELL EXPERIMENTS 

 

This appendix provides tables and plots with experimental measurements and 

calculated parameters for the rocking cell reported in this thesis. The appendix is organized 

with one subsection for each of the four different water phases studied in the experimental 

campaigning. The fifth subsection provides access to the edited videos from the experiments. 

 

E.1 Fresh Water Experiments 

Table E.1: Results from rocking cell experiments with fresh water. (Duplicate of Table 4.1) 

Exp. 

No. 

Oil 

phase 

Cooling 

Bath [°C] 

Cooling 

Wall [°C] 

Hydrate 

onset [h]  

Onset max 

subcooling 

[°C] 

Water 

converted to 

hydrates 

1 M
in

eral O
il 7

0
T

 

6 1 1.20 9.4 16 9.1% 

2 6 1 3.35 9.0 16 10.5% 

3 9 1 1.91 3.7 5.1% 

4 4 1 7.34 7.2 11.3% 

5 1 1 1.94 9.1 12.2% 

6 1 - 1.30 4.4 10.2% 

7 

G
as C

o
n
d
en

sate
 

1 - 4.30 8.0 20.2% 

8 4 1 1.55 5.5 16.4% 

9 6 1 1,75 4,3 11.7% 

10 8 1 33.1 3.2 8.3% 

11 1 - 1.59 4.8 21.2% 

12 MO 

200T 
1 - 3.67 9.2 7.5%17 

13 6 1 8.35 5.7 8.0% 

                                                 

 

16 Cooling of the two first experiment was unstable. 
17 The hydrate formation was slow in this experiment, and pressure was still decreasing due to 

hydrate formation when it was stopped. 
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Figure E.1: Measured and calculated results in experiment no. 1 with fresh water, methane-ethane 

mixture, mineral oil 70T, and cooling of the bath to 6 °C and the upper wall to 1 °C. 

 

 

Figure E.2: Measured and calculated results in experiment no. 2 with fresh water, methane-ethane 

mixture, mineral oil 70T, and cooling of the bath to 6 °C and the upper wall to 1 °C. 
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Figure E.3: Measured and calculated results in experiment no. 3 with fresh water, methane-ethane 

mixture, mineral oil 70T, and cooling of the bath to 9 °C and the upper wall to 1 °C. 

 

 

Figure E.4: Measured and calculated results in experiment no. 4 with fresh water, methane-ethane 

mixture, mineral oil 70T, and cooling of the bath to 4 °C and the upper wall to 1 °C. 



195 

 

Figure E.5: Measured and calculated results in experiment no. 5 with fresh water, methane-ethane 

mixture, mineral oil 70T, and cooling of the bath to 1 °C and the upper wall to 1 °C. 

 

 

Figure E.6: Measured and calculated results in experiment no. 6 with fresh water, methane-ethane 

mixture, mineral oil 70T, and cooling of the bath to 1 °C. 
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Figure E.7: Measured and calculated results in experiment no. 7 with fresh water, methane-ethane 

mixture, condensate, and cooling of the bath to 1 °C. 

 

 

Figure E.8: Measured and calculated results in experiment no. 8 with fresh water, methane-ethane 

mixture, condensate, and cooling of the bath to 4 °C and the upper wall to 1 °C. 
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Figure E.9: Measured and calculated results in experiment no. 9 with fresh water, methane-ethane 

mixture, condensate, and cooling of the bath to 6 °C and the upper wall to 1 °C. 

 

 

Figure E.10: Measured and calculated results in experiment no. 10 with fresh water, methane-ethane 

mixture, condensate, and cooling of the bath to 8 °C and the upper wall to 1 °C. 
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Figure E.11: Measured and calculated results in experiment no. 11 with fresh water, methane-ethane 

mixture, condensate, and cooling of the bath to 1 °C. 

 

 

Figure E.12: Measured and calculated results in experiment no. 12 with fresh water, methane-ethane 

mixture, mineral oil 200T, and cooling of the bath to 1 °C. 
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Figure E.13: Measured and calculated results in experiment no. 13 with fresh water, methane-ethane 

mixture, mineral oil 200T, and cooling of the bath to 6 °C and the upper wall to 1 °C. 

 

E.2 Experiments with 3.5 wt.% NaCl in water 

Table E.2: Results from rocking cell experiments with 3.5 wt.% NaCl in water. (Table 4.2) 

Exp. 

No. 
Oil phase 

Cooling  

Bath / Wall 

[°C] 

Start 

pres./temp. 

[bar]  /  [°C] 

Hydrate 

onset [h] 

Onset max 

subcooling 

[°C] 

Water 

converted 

to hydrates 

19 Mineral 

Oil 70T 

1 - 39.0 20.0 7.95 7.9 11.8% 

20 6 1 35.8 11.8 0.52 18 3.2 18 5.5% 

21 
Gas 

Condensate 

1 - 40.2 14.5 0.98 18 2.4 18 21.5% 

22 6 1 39.9 14.2 0.68 18 2.1 18 9.9% 

23 1 - 37.1 14.5 0.96 18 2.0 18 18.7% 

 

                                                 

 

18 The hydrates were dissociated at 12-15 °C to preserve the history effect before the hydrate 

formation in the next experiment since it was difficult to start hydrate formation in these experiments. 

The time before hydrate onset and the onset max subcooling should therefore not be compared to the 

fresh water experiments. 
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Figure E.14: Measured and calculated results in experiment no. 19 with 3.5 wt.% NaCl in water, 

methane-ethane mixture, mineral oil 70T, and cooling of the bath to 1 °C. 

 

 

Figure E.15: Measured and calculated results in experiment no. 20 with 3.5 wt.% NaCl in water, 

methane-ethane mixture, mineral oil 70T, and cooling of the bath to 6 °C and the upper wall to 1 °C. 
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Figure E.16: Measured and calculated results in experiment no. 21 with 3.5 wt.% NaCl in water, 

methane-ethane mixture, condensate, and cooling of the bath to 1 °C. 

 

 

Figure E.17: Measured and calculated results in experiment no. 22 with 3.5 wt.% NaCl in water, 

methane-ethane mixture, condensate, and cooling of the bath to 6 °C and the upper wall to 1 °C. 
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Figure E.18: Measured and calculated results in experiment no. 23 with 3.5 wt.% NaCl in water, 

methane-ethane mixture, condensate, and cooling of the bath to 1 °C. 

 

E.3 Experiments with 6.6 wt.% MEG in water 

Table E.3: Results from rocking cell experiments with 6.6 wt.% NaCl in water. (Table 4.3) 

Exp. 

No. 
Oil phase 

Cooling  

Bath / Wall 

[°C] 

Start 

pres./temp. 

[bar] /  [°C] 

Hydrate 

onset [h] 

Onset max 

subcooling 

[°C] 

Water 

converted 

to hydrates 

26 Mineral 

Oil 70T 

1 - 36.9 12.3 1.03 19 5.3 19 11.5% 

28 1 - 46.5 20.1 22.0 9.3 19.3% 

27 Gas 

Condensate 

1 - 37.8 14.9 1.73 19 6.2 19 15.7% 

29 1 - 40.6 15.2 1.09 19 3.4 19 23.3% 20 

                                                 

 

19 The hydrates were dissociated at 12-15 °C to preserve the history effect before the hydrate 

formation in the next experiment since it was difficult to start hydrate formation in these experiments. 

The time before hydrate onset and the onset max subcooling should therefore not be compared to the 

fresh water experiments. 
20 This experiment had a higher ethane content because gas was filled to a higher pressure at 

low temperature to initiate hydrate formation after which the hydrates were dissociated and the pressure 

reduced for safety reasons to avoid surpassing the pressure limits for the cell. Since a higher content of 

ethane dissolves in the condensate than methane, the gas mixture after draining of gas phase had higher 

ethane content and higher hydrate equilibrium temperature.  
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Figure E.19: Measured and calculated results in experiment no. 26 with 6.6 wt.% MEG in water, 

methane-ethane mixture, mineral oil 70T, and cooling of the bath to 1 °C. 

 

 

Figure E.20: Measured and calculated results in experiment no. 28 with 6.6 wt.% MEG in water, 

methane-ethane mixture, mineral oil 70T, and cooling of the bath to 1 °C and higher pressure. 
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Figure E.21: Measured and calculated results in experiment no. 27 with 6.6 wt.% MEG in water, 

methane-ethane mixture, condensate, and cooling of the bath to 1 °C. 

 

 

Figure E.22: Measured and calculated results in experiment no. 29 with 6.6 wt.% MEG in water, 

methane-ethane mixture, condensate, and cooling of the bath to 1 °C and higher pressure. 
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E.4 Experiments with 0.5 wt.% Arquad in water 

Table E.4: Results from rocking cell experiments with 0.5 wt.% Arquad in water. (Table 4.4) 

Exp

. 

No. 

Oil phase 

Cooling  

Bath / Wall 

[°C] 

Liquid 

loading 

Water 

cut 

Hydrate 

onset 

[h] 

Onset max 

subcooling 

[°C] 

Water 

converted 

to hydrates 

30 
Mineral 

Oil 70T 

1 - 70 60 8.74 9.2 13.5 

31 6 1 70 60 2.99 5.7 8.0 

32 1 - 57 30 1.26 6.4 52.4 21 

33 Condensate 1 - 59 30 9.08 8.1 76.4 21 

 

 

Figure E.23: Measured and calculated results in experiment no. 30 with 0.5 wt.% Arquad in water, 

methane-ethane mixture, condensate, and cooling of the bath to 1 °C. 

 

                                                 

 

21 Two experiments were performed with 30% water cut. The lower water content resulted in 

a relatively higher amount of available water converted to hydrates in these two experiments. 
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Figure E.24: Measured and calculated results in experiment no. 31 with 0.5 wt.% Arquad in water, 

methane-ethane mixture, mineral oil 70T, and cooling of the bath to 6 °C and the upper wall to 1 °C. 

 

 

Figure E.25: Measured and calculated results in experiment no. 32 with 0.5 wt.% Arquad in water, 

methane-ethane mixture, mineral oil 70T, and cooling of the bath to 1 °C and 30% water cut. 
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Figure E.26: Measured and calculated results in experiment no. 33 with 0.5 wt.% Arquad in water, 

methane-ethane mixture, condensate, and cooling of the bath to 1 °C and 30% water cut. 

 

E.5 Edited Videos from the Experiments 

The edited videos from the rocking cell experiments can be accessed on the CD attached 

to the inside back cover of this thesis. The file names correspond to the experimental numbers 

presented in this thesis. Edited videos of phase separation due to hydrate formation observed 

in a mineral oil 70T and fresh water experiment and a condensate and fresh water experiment, 

and a video of gravitational phase separation of condensate and fresh water at atmospheric 

conditions after mixing in a sample bottle can also be accessed in this folder.  

 


