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Abstract 

Gas hydrates are solids with an ice-like appearance, that are stable under high-pressure and low-

temperature conditions. Whereas gas hydrate formation is hazardous in oil and gas production, natural 

gas hydrates have attracted attention as a future energy resource due to their diverse geographic 

distribution with huge potential for energy recovery. In considering the production of natural gas hydrate, 

understanding hydrate blockage risk in water-dominant flow will become one of key challenges to 

accomplish safe, stable production. This thesis provides mechanistic descriptions of hydrate growth and 

slurry rheology for flowlines at high water cuts, including those used for producing gas hydrate deposits.  

This research initially focussed on flowloop experiments to obtain data on hydrate growth rates and 

the total gas-water interfacial area available for formation. The total interfacial area, which has not been 

obtained in previous studies of hydrate growth, was estimated from images captured by an in-line video 

camera. These hydrate growth rates were accurately predicted by an improved mass transfer limited 

model, which includes improvements to calculation of the mass transfer coefficient, the gas-water 

interfacial area, and the differential gas solubility in the aqueous phase with and without hydrate present. 

A key improvement of the model was consideration of the effects of turbulent eddies and hydrate slurry 

viscosity on the mass transfer coefficient. Further, data on the gas-water interfacial area enabled reliable 

model validation, reducing uncertainties in its predictive capability. Model predictions of the mass transfer 

coefficient and the gas-water interfacial area were able to be evaluated individually, which had been 

impossible in previous studies. Preliminary experimental work was conducted to understand the effect of 

salt solutions on reducing bubble sizes, which will pave the way for future updates of the hydrate growth 

model that include salinity effects.   

The hydrate slurry viscosity was also estimated from the flow rate and differential pressure measured 

in experiments. In this estimation, the hydrate slurry was assumed to be a Bingham plastic fluid as it had 

a constant viscosity when the flow rate was high enough. This trend was different from that of hydrate 

slurries formed in oil-dominant systems, which generally exhibit a strong shear-thinning behaviour. The 

relative viscosity increased steeply with the hydrate volume fraction, where the slurry became 

approximately five times more viscous at 20 vol% hydrate. This steep increase implies a high intrinsic 

viscosity and/or effective hydrate volume fractions far in excess of their nominal value. Modelling of this 

trend was predicated on a differential effective medium theories (DEMT) type model with an adjustment 

considering the irregular shape of hydrate particles.  

The models of hydrate growth rate and slurry viscosity were integrated into an in-house flow 

simulator, and a series of steady state flow simulations were used to enhance the understanding of a 

production line for an offshore methane hydrate production test. The simulation result was consistent 

with the production data and operations, and the demonstration provided a new pathway to investigate 

factors that affect and govern hydrate formation/plugging in pipes, such as sand production and heat 

transfer limitations. Additionally, preliminary simulations using the transient multiphase flow tool OLGA® 

were conducted to quantify its performance when predicting the behaviour of natural hydrate production 

lines, providing a baseline to evaluate the performance of integrated hydrate models.  

The effects of shut-in and restart operations on hydrate blockage were also investigated in different 

experiments, where the critical stress required for flow restart after shut-in was measured. It increased 

with higher hydrate volume fractions per the behaviour of yield stress for a general suspension, but it was 

not affected by the shut-in period, suggesting annealing was not a factor at the volume fractions measured. 
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During the measurements, the in-line video camera continuously took images of the hydrate slurries: 

capturing the gel-state during shut-in and gel-sol transition during restart. It also recorded hydrate 

blockage at high hydrate volume fractions after yielding of the gel-state slurry, implying an unrevealed 

process from yielding to blockage. This finding highlights the importance of minimizing the transition 

period between yielding and flow restart to avoid hydrate blockage during restart operations in fields. 

 Moreover, behaviour of hydrate slurries on a microscopic scale was observed in a different 

experiment. The morphological transition of hydrate particles in dilute slurries was visually observed as 

flow was decreased, where the size and number of particles, estimated from the video images, varied 

immediately. More, and larger agglomerated particles appeared at lower flow rates; these particles were 

fractal in appearance, indicating that they occupied a larger effective volume fraction than would be 

expected. This suggests that for pure water systems, there is only a short transient period during which 

particles change due to flow disruptions.  

This work explores the processes leading to hydrate blockage in the 100% water cut systems 

encountered in natural gas hydrate production. The outcomes should be valuable for future gas hydrate 

production, and may be beneficial for late-phase oil developments. The improvement of the hydrate 

growth model connects the existing mass transfer limited model to the turbulent flow dynamics of gas 

and hydrate slurries, presenting a more detailed view of hydrate growth in actual production lines. The 

improved model is amenable to incorporation within pipeline flow simulations, which was demonstrated 

with an in-house flow tool. The flowloop experiments provided new insights on hydrate slurries in pure 

water systems: i) they exhibit a steep increase in viscosity with hydrate volume fraction; ii) gel-state 

slurries are more rigid at the higher hydrate volume fractions but do not sinter with time; iii) hydrate 

blockages may occur even after initially yielding, and; iv) large, irregularly-shaped agglomerated hydrate 

particles form immediately after flow stop, with very short transition periods. These findings are key to 

understanding the bulk effects of particle interactions in pure water systems, knowledge of which is 

necessary to predict the behaviour of hydrate slurries in flowlines.  
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1 
 

1 Introduction 

Gas hydrates are ice-like crystalline compounds consisting of water cages with guest gas molecules. As 

gas hydrates form quickly under thermodynamically favorable conditions, their formation is a major 

concern for oil and gas flow assurance, especially in subsea pipelines.  Once gas hydrates plug a pipeline, 

production stops, leading to huge economic losses. Further, plugs may cause pipe rupture or equipment 

damage during dissociation and removal due to an increase in pressure resulting from gas release, or fast 

moving plugs detached from the pipe wall driven by pressure gradients along a pipeline. 

Conversely, natural gas hydrates, existing in permafrost regions or in deep-water sediments, have 

attracted interest as a future resource to meet the expected growth in the global energy demand. 

Significant efforts are under way to develop production methods, and the depressurization method for 

in-situ dissociation of hydrates is regarded as the most promising at present. This method has been 

applied in field tests to demonstrate gas production from hydrate reservoirs. Meanwhile, field tests 

suggest that there is a hydrate plugging risk, as with conventional oil and gas production, because of high 

pressure and low temperature conditions within the production lines carrying the recently dissociated 

gas-water mixture. 

In this thesis, I discuss the process from hydrate formation to hydrate blockage with a particular focus 

on the agglomeration of hydrate particles in pure water systems, the outcomes of which may become a 

basis for assessing hydrate blockage risks in future gas hydrate production. The key topics of this work are 

hydrate growth in water-dominant flow, in which light hydrocarbon gas is dispersed in continuous water 

phase, and rheology of hydrate slurry, the flowability of which reduces in the conditions of high-volume 

fractions of hydrate and low flow rates. These topics were examined with flowloop experiments, and the 

outcomes were compiled to produce models, conceptual pictures, and simulation tools. 

As a basis for understanding the current state of the field, this research began with literature review 

(Chapter 2), in which the knowledge gaps were clarified (Section 2.5). The flowloop used in experiments 

is explained in Chapter 3. To explore hydrate growth, two experimental studies were conducted and 

modelled with a mass transfer limited approach, which assumes that hydrate growth is limited by the 

mass transfer of guest gas molecules from gas phase to water phase (Chapter 4 and 5). The developed 

model was then integrated into an in-house steady state flow simulator, and a series of flow simulations 

were conducted with the simulator using data from the production lines of a gas hydrate field test 

(Chapter 6). Additionally, transient simulations with commercial software were also conducted to link the 

conditions in the production lines with changes in production rates, though the developed hydrate growth 

model was not integrated (Chapter 7). For the rheology of hydrate slurries, three different conditions, 

namely steady production, shut-in, and restart, were discussed, with experimental backing. Specifically: 

the infinite viscosity of hydrate slurry, critical stress required for flow restart, and changes of hydrate 

particles caused by a decrease in flow rate were explored (Chapter 4, 8, and 9). Finally, the key outcomes 

and remaining challenges are summarized in Chapter 10 and 11, respectively.  
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2 Literature Review 

2.1 Gas Hydrates of Light Hydrocarbons 

Gas hydrates are solids with ice-like appearance. These consist of water cages formed by hydrogen bonds 

and small guest molecules within the cages. There are three types of widely known hydrate structures 

which are called Structure I, Structure II and Structure H [1,2] (Figure 2.1). Structures of gas hydrates 

depend on the size of guest molecules. Structure I in general occurs with 0.4-0.55 nm guest molecules 

while Structure II is generated with guests the diameters of which are 0.6-0.7 nm or smaller than 0.4 nm 

[2]. Structure H requires a gas mixture of small and large molecules. Both Structure I and Structure II have 

two types of cages with different sizes, sharing the small cage structure but with different large cages 

(Figure 2.1b). Structure H has three types of different-sized cages. 

Small hydrocarbon molecules, such as methane and ethane, become the guests within gas hydrates 

under thermodynamically favourable conditions: typically high-pressure and low temperature. In the 

petroleum industry, gas hydrates of light hydrocarbons have been hazardous because they sometimes 

cause the blockage of high-pressure pipelines or vessels. Meanwhile, the gas hydrates that exist in nature, 

typically under permafrost or in deep seafloor deposits, have attracted interest as a future energy 

resource recently.  

 

Figure 2.1 – (a) Three common structures of gas hydrates. (b) Composition and properties of cages (cavities) in 
each structure. [2] 
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2.1.1 Gas Hydrates in Flow Assurance 

There is a risk of hydrate plugging in oil/gas production when both light hydrocarbons and water are 

included in the produced fluid. Although waxes and asphaltenes also can become causes of plugging,  the 

severity of gas hydrates is considered the worst flow assurance problem because they form rapidly and 

without warning [3,4]. In general, the hydrate risks are much higher in offshore production than in 

onshore production because cold, deep seawater cools production fluids within pipelines, which may 

cause the system to enter the hydrate equilibrium region. Figure 2.2 shows an example of a hydrate plug 

retrieved from a pipeline.  

The plugging of pipelines results in economic losses and can pose a safety hazard. Once formed, 

production must be stopped to remediate a plug. Furthermore, removal operations may risk damaging 

pipelines, in the worst case resulting in catastrophic consequences, such as ruptures and blowouts. 

Hydrate deposits which detach from the pipe wall during one sided depressurisation may travel 

downstream at speeds up to 300 km/hr due to pressure gradients over the plugged section [2]. Further, 

gas evolved locally from dissociation of impermeable hydrate blockages may increase the local pressure 

significantly, potentially leading to ruptures [4].  

The conventional approach to this problem is avoidance: injection of thermodynamic inhibitors or 

heating pipelines to prevent hydrate formation. However, these methods have significant economic 

implications for both capital and operational costs. For instance, annual costs of hydrate inhibitor were 

estimated at US$220 million according to Sloan [2], published in 2005. For this reason, interest has shifted 

from hydrate avoidance towards lower cost management strategies [5]. Hydrate management allows 

operation within the hydrate region, and may also allow the formation of hydrate particles, but prevents 

plugging by managing aggregate and deposit formation (Figure 2.3). Thus, in successful hydrate 

management, it is important to form a deep understanding of the processes by which this may be achieved, 

from predicting formation rates through understanding plugging processes; all of which must be 

supported by fundamental models.  

The mechanisms of the hydrate plugging depend on and are considered in terms of the dominant 

phase of the production fluid, often categorised as three types: oil-, water-, and gas-dominant [6]. In 

general, oil- and water-dominant systems are encountered in oil production while gas-dominant systems 

occur in separate fields. In oil production, the water cut, defined as the volumetric fraction of the liquid 

phase which is water, gradually increases with time, causing a transition from oil- to water-dominant. 

 

Figure 2.2 – Example of hydrate plug recovered from a subsea pipeline (courtesy of Petrobras®). 
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Figure 2.3 – Transition from hydrate avoidance to hydrate management, reproduced from Kinnari et al. [5]. 

 

2.1.2 Gas Hydrates as a Future Energy Resource 

In nature, gas hydrates exist in deep water or permafrost regions because they are usually stable under 

high-pressure and low-temperature conditions. As the most common guest gas molecule is methane, gas 

hydrates in nature have attracted interest as a future energy resource [7–9].  

Most natural gas hydrates exist as “pore-filling hydrate” in sediments (C-F in Figure 2.4) while some 

of them form “massive hydrate” (A-B in Figure 2.4), meaning grain-displacing veins and filamentous 

fracture fills in clay-rich sediments and mounds of hydrate on or near the sea floor [7]. Pore-filling hydrate 

is further categorised by the sediment types: “in sands” and “in muds”. Global gas-in-place (GIP) of gas 

hydrates is huge compared to other resources (the right pyramid in Figure 2.5). However, GIP does not 

equate to recoverable resources. Hydrates in muds comprise a large portion of natural gas hydrates (the 

left pyramid in Figure 2.5), but are not considered as recoverable at present due to an absence of recovery 

methods.  

 

Figure 2.4 – Classification of natural gas hydrates, reproduced from Boswell [10]. (A) Networks of hydrate-filled 
veins, (B) massive hydrate lenses, (C) pore-filling gas hydrate in marine sands, (D) massive sea-floor mounds, (E) 

pore-filling hydrate in marine silts and clays, and (F) pore-filling hydrate on shore arctic sands.  
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Figure 2.5 – Global gas-in-place of gas resources (right pyramid) and gas hydrate resources (left pyramid), 
reproduced from Boswell et al. [7]. Although the amount of hydrate in muds is huge, it is not considered as 

recoverable resources at present. 

Multiple methods to produce gas from the pore-filling hydrate in sands have been proposed. At 

present, the depressurization method is the most promising technique while other techniques, such as 

injection of hot water or chemical inhibitors and CO2 replacement, are topics of active discussion [7,11]. 

The depressurization method has been applied to the production tests in both onshore [12] and offshore 

sites [13–15], and gas was recovered in these tests. In this method, downhole pressure is decreased by 

pumping water from the wellbore for in-situ dissociation of hydrate. This expands the drawdown area in 

gas hydrate reservoirs around the wellbore. As the hydrate dissociation increases the permeability, the 

dissociation front moves, leading to an increase in the gas production rate because of the increase in the 

distance between wellbore and the dissociation front  [7,15]. The pressure gradient becomes a driving 

force for gas and water flux toward the wellbore. The advection heat from the pore fluid influx and the 

conductive heat from the closed clay zone may further enhance gas hydrate dissociation. Therefore, each 

production well should be able to cover relatively large area. Simulation results [16–18] suggest that the 

drawdown area may expand over 100 m though it has not been proven in field tests. These processes are 

summarized in Figure 2.6.  

With respect to flow assurance in gas hydrate production, hydrate re-formation in water production 

lines may occur in the depressurization method. This is due to pressure increases downstream of the 

pump(s), and heat transfer to the cold ambient seawater/sediment surrounding the water production 

lines. These factors may lead to favourable conditions for hydrate formation if produced gas is entrained 

in the water lines, where, upon nucleating, the system experiences water-dominant hydrate formation. 

According to the MH21 Research Consortium [19], a line for water production was plugged in the second 

offshore methane hydrate production test conducted in the eastern Nankai Trough area in 2017.  
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Figure 2.6 – Schematic of gas hydrate dissociation and heat and mass transport around a borehole in production 
with the depressurization method, reproduced from Yamamoto et al. [15]. PBH and P0 indicate the bottom hole 

pressure and the formation pressure before production.   

 

2.2 Hydrate Blockages in Oil-dominant Systems 

Although this thesis focuses primarily on water-dominant systems, an understanding of the varied 

mechanisms for different carrier fluids underpins a holistic approach to studying hydrate formation and 

blockage. Substantially more work has been done to interrogate the behaviour of oil-dominant systems 

than in water-dominant ones. Clarifying the knowledge gaps in the processes regarding hydrate blockage 

in liquid-dominant systems as a whole provides a broader opportunity to identify improvements in each.  

Turner [20] proposed the conceptual model of hydrate plugging in oil-dominant systems, which 

consists of four stages (Figure 2.7). 

1. Water is entrained in the continuous oil phase as dispersed droplets 

2. Hydrate shells rapidly grow on the droplets at the oil-water interface  

3. Hydrate particles stick together and their water cores shrink due to inward hydrate growth 

4. Hydrate particles form large agglomeration which lead to viscous plugging 

This conceptual model has formed the basis of numerous studies, interpretations and simulation tools 

and serves as the progenitor for a large body of literature. 

 

Figure 2.7 – Conceptual model from hydrate formation to plugging in oil-dominant system (Turner [20]).  
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2.2.1 Hydrate Growth Rate 

The hydrate formation rate is an essential parameter in the discussion of hydrate blockage formation. One 

of the practical approaches to predicting the hydrate growth rate is the semi-theoretical intrinsic growth 

model proposed by Turner [20,21]. Currently, this may be known as the Colorado School of Mines Hydrate 

Kinetics (CSMHyK) model [6,22], which is integrated into OLGA® [23]. This model considers the reaction 

area and the driving force, but the gas consumption rate is tuned using a set of empirical fitting 

parameters (c, k1, and k2): 

−
𝑑𝑚𝐺

𝑑𝑡
= 𝑐 ∙ 𝐴𝑑 ∙ 𝑘1𝑒−𝑘2 𝑇⁄ ∙ 𝑇𝑠𝑢𝑏  2-1 

where mG, t, Ad, and Tsub are mass of gas phase, time, the surface area of water droplets, and the 

subcooling temperature (Tsub = Teq - T), respectively. k1 and k2 are the kinetic constants adjusted by 

Vysniauskas and Bishnoi [24] with experiment (7.3548 x 1017 [kg/m2/s/K] and - 13600 [K], respectively). 

The parameter c is an empirical fitting factor to incorporate heat and mass transfer limitations, and is set 

to 1/500 in Boxall et al. [22]. A fixed droplet size had been initially assumed for the surface area while 

Boxall [25] proposed a model to estimate Ad later. The model considers the forces acting on a droplet: 

inertial force, viscous force, and interfacial tension. In the inertial sub-range, the mean diameter of 

droplets (�̅�) is calculated by: 

�̅� = 0.063𝐷𝑊𝑒−3/5 2-2  

In the viscous sub-range, the mean diameter is calculated by:  

�̅� = 0.016𝐷𝑅𝑒1/2𝑊𝑒−1 2-3 

where D, Re, and We are a pipe diameter, Reynolds number, and Weber number, respectively. 

The above intrinsic growth model of CSMHyK is based on a kinetic rate, and does not truly account 

for dynamic effects affecting the transfer of mass or heat, which may restrict hydrate growth. Davies et 

al. [26] discussed this and proposed a different model: this assumes that water droplets in the continuous 

oil phase are covered with hydrate shells and considers both intrinsic hydrate formation and the 

mass/heat transfer at and in the hydrate shell (Figure 2.8). For the intrinsic hydrate growth, the same 

approach (Equation 2-1) is used, but the empirical fitting parameter (c) is removed. A fixed droplet size 

was assumed as with the model of Turner [20,21]. In terms of the mass/heat transfer in the boundary 

layer adjacent to the surface of hydrate shell, the Frössling correlation is used in the inertial sub-regime 

while the correlations proposed by Friedlander [27,28] are used in the viscous sub-range. Inside the 

hydrate shell, heat and mass transport apply Fourier's law and Fick’s law, meaning advection is ignored. 

They reported that their model provided reasonable predictions of the hydrate growth rate obtained in 

experiments by using two industrial scale flowloops, and that their sensitivity analysis indicated that the 

amount of hydrate formed was significantly affected by the effective diffusivity in hydrate. These 

flowloops consist of long pipes (50m and 95m) with large IDs (10 cm and 7.4 cm), representing flow 

conditions more similar to those in industrial pipelines than laboratory apparatus, such as rheometers or 

bench top flowloops. For the purpose of this thesis, the term 'industrial flowloop' is used to indicate a 

system that is comparable in either scale or conditions to what is used in the field: that is, pipe diameters 

and lengths on the same order of magnitude as the field, or operating pressures and temperatures that 

are comparable. 
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These models suggest that hydrate growth in oil-dominant systems is not a simple chemical reaction 

and that the growth rate is affected by heat and mass transfer through both the boundary layer and 

hydrate shell.  

 

Figure 2.8 – Mechanisms of hydrate growth around a water droplet in oil phase, reproduced from Davies et al. 
[26].  

 

2.2.2 Agglomeration of Hydrate Particles and Viscosity of Hydrate Slurry 

Hydrate particle agglomeration has a close relationship with hydrate blockage as large aggregates 

significantly reduce the flowability of hydrate slurries [29–31].  

Agglomeration is induced by the cohesive forces between hydrate particles. Aman et al. [32] 

investigated the cohesive force between two contacted cyclopentane hydrate particles surrounded by 

cyclopentane using a micromechanical force apparatus. According to their analysis, the interparticle force 

was initially dominated by the capillary force induced by a bridge of (immiscible) water between two 

particles; this cohesive force did not change with time. However, after 30-seconds contact time, the 

cohesive force was affected by hydrate sintering, or growth at the contact point, and it gradually increased 

with time (Figure 2.9). They formulated the interparticle force (FIP) as follows:  

𝐹𝐼𝑃 = {

2𝜋𝜎𝑊−𝑂 cos 𝜃

1 + 𝐻/2𝑑
+ 𝜋𝜎𝑊−𝑂 sin(𝛼) sin(𝜃𝑝 + 𝜃𝑠)𝑅𝑃 𝑡 < 30 sec

𝜏𝑡(𝜋𝜒2) 𝑡 ≥ 30 𝑠𝑒𝑐

 2-4 

𝜒 = 1.2147𝑡0.1249  2-5 

where σW-O is the interfacial tension between the water and oil phases. H, d, χ, α, θ, θp, and θs are the 

geometric parameters shown in Figure 2.10. RP is the particle radius. τt is the tensile strength of hydrate 

expressed as a function of time (Equation 2-5). Later, Hu and Koh [33] observed a similar trend regarding 

the cohesive force between two contacted CH4/C2H6 (74.7 mol% / 25.3 mol%) hydrate particles 

approximately 400 μm in diameter immersed in liquid hydrocarbon. 

In addition to the effect of the contact time on the cohesive force, Hu and Koh [33] studied the 

influence of varying annealing times for each of the separate particles before measurement. They 

reported that the cohesive force of CH4/C2H6 hydrate particles monotonically decreased for samples 

annealed for 2-24 hours before being contacted, and plateaued thereafter (Figure 2.11). They suggested 

that this decrease may be due to the reduction of water remaining at the surface of particles.  
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Figure 2.9 – Relationship between the contact time of two hydrate particles and the interparticle force, 
reproduced from Aman et al. [32]. Markers indicate experimental measurments while lines represent the 

prediction with Equation 2-4. The dominating interparicle force is a water brigdge between two particles in the 
first 0.5 minutes, and changes to hydrate sintering or growth at the contact point after 0.5 minutes.  

 

Figure 2.10 – Schematic of capillary bridging, adapted from Aman et al. [32]. (a) adhesion for particle-surface and 
(b) cohesion for particle–particle geometries, showing relevant parameters: embracing angle (α), capillary bridge 

width (χ), contact angle (θP), external contact angle (θs), liquid bridge immersion depth (d), particle separation 
distance (H), bridge radius of curvature (r), particle radius (R), and the liquid bridge symmetry plane (Z).  

 

Figure 2.11 – Effect of annealing (hydrate shell growth) time on cohesion force between two contacted CH4/C2H6 
hydrate particles in a liquid hydrocarbon phase with a contact time of 10 sec, reproduced from Hu and Koh [33].  
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Balancing the cohesive force to determine the overall degree of agglomeration is the shear force 

from the continuous oil phase that surrounds the hydrate particles, which acts to break them apart. 

Camargo and Palermo [34] proposed a model to describe the force balance based on the work of Potanin 

[35] with a consideration of the effective volume fraction of suspension:  

(
𝑑𝐴

𝑑𝑃
)

4−𝑓𝑑

−

𝐹𝐼𝑃 {1 −
𝜙

𝜙𝑚
(

𝑑𝐴
𝑑𝑃

)
3−𝑓𝑑

}

2

𝑑𝑃
2𝜂0�̇� {1 − 𝜙 (

𝑑𝐴
𝑑𝑃

)
3−𝑓𝑑

}

= 0 2-6 

where dP and dA are the size of single particle and the agglomerate size, respectively. fd is the fractal 

dimension, assumed to be 2.5. ϕ is the volume fraction of particles; ϕm is the maximum packing fraction 

set to 4/7 in the model of Mills [36]. η0, FIP, and �̇� are the continuous phase viscosity, the interparticle 

force, and the shear rate. In an oil-dominant system, dP may be assumed to be the water droplet size 

before the hydrate formation. Therefore, in systems where the shear rate is known, such as in a rheometer 

or pipeline, the size of aggregated particles can be estimated by solving Equation 2-6 with respect to dA.  

A different method to predict the agglomerated size was proposed by Balakin et al. [37], which was 

based on the population balance model [38,39]: 

𝜕

𝜕𝑡
∫ 𝑓𝑁(𝑡, 𝑟)𝑑𝑟
∞

0

=
𝜕𝑀0

𝜕𝑡
= −𝐴0 + 𝐵0 + 𝑁0  2-7 

where fN, r, t, and M0 are the density function of particle number, particle radius, time, and 0th moment, 

respectively. A0, B0, and N0 are contributions to the change in M0 of agglomeration, breakage of particles, 

and conversion of water droplets to primary hydrate, respectively. Regarding N0, immediate conversion 

of water droplets to hydrate particles was assumed. A0 is calculated with an expression derived by Balakin 

et al. [39]:  

𝐴0 =
16

3
𝛼𝑐�̇�𝑀0𝑀3 2-8 

where M3 and αc are 3rd moment and collision efficiency, respectively. M3 can be expressed by the hydrate 

volume fraction: 

𝑀3 = ∫ 𝑟3𝑓𝑁(𝑡, 𝑟)𝑑𝑟
∞

0

=
3

4𝜋
𝜙𝐻 2-9 

The collision efficiency is calculated with a correlation [37]: 

𝛼𝑐 = 1.0668 − 0.067(𝑑𝐴 𝑑𝑃⁄ ) 2-10 

B0 is calculated from shear rate and 3rd moment [37]: 

𝐵0 = 𝑐𝑏�̇�𝑏𝑀3 2-11 

cb and b are the breakage constant and the breakage rate parameter, respectively. At steady state (dM0/dt 

= 0), the breakage and agglomeration, expressed by Equation 2-8 and 2-11, should be balanced:  
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𝑐𝑏�̇�𝑏𝑀3 =
16

3
𝛼𝑐�̇�𝑀0𝑀3 2-12 

 As the volume-averaged radius of particles is (M3/M0)
1/3, cb can be expressed as follows:  

𝑐𝑏 =
16

3
𝛼𝑐�̇�1−𝑏𝑀0 =

16

3
𝛼𝑐�̇�1−𝑏

𝑀3

(�̅�𝐴 2⁄ )
2 =

32𝛼𝑐�̇�1−𝑏𝜙𝐻

𝜋�̅�𝐴
3  2-13 

�̅�𝐴 is the volume-averaged diameter, estimated by the model of Camargo and Palermo [34] (Equation 2-6). 

According to Srivastava et al. [29], this model provided better prediction to the agglomerate size in their 

data (Figure 2.12) though it was sensitive to the interparticle force.    

 

Figure 2.12 – Comparison of model predictions with experimental data, reproduced from Srivastava et al. [29]. The 
population balance model provided better predictions than those of Camargo and Palermo [34] (C & P in the 

graph).  

 

Once the size of aggregated particles is determined, the hydrate slurry viscosity may be estimated, 

which is an essential parameter to predict the pressure profile along a flowline. For instance, in Camargo 

and Palermo [34], it was estimated with the model of Mills [36]:  

𝜂 = 𝜂0

1 − 𝜙𝑒𝑓𝑓

1 − (
𝜙𝑒𝑓𝑓

𝜙𝑚
)

  
2-14 

𝜙𝑒𝑓𝑓 = 𝜙 (
𝑑𝐴

𝑑𝑃
)

3−𝑓𝑑

  2-15 

where ϕeff is the effective volume fraction of a solid phase. Additionally, the relative viscosity of hydrate 

slurry (ηrel) may be used for an evaluation of hydrate plugging risk. For example, Zerpa et al. [40] evaluated 

the risk by using the relative viscosity.  

 Low-risk: ηrel < 10 

 Intermediate-risk: 10 < ηrel < 100 

 High-risk: 100 < ηrel  
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2.2.3 Hydrate Deposition 

The process whereby a large degree of agglomeration begets plugging is not well understood. Recently, 

Srivastava et al. [29] proposed a method to predict the volume of bedding hydrate in an oil-dominant 

system incorporating the size distribution of aggregated hydrate particles and the deposition velocity: 

Figure 2.13 shows the scheme used. First, the size distribution of water droplets in the oil phase is 

calculated with the model of Boxall et al. [41]. Next, the mean agglomerated size of hydrate particles is 

calculated with a population balance model, explained in Section 2.2.2, and the cumulative probability 

distribution is generated from the mean size. Although the method to generate the distribution is not 

explained, a standard statistical tool, such as normal or log-normal distribution, may be assumed. After 

that, the critical aggregation size for deposition (dCrit in Figure 2.13), which makes the critical velocity (vcrit) 

equal to the velocity of hydrate slurry, is calculated with the correlation of Turian et al. [30]: 

𝑣𝑐𝑟𝑖𝑡

√𝑔𝐷(𝑠 − 1)
= 1.85𝐶𝑆

0.1536(1 − 𝐶𝑆)0.3564 (
𝑑𝐴

𝐷
)

−0.378

𝑅𝑒0.09𝑥𝑒
0.3  2-16 

where g, CS, and s are gravitational acceleration, solid concentration, and ratio of solid to liquid density 

(ρS / ρL), respectively. xe is the parameter for eddy fluctuations in flow. By comparing the particle size 

distribution with dCrit, the bed volume can be estimated. When bedding occurs, the effective pipe 

diameter and pressure drop (Deff and ΔP in Figure 2.13) are calculated, and the calculation ends.  

 

Figure 2.13 – Flow chart of the hydrate bedding risk framework to predict the hydrate fraction at which bedding 
will occur.  

 

2.2.4 Yield Stress of Hydrate Slurries 

Hydrate blockage risks are higher during transient operations, such as start-up, restart or shut-in, in 

conventional production [4], where steady state typically lies outside the equilibrium region. It is often 

difficult to avoid hydrate formation in subsea pipelines during a long-term shut-in where fluid in the 

pipelines may be cooled to within the hydrate equilibrium region by surrounding sea water. Inter-particle 

cohesive forces between hydrates may cause them to agglomerate during the shut-in period and these 

may form larger aggregated structures. In turn this reduces the flowability of the slurry and may lead to a 
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plug when restart is attempted. In restart operations, it may be necessary to fluidise any gel-state hydrate 

slurry to avoid blockages.  

Yield stress is a fundamental property in discussing the gel-sol transition of suspensions, defined as 

the stress required for loss of elasticity. However, only a few studies on the yield stress of hydrate slurries 

have been conducted [31,42–44], and these investigated only hydrate slurries in oil-dominant systems. 

Webb et al. [42] measured yield stress of a methane hydrate slurry formed from a water-in-oil emulsion 

using a rheometer. They reported influences of the duration of shut-in time and the initial water volume 

fraction (Figure 2.14): i) the yield stress increased for longer shut-in periods, but became constant after 8-

hours shut-in time; and ii) the yield stress increased with a rise in the initial water volume fraction, which 

has been corroborated in other studies of hydrate slurry conducted on water-in-oil emulsions [31,44]. 

 

Figure 2.14 – Yield stress of methane hydrate slurry formed from water-in-oil emulsion, reproduced from Webb et 
al. [42]. (a) Effect of annealing time, (b) Effect of initial water volume fraction.  

Ahuja et al. [44] investigated the yield stress of cyclopentane hydrate slurry with a rheometer. They 

reported that the increase might be expressed by a power law function of the initial water volume fraction 

(Figure 2.15). They proposed a correlation of the yield stress (τy), which is a function of initial water volume 

fraction:  

𝜏𝑦 = 630000(𝜙 − 𝜙𝑐)2.5 2-17 

where ϕ and ϕc are the initial water volume fraction and the critical water volume fraction above which 

the yield stress appears. In their study, ϕc is set to 0.15.  
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Figure 2.15 – Apparent yield stress and final slurry viscosity as a function of water volume fraction, reproduced 
from Ahuja et al. [44]. The solid lines are power law fits to the data.  

The correlation of Ahuja et al. [44] has similar form to that for the yield stress of a calcite suspension 

used in Liberto et al. [45], derived from the classical fractal elasticity model of Shih et al [46]:  

𝜏𝑦 ∝ 𝜙𝑐 2-18 

This may indicate an opportunity to connect the yield stress of hydrate slurry to classical theory. In this 

theory, a gel-state suspension is regarded as a network structure of fractal flocs consisting of particles. 

These flocs are assumed to have a uniform diameter and a single backbone (Figure 2.16). Under this 

assumption, the size of a floc (ξ) can be expressed by the solid volume fraction and the fractal dimension:  

𝜉 ∝ 𝜙1/(𝑓𝑑−3) 2-19 

The elastic constant of a floc (Kξ) is described with the model of Kantor and Webman [47], which calculates 

Kξ from the displacements caused by bending of the links between particles:  

𝐾𝜉 =
𝐾0

𝜉2+𝑎
 2-20 

where K0 and a are the bending constant between two neighbouring springs and some number lower 

than fd, respectively.  

 

Figure 2.16 – Schematic structure of a colloidal gel, reproduced from Shih et al. [46]. 
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Shih et al. [46] discussed two situations, named the strong- and weak-link regimes. In the strong-link 

regime, the links between flocs are assumed to be stronger than those between particles inside a floc. In 

this situation, the elastic constant of the network structure (K) should be proportional to Kξ and the 

number of flocs: 

𝐾 =
𝐿

𝜉
𝐾𝜉 ∝ 𝜉−(3+𝑎) 2-21 

where L is the length of the network structure in the direction of the applied stress. As the breakage of 

the network structure should be started inside a floc, the force acting on a floc to introduce the breakage 

(Fξ) should be:  

𝐹𝜉 ∝ 𝐾𝜉

Δ𝐿

𝐿/𝜉
  2-22 

where ΔL indicates the total displacement in the direction of applied stress. Assuming that the weakest 

links are singly connected links, Fξ may be assumed to be a constant value:  

𝛾0 =
Δ𝐿

𝐿
∝

𝜉

𝐾𝜉
∝ 𝜉1+𝑎 2-23 

where γ0 is the limit of linearity. In the weak-link regime, the links between flocs are assumed to be 

weaker. In this situation, the elastic constant of the interfloc links (KI) may be dominant: 

𝐾 ∝
𝐿

𝜉
𝐾𝐼 ∝ 𝜉−1 2-24 

If the breakage of the network structure is started at a single interfloc link, γ0 becomes:  

𝛾0 ∝ 𝜉−1 2-25 

Therefore, the yield stress of the network structure in both regimes may be expressed by the same 

equation if it is expressed by product of the elastic constant and the limit of linearity [45], which is a 

function of the solid volume fraction and the fractal dimension:  

𝜏𝑦 ≈ 𝐾𝛾0 ∝ 𝜉−2 ∝ 𝜙
2

3−𝑓𝑑 2-26 

 

2.3 Hydrate Blockages in Water-dominant Systems 

Water-dominant systems are less well understood than oil, limited hypotheses of the underlying 

mechanisms of hydrate plugging exist for them [4]. Joshi et al. [48] proposed a conceptual model based 

on their experimental results using the ExxonMobil flowloop with the industrial scale (Figure 2.17). Their 

model consists of three stages: 

I. Gas hydrate forms at the gas-water-wall interface. Formed hydrate particles are homogeneously 

dispersed in the water phase.  

II. After the hydrate volume fraction (ϕhydrate) reaches a certain value (ϕtransition), hydrate particles 

start to be heterogeneously dispersed in the water phase, and agglomerate together. In addition, 

coinciding with this transition, friction losses rise steeply with an increase in the hydrate volume 
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fraction. In their experiments, a sharp increase in pressure difference (ΔP) across the circulation 

pump was observed.  

III. Hydrate bedding and wall deposition occurs, causing high ΔP. In addition, large magnitude, 

highly oscillatory fluctuations in the ΔP were observed in their experiments. 

The flowloop consists of horizontal lines, the length and diameter of which are 95 meters and 3.825 inches 

respectively. The flow conditions were 50-90 vol% liquid loading, 100 vol% water cut, and 1-2.5 m/s 

mixture velocity. 

In this section, the knowledge gaps related to hydrate blockage are clarified through the discussion 

of following three topics:  

 Hydrate growth in water-dominant systems 

 Agglomeration of hydrate particles  

 Rheology of hydrate slurries in water-dominant systems 

 

 

Figure 2.17 – Conceptual model of hydrate plugging in a water-dominant system (left) and schematic of the flow 
loop used in the experiments (right). (Joshi et al. [48]) 

 

2.3.1 Hydrate Growth Rate 

The mechanism of hydrate growth in water-dominant systems is different from that in oil-dominant 

systems because of the difference in continuous phase. In water-dominant systems, guest gas molecules 

are transferred from the gas to the water phase, and hydrate forms in the water phase. For this reason, 

hydrate growth models for oil-dominant systems cannot be used for water-dominant systems.  

Englezos et al. [49] firstly proposed a fundamental model of hydrate growth rate in turbulent 

conditions with discussion of three processes (Figure 2.18): 

i. Mass transfer of guest gas molecules from the gas phase to the water phase 

ii. Diffusion of the dissolved gas from the bulk water to the liquid-crystal interface  

iii. Adsorption at the liquid-crystal interface 

They formulated the hydrate growth rate:  

−
𝑑𝑛𝐺

𝑑𝑡
= 𝐾∗𝐴𝑃(𝑓𝑏𝑢𝑙𝑘 − 𝑓𝑒𝑞) 2-27 
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1

𝐾∗
=

1

𝑘𝑟
+

1

𝑘𝑑
  2-28 

where the left-hand side of Equation 2-27 indicates the gas consumption rate. AP is the total surface area 

of hydrate particles. fbulk and feq are the fugacity of the dissolved gas in bulk water and the three-phase 

equilibrium fugacity, respectively. kr and kd are the reaction constant and the mass transfer coefficient 

around hydrate particles, in turn. fb is calculated with the two-film theory with two boundary conditions: 

𝐷𝐺−𝑊

𝑑2𝐶

𝑑𝑦2
= 4𝜋𝑀2𝐾∗(𝑓 − 𝑓𝑒𝑞) 2-29 

{
at 𝑦 = 0, 𝑓 = 𝑓𝐺

at 𝑦 = 𝛿, 𝑓 = 𝑓𝑏𝑢𝑙𝑘
   

where DG-W, C, and y are the diffusivity of gas in water, concentration of gas, and the distance from the 

gas-water interface, respectively. M2 is the second moment of the hydrate crystal distribution. δ is the film 

thickness, which is calculated from the diffusivity and the gas-water interfacial area: 

𝛿 =
𝐷𝐺−𝑊𝐴𝐺−𝑊

(𝑘𝐿𝐴𝐺−𝑊)
  2-30 

where kL and AG-W are the mass transfer coefficient and surface area of the gas-water interface, 

respectively. DG-W is estimated by using the correlation of Wilke and Chang [50].  

Skovborg and Rasmussen [51] reviewed the work of Englezos et al. [49], and argued that the hydrate 

growth in a stirred cell was dominated by mass transfer at the gas-water interface (Figure 2.18a). They 

pointed out that the hydrate growth rate decreased with time in experiments whereas it increased in 

predictions using the model of Englezos et al. [49], in which the growth rate is proportional to AP (Equation 

2-27). As the amount of hydrate formed increased with time, AP should have increased in experiments. 

Based on the review, Skovborg and Rasmussen [51] proposed a new model, often called the mass transfer 

limited model, in which the processes of (ii) and (iii) are ignored. The model assumes that hydrate is 

formed in bulk water close to the gas-water interface, and mass transfer of guest gas to bulk water is the 

bottle neck. By these assumptions, the consumption rate of guest gases to form hydrate (dnG/dt) is 

expressed as the mass transfer of guest gas molecules from the gas to the water phase:  

−
𝑑𝑛𝐺

𝑑𝑡
= 𝑘𝐿𝐴𝐺−𝑊(𝐶𝐺−𝑊 − 𝐶𝑊−𝐻) 2-31 

where CG-W and CW-H are gas concentrations at the gas-water interface in equilibrium with the gas phase 

and of bulk water in equilibrium with the hydrate phase, respectively. The concentrations are calculated 

with flash calculations. In their work, AG-W was determined from the experimental data of Englezos et al. 

[49], and kL was calculated from the hydrate growth rate and AG-W. Fundamental models for these 

properties were not discussed.  
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Figure 2.18 – Schematic of model of Englezos et al. [49], reproduced from Yin et al. [52]. (a) Concentration gradient 
of guest gas near the gas-water interface, (b) Schematic of stirred tank semi- batch reactor where hydrate slurry 

forms. (c): Fugacity profile in the diffusion and adsorption layer around a growing hydrate particle. 

 

Akhfash et al. [53] improved the mass transfer limited model with data from methane hydrate 

formation experiments employing a high-pressure visual autoclave (HPVA) with an agitator (25.4 mm 

diameter and at 50-800 rpm), shown in Figure 2.19, at a pressure ranges from 34.8 to 61.4 bar and 

temperatures 2.8 to 7.4˚C. Their improved model employs sub-models to determine the gas-water 

interfacial area and the mass transfer coefficient. The gas-water interfacial area in a HPVA is regarded as 

the sum of the flat bulk interface and the area of entrained gas bubbles: it is assumed that bubbles are 

entrained in the first 5% of the liquid phase from the bulk interface. The surface area of gas bubbles was 

calculated from the volume of gas bubbles and Sauter mean diameter (SMD) of bubbles which are 

estimated by the correlations of Gregory et al. [54] and Hesketh et al. [55], respectively:  

𝜙𝐺 =
1

1 + (
𝑣𝑚

8.66)
1.39 2-32 

𝑑32 = 1.38𝑊𝑒𝑐𝑟𝑖𝑡
0.6 𝜎0.6

𝜌𝑐
0.3𝜌𝑏

0.2𝜂𝑐
0.1

𝐷0.5

𝑣𝑐
1.1

  2-33 

where ϕG, vm, and d32 are gas volume fraction, mixture velocity, and SMD, respectively. ρc and ρb are 

densities of the continuous phase and bubbles. ηc and vc are viscosity and velocity of the continuous phase, 

in turn. The mass transfer coefficient is calculated by the correlation of Hanratty [56]:  

𝑘𝐿 =  √
𝜏𝐼𝐷𝐺−𝑊

𝜂𝐿
  2-34 

τI and ηL are the interfacial stress and viscosity of the liquid phase respectively. The gas-water interfacial 

area was estimated as the sum of the flat bulk interface and the area of entrained gas bubbles.  

The improved model precisely predicted the growth rate in their experiments at high shear rate (800 

rpm) but did not provide accurate predictions at the lower shear rates (400 and 50 rpm). Figure 2.20 shows 

the comparison between the experimental data and the model predictions at 800 rpm and 50 rpm. The 
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authors hypothesized that this might be because of a decrease in the dissolution of methane into water 

due to the insufficient gas-water interfacial area. Although there was uncertainty about the model 

prediction at low shear rates, their results suggest that the mass transfer limited model correctly describes 

growth at high shear rates.   

 

Figure 2.19 – Schematic diagram and picture of HPVA, reproduced from Akhfash et al. [53]. 

 

Figure 2.20 – Comparisons of the hydrate volume fraction between experimental data and model predictions at 50 
rpm and 800 rpm, reproduced from Akhfash et al. [53]. 

The work of Akhfash et al. [53] provides useful information to quantitatively describe the 

fundamental mechanism of hydrate formation in water dominant systems. However, the total area of the 

gas-water interface was not able to be measured in their experiments, resulting in two unknown 

parameters (AG-W and kL) in the model validation. As AG-W and kL are not underspecified in Equation 2-31, 

each sub-model for AG-W or kL cannot not be validated. In general, it is difficult to measure the total 

interfacial area. Various flowloops, which better mimic pipeline conditions, have been deployed to probe 

this issue, where the gas bubble size/distributions may be investigated by employing a video camera or 

focused beam reflectance measurement (FBRM) facility [57–59]. This has not yet been applied to arrive 

at a comprehensive description of total interfacial area in water-dominated systems.  

Moreover, further investigations and discussion may be necessary to apply a hydrate growth model 

to practical situations, such as flow simulation of actual production lines. One of the issues is 

understanding the effect of salts included in production water on bubble size. Various kinds of salts, 

including NaCl, decrease the bubble size by preventing bubble coalescence, although details of the 
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coalescence mechanisms are not understood [60]. Many studies [61–64] reported that the degree of 

coalescence of contacted bubbles declined with a decrease in the concentration of such salts. Studies of 

Quinn et al. [65] and Wu et al. [66] reported that the bubble size decreased with an increase in a salt 

concentration and that it eventually plateaus; Figure 2.21 shows an example of this behaviour. However, 

few studies investigated the bubble size during flow in a pipe with saline water. This suggests that the 

bubble size in Brine will be one of the key challenges for the accurate prediction of the hydrate growth 

rate.  

 

Figure 2.21 – Decrease in SMD of bubbles with an increase in salt concentration, reproduced from Quinn et al. 
[65].  

 

2.3.2 Hydrate Agglomeration  

Hydrate agglomeration has the potential to occur in water-dominant systems due to the same cohesive 

force between hydrate particles that exist in oil-dominant flow. Similarly, this agglomeration may cause a 

large reduction of flowability of the hydrate slurry, though there are far fewer studies of hydrate 

agglomeration for such water-dominant cases. 

Aman et al. [67] reported that the cohesive force between cyclopentane hydrate particles 

surrounded by a water phase was measured after 10-seconds of interparticle contact. However, these 

studies did not discuss the influence of the annealing times before and during the particle contact on the 

cohesive force in the 100% water cut system. This unknown makes it difficult to develop a model of 

hydrate agglomeration, such as the model of Camargo and Palermo [34] (Equation 2-6). In addition, no 

studies have thoroughly investigated the yield stress of hydrate slurries in water-dominant systems. 

Another approach to investigate agglomeration is to observe hydrate particles in experiments with 

stirred cells. Clarke and Bishnoi [68,69] measured the particle size of hydrates of ethane and a mixture of 

methane and ethane with an on-line particle size analyser (Galai PSA 2010) at 400 rpm. In these 

measurements, there are peaks in the distributions at approximately 10 μm (Figure 2.22). Later, Clarke 

and Bishnoi [70] estimated the size distribution of CO2 hydrate from FBRM measurements with the 

method proposed by Heath et al. [71], and obtained a similar result. On the other hand, the chord length 

of methane hydrate particles reported by Akhfash et al. [72] was much larger even though they also used 

a similar apparatus (a stirred cell with an FBRM). Figure 2.23 shows the distribution of the chord length at 

different hydrate volume fractions at 100 and 700 rpm. The positions of the peaks exceed 100 μm in all 
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the measurements. This difference in particle size may be due to bubble entrainment in the region that 

the FBRM probe was measuring. In Akhfash et al. [72], the FBRM probes detected the chords before 

starting hydrate formation.  

 

Figure 2.22 – Particle size distributions of hydrates of ethane (left) and methane/ethane mixture (25%/75%) (right) 
measured with an on-line particle analyser, reproduced from Clarke and Bishnoi [68,69]. 

 

Figure 2.23 – Chord counts−chord length distributions of hydrate particles measured by FBRM at different hydrate 
volume fractions. The stirring rate was set to 100 rpm (left) and at 700 rpm (right) in these measurements, 

reproduced from Akhfash et al. [72]. 

 

2.3.3 Rheology of Hydrate Slurries 

As with hydrate slurry in oil-dominant systems [29–31], many studies reported non-Newtonian behaviour 

of water-dominant hydrate slurries. However, the flow characteristics reported were varied, and may 

have been affected by the morphology of hydrate crystals. Their reports can be categorized into three 

types: Bingham Plastic fluid [73], Power-law fluid [74–76], and Herschel-Bulkley [77].  

Darbouret et al. [73] estimated the viscosity of tetra-bultylammonium bromide (TBAB) hydrate slurry 

at 100% water cut from the experimental measurements of flow velocity and pressure drop along a 

flowline by assuming that the hydrate slurry was a Bingham Plastic fluid; Figure 2.24 shows their 

experimental apparatus. The hydrate slurry was prepared in a brushed surface heat exchanger, and it was 

drained with a gear pump. A flow meter and gauges for measuring pressure drop and temperature were 

also equipped. The mass fraction of the prepared aqueous solution of TBAB was 35%. As shown in Figure 

2.25, a linear relationship between the wall shear rate and the wall shear stress was observed, meaning 

that the slurry viscosity can be estimated from the slope of the fitting line. Figure 2.26 presents the relative 

viscosity of hydrate slurry at different hydrate volume fractions. They reported that the viscosity data 
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follows the predictions of the model of Graham and Steele [78], which is a differential effective medium 

theory (DEMT) type model: 

𝜂𝑟𝑒𝑙 = (1 − 𝑉0𝜙𝐻)−2.5 2-35 

𝑉0 = 1 + (
1

𝜙𝑚
− 1) {1 − (

𝜙𝑚 − 𝜙𝐻

𝜙𝑚
)

2

}

0.5

 2-36 

 

Figure 2.24 – Experimental device for estimation of viscosity of TBAB hydrate slurry, reproduced from Darbouret et 
al. [73]. 

 

Figure 2.25 – Relationship between the wall shear rate and the wall shear stress of TBAB hydrate slurry in a circular 
pipe, reproduced from Darbouret et al. [73].  
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Figure 2.26 – Relative viscosity of TBAB hydrate slurry, reproduced from Darbouret et al. [73].  

While Darbouret et al. [73] regarded the hydrate slurry as a Bingham Plastic fluid, Zhang et al. [74] 

reported that TBAB hydrate slurry behaved like a Power-law fluid in their experiment with a rheometer. 

While the reason of this difference has not been clarified, it might result from wall slip in the 

measurements causing an overestimation of the shear rate [44]. Figure 2.27 shows the relationship 

between the shear rate and shear stress of two types of TBAB hydrate slurry, called Type A and Type B in 

their paper having different hydration numbers (26 and 38 respectively). Apparently, the shear stress is 

nearly at 0 Pa when the shear rate approaches 0 s-1, indicating no yield stress. A power-law fluid is 

characterized by its flow behaviour index (n) and fluid consistency (K’): 

𝜏 = 𝐾′�̇�𝑛 2-37 

Figure 2.28 shows the flow behaviour indices and fluid consistencies of Type A and Type B hydrate slurries. 

In both cases, flow behaviour indices are smaller than 1, and they gradually decrease with a rise in the 

solid fractions. This means that both hydrate slurries are shear-thinning. Both fluid consistencies increase 

with a rise in the solid fractions although the increase of Type B was steeper. This difference may be due 

to a difference in morphonology of the hydrate particles, as the appearance of the hydrate crystals of 

Type A and Type B are clearly different (Figure 2.29).  

 

Figure 2.27 – Relationship between shear rate and shear stress of two types of TBAB hydrate slurry, reproduced 
from Zhang et al. [74]. Type A and Type B have different hydration numbers (26 and 38 respectively).  



24 
 

 

Figure 2.28 – Changes in flow behaviour index (n) and fluid consistency (K’) , reproduced from Zhang et al. [74]. The 
authors’ data are indicated by black filled markers. 

 

 

Figure 2.29 - Appearance of two types of TBAB hydrate crystals: (a) Type A and (b) Type B. (Zhang and Ye [79])  

 

Jerbi et al. [75] and Delahaye et al. [77] investigated the flow characteristics of CO2 hydrate with 

flowloops, and both of them observed shear-thinning slurry behaviour. However, there was a difference 

in their conclusions. Jerbi et al. [75] reported the Power-law behaviour of CO2 hydrate while Delahaye et 

al. [77] suggested that the slurry obeyed Herschel-Bulkley fluid. This difference is the result of an absence 

of shear stress data at low shear rates meaning that they were unable to measure any yield stress with 

their data (Figure 2.30). This uncertainty around yield stress is confirmed by Shen et al. [76] which 

investigated the rheology of a methane hydrate slurry. Although they suggested that the slurry was a 

power-law fluid, they did not obtain shear stress data at low shear rates. Considering the yield stress 

observed in oil-dominant systems [31,42–44], further investigation is necessary. 
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Figure 2.30 - Relationship between wall shear rate and wall shear stress of CO2 hydrate, adopted from Jerbi et al. 
[75] and Delahaye et al. [77].  

 

2.4 Pipeline Flow Simulations with a Hydrate Growth Model 

In practical engineering applications, hydrate growth models are generally deployed alongside multiphase 

flow simulation tools, for example, the CSMHyK model integrated within OLGA®. This integration allows 

for hydrate volume fraction profile predictions along a flowline, with a view to determine the location of 

hydrate formation and accumulation in detail [22,80]. As such, understanding the underlying mechanics 

of multiphase pipe flow and simulation tools forms a core aspect of advancing hydrate growth and 

blockage predictions.    

 

2.4.1 Conservation Rules in Flow Simulators 

Pipeline flow simulators are tools to predict the physical properties of flow in a pipe based on fluid 

dynamics [81,82], the fundamental rules of which are the conservation laws of mass, momentum, and 

energy [83]:  

𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝑣) = 0 2-38 

𝜕(𝜌𝑣)

𝜕𝑡
+ ∇ ∙ (𝜌𝑣𝑣) = −∇𝑃 + ∇ ∙ 𝜏 + 𝜌𝑔 sin 𝜃 2-39 

𝜕

𝜕𝑡
{𝐸𝑉𝑆 +

𝜌𝑣2

2
} + ∇ ∙ {𝑣 (𝐻𝑉𝑆 +

𝜌𝑣2

2
+ 𝜌𝑔 sin 𝜃)} = 𝑞 + 𝑤𝑠 + 𝑤𝜏 2-40 

where EVS, HVS, q, ws, and wτ are volume-specific internal energy, enthalpy, heat, shaft work, and shear 

work, respectively. Equations 2-38 and 2-39 are called the continuity equation and Navier-Stokes 

equations, in turn. In general, the unknowns in Equation 2-38 and 2-39 are pressure and velocity, and that 

in Equation 2-40 is temperature. This is because values of other terms, such as ρ and EVS, are usually given 

or calculated with thermodynamics (flash calculations). As Navier-Stokes equation cannot be solved 

explicitly except in very limited cases, iterations with a computer are usually employed to implicitly solve 

the equations.  
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In the case of 1D pipeline flow simulation, a flow simulator divides each flowline into finite control 

volumes, and it repeats solving the coupled equations of the conservation laws bound to each control 

volume either sequentially or simultaneously from one end to the other, for each time step. In general, 

Equation 2-38, 2-39, and 2-40 are transformed as follows [84,85]: 

𝜕

𝜕𝑡
[

𝜌
𝜌𝑣

𝐸𝑉𝑆 + (𝜌𝑣2) 2⁄
] = −

𝜕

𝜕𝐿
[

𝜌𝑣

𝑃 + 𝜌𝑣2

𝑣{𝐻𝑉𝑆 + (𝜌𝑣2) 2⁄ + 𝜌𝑔 sin 𝜃}
] + [

0
𝜏𝑤/𝐿 − 𝜌𝑔 sin 𝜃

𝑞 + 𝑤𝑠 + 𝑤𝜏 

] 2-41 

𝜏𝑤

𝐿
= −

𝜆𝜌

2𝐷
𝑣|𝑣|  2-42 

where λ is Darcy friction factor, which is usually calculated with a function of Reynolds number, e.g. using 

the correlations of Blasius and Colebrook. In the calculations of physical properties, such as density, 

viscosity, and specific heat, a PT flash is often used assuming that each control volume exists at an 

equilibrium condition. The volume-specific heat to/from the outside of a circular pipe is expressed by:  

𝑞 =
(𝜋𝐷𝐿)(𝑇𝑎𝑚𝑏 − 𝑇)𝑈

𝜋𝐷2𝐿
4

=
4𝑈(𝑇𝑎𝑚𝑏 − 𝑇)

𝐷
 2-43 

U is the overall heat transfer coefficient, which is calculated from the thermal conductivities of pipe 

materials and convection coefficients at the pipe walls. For example, when a pipe consists of three layers 

with different thermal conductivities and thicknesses, it can be calculated as follows [86,87]: 

1

𝑈
=

1

ℎ1
+

𝑟1

𝑘1
ln

𝑟2

𝑟1
+

𝑟1

𝑘2
ln

𝑟3

𝑟2
+

𝑟1

𝑘3
ln

𝑟4

𝑟3
+

𝑟1

𝑟4

1

ℎ4
 2-44 

h1 and h2 are the convection coefficients on the inner and outer walls, respectively. k1, k2, and k3 are the 

thermal conductivities of the pipe layers from the innermost layer. r1, r2, r3, and r4 are the radii shown in 

Figure 2.31. Equation 2-44 indicates the importance of the layer with the lowest thermal transmission 

rate, such as an insulator. For instance, if the thermal transmission rate of the first layer is much lower 

than others, it controls conduction through the wall, and the other layers have little effect on the overall 

heat transfer coefficient.   

 

Figure 2.31 - Overall heat transfer in a wall with three layers, adapted from Cengel [86]. 
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2.4.2 Gas-liquid Two Phase Flow 

When gas and liquid phases co-exist in a pipe, the flow behaviour becomes much more complex due to 

differences in the phase properties, e.g. density and viscosity. Gas and liquid are heterogeneously 

distributed in a pipe, where the types of distribution are usually called flow regimes or flow patterns. 

Figure 2.32 shows an example of flow regime classifications for a horizontal pipe, which depends on gas 

and liquid flow rates. Figure 2.33 illustrates an example of flow regime classifications for a vertical pipe. 

In general, the calculation of gas-liquid two-phase flow can be classified using empirical correlations and 

mechanistic models, the main difference between which is the treatment (or not) of the underlying 

physics. However, mechanistic models generally include a few empirical correlations and/or tuning 

parameters because the number of unknowns is larger than that of equations in most cases: this is a 

common problem of multiphase flow models.   

 

Figure 2.32 - An example of classification of flow regimes in a horizontal pipe, adapted from Brennen [88]: (a) 
Sketches of flow regimes, (b) Flow regime map.  

 

Figure 2.33 - An example of classification of flow regimes in a vertical pipe, adapted from Brennen [88]: (a) 
Sketches of flow regimes, (b) Flow regime map.  
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Brill and Mukherjee [82] further categorized the empirical methods into three types. The first type 

does not consider both slip velocity and flow pattern, in which liquid holdup simply corresponds to a ratio 

of superficial liquid velocity to mixture velocity. The second type only consider the slip-velocity: in this 

approach, liquid holdup is calculated with a correlation developed based on experimental data. The third 

type considers both slip velocity and flow regime, which prepares a flow-regime map and correlations for 

the liquid holdup of each flow pattern. For example, the model of Mukherjee and Brill [89] determines 

flow regime, liquid holdup, and pressure gradient with a flow chart and empirical correlations, as shown 

in Figure 2.34.  

 

Figure 2.34 – Details of the empirical model of Mukherjee and Brill [89], adapted from Brill and Mukherjee [82]. (a) 
Flow chart to predict flow regime. ANG means the pipe angle, denoted by θ in equations. NgV, NgVSM, NLV, NLVBS, 

NLVST, and NgVBS are empirical parameters. (b) Correlation for liquid holdup. (c) Correlations for pressure gradient. S 
is wetted perimeter. Darcy friction factor, denoted by λ, is calculated with a Moody diagram.  

In mechanistic models, the fluid dynamics of each phase is considered. In terms of flow regime 

transition, Barnea [90] developed a unified mechanistic model, which covers any pipe angle, based on 

previously reported work [91–100]. As presented in Figure 2.35, different fundamental mechanisms are 

considered in each transition. For example, the transition between stratified and non-stratified is 

explained by Kelvin-Helmholtz instability. While Barnea [90] categorized flow regimes into eight types 
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(Figure 2.35), a simpler classification of flow regime is often used in the oil and gas industries [81,101–

104], consisting of only bubble, slug, annular, and stratified flow. In this simplified map, plug and churn 

flows are regarded as slug flow, and dispersed and wavy flows are assumed to correspond to bubble and 

stratified flows, respectively.  
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Figure 2.35 - Flow chart for flow-regime determination, reproduced from Barnea [90]. DB, AN, SS, and SW mean 
dispersed bubble, annular, smooth stratified, and stratified wavy, respectively. EB, B, SL, and CH mean elongated 

bubble, bubble, slug, and churn, in turn.  
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Once the flow pattern is determined, flow properties are calculated considering the behaviours of 

different phases. Taking the mechanistic model of Ansari et al. [103] for vertical flow as an example, it 

includes three sub-models corresponding to bubble, annular, and slug flow. In bubble flow, only slip-

velocity and distribution of gas bubbles are considered. Mixture density and viscosity weighted by holdup 

are used in the calculation of pressure gradient. In annular flow, there are two regions: liquid film around 

pipe wall, and a gas core with entrained liquid droplets (Figure 2.36a); the pressure gradients of these two 

regions should be balanced: 

−𝐴𝐺𝐶 (
𝑑𝑃

𝑑𝐿
)

𝐺𝐶
= 𝜏𝐼𝑆𝐼 + 𝜌𝐺𝐶𝐴𝐺𝐶𝑔 sin 𝜃 2-45 

−𝐴𝐹 (
𝑑𝑃

𝑑𝐿
)

𝐹
= −𝜏𝐼𝑆𝐼 + 𝜏𝐹𝑆𝐹 + 𝜌𝐹𝐴𝐹𝑔 sin 𝜃 2-46 

where subscripts GC, F, and I denote gas core, liquid film, and the interface between them, respectively. 

The amount of liquid droplets is calculated with a correlation [105], and the thickness of the liquid film 

(δL) is determined from the balance of the pressure gradients. The sub-model for slug flow handles the 

sections of a Taylor bubble and liquid slug, separately (Figure 2.36b). In the Taylor bubble section, a liquid 

phase exists as a falling liquid film around pipe wall while the gas phase is a Taylor bubble moving upward. 

This results in the similar handling of this section to that of annular flow. The liquid slug section is handled 

similarly to a bubble flow.  

 

Figure 2.36 - Schematics of annular flow (left) and slug flow (right), adapted from Ansari et al. [103]. 
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2.4.3 Flow with More than Two Phases 

In actual oil/gas production lines, the number of phases of production fluid is usually more than two 

because water and/or solid phases are often included. For this reason, when the hydrate growth is 

calculated in a flow simulator, it requires consideration of at least four phases: gas, liquid hydrocarbon 

(oil or condensate), water, and hydrate (solid). In this case, the continuity equation and Navier-Stokes 

equation in Equation 2-41 may be further expanded considering the multiple phases and their 

heterogeneous distributions [81,85]:  

𝜕(𝜙𝑖𝜌𝑖)

𝜕𝑡
= −

𝜕(𝜙𝑖𝜌𝑖𝑣𝑖)

𝜕𝐿
+ ∑ 𝜓𝑗𝑖

𝑗

 2-47 

𝜕(𝜙𝑖𝜌𝑖𝑣𝑖)

𝜕𝑡
= −

𝜕(𝜙𝑖𝜌𝑖𝑣𝑖
2)

𝜕𝐿
−

𝜕(𝜙𝑖𝑃)

𝜕𝐿
−

𝜏𝑤,𝑖

𝐿
− 𝜙𝑖𝜌𝑖𝑔 sin 𝜃 + ∑ (𝜓𝑗𝑖𝑣𝑗𝑖 −

𝜏𝐼,𝑗𝑖

𝐿
)

𝑗

 2-48 

𝑣𝑗𝑖 = {

0 𝑗 = 𝑖
𝑣𝑗 𝜓𝑗𝑖 ≥ 0

𝑣𝑖 𝜓𝑗𝑖 < 0
 2-49 

where ψji and FD,ji are a mass transfer rate and drag force per unit volume from jth mass field to ith mass 

field, respectively (ψii = FD,ii = 0). As mentioned in the previous section, some correlations/tuning 

parameters are necessary to solve these equations. It should be noted that the mass fields do not mean 

different phases. For instance, there are three mass fields in gas-liquid two phase annular flow: gas core, 

liquid droplets, and liquid film.  

Hydrate formation and dissociation change the fractions of phases, the internal energy, and the 

viscosity of a hydrate slurry. Therefore, a flow simulator integrated with a hydrate growth model should 

consider the mass transfer rate between mass fields (ψji in Equation 2-47 and 2-48), the change in internal 

energy and enthalpy (EVS and HVS in Equation 2-41), and the increase in the pressure drop (the third term 

of right-hand side in Equation 2-48) due to hydrate growth. In addition, if the deposition of hydrate is 

considered, the hydrate phase is divided into mobile and immobile hydrate. As reviewed in Section 2.2 

and 2.3, models for the gas-water interfacial area, the rheology of hydrate slurries, and immobile hydrate 

(bedding) have not been well developed, and this makes flow simulation studies difficult. Furthermore, in 

liquid-dominant systems including both oil and water, the continuous liquid phase depends on the water 

cut (Figure 2.37). When the water cut exceeds the inversion point, the liquid phases change from a water-

in-oil emulsion to oil-in-water emulsion [106].  
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Figure 2.37 - Illustration of phase distributions in (a) pipe cross section with oil-dominated systems, and (b) pipe 
cross section with water-dominated systems. (Wang et al. [107]) 

Figure 2.38 shows the steps of the calculation by CSMHyK, integrated into OLGA®. First, the model 

calculates the formation/dissociation rate and updates the mass balance of phases. Next, the hydrate 

particle size is estimated including a consideration of agglomeration, and then the effective viscosity of 

hydrate slurry is determined, which is now used in the momentum balance calculation within OLGA®. 

Finally, PVT properties are calculated, which are required for the mass, momentum, and energy balances.  

 
Figure 2.38 - Integration of the transient hydrate simulation models into a commercial multiphase flow simulator. 

(Wang et al. [107]) 

 

2.5 Knowledge Gaps and Key Challenges 

Several key knowledge gaps have thus far emerged in terms of understanding hydrate blockages in water-

dominant systems. In terms of hydrate growth, the mass transfer limited model of Skovborg and 

Rasmussen [51] is relatively simple and regarded as the most approachable mathematical treatment in 

Sloan and Koh [1]. However, uncertainty surrounding calculation of the gas-water interfacial area remains, 

and it was not directly measured in experimental studies [51,53,57–59]. This thesis will demonstrate 

measurement of the gas-water interfacial area and the hydrate growth rate with a flowloop, and 

introduce a new mass transfer limited model for improved growth rate predictions (Chapter 4). In 

particular, the gas-water interfacial area was directly estimated from video images captured by an in-line 

video camera. Additionally, the bubble sizes in NaCl solution with different concentrations were observed 

with the same flowloop (Chapter 5).  

The hydrate growth model developed in this work was integrated with an in-house flow simulator, 

named HyFAST, and a series of flow simulations with respect to an actual flowline of gas hydrate 

production were conducted (Chapter 6) to discuss the gaps between laboratory experiments and actual 

gas hydrate production. In addition, a transient simulation with a commercial flow simulator (OLGA®) was 

carried out to determine the viability of introducing these new mechanics to field scale simulation 

(Chapter 7).  

With respect to the rheology of hydrate slurries in water-dominant systems, an increase in the 

hydrate volume fraction leads to a reduction of the hydrate slurry’s flowability, but at least three models 
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(Bingham Plastic, Power-law, and Herschel-Bulkley) were used in experimental studies [73–77], indicating 

uncertainties in yield stress and shear-thinning behaviour. In theory, the behaviour of a hydrate slurry is 

connected to the size and shape of its constituent hydrate particles, and these should be affected by 

agglomeration arising from interparticle forces. However, only a few studies investigated them, and there 

is little knowledge of the interparticle force. Furthermore, there are unknowns in behaviour of hydrate 

slurries when the shear rate approaches zero. Considering the yield stress observed in oil-dominant 

systems [31,42–44], the sol-gel transition associated with hydrate agglomeration may occur at the 

beginning of shut-in operations in water-dominant systems. If the transition occurs, then hydrate slurries 

during shut-in and restart operations should be handled like solids. After shut-in is initiated, the shear rate 

will decrease from a steady state condition toward zero over the course of hours to days, during which 

the slurry state will transition to a stationary bed via a moving bed, and this is accelerated by positive 

feedback between a decrease in the shear rate and increased slurry viscosity from hydrate agglomeration. 

For these reasons, the rheology of hydrate slurry and the behaviour of hydrate particles were thoroughly 

investigated, which can be divided into three topics: (i) measurement of the infinite viscosity (Chapter 4), 

(ii) measurement of the critical stress required for flow restart after shut-in (Chapter 8), and (iii) 

investigation of the behaviour of hydrate particles when flow is stopped or slowed (Chapter 9).  
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3 Hydrate Aggregation (Flow)Loop  

All experiments were conducted using the same flowloop: the “Hydrate Aggregation Loop” (HAL). While 

the loop is maintained and operated by Oilfield Technologies Pty. Ltd. (OT), the candidate developed all 

experimental procedures, consulting with OT as needed.  

 

3.1 Schematic and Description 

A schematic of the flowloop is shown in Figure 3.1. This 16.7 m long apparatus is driven by a circulation 

pump and instrumented with: a Coriolis flow meter, temperature and pressure gauges, two differential 

pressure (dP) transducers and an in-line video camera. The equipment installed to the flowloop is 

tabulated in Table 3.1. The pipe diameter from the circulation pump to the flow meter was 7.75 mm for 

some initial experiments (with volume 1190 ml), later upgraded to 10.21 mm (with volume 1725 ml) in 

line with the rest of the loop. The pipeline is constructed from stainless-steel (SS316). A 12 m section of 

the flowline is immersed in a temperature-controlled water bath while the rest is temperature controlled 

using a cooling jacket. Two syringe pumps are connected to the flowloop to inject gas and water: the 

water injection pump can also be used for extraction. The overall system pressure is regulated by gas 

injection, where injection/extraction rates are continuously monitored. Pressure differential 

measurements are conducted on a straight, horizontal 1.35 m pipe run; the dP transducer itself is affixed 

to a 0.85 m length of pipe. This measurement is necessary for estimation hydrate slurry viscosities and 

the critical stress for flow restart, details of which are explained in Chapters 4 and 8, respectively. The 

pressure, temperature and flow data are recorded at 3 second intervals using LabVIEW. 

One issue of ongoing investigation is a small volume of gas that may become stuck within the 

flowloop, causing a difference in the gas volume fraction in the flowloop and in flowlines. The volume of 

this stuck gas is less than 15 ml in most measurements (≈ 0.9 vol% of the flowloop volume): it changes 

with flow rate and may be affected by liquid properties, such as viscosity. For this reason, the volume of 

gas in flow was generally estimated from images obtained by the in-line video camera. 

 

Figure 3.1 – Schematic of Hydrate Aggregation Loop.  
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Table 3.1 – Equipment of Hydrate Aggregation Loop. 

 Provider Product Code 

Pressure gauge(1) Dwyer 626-17-GH-P1-E4-S5 

Temperature gauge(2) Measurement Specialties 44007 (NTC Thermistor) 
Temperature gauge (water bath) RS Pro RAA-S4B-3.0-100-NP-1.0-C5-T 
ΔP gauge (long section) Yokogawa EJA 110A - S1 serial 91k944111 037 - Span L 

ΔP gauge (short section) Mercoid 3100D-2-FM-1-1-LCD 

ΔP gauge (pump) Rosemount 3051CD4 A03A1BI7H3L4P1Q8 

Flow meter(3) MicroMotion  CMFS025P (Elite CMFS series Coriolis meter) 
In-line video camera J.M. Canty (PROCESS CAMERAS) 
Circulation pump Micropumps  GN-G35 (Magnetic Drive Gear Pump) 
Syringe pump Chandler Engineering QX-6000 (Quizix QX Series) 

(1) Full scale accuracy: 0.86 bar 
      Accuracy in an in-house calibration (with AMETEK nVision): 0.03 bar (in 0.07-97.85 bar at room temperature)  
(2) Accuracy: ±0.2°C 
(3) Accuracy (liquid flow): ±0.1% of rate 
      Temperature effect: ±0.0001% of maximum rate per °C 
      Inner tubes: 0.25 inch ID x 2 

 

3.2 Key Equipment 

3.2.1 In-line Video Camera 

A key feature of the flow loop is the in-line video camera. It captures high-quality images, the pixel density 

of which is 0.174 pixel/μm (≈ 5.74 μm/pixel). The frame rate of the image capture is usually set to 4 

images/second. Figure 3.2 shows the geometry inside the camera. The width, height, and depth of the 

observation region are set to 6999 μm, 9293 μm, and 2000 μm, respectively. A light is installed behind the 

observation region, providing a flash for the camera. Use of a telecentric lens ensures that the 

bubble/particle size in the video images is independent of the distance from the camera. Figure 3.3 shows 

the images obtained when checking the pixel density using variable thickness spacers.  

The in-line video camera provided images of the hydrate growth in bubbly flow and hydrate particles 

in slurries. While the flow condition during the hydrate growth was turbulent below 10 vol% of hydrate, 

the slurry may have accessed a transition region towards laminar flow above 10 vol%, due to the increased 

volume of hydrate solids suspended in the liquid phase. More details are explained in Section 4.3.3. 

Furthermore, quantitative information on bubbles and hydrate particles, such as their size and number, 

were also obtained with image processing, although the resolution (pixel density) was insufficient to 

detect small bubbles (< 150 μm) and fine hydrate particles for discussion of the size distributions. As the 

observation region is small, it was difficult to observe large bubbles, such as bubbles in slug flow. 

Therefore, the gas volume was kept enough low to maintain bubble flow in all the experiments. Details 

are described in each analysis (Chapter 4, 5, 8, and 9). 
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Figure 3.2 – Typical in-line camera image, with a rectangular cross-section. Width, height and depth of the 
observation region are 9293 μm, 6999 μm, and 2000 μm, respectively. 

 

 

Figure 3.3 – Images taken in a calibration to determine the depth of the observation region with spacers having a 
different thickness. (a) Images of calibration grid, provided by the manufacturer, at the different distance from the 

camera. Orange rectangles in the images indicate a 2000 μm x 2000 μm square. (b) Configurations of the in-line 
camera in the calibration. 

 

3.2.2 Differential Pressure Gauges 

Another key feature is the long horizontal section with dP gauges, which enables estimates of the viscosity 

and the critical stress for flow restart of hydrate slurry. Details of the critical stress measurement is 

explained in Section 8.1. In the experimental analysis, data obtained from the dP gauge installed on the 

0.85 m section was used. This is because the measurements of dP at the 0.15 m section were higher than 

the estimation with Darcy-Weisbach equation and Blasius correlation:  
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Δ𝑃

𝐿
= 𝜆

𝜌𝑣2

2𝐷
= (0.316𝑅𝑒−0.25)

𝜌𝑣2

2𝐷
  3-1 

Figure 3.4 shows an example result from a calibration run with pure water in which the pressure and 

temperature were 51.6 bar and 19.0°C, respectively. The measured pressure differential of the short 

section deviated higher than the expected theoretical value during turbulent flow, while the longer 

measurement closely matched theory. In this estimation, density and viscosity of water were calculated 

with MultiflashTM (CPA-Infochem model) [108]. The ratio of a measurement in the shorter section to the 

theoretical value gradually increased with flow rate from 1.17 at 0.51 m/s to 1.32 at 1.81 m/s, which 

implies that the gap is not simply related to the length of the measurement section or some geometric 

factors converted to an equivalent length, per the form of Equation 3-1. This trend was observed in other 

calibration runs at a similar temperature (20.7°C) and lower temperatures (3.3°C and 3.1°C) (Figure 3.5). 

The gap may be caused by a sudden decrease in flow area at the entrance of the in-line camera (Figure 

3.2). The decrease could affect the shape of the velocity profile as shown in Figure 3.6, leading to an 

increase in dP. In simulation studies of flow through an orifice flow meter  [109,110], the orifice appears 

to affect the upstream side to some degree though these studies focus on the downstream side.  

 

Figure 3.4 - Comparison of measurements of dP gauges to calculations with (a) Darcy-Weisbach and Blasius 
Correlation and (b) Hagen-poiseuille equation. 

 
Figure 3.5 – Calibration runs for dP gauges (a) at higher temperatures and (b) at lower temperatures. The first data 

in (a) is the data shown in Figure 3.4. 



39 
 

 

Figure 3.6 – Possible reason of the higher dP at the short section. The velocity profile in the short section might be 
different to normal due to a sudden decrease in flow area in the in-line camera. 

The uncertainties of dP measurement in the longer section (ug) estimated from the data in Figure 3.5 

were 35.5 Pa/m at higher temperatures and 11.8 Pa/m at lower temperatures. These were estimated 

from the range of the difference in dP measurements between two repeated calibration runs (ΔPdiff,range) 

by assuming rectangular distributions, but an effect of static pressure (ΔPeffectP) was also considered: 

𝑢𝑔 = √(
∆𝑃𝑑𝑖𝑓𝑓,𝑟𝑎𝑛𝑔𝑒 2⁄

√3
)

2

+ (
∆𝑃𝑒𝑓𝑓𝑒𝑐𝑡𝑃 2⁄

√3
)

2

  3-2 

In the calculation of ΔPdiff,range, the data were linearly interpolated between data points as the velocities 

at measurement points were different between two calibration runs. ΔPeffectP is calculated from the effect 

of static pressure (11.9 Pa per 34 bar), described in the specification of the gauge [111], and the range of 

operation pressure during the measurements of dP (≈ 35-50 bar). 

 

3.2.3 Circulation Pump 

The circulation pump, which is a gear pump, may affect hydrate slurries. As slurries are transported by 

gears in the pump (Figure 3.7), hydrate particles larger than the gaps between gear teeth must be broken. 

While the gaps between the tops of teeth are approximately 10 mm, the gaps on root are less than 2 mm. 

Meanwhile, the effect of the turbulent flow may not be significant because the energy dissipation rate in 

the gear pump may be much lower than in pipe sections. In the experiments of Ertürk et al. [112] with oil, 

the normalized energy dissipation rate in a suction chamber of a gear pump did not exceed 0.5 at 1.4 m/s 

of tip velocity, which is faster than ours (≈ 1.1 m/s of tip velocity in 1.3-1.5 m/s of flow rate). The 

normalized energy dissipation rate (ε*) is defined with the number of rotations per second (N) and gear 

diameter (D): 

𝜖∗ =
𝜖

𝑁3𝐷2
  3-3 

The energy dissipation rate (ε) was estimated with Particle Image Velocimetry technique, in which 

averages and fluctuations of the local velocities are obtained from the motion of fine solid particles 

dispersed in liquid phase in video images (Figure 3.8). Given that ε* is 0.5 in our system, the energy 

dissipation rate inside our gear pump becomes about 0.71 m2/s3 (N = 11.67 Hz, D = 30 mm), and this value 

is much lower than the average energy dissipation rate (𝜖)̅ in pipe sections (≈ 3.5-5.3 m2/s3 in 1.3-1.5 m/s 

of flow rate), calculated with a correlation presented in Hesketh et al. [55]: 
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𝜖̅ =
2(0.079𝑅𝑒−0.25)𝑣3

𝐷
  3-4 

Although water was used in our experiments, this does not represent a barrier to our discussion because 

pumping more viscous liquid (oil) requires more energy input in general, which should balance the energy 

dissipation at steady conditions. 

 

Figure 3.7 – Gears in the circulation pump. The gear diameter is 30 mm, and the number of teeth is nine. 
 

 

Figure 3.8 – Figures reproduced from Ertürk et al. [112]. Experimental set-up (left), an example of video images 
(center), and a contour of the normalized turbulent energy dissipation (right). The diameter of gears is 53.6 mm. 

 

3.3 Calculating Hydrate Formation Rate 

The hydrate formation rate was calculated from pressure, temperature, and the injection/withdrawal 

rates of gas and water under the following two assumptions: (i) thermodynamic equilibrium with respect 

to the bulk water (water phase + hydrate phase); and (ii) a dry gas phase (Figure 3.9). 

The total number of moles of methane enclathrated in hydrate at any point in time is a function of 

the formation rate (ṅCH4,H): 

𝑛𝐶𝐻4,𝐻(𝑡 + ∆𝑡) = 𝑛𝐶𝐻4,𝐻(𝑡) + �̇�𝐶𝐻4,𝐻(𝑡) ∙ Δ𝑡 3-5 

where t is time, nCH4,H is the number of moles of methane in the hydrate phase. nCH4,H is calculated using 

a three phase (gas-water-hydrate) P-T flash calculation where gas is the limiting reagent. As such, only the 
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water and hydrate phases are stable at thermodynamic equilibrium: supersaturated dissolved methane 

in the bulk water phase (nCH4,bulk) is completely converted to hydrate, where the dissolution calculation is 

explained below. This flash was computed using the Cubic-Plus-Association model (CPA-Infochem model 

+ Hydrate) included in MultiflashTM 6.2 [108], with a hydrate phase enabled.  

Pressure and temperature were continuously measured during the experiment, allowing us to 

compute gas conversion to hydrate as a function of time. As these are water dominant systems, we can 

assume that all water exists in the water phase itself, that is: 

𝑛𝐻2𝑂,𝑏𝑢𝑙𝑘 = 𝑛𝐻2𝑂,𝑙𝑜𝑜𝑝 3-6 

where nH2O,loop is the number of moles of water in the flowloop, which we compute from the measured 

injection/extraction rates of water. The rate at which methane dissolves into the water phase is limited 

by mass transfer, where nCH4,bulk is calculated by considering the mass transfer of methane: 

𝑛𝐶𝐻4,𝑏𝑢𝑙𝑘(𝑡 + ∆𝑡) = 𝑛𝐶𝐻4,𝑏𝑢𝑙𝑘(𝑡) + �̇�𝐶𝐻4,𝑡𝑟𝑎𝑛𝑠(𝑡) ∙ Δ𝑡 3-7 

𝑛𝐶𝐻4,𝑏𝑢𝑙𝑘 = 𝑛𝐶𝐻4,𝑙𝑜𝑜𝑝 − 𝑛𝐶𝐻4,𝐺 3-8 

where ṅCH4,trans is the mass transfer rate of methane from gas phase to the bulk water phase, nCH4,loop and 

nCH4,G are the number of moles of methane in the flowloop and gas phase, respectively. The unknowns in 

Equation 3-7 are nCH4,bulk(t+∆t) and ṅCH4,trans(t). The latter can be solved for, where the number of moles 

of gas may be computed from a combination P-T data in conjunction with injection and extraction rates. 

That is:  

𝑛𝐶𝐻4,𝐺(𝑡 + ∆𝑡) = 𝑛𝐶𝐻4,𝐺(𝑡) + {�̇�𝐶𝐻4,𝑖𝑛𝑗(𝑡) − �̇�𝐶𝐻4,𝑡𝑟𝑎𝑛𝑠(𝑡)}Δ𝑡 3-9 

𝑛𝐶𝐻4,𝐺(𝑡 + ∆𝑡) =
𝑃(𝑡 + ∆𝑡)𝑉𝐺(𝑡 + ∆𝑡)

𝑅𝑇(𝑡 + ∆𝑡)𝑍(𝑡 + ∆𝑡)
=

𝑃(𝑡 + ∆𝑡){𝑉𝑙𝑜𝑜𝑝 − 𝑉𝑏𝑢𝑙𝑘(𝑡 + ∆𝑡)}

𝑅𝑇(𝑡 + ∆𝑡)𝑍(𝑡 + ∆𝑡)
 3-10 

where ṅCH4,inj is the gas injection rate. P, VG, R, T and Z are pressure, volume of gas phase, the universal 

gas constant, temperature, and compressibility factor, respectively. Vbulk(t+∆t) is the volume of the bulk 

water phase at t+∆t, which is computed from P(t+∆t), T(t+∆t), nCH4,bulk(t+∆t) and nH2O,bulk(t+∆t) via a P-T 

flash with the CPA-Infochem model and the hydrate model of MultiflashTM 6.2 [108]. Z(t+∆t) is also 

calculated during the P-T flash using the CPA-Infochem equation of state. As nH2O,bulk(t+∆t) equals 

nH2O,loop(t+∆t) (Equation 3-6), we can substitute Equation 3-10 into Equation 3-9, leaving nCH4,G(t), and 

ṅCH4,trans(t) to be computed. Then, nCH4,bulk(t+∆t) is determined from Equation 3-7. 

Ultimately, the hydrate volume fraction (ϕH) can be calculated once nCH4,H is determined, which 

follows from the amount of gas solubilized in the aqueous phase: 

𝜙𝐻 =
𝑉𝐻

𝑉𝑏𝑢𝑙𝑘
=

1

𝑉𝑏𝑢𝑙𝑘

𝑛𝐶𝐻4,𝐻 + 𝑛𝐻2O,𝐻

𝜌𝐻 
 3-11 

where VH and ρH are volume and density of hydrate phase. VH is calculated in the flash calculation for 

Vbulk(t+∆t). nH2O,H is the number of moles of water in the hydrate phase. The hydrate volume fraction 
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calculation at each time accounts for methane dissolution into the water phase as part of the P-T flash, 

where the algorithm returns the mole fraction of methane in water as a function of P and T. 

 

Figure 3.9 – Assumptions for calculation of the hydrate formation rate. G, W and H mean gas, water, and hydrate 
phases, respectively 
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4 Hydrate Growth Rate and the Viscosity of Hydrate Slurries in Water-

Dominant Turbulent Flow 

The hydrate growth rate and the hydrate slurry viscosity in pure water systems were investigated with 

flowloop experiments. A holistic view of hydrate growth in water-dominated turbulent bubble flow is 

presented here, which includes an improved mass transfer limited model of the hydrate growth rate. The 

in-line video camera on the HAL loop enabled a reliable model validation, providing quantitative data on 

the gas-water interfacial area. The hydrate slurry viscosity was calculated from experimental 

measurements of differential pressure and flow rate. The obtained viscosity data was compared with an 

existing literature model, which provides a quantitative estimate of hydrate slurry viscosification in terms 

of the intrinsic viscosity and particle agglomeration. 

The improvements to the hydrate growth model include three fundamental components: i) the total 

interfacial area of the gas bubbles; ii) the mass transfer coefficient at the gas-water interface and; iii) the 

change in the viscosity and diffusion coefficient due to increases in the hydrate volume fraction. The total 

interfacial area was directly estimated from the high-quality video data obtained by the in-line camera 

with image processing. For the mass transfer coefficient, The small eddy cell model proposed by Lamont 

and Scott [113] was employed, which considers the effect of eddies in a turbulent flow in a circular pipe. 

The influence of formed hydrate particles on the mass transfer coefficient was computed based on 

changes in the viscosity and diffusion coefficient. The improved model was validated against flowloop 

data, comparing the hydrate growth rates predicted by the model and obtained in experiments.  

 

4.1 Flowloop Experiments 

4.1.1 Experimental Procedure 

Before commencing any experiment, the flowloop, shown in Figure 3.1, is purged with air to remove any 

water or other impurities. It is then fully filled with water and pressurized to 100 bar, after which 25-40 

ml water is displaced with methane. At this point, the flowloop is maintained outside the hydrate 

equilibrium region at 16˚C and 100 bar [108]; the circulation pump is then turned on, causing limited 

dissolution of methane in water, and a slight drop in pressure. Once the pressure stabilizes, a small volume 

of gas is injected to boost the pressure back up to 100 bar for the beginning of the experiment proper, 

which is performed in two steps: i) temperature reduction to a target value and; ii) cycled gas injection to 

promote hydrate formation.  

First, the temperature is reduced from 16°C to 3°C at a rate of 3°C/h while fluid is continuously 

circulated through the pump, with no additional injection of gas or water. The flowloop enters the hydrate 

stability zone at approximately 13°C and 100 bar [108], causing hydrate to nucleate and grow; at the 

setpoint temperature of 3°C, the hydrate equilibrium pressure is approximately 35.6 bar [108]. After this 

process, differential pressure measurements at varying flow velocities enable estimation of the viscosity 

of the hydrate slurry (see Section 4.1.2).  

Following this, gas is injected cyclically into the flowloop at a rate of 1.25-5 ml/min; this allows for 

further hydrate growth up to a volume fraction of 20%, where gas injection is halted to perform 

measurements at a steady state condition. As previously, dP measurements enable an estimate of 

viscosity after each gas injection, linking the viscosity directly to a known hydrate volume fraction. The 
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hydrate volume fraction is calculated from pressure, temperature, and injection/withdrawal rates of 

methane and water per the method explained in Section 3.3. 

To maintain a gas space during low void fraction experiments, small volumes of water were 

periodically extracted from the flowloop: as the molar volume of methane hydrate is slightly higher than 

that of water [1], the volume of the bulk liquid phase (water + hydrate) gradually increases with hydrate 

formation. As the connection to the water extraction line is located at bottom side of the pipe, buoyancy 

effects should prevent hydrate removal. The methane dissolved in the extracted water was ignored 

because its amount was less than 0.3 mol% of the total amount of methane in the flowloop throughout 

the experiment. This is an important factor in our studies as the void ratio – estimated by the in-line 

camera – was generally 0-3 vol%. In the literature, this is generally ignored [49,51,53] as the effect 

becomes insignificant at high gas volume fractions. 

 

4.1.2 Estimating Hydrate Slurry Viscosity 

The hydrate slurry’s viscosity was calculated from dP and velocity measurements by using the method 

proposed by Darbouret et al. [73] which is based on the use of a capillary (Ostwald) viscometer. In this 

method, the viscosity is analytically calculated under the following three assumptions: i) the flow regime 

is laminar; ii) the hydrate slurry behaves as a Bingham fluid; iii) the wall shear stress is high compared to 

yield stress. Assumption (ii) implicitly means that the viscosity at the low shear rates, at which slurry 

exhibits shear-thinning behaviour, is not handled in this method. The other assumption is the 

homogenous distribution of phases (gas + hydrate) in water, which is usually implicitly employed in the 

measurements of hydrate slurry viscosity in laminar conditions. While the hydrate particles looked to be 

well distributed in images, it was not difficult to quantitatively investigate the distribution of hydrate 

particles. Regarding gas bubbles, their effect should be small because of the low gas volume fractions. It 

should be also noted that the slurry viscosity may become lower in turbulent than in laminar conditions 

(our measurements) as the hydrate particle size (or the effective volume of hydrate) may be reduced by 

the turbulent eddies. 

The starting point of this method is the Buckingham-Reiner equation, which is an exact description 

for laminar flow of a Bingham plastic fluid in a circular pipe [114]: 

𝑄 =
𝜋𝐷3𝜏𝑤
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where Q, D and η are a volumetric flowrate, a pipe diameter and viscosity, respectively. τw and τy are wall 

shear stress and yield stress, in turn. By assumption (iii), the third term of the right-hand side may be 

ignored: 

𝑄 =
𝜋𝐷3𝜏𝑤
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Subsequently, Equation 4-2 is transformed for use in this formalism: 
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where ū and �̇�𝑤 are mean velocity (ū = 4Q / πD2) and wall shear rate. As the term 8ū/D corresponds to 

wall shear rate in the case of Bingham fluid, Equation 4-3 means that wall shear stress can be expressed 

by a linear function of wall shear rate. Furthermore, τw can be expressed in terms of dP, D and a pipe 

length (L) from the force balance at the wall. 

𝜏𝑤 =
𝐷

4

Δ𝑃

𝐿
  4-4 

Therefore, the hydrate slurry viscosity can be computed from a plot of (8ū/D) and (DΔP/4L), where the 

slope and intercept of a linear fit correspond to η and 4τy /3. In this work, this analysis was limited to the 

laminar region, excluding data from the laminar to turbulent transition, where the transition point was 

confirmed by the slope change visible in Figure 4.1. Here we can see a clear trend where the wall shear 

stress increases monotonically with hydrate volume fraction. 

 

Figure 4.1 – Wall shear rate and wall shear stress at different hydrate volume fractions from Experiment 5. Dotted 
lines are linear least squares fits. Unfilled markers are data points outside of the laminar region. 

 

4.1.3 Estimating the Surface Area of Bubbles Available for Hydrate Formation 

There has been significant uncertainty in surface area estimates for hydrate formation, in particular where 

the degree and character of dispersed phases are highly dependent upon subtle changes in the chemical 

composition of the system. This work is conducted with a pure gas-water system, where the volume and 

surface area of bubbles were estimated directly from video images taken by the in-line camera, alleviating 

the uncertainty associated with choosing a particular model to calculate the surface area. In our case, 

video images are first processed to discover bubble interfaces using a threshold algorithm provided by 

the manufacturer. Major and minor axes of each bubble are then determined (Figure 4.2), which yields 

effective bubble diameters; the apparatus employs a telecentric lens, as such, the computed diameter is 

independent of the bubble’s distance from the camera. As the depth of the observable region (Ldepth) is 

only 2 mm (Figure 3.2), the analysis for bubbles of a greater diameter is limited; this accounts for an 

insignificant fraction of the total bubble population. When processing the data, the distance in the depth 

direction of a bubble is set to Ldepth if the minor axis is larger than Ldepth. At smaller scales, a minimum 

bubble diameter threshold (dmin) was required to avoid false positives from fine hydrate particles, where 
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the choice of dmin is discussed further in the results section. Ultimately, the bubble diameter (db) was 

computed as follows: 

𝑑𝑏 = {

0, (𝑎𝑏2)1 3⁄ < 𝑑𝑚𝑖𝑛

(𝑎𝑏2)1/3, 𝑏 < 𝐿𝑑𝑒𝑝𝑡ℎ

(𝑎𝑏𝐿𝑑𝑒𝑝𝑡ℎ)
1/3

, 𝑏 ≥ 𝐿𝑑𝑒𝑝𝑡ℎ

  4-5 

where a and b are a major and minor axes of each bubble, respectively. The gas volume in the observation 

region is calculated by integrating the volume of each bubble, allowing us to estimate the total volume of 

gas flowing in the loop (VG,flow): 

𝑉𝐺,𝑓𝑙𝑜𝑤 =
𝑉𝑙𝑜𝑜𝑝

𝑉𝑣𝑖𝑑𝑒𝑜
∑

𝜋

6
𝑑𝑏𝑖

3

𝑁𝑏

𝑖=1

 4-6 

where Nb is the number of bubbles, and Vvideo is the volume of the region observed by the in-line camera. 

SMD and the interfacial area of the bubbles also can be estimated: 

𝑑32 =
∑ 𝑑𝑏𝑖

3𝑁𝑏
𝑖=1

∑ 𝑑𝑏𝑖
2𝑁𝑏

𝑖=1

  4-7 

𝐴𝐺−𝑊 =
6𝑉𝐺,𝑓𝑙𝑜𝑤

𝑑32
 4-8 

where d32 is the SMD, and AG-W is the interfacial area between gas and water. In this study, 2-minute-

averaged (480-frame-averaged) data were used for VG,flow, Ag-l and d32 to minimize the influence of 

fluctuations in the number of bubbles included in each video image. The relation between the fluctuation 

and the number of video frames is provided in Appendix A. The fluctuations are most likely due to the 

small observation region, rather than incompletely developed flow. The horizontal section before the in-

line camera is much longer than the entrance length (30D-50D ≈ 0.3-0.5 m) [88] by which time the bubbly 

flow regime should be fully established.  It should be noted that there was a small difference between the 

volume of gas in flow (VG,flow in Equation 4-6) and the total gas volume in the flowloop (VG in Equation 

3-10) because of a small volume of gas stuck in dead space within the flowloop: this was less than 1 vol% 

of the flowloop volume. 
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Figure 4.2 – Detection of gas bubbles using the manufacturer’s image processing software (CantyVisionClient). 

 

4.2 Modelling 

A model to predict the hydrate formation rate was developed based on the mass transfer limited model 

of Skovborg and Rasmussen [51]; here, the rate at which methane is converted to hydrate is described 

using simple film theory: 

𝑑𝑛𝐶𝐻4,𝐻

𝑑𝑡
= 𝑘𝐿𝐴𝐺−W(𝐶𝐶𝐻4

𝑊−𝐺 − 𝐶𝐶𝐻4
𝑊−𝐻) 4-9 

where kL is the mass transfer coefficient, CW-G
CH4 is the methane concentration at the gas-water interface 

in equilibrium with the gas phase, CW-H
CH4 is the concentration of methane in the bulk water phase in 

equilibrium with the hydrate phase. Per the discussion above, the interfacial area (AG-W) was estimated 

from video images (Equation 4-6 – 4-8). MultiflashTM 6.2 (hydrate + CPA-Infochem) [108] was used to 

estimate the concentration gradient terms. 

 

4.2.1 Modelling the Hydrate Growth Rate 

The mass transfer coefficient was estimated using the small eddy cell model proposed by Lamont and 

Scott [113] which was developed based on the surface renewal model of Danckwerts [115]. The eddy cell 

model connects the surface renewal rate to the energy dissipation rate. This assumes that isotropic small 

turbulent eddies in the liquid phase adjacent to the gas-water interface control the mass transfer rate of 

gases into the water phase. The model has two separate forms for mobile and immobile gas-water 

interfaces: 

𝑘𝐿 = 0.4(𝜖𝜈𝑠𝑙𝑢𝑟𝑟𝑦)
0.25

(
𝐷𝐺−W

𝜈𝑠𝑙𝑢𝑟𝑟𝑦
)

1 2⁄

          [mobile interface] 4-10a 

𝑘𝐿 = 0.4(𝜖𝜈𝑠𝑙𝑢𝑟𝑟𝑦)
0.25

(
𝐷𝐺−W

𝜈𝑠𝑙𝑢𝑟𝑟𝑦
)

2 3⁄

      [immobile interface] 4-10b 
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휀 = 0.16𝑅𝑒2.75
𝜈𝑠𝑙𝑢𝑟𝑟𝑦

3

𝐷4
 4-11 

where ϵ, νslurry, and DG-W are the energy dissipation rate per unit mass, the kinematic viscosity of hydrate 

slurry and the diffusivity coefficient of methane in the slurry, respectively, and Re is the Reynolds number. 

The viscosity of the hydrate slurry is calculated with the model explained in Section 4.2.2 and feeds directly 

into this calculation: the formation model accounts for incremental changes in slurry properties beyond 

what has been previously reported. The influence of hydrate particles on DG-W is considered in terms of 

tortuosity [116,117]: 

𝐷𝐺−W =
1

𝑥𝑇
2

𝐷𝐺−W,𝐻2𝑂 4-12 

where xT and DG-W,H2O are the tortuosity and diffusivity coefficients of methane in water. The tortuosity is 

calculated as a logarithmic function of porosity, which is a commonly used model: 

𝑥𝑇
2 = 1 − 𝑐𝑇 ln(1 − 𝜙𝐻) = 1 − 𝑐𝑇 ln(1 − (1 − 𝜙𝑃)) = 1 − 𝑐𝑇 ln(𝜙𝑃) 4-13 

where ϕP and cT are porosity and an adjustable parameter, the latter depends on the aspect ratio of the 

particles. There are few studies on cT for systems filled with irregular particles, such as the hydrate 

particles of import to this work; in this study, cT is set to 1.6, this value was recommended by Pech [118] 

for wood chips. For DG-W,H2O, the modified Stokes-Einstein equation [119] was used: 

𝐷𝐺−W,𝐻2𝑂 =
𝑘𝐵𝑇

𝑁𝑆𝐸,𝐶𝐻4𝜋𝑟𝑤,𝐶𝐻4𝜂𝐻2𝑂
 4-14 

where kB is Boltzmann constant, NSE,CH4 are rw,CH4 are Stokes-Einstein number and a van der Waals radius 

of methane, the values of which are set to 4.15 and 1.89 Å in turn; ηH2O is the viscosity of water. 

It is known that the addition of a small amount of solid particles into a liquid enhances the mass 

transfer coefficient [120–123], where the shuttle mechanism, proposed by Alper et al. [120], is often cited 

to explain this enhancement. This mechanism suggests that particles repeatedly cycle through the 

boundary liquid film, assisting the absorption of gas at the boundary and desorption into the bulk liquid. 

Alternately, Kaya and Schumpe [121] have argued that solid particles simply change the conditions of the 

gas-liquid interface from immobile to mobile by removing contaminants which cause surface rigidity: they 

observed that kL was as high in clean systems as it was in those contaminated with solids. Furthermore, 

Kordac and Linek [124] confirmed that the mass transfer coefficients before and after adding solid 

particles were proportional to DG-W
(2/3) and DG-W

(1/2), respectively; these correspond to Equation 4-10 for 

the mobile and immobile interfaces. As such, the shuttle mechanism is not considered in this study, where 

the eddy cell model for the mobile interface (Equation 4-10a) is instead used. 

 

4.2.2 Modelling the Hydrate Slurry Viscosity 

The viscosity of a hydrate slurry is known to increase non-linearly with the volume fraction of particles 

dispersed within the carrier phase, with a heavy dependence upon particle shape [125–127]. At low 

volume fractions, hydrate particles may be mono-dispersed, where the overall viscosity may be expressed 

as a function of an intrinsic viscosity, itself a function of particle shape: 
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[𝜂] = lim
𝜙→0

𝜂 − 𝜂𝑠𝑙𝑢𝑟𝑟𝑦

𝜙𝜂𝑠𝑙𝑢𝑟𝑟𝑦
  4-15 

where [η] and ϕ are the intrinsic viscosity and the volume fraction of solid particles, respectively. As the 

hydrate volume fraction increases, so too does the probability of particle interactions, causing the slurry 

to lose fluidity at a critical volume fraction which is less than the maximum packing factor. In general, as 

the hydrate volume fraction approaches this critical value, the overall viscosity approaches an asymptote, 

where particle agglomeration increases the volume of immobile liquid surrounding an agglomerate 

structure. 

The model developed by Santamaría-Holek and Mendoza [126] was employed to estimate the 

viscosity in this study. This model is based on DEMT, and considers the influence of particle shape on both 

the intrinsic viscosity and critical concentration: 

𝜂𝑠𝑙𝑢𝑟𝑟𝑦 = 𝜂0 (1 −
𝜙

1 − 𝑐𝜙
)

−[𝜂]

 4-16 

𝑐 =
1 − 𝜙𝑐

𝜙𝑐
  4-17 

where η0 is the base viscosity of a pure liquid in the absence of suspended particles, c and ϕc are the 

crowding factor and the critical volume fraction, respectively. When uniform spherical particles are 

randomly close packed, [η] and ϕc are 2.5 and 0.637 [126]. However, when particles are non-spherical 

and/or have a rough surface, [η] and ϕc become higher and lower, respectively. Balakin et al. [128] 

estimated the critical volume fraction of freon R11 hydrate as 0.55 from an analysis of particle size 

distribution and sphericity, while Darbouret et al. [73] obtained differential pressure and flow velocity 

data for a type I hydrate (tetra-n-butylammonium bromide) slurry at ϕ = 0.53. In this study, we set the 

critical volume fraction to 0.55; [η] was fit using least squares against the experimental data, discussed 

further in section 4.3.3. It is noted that the viscosity model is more sensitive to [η], which is presented in 

Appendix C.  

 

4.3 Result and Discussion 

A total of five experimental runs were conducted in this work, conditions are summarized in Table 4.1. 

For Experiment 1 the main pipe diameter was 7.75 mm; after this, the flowloop was upgraded to a uniform 

10.21 mm inner diameter (ID). Data obtained in Experiment 3 was only used to estimate the slurry 

viscosity, not the hydrate formation rate, because a camera error meant that video images taken in this 

experiment were of insufficient quality to estimate the gas–water interfacial area. 
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Table 4.1 – Summary of experimental conditions: pipe diameter (D), hydrate volume fraction (ϕH), flow velocity 
(vm) and gas injection rate. 

 
D [mm] ϕH [vol%] vm  [m/sec] 

Gas injection 

rate [ml/min] 

Experiment 1 7.75 0-19.5 2.5(1) 2.5 

Experiment 2 10.21 0-19.5 1.4 4.3 

Experiment 3 10.21 0-22.2 1.4 1.25-2.5 

Experiment 4 10.21 0-26.4 1.4 1.25-2.5 

Experiment 5 10.21 0-21.6 1.3-1.8(2)  1.25-2.5 

(1): vm ≈ 1.44 m/s in the dP measurement section (D = 10.21 mm)  

(2): Flow velocity of 1.6 m/s corresponds to ϕH > 18% and at 1.8 m/s corresponds to ϕH > 20.2% 

 

4.3.1 Visual Observations 

The in-line camera present in HAL allows for a unique set of observations to accompany quantitative data 

collected from its other instrumentation. Figure 4.3 shows snapshots captured at the different hydrate 

volume fractions. In Figure 4.3a gas bubbles captured before hydrate formation are visible; immediately 

after hydrate nucleation (Figure 4.3b), multiple small gas bubbles or fine particles were observed that may 

correspond to hydrate particles (diameter <150 μm) or hydrate encrusted gas bubbles (diameter ≈ 150-

200 μm).  Interpreting this in terms of the mass transport limited model, the sudden prevalence of small 

particles implies that hydrates formed on the gas-water interface may shed, yielding small particles which 

are transported in the bulk. This increase was also confirmed by Shimizu et al. [57]: in their flowloop 

experiments, the number of particles smaller than 150 μm detected by FBRM sharply rose at the beginning 

of methane hydrate formation. As the hydrate volume fraction increases, blurring was observed in the 

video images (Figure 4.3b-f): many fine particles existed in Figure 4.3b-c, visibility of these particles was 

severely impaired at high hydrate fractions (Figure 4.3d-f). 

 It is difficult to distinguish unconverted small gas bubbles from hydrate encrusted gas bubbles or 

hydrate particles in a continuous flow. As shown in Figure 4.3b-f, many larger bubbles remain 

unconverted, retaining a clear gas-water interface during hydrate formation, but it is difficult to determine 

whether the fine particles visible are individual hydrate particles or bubbles covered with a hydrate shell. 

However, they can be readily identified in a quiescent system; Figure 4.4 shows an example of this.  

Moreover, the appearance of bubbles in Figure 4.3b-f is different from that of bubbles covered with a 

hydrate shell (Figure 4.4a). This suggests that turbulent flow prevents formation of an impermeable 

hydrate film at the gas-water interface, which is commonly observed for gas hydrates formed in static 

conditions [129–131]. In turn this implies that a mass transfer model which considers the rate of 

dissolution of gas within the bulk liquid phase is appropriate for this system. 
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Figure 4.3 – Visual observation of gas bubble/hydrate encrusted bubbles at different hydrate volume fractions 
captured in Experiment 5. 

 

Figure 4.4 – (a) An example of bubbles covered with hydrate shell which formed without circulation (v < 0.01 
m/sec). This image was taken alongside the experimental runs. (b) Gas bubbles before the hydrate formation. 

Small circles on several bubbles are reflected images of other bubbles. 
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4.3.2 Hydrate Formation Experiments 

Figure 4.5 shows a typical experimental run performed in the flowloop, detailing the pressure-

temperature profile, hydrate volume fraction, gas and water injection rates, and flow velocity measured 

for Experiment 5. All numerical data presented are 2-minute-averaged because VG,flow, AG-W and d32 derive 

from time-averaged video analysis. Figure 4.5a presents the pressure-temperature profile during the 

cooling and hydrate formation step; here the dotted green line corresponds to the hydrate nucleation 

point (≈133 min), where we observe a sudden drop in pressure. The measured pressure quickly dropped 

towards the equilibrium (boundary) pressure post-nucleation, and thereafter tracked the equilibrium P-T 

conditions. This indicates that the dissolution rate was the limiting factor for hydrate formation, where 

Figure 4.5b shows the estimated hydrate volume fraction. At 431 min, gas injection was started (Figure 

4.5c) which allowed for additional hydrate formation (Figure 4.5b).  Pressure was generally controlled to 

remain below 50 bar during each gas injection step, however, it occasionally strayed higher; 

corresponding video images showed no bubbles present, indicating that the entire void space had been 

filled due to volumetric expansion of the hydrate phase. When this occurred, a small volume of water was 

extracted from the loop, after which the gas flow rate increased, and pressure decreased to the target 

range. This is consistent with the principle that, for water systems, where the bulk phase does not 

solubilize substantial quantities of methane, a free gas phase is required to maintain hydrate formation. 

In this run, the circulation rate was set to 1.3 m/sec though it was increased to 1.6 m/sec at 1774 min (ϕH 

≈ 18 vol%) and to 1.8 m/sec at 1990 min (ϕH ≈ 20.2 vol%) to stabilize the flowing gas volume (Figure 4.5d).  

When water is extracted, the increased void space sometimes resulted in a system pressure slightly 

lower than the predicted hydrate equilibrium pressure, this can be seen in the pop-out in Figure 4.5a. The 

lowest under-pressure difference (Pdiff) observed in Experiment 5 was -0.81 bar which occurred at 1695 

min; overall, the averaged lowest Pdiff was -0.75 bar, and the standard deviation was 0.45 bar. 

𝑃𝑑𝑖𝑓𝑓 = 𝑃 − 𝑃𝑒𝑞(𝑇)  4-18 

Here, the hydrate equilibrium pressure (Peq) was calculated using the CPA-Infochem model in MultiflashTM 

[108]. We note that, as the overall hydrate fraction monotonically increased throughout the experiments, 

these ‘under-pressure’ predictions may indicate that the calculated Peq is slightly higher than the true 

value in the flowloop system. According to the user guide of MultiflashTM [132], accuracy of the prediction 

of the boundary temperature is within ± 1K in most cases. Additionally, the calculated hydrate boundary 

pressure at 3˚C is approximately 0.6 bar higher (Peq = 35.61 bar) than predicted by other models, e.g. 34.97 

bar (Sun and Duan [133]) and 35.00 bar (Handa [134]), both of which are dedicated to the methane-water 

systems. Therefore, in this study, Pdiff was shifted upward by 0.6 bar in the calculation of CW-G
CH4 and CW-

H
CH4.   
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Figure 4.5 – Experimental data obtained in Experiment 5. (a): Temperature and pressure profile (b): Hydrate 
volume fraction. (c): Injection/withdraw rates of gas and water (negative value means withdrawing). (d): Flow 

velocity (periods in which the velocity changes from a high rate to a low rate correspond to the dP measurements). 

 

4.3.3 Hydrate Slurry Viscosity 

The measured relative viscosity for all flowloop experiments is compared with literature models in Figure 

4.6. The data show high repeatability below a hydrate fraction of 18 vol%, while greater variability is 

observed above this threshold. This may suggest a transition from a homogenous to heterogeneous 

distribution of hydrate particles, where the estimation method for viscosity implicitly assumes a 

homogenous distribution. According to Joshi et al. [48], the transition of hydrate particle distributions 

may increase the dP significantly. In their flowloop experiment, the trend of dP across a circulation pump 

changed drastically from a gradual to a steep increase at a point in the range of 10-30 vol% of hydrate for 

pure water systems with different liquid loadings (50-90 vol%), and it was not able to be explained by a 

change in viscosity or a transition to stationary bed flow, suggesting the heterogeneous distribution as a 

possible mechanism. In their analysis, lower mixture velocities resulted in a lower hydrate volume fraction 

transition point while in slug flow, the liquid loading had no effect at 50% or 75%. This transition may have 

occurred in our experiment, and if the transition point has a relatively large variation with respect to the 

hydrate volume fraction, it might cause the greater variability of the viscosity data above 18 vol%. In 

addition, considering the pioneering work of the hydrate slurry flow conducted by Hernandez [135], the 

concept of the uniform hydrate slurry viscosity may not be valid after the transition. In her work, hydrate 
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slurries were assumed to have three layers with different velocities and solid concentrations: a 

heterogeneous layer, moving bed, and stationary bed.   

Using the correlation for the transition point that Joshi et al. [48] proposed, the mixture velocity 

becomes 1.64 m/sec if it occurs at 18 vol% of hydrate. This calculated velocity is close to those in 

Experiment 2-5 (≈ 1.4-1.8 m/sec), but does not match Experiment 1 (≈ 2.5 m/sec), which might suggest 

some influence of flow regime on the transition. In the experiment of Song et al. [136] with a stirred cell, 

flaky hydrate particles ripped from the bulk gas-water interface were larger than globular hydrate 

particles (bubbles with hydrate shell) and fine fragmented particles. This may suggest larger hydrate 

particles in slug flow than in bubble flow considering the bulk gas-water interfaces around large Taylor 

bubbles, and the larger particles may be more affected by buoyancy, leading to more particles in the upper 

region of a pipe. 

The red solid line shows predictions from the Santamaría-Holek and Mendoza model [126] (Equation 

4-16 and 4-17) for an intrinsic viscosity [η] of 5.84 as determined by least squares fitting. This gave a lower 

deviation fit to the experimental data than under the assumption of spherical particles ([η] = 2.5), further, 

the fit could not be salvaged by reducing the critical volume fraction – the green dotted line in Figure 4.6. 

In all cases, however, the functional form below the critical volume fraction seems inappropriate, where 

the relative viscosity below the threshold appears linear, transitioning to a non-linear function above this 

value, suggesting that significant work lies ahead in adequately describing the physical behaviour of such 

systems. 

 

Figure 4.6 – Relative viscosity of the hydrate slurry based on experiments and model predictions. The solid red line 
indicates the relative viscosity predicted by the model of Santamaría-Holek and Mendoza [126]. The dotted red 

and green lines show the predictions by the same model with an assumption of spherical particles ([η] = 2.5) at the 
different critical concentrations (ϕC = 0.27 and 0.55, respectively). The purple line and blue line show the 

predictions by the models of Thomas [137] and Einstein. 

A change in Reynolds number due to the viscosity increase in each experiment was estimated by 

using the model of Santamaría-Holek and Mendoza [126] (a red solid line in Figure 4.6). The calculated 

Reynolds numbers are higher than 4000 below 10 vol% of hydrate in all experiments. However, they 

decrease to 2930-4276 at 15 vol% of hydrate and fall to 2429-3292 at 20 vol%: laminar-turbulent 
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transitions were observed during the dP measurements except for Experiment 2 (ϕH = 14.8%, 19.5%). This 

suggests a lower Reynolds number transition for hydrate slurry than that of Newtonian fluids. Ma et al. 

[138] reported that the laminar-turbulent transition of TBAB hydrate slurry happened in the ranges of 

1500 < ReMR < 2800 for 6 mm tube and 1400 < ReMR < 2100 for 14 mm tube, where ReMR indicates Metzner 

and Reed Reynolds number [139]. In the case of the Bingham Plastic fluid, there is no difference between 

Re and ReMR. 

 

4.3.4 Hydrate Formation Rate 

Figure 4.7 shows both the experimentally measured methane consumption and model predictions during 

hydrate formation, overall, these are consistent except for the ramp period when temperature was 

initially reduced to the target experimental temperature. Small fluctuations in the experimental data 

(black lines in Figure 4.7), correspond to variability in the pressure and temperature. Periods where the 

methane consumption rate is close to zero generally correspond to times where gas injection was 

temporarily stopped for the differential pressure measurements. During the water withdrawal events, the 

void space is increased, which may lead to limited desorption of solubilized methane gas – a negative gas 

consumption rate meaning dissociation of hydrate. Negative consumption rate values were also observed 

without withdrawing water in Experiment 4 (1727 min and 2237 min) and Experiment 5 (1436 min, 1713 

min, and 1923 min). At all these times, pressure increased sharply with a change in the circulation rate, 

which can theoretically enhance the amount of methane in the gas phase in the calculation of the hydrate 

formation rate explained in Section 3.3. In Experiment 4, these sharp pressure increases occurred when 

the circulation rate was rapidly increased without gas injection at high volume fractions of hydrate (ϕH > 

16.5%). This resulted in sudden temperature increases on the order of 0.3-0.4°C due to heat generated by 

the circulation pump. As the system was close to the equilibrium conditions at these times, the pressure 

increased sharply, following the equilibrium curve as the temperature rose. In Experiment 5, pressure 

increases occurred when the circulation rate was decreased at low void fractions and high hydrate volume 

fractions (ϕH > 14.6%). As the volume of gas entrained by liquid flow generally becomes low at low 

circulation rates, these points may correspond to small increases in the hydrate fraction and a loss of free 

gas bubbles. Given the phase expansion induced by conversion to hydrate, moderate film growth in a very 

low void fraction system will lead to increases in pressure due to the low compressibility of the system. 
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Figure 4.7 – Model predictions of the methane consumption rates over time. Red and purple lines indicate the 
model predictions with and without considering changes in the viscosity and diffusivity of the hydrate slurry, 

respectively. Black lines indicate the rate calculated from the experimental data. Vertical blue lines indicate water 
withdrawal operations. 

Per our efforts to avoid false positives on hydrate particle identification, Table 4.2 shows the average 

absolute relative deviation (AARD) in terms of hydrate formation rate with different choices of a minimum 

bubble size threshold (dmin in Equation 4-5) and its effects on the mass transfer for each experiment. 

𝐴𝐴𝑅𝐷 =
1

𝑁
∑ √(

�̇�𝐶𝐻4,𝐻
𝑚𝑜𝑑𝑒𝑙 − �̇�𝐶𝐻4,𝐻

𝑒𝑥𝑝

�̇�𝐶𝐻4,𝐻
𝑒𝑥𝑝 )

2

 4-19 

where N is the number of the data points, ṅCH4,H
exp and ṅCH4,H

model are the methane consumption rates 

calculated from the experimental data and predicted by the model. In the calculation of the AARD, only 

data obtained during steady gas injection was used. The values of dmin to minimize AARD were clearly 

different between Experiment 1 and others: the best fit was obtained at “dmin = 150 μm“ in Experiment 1, 

and  at “dmin = 300-500 μm“ in other experiments. 

Table 4.2 – AARD at different settings of dmin. 

dmin (μm) 150 230 300 400 500 

Experiment 1 0.25 0.35 0.45 0.58 0.68 

Experiment 2 0.88 0.65 0.52 0.44 0.43 

Experiment 3 - - - - - 

Experiment 4 0.62 0.59 0.56 0.55 0.55 

Experiment 5 0.64 0.48 0.34 0.37 0.47 
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This may be caused by a difference in the turbulent shear force between the experiments. In an 

isotropic turbulent flow, the external shear stress acting on a spherical particle is expressed by following 

equation [55,140]: 

𝜏 = 2𝜌𝑠𝑙𝑢𝑟𝑟𝑦(𝜖𝑑)2 3⁄ ∝ 𝑣11 6⁄ 𝐷−5 6⁄ 𝜌𝑠𝑙𝑢𝑟𝑟𝑦
5/6𝜂𝑠𝑙𝑢𝑟𝑟𝑦

1 6⁄ 𝑑2 3⁄  4-20 

Applying this, we find that the external shear stress in Experiment 1 (v ≈ 2.5 m/sec, D = 7.75 mm) was 

about 3.6 times higher than these in Experiment 2 and Experiment 4 (v ≈ 1.4 m/sec, D = 10.21 mm). This 

may shift the hydrate particle size distribution toward smaller diameters, just as higher external shear 

stress reduces the size of bubbles in a turbulent flow [55,141]. The choice of dmin in this study (150-400 

μm) compares favourably to literature values: Song et al. [136] and Akhfash et al. [72] reported a same 

order of magnitude of the particles size of methane hydrate (“288-355 μm at 200 rpm” and “100-400 μm 

at 100-700 rpms”, respectively) where they investigated particle size in a stirred cell. 

In addition, the adjusted values of dmin may indicate that there is relatively little contribution of fine 

bubbles to the overall hydrate formation rate in Experiments 2, 4, and 5 where dmin is defined in Section 

4.1.3 as the minimum bubble diameter that exists in flow. According to Yu et al. [59], smaller bubbles had 

a lower influence on the overall hydrate formation rate than large bubbles. In their experiments, smaller 

bubbles in 3.5 wt% NaCl resulted in a slower overall hydrate formation rate than larger bubbles in pure 

water, when accounting for the inhibition effect of salt. They posited that small bubbles easily form a 

stable hydrate shell preventing gas mass transfer, while large bubbles continuously shed hydrate particles, 

refreshing their available reaction area. 

This study demonstrates that consistently better growth rate predictions are possible by including 

viscosity and diffusion coefficients which vary as a function of hydrate volume fraction, where Table 4.3 

shows AARDs for growth model predictions. This modification functioned positively in all cases, however, 

the improvement was relatively small in Experiment 1 and Experiment 4. In the latter case, this may be 

caused by uncertainties in calculating CW-G
CH4 and CW-H

CH4. As shown in Figure 4.8, the difference between 

CW-G
CH4 and CW-H

CH4 was very small during the periods in which the model underestimated the 

consumption rate. In Experiment 1, uncertainties in the detection of small bubbles (especially in the range 

of 150-200 μm) may be responsible for the difference. In each case, these uncertainties act on our ability 

to accurately estimate the gas-liquid surface area. 

Table 4.3 – AARD in growth rate with and without dynamic changes in viscosity and diffusivity. 

 Considering  changes in ηslurry 
and DG-W 

Constant ηslurry and DG-W 

Experiment 1 (dmin = 150 μm) 0.25 0.28 

Experiment 2 (dmin = 500 μm) 0.43 0.52 

Experiment 3 - - 

Experiment 4 (dmin = 400 μm) 0.55 0.59 

Experiment 5 (dmin = 300 μm) 0.34 0.47 
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Figure 4.8 – (a): Difference in methane concentration at the gas-water interface and in the bulk water (CW-G
CH4 and 

CW-H
CH4) in Experiment 4. The difference is quite small during the periods in which the model underestimates (light 

orange regions) growth rate. (b): Model prediction and experimental data of the methane consumption rate in 
Experiment 4. 

The predicted methane consumption rate was initially much higher than the experimental result 

(Figure 4.7). One possible reason for this is a simplifying assumption about the concentration of methane 

in the bulk water phase: the model assumes that all supersaturated methane is immediately converted to 

hydrate, however, there may be a short delay before this occurs. Subramanian and Sloan [142] observed 

growth of methane hydrate at a static condition with a continuous decrease in temperature in an optical 

cell from 24°C to 5.2°C. In their observations, hydrate growth resulted in a small pressure drop from 31.6 

Mpa to 30.8 Mpa once a hydrate film had formed at a gas-water interface. This small pressure decrease 

implies limited methane consumption from the gas phase due to hydrate formation. After the 

temperature had reached 5.2°C, hydrate growth stopped within 20 minutes. This suggests that the 

methane consumed by hydrate growth was supplied from supersaturated methane in the water and that 

it took a short period for complete conversion.  

Figure 4.9 shows predictions of the methane consumption rate where a short delay is introduced by 

offsetting the value of CW-H
CH4 with time: 

𝑑𝑛𝐶𝐻4,𝐻

𝑑𝑡
(𝑡) = 𝑘𝐿(𝑡)𝐴𝐺−W(𝑡){𝐶𝐶𝐻4

𝑊−𝐺(𝑡) − 𝐶𝐶𝐻4
𝑊−𝐻(𝑡 − 𝑡𝑑𝑒𝑙𝑎𝑦)} 4-21 

where tdelay is the time delay. Varying this delay time has a significant effect on the predicted consumption 

rate, and, while it is a relatively simple mechanism it shows promise for fitting the early period of the 

experiment during the temperature ramp. It should be noted that assuming instantaneous consumption 

of supersaturated methane does not matter during the gas injection because the methane concentration 

in the water has limited dependence on the pressure at a fixed temperature. Of further interest: there is 

a gap between the methane consumption rate and the mass transfer rate of methane from gas phase to 

the bulk water during the temperature decrease ramp (Figure 4.9a). This gap was only confirmed during 

the initial temperature decrease operation. 
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Figure 4.9 – (a): Methane consumption rate at different delay times. The black solid line shows the consumption 
rate calculated from the experimental data. The black dotted line indicates the mass transfer rate of methane from 

gas phase to the bulk water phase (ṅCH4,trans in Equation 3-7). (b): Concentrations of methane at the gas-water 
interface and in the bulk water (CW-G

CH4 and CW-H
CH4). 

 

4.4 Summary  

This work presents a detailed analysis of hydrate growth in water-dominant bubbly flow, including the 

formulation of a new growth model that includes the effects of viscosification on formation rate. The 

model is an evolution of previously reported mass transfer driven approaches, and makes use of: i) the 

small eddy cell model for the mass transfer coefficient; ii) differential effective medium theory for the 

viscosity of the hydrate slurry and; iii) a tortuosity approach for the diffusion coefficient. The model has 

been informed by a series of the flowloop experiments where we were able to directly measure the 

hydrate formation rate, viscosity of the hydrate slurry, and the gas-water interfacial area. In particular, 

the use of an in-line video camera provided direct evidence as to the interfacial area for hydrate 

formation, which is traditionally the greatest source of uncertainty in growth rate calculations; 

importantly, hydrate particle size may be significantly affected by external shear forces acting in turbulent 

flow. Overall, model predictions for the viscosity were well aligned with flowloop experimental data up to 

18 vol% hydrates, further, our model accurately predicts the hydrate formation rate in the range of 0-20 

vol% hydrate. This model provides an enhanced capability to understand hydrate formation in water 

dominant bubbly flow, which represents a critical advancement in the set of tools available to predict 

hydrate growth rate and plugging potential, particularly for gas production from natural hydrate 

reservoirs. 
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5 Bubble Size in Brine 

As described in Chapter 4, a model to predict the hydrate growth rate was developed. However, this 

model did not consider the effect of salts on bubble size. To remedy this, a set of flowloop experiments 

were conducted to investigate bubble size in turbulent flow with brine (NaCl solution). Images of the 

bubbles were captured by the in-line video camera, and the size was estimated with image processing. In 

these experiments, four different NaCl concentrations, including pure water, and two pressure conditions, 

were tested.   

The bubble size was significantly affected by the concentration of NaCl, decreasing with an increase 

in the concentration. Bubble sizes at varying pressure conditions appeared different, but this was not 

detected in quantitative analysis of the bubble size. While valuable data for future discussion of the bubble 

size in production lines were obtained, two technical issues in the observation of bubbles with the in-line 

camera were also uncovered. First, it was difficult to stably detect fine bubbles, and secondly: the 

observation region was too small to cover large bubbles in the cases of no/low NaCl concentrations.  

 

5.1 Experimental Setup 

5.1.1 Modification of the Flowloop 

Before conducting this set of experiments, two significant changes were made to the flowloop to remove 

narrow sections, where bubble breakup may otherwise have occurred. These changes were only applied 

to the brine experiments discussed in this chapter.  

The flow meter with two 6.35 mm (0.25 inch) inner tubes was replaced with one containing two 12.7 

mm (0.5 inch) inner tubes. This change meant that the flow area inside the flow meter became larger than 

that in the normal pipe sections (ID: 10.21 mm). Further, the flow area region tracked by the in-line camera 

was expanded. The height and depth were extended to from 7699 to 12700 μm and from 2000 to 6000 

μm, respectively. Figure 5.1 shows the new configuration of the flow area under observation by the 

camera. In the experiments, images of bubbles were taken with two configurations of the observation 

region. While the flow area observed by the camera came close (76.2 mm2) to that in pipe sections (81.9 

mm2), there were regions where bubbles were outside observation window, particularly for static cases. 

In addition, as the maximum depth of focus on the camera is approximately 2 mm, it could detect bubbles 

only within the closest 2 mm. These are limitations of the new configuration, making it difficult to estimate 

the volume of gas in flow from video images. 
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Figure 5.1 – Configurations of the observation region in the in-line camera, (a) horizontal, (b) vertical. The regions 
highlighted in orange are those where the in-line camera can detect bubbles.  

 

5.1.2 Experimental Procedure 

As this work focused on the bubble size, experimental conditions were outside of the hydrate equilibrium 

region. Initially, the flowloop was filled with (saline) water and pressurized to the initial pressure (3 or 100 

bar) at 16°C. After that, the flow rate was set to 0.8 m/sec by turning on the circulation pump, and then 

15 ml of water was replaced with methane. As the pressure gradually decreased because of the dissolution 

of methane into the water phase, a small volume of methane was injected into the flowloop several times 

to increase the pressure. Once the pressure stabilised, bubble observations commenced.  

During the observation, the in-line video camera continuously captured images at 4 frames/second. 

The flow rate was increased stepwise from 0.8 to 1.6 m/sec, each step and time interval of which are 0.2 

m/sec and 5 minutes, respectively. Although the video camera was taking images continuously, the 

images captured in the last minute for each step were used for the analysis of bubble size. Figure 5.2 

shows a change in the flow rate during Experiment 1 as an example. 

 

Figure 5.2 – Flow rate and volume of gas phase in Experiment 1.  
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5.1.3 Image Processing 

The bubble size was estimated from the video images using ImageJ [143] as the manufacturer’s image 

software (CantyVisionClient) did not correctly detect bubbles due to large numbers of small overlapping 

bubbles and the gradient of the background brightness. In this processing, video images are converted 

into binary images, and then minor and major axes of each divided region are calculated. Figure 5.3 shows 

details of the image processing, which consists of six steps: (1) subtracting the background to remove the 

background brightness gradient, (2) enhancement of contrast, (3) binarization, (4) filling of central ‘holes’ 

with dilation and erosion, (5) watershed to separate overlapped bubbles, and (6) (morphological) opening 

to remove noise. The bubble diameter is estimated from the major and minor axes (a and b, respectively):  

𝑑𝑏 = (𝑎𝑏2)1/3  5-1 

As fine bubbles, which can be visually confirmed in the top right image in Figure 5.3, were not accurately 

detected, only bubbles larger than 100 μm were used in this analysis of bubble size.   

 

Figure 5.3 – Details of the image processing to estimate the number and size of bubbles. The original image was 
obtained in Experiment 2 (1.17 wt% of NaCl) at 1.6 m/s.  
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5.2 Results and Discussion 

A total five runs were conducted with different salt concentrations and pressures. The conditions are 

summarized in Table 5.1.  

Table 5.1 – Summary of experimental conditions 

 CNaCl [wt%] P [bar] Configuration of in-line camera 

Experiment 1 3.50 100 Horizontal 

Experiment 2 1.17 100 Horizontal, Vertical 

Experiment 3 0.58 100 Horizontal, Vertical 

Experiment 4 0 3, 100 Horizontal (only 3 bar), Vertical 

Experiment 5 3.50 3, 100 Horizontal, Vertical 

 

5.2.1 Visual Observations 

Visually, it seems clear that the bubble size was affected by salt concentration. Figure 5.4 shows snapshots 

of bubbles in water with 3.50, 1.17, 0.58, and 0 wt% of NaCl at 1.6 m/sec. At 3.50 wt%, many fine bubbles 

were homogeneously distributed (Figure 5.4a). Bubbles became larger and fewer at lower concentrations 

of NaCl (Figure 5.4b,c). In the case of pure water (0 wt%), bubbles were much larger, and more bubbles 

passed through the upper side of the observation region. Furthermore, some of them, likely due to 

buoyancy effects, appear to be only partly within the observation region, despite the vertical camera 

configuration (Figure 5.1b).  

The volume of gas in flow was affected by the flow rate, and the effects were more significant at 

lower NaCl concentrations. Figure 5.5 shows snapshots of bubbles in water with different salt 

concentrations at 0.8 m/sec. The number of bubbles in flow appears less at 3.50 and 1.67 wt% of NaCl 

(Figure 5.5a,b) compared to the higher velocity cases, and only a few bubbles are visible in the images at 

0.58 and 0 wt% (Figure 5.5c,d). This suggests that the volume of gas that becomes stuck in the flowloop 

increases by decreasing the flow rate, and possibly that buoyancy effects contribute to lower observed 

gas volumes. The bubble size itself was not significantly affected by flow rate, although in principle it 

should decrease at higher flow rates because of a rise in the inertial force from the turbulent continuous 

water phase.  
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Figure 5.4 – Snapshots of bubbles in water with different NaCl concentrations: (a) 3.50 wt% (Experiment 1), (b) 
1.17 wt% (Experiment 2), (c) 0.58 wt% (Experiment 3), and (d) 0 wt% (Experiment 4). The flow rate and pressure 

were 1.6 m/sec and about 100 bar.  

 

Figure 5.5 – Snapshots of bubbles in water at 0.8 m/sec with different NaCl concentrations: (a) 3.50 wt%, (b) 1.17 
wt%, (c) 0.58 wt%, and (d) 0 wt%. 
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5.2.2 Effect of NaCl on Bubble Size 

Considering that fewer bubbles were observed at low flow rates at 0.58 and 0 wt%, images obtained at 

1.6 m/sec were only used for a discussion of the effect of NaCl concentration on the bubble size. Figure 

5.6 presents SMD and mean diameter of bubbles in different concentrations of NaCl. The diameters are 

estimated from bubbles included in 240 video images. It should be noted that the image processing failed 

to distinguish overlapping bubbles in images. This problem may have been serious in Experiment 5, in 

which bubble density appeared slightly higher than other experiments despite equivalent gas volumes in 

the flowloop (Figure 5.7). Neither SMD nor mean diameter were affected by the camera configurations: 

horizontal versus vertical. They decreased with an increase in the salt concentration in the range of 0-1.17 

wt%. However, above this range, SMD did not change while the mean diameter may have decreased 

slightly. This trend is similar to those observed in other experiments [65,66]. In the experiments of Quinn 

et al. [65] investigating bubble size in salt solutions with a floatation cell and a camera, a large decline in 

SMD was observed in the range of 0-0.2 M (≈ 0-1.17 wt%) using NaCl solution, with minimal further 

decrease above this range. In the experiments of Wu et al. [66], the bubble size plateaued at 

approximately 0.2 M (≈ 1.17 wt%). It should be noted that the bubble size in pure water (0 wt%) may have 

been underestimated because of buoyant bubbles above the observation region (Figure 5.4d).  

 

 

Figure 5.6 – Bubble size in NaCl solutions with different concentrations at 1.6 m/sec at 100 bar. (a) SMD, (b) mean 
diameter.  
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Figure 5.7 – Examples of bubble detections in (a) Experiment 1 and (b) Experiment 5. Regions surrounded by a red 
line are bubbles detected by the image processing. In the result of Experiment 5, some multiple (overlapped) 

bubbles are recognized as a single bubble The flow rate was set to 1.6 m/s in both cases. 

 

The decrease in bubble size due to the addition of NaCl could not be explained by the changes in 

interfacial tension, density, and viscosity within the model of Hesketh et al. [55], which was derived from 

a discussion of the break-up process of bubbles without bubble coalescence limitations. The model 

includes two types of equations for SMD, which are derived from an assumption that the inertial force 

acting on a bubble of the maximum size is proportional to the interfacial tension based on the works of 

Kolmogoroff [144]/Hinze [140] or Levich [145]: 

𝑑32 = 0.62𝑑𝑚𝑎𝑥 = 1.38𝑊𝑒𝑐𝑟𝑖𝑡
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where d32 and dmax are SMD and the maximum bubble size. D32 is connected to dmax with an empirical 

correlation based on experimental data. Wecrit is the critical Weber number with respect to the forces 

acting on a bubble with dmax. The difference between two equations is that only Equation 5-2b considers 

the capillary pressure of the deformed bubble in Wecrit. As Wecrit in each equation is assumed to be a 

constant value in the model, Equation 5-2 may be transformed to simpler expressions: 

𝑑32 ∝
𝜎

𝜌𝑊
0.5𝜂𝑊
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𝜎
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1

𝑣𝑊
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      [Levich] 5-3b 

The decrease in d32 from 0 to 3.5 wt% of NaCl, calculated with Equation 5-3, were less than 2% in both 

cases (5-3a and 5-3b), which did not represent the experimental data (Figure 5.6). In this calculation, ρG, 

ρW, ηW, and σ were calculated with MultiflashTM 6.2 [108] (CPA-Infochem + electrolyte). This large 
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mismatch indicates some limit on bubble coalescence, suggesting that the NaCl solution inhibits bubble 

coalescence. Although bubble coalescence should be also affected by the gas volume, which changes the 

frequency of bubble collisions [141], the gas volume in the flowloop was same in all the experiments. 

 

5.2.3 Effect of Velocity on Bubble Size 

Figure 5.8 shows SMD and mean diameter of bubbles at different velocities in Experiments 1, 2, and 5. As 

the number of bubbles became small at low velocities in Experiments 3 and 4 (Figure 5.5), the data from 

these experiments were not included. No clear influence of the flow rate on the bubble size was observed 

in these experiments although the size should in theory decrease with an increase in the flow rate 

[34,39,55]. For example, SMD is proportional to 1/vw
1.1 in Equation 5-3. One possible reason is the smaller 

gas volume at lower flow rate (Figure 5.5), which Equation 5-3 does not consider: because the frequency 

of collisions of bubbles should be increased with a rise in the gas volume [141,146], a larger volume may 

increase coalescence, artificially enhancing detected bubble sizes. As such, this result may indicate a 

degree of coalescence in salt solutions, though this should be inhibited by salts to some degree.  

 

 

Figure 5.8 – Bubble size at different flow rate: (a) SMD and (b) mean diameter. Dotted lines are guide for the eye. 

 

5.2.4 Effect of Pressure on Bubble Size 

Figure 5.9 shows the SMD and mean diameter of bubbles at 3 and 100 bar in Experiment 5 (3.50 wt% of 

NaCl), not indicating  a clear influence of pressure on the bubble size although the bubble size at 3 bar 

looks slightly higher than 100 bar. In this case, the pressure was increased by injecting methane gas after 

taking the images of bubbles at 3 bar. On the other hand, visually, there appeared to be differences in the 

images at the different pressures. Figure 5.10 shows snapshots of bubbles in 3.50 wt% NaCl solution at 3 

and 100 bar at 1.6 m/sec in Experiment 5. In the images, bubbles at 100 bar were more dispersed.  

In Equation 5-3b, a rise in pressure leads to a decrease in SMD as it increases the gas density, and a 

decrease in SMD has been observed in experiments with a bubble column using pure water [147]. 
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Considering these, the conflict between the bubble size and visual observation may be because of 

technical issues such as the handling of bubble overlap detection, shown in Figure 5.7.   

 

 

Figure 5.9 – Bubble size at different pressure conditions: (a) SMD and (b) mean diameter. Dotted lines are guide for 
the eye. 

 

 

Figure 5.10 – Bubbles in 3.50 wt% NaCl solution at different pressure at 1.6 m/sec, captured in Experiment 5: (a) 3 
bar and (b) 100 bar.   

 

5.3 Summary 

The size of bubbles in NaCl solution was investigated in flowloop experiments with an in-line video 

camera. Their size declined with an increase in the concentration of salt in the range of 0-1.17 wt% and 

stayed constant above the range: this trend was consistent with the results reported by other 

experimental studies. An effect of velocity on the bubble size was not observed, this may be because of 

the variation of the gas volume in flow caused by changes in the flow rate. In addition, the observation 

region may be too small to detect bubbles at low salt concentrations. Some bubbles were quite large 

compared to the observation region, and not fully captured by the camera. Some effect of pressure on 
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bubble size can be discerned visually, but this effect was not able to be detected in quantitative analysis. 

This may indicate technical issues to be resolved in future, such as those related to the handling of bubble 

overlap in the image processing.  

This experimental work demonstrated the quantitative analysis of bubble size in saline water with 

turbulent conditions. However, it also presented technical issues, related to video image resolution and 

control of the volume of gas in flow. These issues should be resolved to obtain the data for improvements 

of the hydrate growth model with a consideration of salinity in water.  
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6 Development of a Steady-state Flow Simulator to Predict Hydrate 

Growth in Production Lines of Gas Hydrate Production 

Having developed a model to describe the hydrate growth rate for water dominant systems, described in 

Chapter 4, this work was extended by integrating the model into an in-house flow simulator, named 

HyFAST. Doing so enabled an expansion in the model’s capabilities and applicability, where it was used to 

investigate hydrate blockages in real-world water-dominant flow. A series of flow simulations were 

performed to model the water production line of the second offshore methane hydrate production test 

conducted in the Nankai Trough area of Japan in 2017: in this test, plugging was observed in the line [15]. 

As it was a field test of gas hydrate production, where such systems do not contain heavier hydrocarbons, 

the liquid phase was pure water. 

In this chapter, the hydrate model’s integration with the flow simulator is first explained, this is 

followed by an overview of the offshore production test and an appropriate configuration of the flow 

simulator. After that, the conditions of the actual water production line are discussed and compared with 

the simulator’s predictions. The flow simulator proved capable of predicting reasonable pressure profiles 

along the production line at different production rates, which were comparable to the production data. 

The pressure profiles suggested formation of a plug in the line, although the underlying cause of the plug 

is uncertain, where a significant contributor may have been sand production, rather than hydrate 

formation. Furthermore, the simulator provided an opportunity to probe the sensitivity of the production 

line, indicating that, in this case, hydrate formation was heat-transfer limited.  

 

6.1 Flow Simulator 

HyFAST is a pipeline flow simulator which incorporates hydrate growth and dissociation models. While it 

had been originally developed for the evaluation of hydrate risk in oil-dominant systems [148,149], it has 

been updated to predict hydrate growth in pure water systems under steady state flow. In this section, 

the algorithm and models related to flow simulation for water-dominant systems are explained.  

 

6.1.1 Algorithm  

As is standard practice in 1-D flow simulators, HyFAST divides a flowline into finite control volumes – 

sections, and solves discrete differential equations bound to the sections or the boundaries (Figure 6.1). 

Fluid flow in a pipeline is computed based on conservation laws (mass, momentum, and energy). In 

HyFAST, the inlet conditions are specified, and the calculation is repeated from inlet to outlet. Most 

properties are computed at the boundaries while a few properties, such as the hydrate growth rate and 

ambient temperature, are averaged over a given section. When a bulk (section) value for a boundary 

property (e.g. Tn+1/2 in Figure 6.1) is required, an average of the values at the boundaries in contact with 

the segment (Tn and Tn+1 in Figure 6.1) is used. 
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Figure 6.1 – Properties connected to boundaries and segments. Subscript n and n+1/2 mean the nth boundary and 
section, respectively. Subscript p means phase. 

 

Mass conservation in HyFAST assumes that the molar flow rate of each component, accounting for 

reactions, is constant at any point of a flowline: 

∑ �̇�𝑝,𝑖,𝑛+1

𝑝

= ∑ �̇�𝑝,𝑖,𝑛

𝑝

 6-1 

where ṅ is a molar flow rate. Subscript p, i, and n denote phase, an index of component, and the number 

of a boundary between segments from inlet, respectively. As there are gas, water, and hydrate phases in 

a 100% water cut system, the molar flow rate of each phase at the n+1th boundary can be calculated from 

the molar flow rate at nth boundary and the hydrate growth rate in the segment between nth and n+1th 

boundaries (Figure 6.2): 

�̇�𝐺,𝑖,𝑛+1 = �̇�𝐺,𝑖,𝑛 − 𝜒𝑖 (
𝜕𝑛𝐻

𝜕𝑡
)

𝑛+1/2
 6-2 

�̇�𝐻,𝑖,𝑛+1 = �̇�𝐻,𝑖,𝑛 + 𝜒𝑖 (
𝜕𝑛𝐻

𝜕𝑡
)

𝑛+1/2
 6-3 

�̇�𝑊,𝑛+1 = �̇�𝑊,𝑛 − 𝜒𝐻2𝑂 (
𝜕𝑛𝐻

𝜕𝑡
)

𝑛+1/2
 6-4 

where χ, n, and t are a molar fraction in terms of hydrate phase, number of moles, and time. 𝜕𝑛𝐻 𝜕𝑡⁄  

denotes the hydrate growth/dissociation rate. Subscript H2O refers to water as a component, while n+1/2 

denotes the segment between nth and n+1th boundaries. Subscripts G, H, and W indicate gas, hydrate, and 

water phases, respectively. The hydrate growth/dissociation rate is calculated with the models explained 

in Section 6.1.2. To accurately capture behaviour of gas lean systems in particular, HyFAST considers 

saturated solubility of gas molecules in the water phase, and molar flow rates are updated with flash 

calculations every time Pn+1 and Tn+1 are changed. Hydrate deposition at the wall is not considered due to 

the incompatibility of this type of stationary time dependent phenomenon with the steady state flow 

engine. 
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Figure 6.2 – Relationship between the molar flow rates and the hydrate growth/dissociation rate. These can be 
connected by using the mass balance in a segment. 

 

Since pressure and temperature at the inlet are specified by the user, they are known at the inlet, 

and the outlet values must be solved for. This is achieved by applying the momentum and energy 

equations. The momentum balance in a section can be expressed as follows: 

∑
𝜕(𝜙𝑝𝜌𝑝𝑣𝑝)

𝜕𝑡
𝑝

= − ∑
𝜕(𝜙𝑝𝜌𝑝𝑣𝑝

2)

𝜕𝐿
𝑝

− ∇𝑃 + ∇ ∙ 𝜏 + ∑ 𝜙𝑝𝜌𝑝𝑔 sin 𝜃

𝑝

 6-5 

∇ ∙ 𝜏 =
1

𝐿
∑(𝜏𝑤,𝑝 + 𝜏𝐼,𝑝)

𝑝

  6-6 

At steady state, the left-hand side of Equation 6-5 becomes zero. The third term of the right-hand side of 

Equation 6-5 is calculated with the model of Mukherjee and Brill [89,101] (Figure 2.34), which also 

estimates flow regime. Phase velocities can be expressed by: 

𝑣𝑝 =
𝑄𝑝

(𝜋𝐷2) 4⁄
=

4

𝜋𝐷2

�̇�𝑝

𝜌𝑝𝜙𝑝
=

4

𝜋𝐷2

𝑀𝑝�̇�𝑝

𝜌𝑝𝜙𝑝
  6-7 

where ṁ, and M are a mass flow rate and a molar mass, respectively. Therefore, the unknowns in Equation 

6-5 become ρp, Mp, and ϕp at the outlet. However, as these can be determined by PT flash calculations 

assuming equilibrium in the hydrate slurry (water + hydrate phase), the unknowns become the pressure 

and temperature at the outlet side (Pn+1 and Tn+1 in Figure 6.1). The CPA-Infochem model and a hydrate 

model, included in MultiflashTM 6.2 [108], are used for flash calculations. The energy balance can be 

expressed as follows: 

∑
𝜕

𝜕𝑡
(𝐸𝑉𝑆,𝑝 +

𝜙𝑝𝜌𝑝𝑣𝑝
2

2
)

𝑝

= − ∑ div {𝑣𝑝 (𝐻𝑉𝑆,𝑝 +
𝜙𝑝𝜌𝑝𝑣𝑝

2

2
+ 𝜙𝑝𝜌𝑝𝑔 sin 𝜃)}

𝑝

+ 𝑤 + 𝑞 6-8 

where EVS, HVS, w, and q are volume-specific internal energy, volume-specific enthalpy, work, and heat, 

respectively. At steady state, the left-hand side becomes zero. w is also zero because of no work 

exchanged with external systems. The last term of the right-hand side only considers ambient heat 

exchange: 
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𝑞 = 𝑈(𝜋𝐷)(𝑇𝑎𝑚𝑏 − 𝑇)  6-9 

where U is an overall heat transfer coefficient, and Tamb is the ambient temperature. In this calculation, 

the temperatures of all phases in a segment are assumed to be same, and the overall specific heat of the 

fluid mixture in a segment was calculated from the specific heats and mass flow rates of the phases. The 

specific heats are calculated using flash calculations with the CPA-Infochem model and the hydrate model 

of MultiflashTM 6.2 [108]. Note that the heat generated/absorbed by the hydrate formation/dissociation 

is included within the change in enthalpy. By employing PT flash calculations with respect to ρ and H, the 

unknows in Equation 6-8 also become the pressure and temperature at the outlet side. Therefore, Pn+1 

and Tn+1 can be determined by finding the solutions of Equations 6-5 and 6-8. 

The procedure to determine the properties at the next boundary are presented in Figure 6.3. First, 

the hydrate growth/dissociation rate is calculated. Next, the molar flow rates at the next boundary are 

determined by using the growth/dissociation rate. After that, the momentum and energy balances are 

solved iteratively until the values of Pn+1 and Tn+1 converge. The iteration for Pn+1 may be replaced with 

an explicit equation in future by ignoring the acceleration term in Equation 6-5 (the first term of the right 

hand side) as the term generally has little effects on the overall momentum balance: 

𝑃𝑛+1 − 𝑃𝑛 = ∇𝑃 = ∇ ∙ 𝜏 + ∑ 𝜙𝑝(𝑃𝑛, 𝑇𝑛)𝜌𝑝(𝑃𝑛, 𝑇𝑛)𝑔 sin 𝜃

𝑝

  6-10 

 

Figure 6.3 – Flow chart of the procedure to determine the pressure and temperature at the next boundary (Pn+1 
and Tn+1). 
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6.1.2 Models for Hydrate Growth and Dissociation   

The hydrate grow rate is calculated by the model described previously in Section 4.2, with a modification 

regarding the gas-water interfacial area. As it is based on the mass transfer limited model [51], the key 

parameters are the mass transfer coefficient, the gas-water interfacial area, and the methane 

concentrations at the interface and in the bulk water (Equation 4-9). However, the gas-water interfacial 

area is a difficult parameter to determine: though it was directly observed from video images in the 

flowloop experiments (Section 4.1.3), in production lines it is an unknown. For this reason, the flow 

simulator estimates the gas-water interfacial area with the model of Kocamustafaogullari et al. [141]:  

𝐴𝐺−𝑊 =
6𝑉𝐺

𝑑32
= 6𝑉𝐺

1

1.06
(

𝜎

𝜌𝑠𝑙𝑢𝑟𝑟𝑦
1/3

)

−1/3

(
𝜙𝐺(1 − 𝜙𝐺)𝐷2

𝑣
𝑑𝑃 
𝑑𝐿

)

−2/9

 6-11 

This model is for the bubble size in pure water, which does not account for the effects of salinity. As 

Equation 6-11 includes the gas volume fraction (ϕG), this model was not discussed in Chapter 5. In addition, 

the simulator does not consider bubbles covered with hydrate shells because no available model describes 

them, whereas they were observed in the experiments in Chapter 4. In the flowloop experiments of Yu et 

al. [59], the growth rate of methane hydrate in 3.5 wt% NaCl solution was slower than in pure water (e.g. 

27 and 42 mol/h at 1.9 m/s, respectively) despite finer bubbles in NaCl solution, which may be because 

smaller bubbles are more easily covered with stable hydrate shells. This indicates that the current model 

may overestimate the growth rate in actual production lines. 

The validity of this model in pure water system was checked in an additional experimental run with 

the flowloop, which was conducted outside of the hydrate equilibrium region at approximately 50 bar and 

17°C, with a gas volume ranging from 15-40 ml. The SMD estimated from the video images (Equation 4-7) 

was compared with the model’s prediction (d32 = 6 VG / AG-W). As with the image processing in Chapter 5, 

bubbles smaller than 100 μm were ignored. Five (2-minute) video files were used for each estimation. In 

this experiment, the flow velocity did not affect the SMD except at 15 ml of the gas volume (Figure 6.4a), 

though the range of the velocity was narrow (1.0-1.4 m/sec). This result may be because the volume of 

gas in flow was higher at higher flow rates (Figure 6.4b). It is noted that the volume of gas in flow, 

estimated from video images, was overestimated at high flow rates with 30-40 ml of gas in the flowloop. 

This suggests that the gas-water interfacial area in the experiments shown in Chapter 4 may have been 

overestimated during some periods. The model of Kocamustafaogullari et al. [141], Equation 6-11, 

predicts the SMD accurately at different velocities and gas volumes except the data at 15 ml of gas in the 

flowloop (Figure 6.5). The errors were less than 25% when the gas volume was higher than or equal to 20 

ml. 
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Figure 6.4 – (a) SMD of bubbles at the different gas volumes in the flowloop. (b) Comparison of the gas volume in 
the flowloop to that in flow, estimated from video images. The volume of gas in flow at 1.4 m/s in 30-40 ml and at 

1.3 m/s at 40 ml was overestimated (unfilled markers) because it exceeded the gas volume in the flowloop.  

 

Figure 6.5 – Comparison between the experimental data and the prediction by using the model of 
Kocamustafaogullari et al. [141].  

 

The hydrate dissociation rate is calculated based on the model of Kim et al. [150]: 

𝜕𝑛𝐻

𝜕𝑡
= −𝑐𝑑𝐴𝑃(𝑓𝑒𝑞 − 𝑓𝐺) 6-12 

where cd is the rate constant, AP is the total surface area of hydrate particles in a segment, and feq and fG 

are equilibrium fugacity and fugacity of the hydrate former in the gas phase, respectively. The 

stoichiometric approach proposed by Giraldo and Clarke [151] is used for cd. AP is calculated from the 

hydrate volume and SMD of hydrate particles. The SMD is assumed to be 10 μm, based on the 

experimental study conducted by Clarke and Bishnoi [68]. 
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6.2 Flow Simulation Configuration 

Flow simulations using HyFAST were conducted on the water production lines of the second offshore 

methane hydrate production test in the Nankai Trough area. In this section, the production test is briefly 

introduced first, and then the settings of the flow simulation are explained. 

 

6.2.1 Overview of the Second Offshore Methane Hydrate Production Test 

In the second offshore methane hydrate production test, two production wells, named AT1-P2 and AT1-

P3, were drilled, and the same production test systems were installed to them [19]. A schematic of the 

production test system is shown in Figure 6.6. In this system, gas and water were separated in the 

wellbore, and produced through different lines. Water was pumped out by an electrical submersible pump 

(ESP). An Emergency Disconnect Package (EDP) and Well Control Package (WCP) were placed on the 

seabed, to enable easy disconnection of the riser and other lines from the production system. The water 

production line consisted of two flexible hoses from the top of the EDP to the surface. The gas flow rate 

and the water flow rate of each line were measured at the surface. Gas flow meters were installed 

downstream of the separators. The water flow rates were calculated from increases in the levels of the 

water storage tanks over a fixed time interval. Sensors for pressure and temperature (PT) were installed 

on the production lines.  

 

Figure 6.6 – Schematic of the production test system installed to AT1-P2, adapted from Research Consortium for 
Methane Hydrate Resources in Japan [19]. Gas and water are separated in the wellbore. EDP and WCP are 

equipment for disconnection. mbsl is meters below sea level.  

 

Gas production occurred during several periods from 2 May to 15 May (AT1-P3) and from 31 May to 

28 June (AT1-P2). The downhole pressure and the production rates are presented in Figure 6.7. In the 

production from AT1-P3, gas and water were almost perfectly separated, posing a low potential for 
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hydrate formation due to a lack of reactant. However, significant quantities of gas were produced from 

the water production line from AT1-P2. Given the ESP discharge pressure and the cold sea water, this 

system was within the hydrate equilibrium region, and the availability of reactant raises the possibility of 

hydrate formation.  Furthermore, clogging in one of the flexible hoses was detected, and it was removed 

on 14 June by the operations over the period 10-14 June. Production was temporarily stopped from 23:00 

on 20 June to 20:30 on 22 June because of rough sea conditions [15,19]. After gas production was 

restarted, the gas line plugged temporarily, though it is not discussed here, due to our focus on water-

dominant systems.  

The produced gas consisted of almost pure methane (> 99.9%), and the produced saline water 

showed concentrations of 19000-24000 mg/L of chloride ions [15]. Significant quantities of sand were 

produced from AT1-P3 while a small amount of sand was detected at the sand filter in the production 

from AT1-P2. 

 

Figure 6.7 – Downhole pressure (top panels), gas production rates (middle panels), and water production rates 
(bottom panels) in the offshore production test, adapted from Research Consortium for Methane Hydrate 

Resources in Japan [19]. The gas production from AT1-P2 was temporarily stopped due to rough sea conditions on 
20-22 June (a period highlighted in grey). There were operations to remove plugs in the production lines (periods 

highlighted in blue). The times highlighted in red are the target periods of the flow simulation. 

 

6.2.2 Settings of the Water Production Line 

The flow simulation focused on the plugging observed in one of the flexible hoses during gas production 

from AT1-P2. Three periods, highlighted in red in Figure 6.7, were selected for flow simulations: (1) before 

full-blown gas production (0:00-1:00 on 1 June), (2) before the removal of the plug (0:00-1:00 on 8 June), 

(3) after the removal of the plug (0:00-1:00 on 18 June). The water production line in the flow simulation 

is shown in Figure 6.8. The simulated section ranges from downstream of the ESP to the end of the flexible 
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hose. The total length of the flexible hose was 1200 m although the distance from the inlet of the hose to 

the sea surface was about 1000 m. To evaluate the nature of the plug, two cases are simulated in each 

period and compared with the data: plugging in one hose and no plugging.  

To configure the inlet conditions, HyFAST requires pressure, temperature, and the molar flow rates 

of methane and water. Data from the PT gauge just downstream of the ESP (Figure 6.8) were used for the 

pressure and temperature. The molar flow rates were calculated from the gas rate and the water rate 

during the target periods. The produced fluid was assumed to be a mixture of pure methane and pure 

water; sand and salinity were not considered. The inlet conditions are tabulated in Table 6.1.  

As the PT gauges in the wellbores measured temperature both inside and outside of the pipe, the 

measurements of these gauges were used as the fluid temperature in the wellbore. A temperature 

gradient in the wellbore was prepared by linear interpolation. Above the seabed, heat exchange with the 

ambient water/air was calculated from the ambient temperature and the overall heat transfer coefficient 

with Equation 6-9. The ambient temperature above the seabed was configured based on the sea water 

temperature measured in the first offshore methane hydrate production test in 2013 [152]; the test site 

of which was approximately 75 m north of the second production test [15]. The overall heat transfer 

coefficient of the EDP and WCP sections was set to 25 W/K/m2 which was used for uninsulated pipes in 

Norris et al. [149]. The overall heat transfer coefficient of the flexible hose was assumed to be 10 W/K/m2 

considering the layers of polyurethane included in the hose.  

As the inside of the flexible hose was not smooth, the friction factor was calculated using the 

Colebrook correlation. The roughness was set to 1.2 mm, which had been reported by a factory test. The 

roughness of other sections was assumed to be 0.04572 mm (0.0018 inch), which is recommended for 

commercial steel pipes in Cengel [86].   

 

Figure 6.8 – Configuration of the water production line in the simulation. The length of the line from ESP discharge 
to seabed is rounded for convenience. Red small circles indicate the points of PT measurement. The graph shows 

the vertical profile of ambient temperature. 
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Table 6.1 – Settings of the inlet conditions 

 
Gas rate 

[Sm3/day] 

Water rate 

[m3/day] 

Pressure 

[bar] 

Temperature 

[°C] 

Note 

Case 1 364.3 203.5 163.1 14.8 
Before full-blown gas production 

(0:00-1:00 on 1 June) 

Case 2 7353.1 274.7 205.2 16.0 
Before removal of plug 
(0:00-1:00 on 8 June) 

Case 3 8813.4 442.6 175.4 14.9 
After removal of plug 
(0:00-1:00 on 18 June) 

 

6.3 Flow Simulation Predictions 

6.3.1 Case1: Before Gas Production 

Figure 6.9a shows the predicted pressures for Case 1 under two different preconditions: “plug in one 

hose” and “no plug”. The predicted pressure trend in the former case agrees well with the measured 

pressure at the surface (upstream of the sand filter). This suggests that plugging had already begun during 

this period (0:00-1:00 on 1 June). Figure 6.9b presents the temperature profile in the case where we have 

assumed a plug in one hose, where the temperature in the flexible hoses was almost constant, 

experiencing minimal heat exchange with the ambient seawater/air. The temperature was lower than the 

equilibrium temperature for the first 595 m, such that hydrate is thermodynamically stable in this region. 

However, as shown in Figure 6.10, the molar fraction of methane in the water phase was lower than the 

saturated solubility of methane up to 945 m, which implies no hydrate formation: all methane present 

should be dissolved into the water phase. This is a limitation of HyFAST, where the algorithm first applies 

a PT flash to the gas-water mixture before considering hydrate formation: both a gas and water phase are 

required to actively predict hydrate growth. 

The simulation’s predictions suggest that hydrate was not formed in significant quantities during the 

early phase of gas production and that the trigger for plugging in the hose may not be due to hydrate 

alone. In addition, during the well completion of AT1-P2, conducted prior to gas production (28-31 May), 

the pressure drop in the flexible hose started to rise around 8:00 on 30 May without increasing the 

circulation rate. This may suggest that a precursor event leading to the plug occurred before gas 

production was started. During the well completion, fluid circulation was conducted to activate the sand 

control device. Fluid was flowing upward in the hoses at 0-20 m3/day during this time, while the rate was 

temporarily increased to 50 m3/day before the increase in frictional pressure loss was observed. This 

temporary increase in circulation rate may have given rise to sand production, where larger sand particles 

could have been transported upwards, only to settle when the flow rate was decreased. These sand 

particles may then have accumulated in the bottom-side end of the hoses; once production was started, 

limited hydrate formation from low concentrations of methane in water may have been sufficient to act 

as a bonding agent on the sand deposit, forming a more severe plug. 
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Figure 6.9 – PT profiles of Case 1 simulation. (a) Pressure Profiles. The predicted pressure with an assumption of a 
plug in one hose matches the production data (orange circles). (b) Temperature profile. The pressure in the case of 

one plugged hose is used in the calculation of the equilibrium temperature.   

 

Figure 6.10 – Molar fraction of methane in the produced fluid and saturated solubilities of methane in the water 
phase. 

 

6.3.2 Case 2: Before Plug Removal 

Figure 6.11a shows the simulated pressures for Case 2 with two different preconditions: as with Case 1, 

the pressure under the assumption of a plug in one hose was consistent with the production data. Figure 

6.11b shows the profiles of temperature and the hydrate volume fraction, where the delay in the onset 

of hydrate formation is due to a required subcooling – the difference between the system and equilibrium 

temperatures required to initiate hydrate formation – of 3.6 K, which is the default value in OLGA® [22]. 

In this configuration, hydrate formation is predicted to begin inside the wellbore (L = 50 m), where the 

increase in temperature between 145m and 345m is due to the exothermic heat of hydrate formation. At 

345 m, the temperature exceeded the equilibrium temperature, leading to endothermic hydrate 

dissociation and an associated temperature decrease. The dissociation rate prediction within our 

algorithm is subject to some uncertainty as it assumes a constant hydrate particle diameter, rather than 

a dynamic decrease during dissociation. The flow regime was predicted in the bubbly regime in the vertical 

lines, which is consistent with the conditions required for the hydrate growth model to be valid, while it 

was slug flow in the horizontal lines on the surface.  

The maximum hydrate volume fraction in this simulation was approximately 4.4 vol%. Considering 

no blockage was observed in these circumstances during flowloop experiments, explained in Chapter 4, 

this may indicate a low probability of hydrate blockage in the hoses in the absence of accumulation. 
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However, since the flowloop experiment was not affected by salinity, sand, and the rough internal surface 

of production lines, further investigation is required to determine the precise causes of the plug. Further, 

if one hose had been already plugged, further hydrate may have accumulated in that region, exacerbating 

the plug. Finally, if the plug was located near the seabed, additional re-association would have been 

thermodynamically favourable, and the plug may have acted as a nucleation site for new material. 

 

Figure 6.11 – Summary of Case 2 simulations. (a) Pressure Profiles with the two different preconditions: “No plug” 
and “Plug in one hose”. (b) Profiles of temperature and hydrate volume fraction assuming a plug in one hose. The 

subcooling temperature was set to 3.6 K. 

The sensitivity of the hydrate volume fraction to heat exchange and the subcooling nucleation 

temperature were also investigated. Figure 6.12 shows the predicted hydrate volume fraction with 

variable overall heat transfer coefficients for the flexible hose and with different required subcoolings. 

The system is clearly heat transfer limited, where a significant increase in the hydrate volume fraction is 

clear at higher heat transfer coefficients values over the cases of 1 W/K/m2 and 10 W/K/m2. Such 

comparisons may prove useful when selecting materials for such developments: moderate insulation is 

beneficial in limiting re-association, but advanced techniques, such as pipe-in-pipe solutions, may offer 

limited practical benefit for a significant increase in CAPEX. Of interest, the simulation was insensitive to 

the required subcooling, consistent with a case where heat transport limitations govern the ultimate 

hydrate fraction. 

 

Figure 6.12 – The hydrate volume fractions with different overall heat transfer coefficients for the flexible hose 
(left-hand side) and the different subcooling temperatures (right-hand side). 

 



82 
 

6.3.3 Case 3: After Plug Removal 

In Case 3’s simulations, pressure predictions assuming no plug provided a good match to the pressure 

measured at the surface (Figure 6.13a). This is consistent with the removal of a plug on 14 June (Figure 

6.7). Figure 6.13b shows profiles of the temperature and hydrate volume fraction, where the required 

subcooling threshold was set to 0 K in this simulation because the driving force did not exceed 3.6 K. The 

temperature was lower than the equilibrium temperature in the first 295 m, and higher thereafter. The 

maximum hydrate volume fraction predicted was approximately 3 vol%, which is lower than that in Case 

2.  

The low subcooling temperature (< 3.6 K) resulted from the lower pressure in the water production 

line. In the wellbore section, the pressure (Figure 6.13a) was approximately 30 bar lower than that of Case 

2 (Figure 6.11a) while the temperature was slightly lower. Due to these differences, the equilibrium 

temperature was roughly 1.3 K lower in this case, indicating that the ultimate hydrate volume fraction is 

highly sensitive to the production line pressure. As such, this sensitivity is of key importance when 

designing natural gas hydrate production systems. 

 

Figure 6.13 – Summary of Case 3 simulation. (a) Pressure Profiles with the two different preconditions: “No plug” 
and “Plug in one hose”. (b) Profiles of temperature and the hydrate volume fraction with the precondition of “No 

Plug”. The subcooling temperature was set to 0 K. 

 

6.4 Summary 

The model developed to predict hydrate growth rates in water-dominant systems was integrated into a 

steady state flowline simulator. After the integration, flow simulations were conducted with respect to 

the water production line of the second offshore methane hydrate production test in the Nankai Trough 

area of Japan, in which the water production line had  temporarily plugged. The amount of hydrate formed 

in the simulation was less than 5 vol%. This may suggest a low probability of hydrate blockage in the 

offshore methane hydrate production test given that no blockage was detected in flowloop experiments, 

where the maximum hydrate volume fraction was approximately 20 vol%. Further, the simulation also 

suggested that the plug may have been due to sand, beginning before gas production started. As the 

simulation did not consider the accumulation of hydrate and the influences of sand and salinity, the 

underlying causes of the plug should be carefully investigated with further studies that incorporate these 

factors. Finally, the importance of flowline insulation on the ultimate volume of hydrate formed was 

examined via a sensitivity study of the overall heat transfer coefficient, where the findings indicate that 

while moderate insulation is beneficial, advanced systems such as pipe-in-pipe designs may not offer 
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further gains: this information may be useful in designing the next generation of gas hydrate production 

systems. 
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7 Transient Flow Simulation 

The steady state simulation, described in Chapter 6, provided two important insights: i) the water 

production line of the offshore production test may have been plugged before the beginning of gas 

production (from AT1-P2); and ii) the volume of hydrate formed may have been limited by heat transfer. 

However, as it was a steady state simulation, time dependent variations in the water line such as changes 

in the production rates were not able to be tracked. To unpack these variations, transient flow simulation 

with OLGA® [23], which is a commercial flow simulator, was conducted with the aim of first determining 

how well the simulation package describes these sorts of vertical flows in the absence of hydrate 

formation. In the simulations, the U-value of the flexible hose section was also estimated using the 

properties of the hose materials.  

A further objective of this work was check of ability of OLGA® to perform future transient flow 

simulations with hydrate models, and to test predictive performance with regards to the production lines 

of gas hydrate producing fields. OLGA® has recently included an Extensibility Framework which enables 

third party extensions [85] to hook into the core flow engine: prediction of hydrate growth in water-

dominant system may be possible using this framework, expanding beyond the capabilities of CSMHyK. 

Transient simulations were conducted with such an OLGA® extension developed by UWA for hydrate 

growth and deposition in gas-dominant systems [153], to evaluate its performance in predicting blockages 

for the Nankai Trough production tests.  

These transient flow simulations focused on the water line of the second offshore methane hydrate 

production test as was the case with the steady state simulations. Simulations without an active hydrate 

model provided reasonable predictions of the pressure drop along the water line, which was consistent 

with the results of the steady state simulations. The estimated U-value was lower than the value assumed 

in the steady state simulations, which indirectly supports the key finding in Chapter 6, though the value 

should be tuned in the future steady state simulations. It also gives some insight into the possible 

consequences of plugging in the flexible hose: gas accumulation below the plug. On the other hand, the 

simulation with the OLGA extension overestimated the pressure drop because of hydrate wall deposition, 

suggesting that this is not the primary blockage mechanism in water systems and indicating the necessity 

of developing a new OLGA extension for water-dominant systems. 

 

7.1 Flow Simulation Configuration 

OLGA® [23] is a 1D transient flow simulator, provided by Schlumberger. To adequately define a case, it 

requires information on pipe configuration, flow rates, pressure, and temperature. As such, the model 

configuration is similar to the previously discussed steady state simulation, excepting that as a transient 

model, OLGA® requires information on time dependent boundary conditions, namely the outlet pressure 

bound.  

The target section was the same as that of the steady state simulation (Chapter 6), being from the 

ESP discharge to the sand filter on surface (Figure 6.6 and Figure 6.8). Figure 7.1 shows the model of the 

water line in OLGA®. Pressure is specified at the top-side boundaries (“WT1” and “WT2” in Figure 7.1) 

with the 1-hour averaged surface pressure measured during gas production. The gas and water rates were 

configured at the bottom side (“O4P-W_Gas” and “O4P_W_Water”) with the 1-hour averaged production 

data shown in Figure 6.7. The water production line made of tubing connects the ESP discharge to the top 
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of the EDP (“PUMP” to “EDP”), and the line split into two flexible hoses (“O4P_FH1_FlexibleHose” and 

“O4P_FH2_FlexibleHose”). A valve (“O4P_FH2_Valve”) was added to one of the hoses to mimic plugging 

– that is, a cessation of flow. It was assumed that the position of the plug was 50 m above the EDP. The 

initial (steady state) conditions were prepared by keeping the flow rates, pressures, and temperatures 

constant for 10 hours (simulated time) with the values of the first 1-hour in all simulations.  

In OLGA®, the U-value is calculated from the thermal conductivities of pipe wall layers and the heat 

transfer coefficients at the inner and outer surfaces of a pipe [85,87]; the heat transfers coefficient are 

calculated from the Nusselt number, thermal conductivity of fluid, and pipe diameter. The conditions 

outside pipes/hoses above the seabed were configured based on the sea water temperature, sea current, 

and wind velocity measured in the first offshore methane hydrate production test in 2013 [152]. In the 

wellbore section, the conditions outside of the pipe were assumed to be stagnant water at 15°C. The pipes 

from “PUMP” to “EDP” were regarded as carbon steel tubing pipes, the thermal conductivity, heat 

capacity, and density of which are 45 W/m/K, 470 J/kg/K, and 7850 kg/m3, respectively [23]. In the sections 

above “EDP”, the properties of each layer of the flexible hose, which was made of steel, plastic, or plastic 

fibre were configured, though specific details remain commercial in confidence.  

The produced fluid was assumed to consist of pure methane and pure water, meaning salinity and 

sand were ignored. Fluid properties, which are usually given by a PVT table in OLGA®, were calculated 

with MultiflashTM 6.2 (CPA-Infochem) [108].  

 

Figure 7.1 – Configuration of the water production line in the simulation. Gas and water rates are specified at the 
bottom-side boundary (“O4P-W_Gas” and “O4P-W_Water” at “PUMP”). Pressure is specified at the top-side 

boundaries (“WT1” and “WT2”). ID and OD mean inner and outer diameter, respectively. 
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7.2 Flow Simulation Predictions 

This study focused on gas production from AT1-P2, similarly to the steady simulation, because plugging 

occurred only in this scenario. Considering the periods of operation for hydrate removal and shut-in, the 

transient simulation was divided into four cases (regions highlighted in red in Figure 7.2), and these were 

executed separately. The valve (“O4P_FH2_Valve”) was closed only in Case 1. The details of each case are 

tabulated in Table 7.1.  

The UWA OLGA extension for gas-dominant systems, was implemented only in Case 1. It should 

further be noted that the mechanisms of the hydrate growth and blockage are substantially different 

between water- and gas-dominant systems, and that the extension was designed with horizontal, rather 

than vertical, flow in mind.  

 

Figure 7.2 – Downhole pressure (top panels), gas production rates (middle panels), and water production rates 
(bottom panels) during gas production from AT1-P2 in the offshore production test, adapted from Research 

Consortium for Methane Hydrate Resources in Japan [19]. Target periods of the transient flow simulation are 
highlighted in red.  

 

 

 

 

 

 



87 
 

Table 7.1 – Summary of each run of the transient flow simulation 

 
Period Valve Setting 

(O4P_FH2_Valve) 

Simulation with 

OLGA extension* 

Case 1 5/31 21:00 – 6/9 23:00 Closed Yes 

Case 2 6/15 0:00 – 6/20 21:00 Open No 

Case 3 6/22 21:00 – 6/23 21:00 Open No 

Case 4 6/26 5:00 – 6/28 7:00 Open No 

*: UWA Gas Dominant Extension for OLGA [153] 

 

7.2.1 Simulation without a Hydrate Model 

Figure 7.3 shows a comparison of the pressure between model predictions and production data 

downstream of the ESP in the simulation with the OLGA extension. The predicted pressure was consistent 

with the production data, falling within ±10% during most periods except 6/1 05:00 – 10:00 and 6/4 5:00 

– 6/5 12:00 (Figure 7.4). This suggests that the removal of the plug by the operation during 10-14 June 

was successful as with the steady state simulation. Considering the low hydrate fractions predicted in the 

steady state simulation, the effect of formed hydrate on fluid dynamics, especially hydrate slurry viscosity, 

should be relatively small whereas it may affect the prediction of temperature significantly. On the other 

hand, the predicted pressure is much lower in the early phase of production (6/1 5:00 – 10:00). This 

underestimation might indicate a partial plug in the second flexible hose.  

 

Figure 7.3 – Comparison of the model prediction of the pressure at the downstream of ESP (first section of “O4P-
W_Tubing”) with the production data of PT gauge at 1127.7 mbsl. The light green dotted line indicates the 

pressure of the to-side boundaries.  
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Figure 7.4 – Difference in the pressure at the downstream of ESP between the model prediction and the 
production data. Dotted lines indicate 10% deviations.  

 

Figure 7.5 shows the flow regime of “O4P_FH1_FlexibleHose” which transitioned to slug flow in the 

upper side of the vertical region: a deviation from the steady simulation. This is due to the difference in 

the correlations used to predict flow regime. Although the flow regime is predicted to be annular in the 

early phase of production, this is unrealistic as the holdup was almost unity at that time. The U-value was 

approximately 6 W/K/m2, lower than the assumed value in the steady state flow simulations (10 W/K/m2).  

This difference should have little effect on the steady state simulation predictions because the hydrate 

volume fractions were almost same in the cases where the U-value was 1 and 10 W/K/m2 (Figure 6.12a), 

but it should be changed in the future steady state simulations.  

 

Figure 7.5 – Flow regime in the flexible hose (“O4P_FH1_FlexibleHose”). The region of annular flow in 5/31 21:00 – 
6/1 03:00 should be single phase in actual as the holdup was almost one.  

Another important prediction was gas accumulation below the closed valve. Figure 7.6 presents the 

change in holdup profile in the region below the valve (“O4P_FH2_Valve”) in Case 1. The space below the 

valve (plug) was fully occupied with gas within 18 hours after the beginning of gas production. Figure 7.7 

shows temperature and pressure of the space. The temperature was much lower than the equilibrium 

temperature, suggesting further hydrate formation could have occurred in the gas pocket below the plug. 
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Although hydrate growth was not able to be estimated, this implies that any hydrate plug may have 

annealed, with further growth increasing its rigidity in the actual production test.   

 

Figure 7.6 – Change in holdup in the section below the valve in Case 1.  

 

Figure 7.7 – Temperature and pressure at the section below the valve in Case 1 simulation.  

 

7.2.2 Simulation with a Hydrate Model 

The simulation with the UWA OLGA extension of hydrate growth in gas-dominant system was conducted 

only for Case 1 (5/31 21:00 – 6/9 23:00). In this simulation, the effective diameter of the tubing inside the 

wellbore (“O4P_W_Tubing”) was continuously decreased by wall deposition of formed hydrate after 10 

hrs (Figure 7.8a), and the simulation was finally crashed around 6/3 3:00 (54 hr) because the pressure at 

the first section of the tubing became too high: this is indicative of severe plug formation occluding the 

line. On the other hand, the effective diameters of the other sections were decreased only within the first 

20 hr (Figure 7.8b,c). This contrast is related to PT conditions of the tubing section inside the wellbore. As 

shown in Figure 7.9, from 4 to 14.5 hr, the temperature at the downstream of ESP was higher than the 

equilibrium temperature. This means no hydrate formation in “O4P_W_Tubing” and hydrate formation in 
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the upper sections during this period. In contrast, after this period, most of produced methane was 

consumed for hydrate formation and wall deposition in “O4P_W_Tubing”, resulting in unchanged 

effective diameters of “O4P_T_Tubing” and “O4P_FH1_FlexibleHose” (Figure 7.8b,c).  

Since flow conditions in this simulation are different from that expected by the extension, it is difficult 

to discuss the discrepancy. However, one of the reasons might be excessive adhesive forces between 

hydrate particles and the pipe wall, particularly considering the experiments of Aman et al. [67] in which 

the cohesive force between cyclopentane hydrate particles surrounded by wet gas was one order of 

magnitude higher than that in a water phase. The adhesive force of the OLGA extension is tuned based 

on experiments with gas-dominant systems [33], in which the adhesive force between CH4/C2H6 hydrate 

particles and carbon steel surface in a CH4/C2H6 mixture was measured.  

 

Figure 7.8 – Effective diameter of pipes. (a) Tubing inside wellbore (“O4P_W_Tubing”), (b) Tubing from “SEABED” 
to “EDP” (“O4P_T_Tubing”), and (c) Flexible hose without a valve (“O4P_FH1_FlexibleHose”). Markers indicate the 

centre of each control volume in the model of the water production line. 

 

 

Figure 7.9 – Temperature and equilibrium temperature at the downstream of ESP (“PUMP”) predicted by flow 
simulation.    

Figure 7.10a shows a comparison between the model prediction and the production data of the 

pressure downstream of the ESP. The predicted pressure was much higher suggesting that wall deposition 

of hydrate – responsible for the higher predicted pressure – is not a major mechanism in water-dominant 

systems. This further indicates the necessity of developing a new OLGA® extension to conduct transient 

simulations for predicting hydrate blockages for the water dominant systems expected during the 

production of natural gas hydrate deposits. Figure 7.10b presents the pressure profile of the tubing inside 
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wellbore (“O4P_W_Tubing”) at different times, indicating that the pressure increase was significant only 

in the first section downstream of the ESP in the simulation.  

 

Figure 7.10 –  (a) Comparison of the pressure at the downstream of ESP between the model prediction and the 
production data. (b) Pressure profile of the tubing inside wellbore (“O4P_W_Tubing”). 

 

7.3 Summary 

Transient flow simulations with OLGA® were conducted with respect to the water production line of the 

second offshore methane hydrate production test in the Nankai Trough. The simulation without any 

hydrate models provided reasonable prediction of pressure drop along the flow line, which was consistent 

with previous steady state simulations. In contrast, the simulation with the hydrate model for gas-

dominant systems significantly overestimated pressure drop because the effective diameter was 

decreased by wall deposition. This suggests that only a small quantity of the hydrate that formed in the 

production test adhered to the pipe wall and reinforces the fact that the deposition mechanisms for gas-

dominant hydrate formation are not directly applicable to water-dominant systems. In the simulation 

without a hydrate model, gas accumulated below the valve which was used to mimic a plug in the flexible 

hose. This implies that additional hydrate growth may have affected the flexible hose plug through the 

process of gas accumulation below the plug, causing annealing and increasing its mechanical strength. 

The U-value calculated by OLGA® was lower than that assumed in the steady state simulation, which 

suggests that further tuning of the U-value in the future steady state simulations is necessary.  

These results indicate the necessity of further modelling developments if the plugging mechanism 

for water-dominant systems is to be adequately captured. Ultimately, production from natural hydrate 

reservoirs may require dedicated tools that take advantage of, for example, the Extensibility framework 

offered within OLGA®.  
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8 Behaviour of Methane Hydrate-in-Water Slurries from Shut-in to 

Flow Restart 

Hydrate blockage risks are higher during transient operations, such as start-up, restart or shut-in, in 

conventional production [4], where steady state typically lies outside the equilibrium region. It is often 

difficult to avoid hydrate formation in subsea pipelines during a long-term shut-in where fluid in the 

pipelines may be cooled to within the hydrate equilibrium region by surrounding sea water. Inter-particle 

cohesive forces between hydrates may cause them to agglomerate during the shut-in period and these 

may form larger aggregated structures (Figure 8.1). In turn this reduces the flowability of the slurry and 

may lead to a plug when restart is attempted. These cohesive forces have been experimentally confirmed 

[32,33,67], and are found to increase with extended inter-particle contact time. In restart operations, it 

may be necessary to fluidise any gel-state hydrate slurry, in which hydrate particles form a continuous 

aggregated structure behaving like solid, to avoid blockages (Figure 8.1). In general, when a weak, external 

stress is applied to the aggregated structure (gel-state slurry), it will not flow, instead deforming like an 

elastic material [46,154]. However, if the applied stress is strong enough, the slurry starts to flow, which 

is associated with the breakup of the structure, transitioning to a sol-state. In the context of flow 

assurance, ‘stationary bed’ and ‘moving bed’ may be more common expressions than ‘gel’ and ‘sol’, 

respectively [135].   

 

Figure 8.1 – Overview of the sol-state and gel-state hydrate slurries. While the hydrate particles are distributed in 
water in a sol-state, they form a continuous aggregated structure in a gel-state.  

Yield stress is a fundamental property in discussing the gel-sol transition of suspensions, defined as 

the stress required for loss of elasticity. In principle, for gelation of a suspension, it is necessary to develop 

a continuous network structure which transmits applied stress immediately [155]. The continuous 

structure consists of solid particles aggregated by cohesive forces, and the yield stress arises from the 

energy barrier for displacement of solid particles [46,47,155]. However, as reviewed in Section 2.2.4, only 

a few studies on the yield stress of hydrate slurries have been conducted [31,42–44,156], and these 

studies did not investigate the yield stress in water-dominant systems.  

Another factor related to hydrate blockages during restart operations may be the size of hydrate 

particles. When the hydrate slurry has started to move, the continuous structure may be broken into 

relatively large, agglomerated hydrate particles, and these may be more easily deposited. Furthermore, 

deposited particles may cause jamming as it often occurs in sections where the flow area is decreased, 

such as upstream of an orifice [157,158] and throats in microchannels [159,160], due to a gathering of 

particles. Considering these factors, the yield stress measured by a rheometer may not directly correspond 

to the flow restart, which requires the aggregated structure to both yield and then be mobilised without 

a secondary jam. 

In this study, experiments were conducted with a flowloop, the Hydrate Aggregation Loop, to 

measure the critical stress required for flow restart of water-dominant (100% water cut) hydrate slurries. 
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Restarts were conducted after a shut-in period and visually observed with an in-line video camera. Shut-

in was simulated by stopping the flowloop’s circulation pump, and the restart operation was mimicked by 

gradually increasing the rotational speed of the pump. The critical stress was measured at different 

hydrate volume fractions and shut-in periods. The video camera captured both the continuous network 

structure formed by agglomerated hydrate particles during the shut-in and the breakage of these 

structures during restart operations. Furthermore, the gap between yielding and flow restart was 

examined for varying pump ramp modes. 

 

8.1 Experimental Design and Analysis 

8.1.1 Experimental Procedure 

Before the beginning of any experiment, the flowloop was purged with air using a vacuum pump to 

expunge any water or other impurities. It was then fully filled with distilled water and pressurized to 100 

bar at 16°C. After that, 30 ml water was displaced with methane, and the circulation pump was turned 

on, causing limited dissolution of methane in water accompanied by a slight decline in the pressure. At 

this point, the flowloop was outside the hydrate equilibrium region predicted by MultiflashTM 6.2 [108]. A 

small volume of methane gas was injected several times to boost the pressure back to 100 bar. Once the 

pressure stabilized, the experiment was commenced, which was performed in two steps: i) temperature 

reduction to a target value and; ii) cycled gas injection to increase the hydrate volume in the flowloop. As 

with the experiments of Chapter 4, the hydrate volume fraction was calculated from pressure, 

temperature, and injection/withdrawal rates of gas and water using the method explained in Section 3.3. 

In the first step, the temperature was reduced from 16°C to 3°C at a constant rate of 3°C/hr without 

additional injection of gas or water, and fluid was continuously circulated at 1.3 m/sec (≈ 106 ml/sec) by 

the pump. The flowloop entered the hydrate equilibrium zone at approximately 13°C and 100 bar [108]; 

the hydrate equilibrium pressure at 3°C was approximately 35.6 bar [108]. Hydrate nucleation and growth 

started during the ramped temperature decrease in all the experiments. After this process, the critical 

stress, required for restart from shut-in conditions, was measured, as discussed below. 

In the second step, 187.5 ml of gas was injected cyclically into the flowloop at a rate of 1.25 ml/min; 

this allowed for further hydrate growth under a condition close to steady state. After finishing each gas 

injection, the critical stress was measured. This cycle was repeated while the circulation rate could be 

maintained at 1.3 m/sec. Small volumes of water were periodically extracted from the flowloop to make 

space for the gas phase: as the molar volume of methane hydrate is slightly higher than that of water, the 

volume of the bulk liquid phase (water + hydrate) gradually increases with hydrate formation. As the line 

for water extraction is connected to the bottom side of a pipe, only water should have been removed due 

to buoyancy effects. This operation was required because the flowloop pressure becomes unstable when 

the gas volume fraction in flow approaches zero. At low gas volume fractions, the pressure often starts to 

fluctuate, oscillating through a gradual increase and a sudden drop. This fluctuation may be because of a 

small volume of gas that becomes stuck in dead spaces throughout the flowloop (< 1 vol% of the flowloop 

volume). The gas-water interfaces may be covered with hydrate films, which may isolate the stuck gas 

from the continuous water phase. These films may be periodically broken by a combination of the gradual 

pressure increase and fluid turbulence. In general, 5 ml of water was extracted before each gas injection 

operation, but further adjustment to account for dynamic changes in flowloop pressure was sometimes 

required. For example, when gas is stuck within the loop, the initial water extraction may not be sufficient 
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to decrease the pressure to its equilibrium value, in which case more water was withdrawn. Throughout 

all experimental runs, the pressure was generally controlled at a value lower than 45 bar. 

The flowloop conditions during Experiment 1 are shown in Figure 8.2 as an example. The top panel 

presents the profiles of pressure and temperature while the middle and bottom ones illustrate the flow 

velocity and the injection/withdraw rates of gas and water, respectively. Time zero is set to the beginning 

of the temperature decrease operation. Hydrate formation began at approximately 140 min which was 

detected by a sudden pressure drop. After the temperature decrease, three types of operations were 

repeated: (i) measurement of the critical stress during which the flow velocity was not constant; (ii) shut-

in during which the flow velocity was zero; and (iii) gas injection at a constant flow velocity. While the 

temperature and pressure changed slightly during the 8-hour shut-ins, these changes did not significantly 

affect the hydrate volume fraction. The changes in the hydrate volume fraction during the shut-ins were 

less than 0.1 vol% in all experimental runs, which was estimated with the method explained in Section 

3.3. 

 

Figure 8.2 – Flowloop conditions during Experiment 1. (a): Pressure and Temperature. The sudden pressure drop 
around 140 min corresponds to the beginning of the hydrate formation. The periods highlighted in light purple and 

light green indicate the critical stress measurement after 3-minute shut-in and 8-hour shut-in, respectively. The 
periods highlighted in light grey correspond to the extended (8-hour) shut-ins. (b): Flow velocity. (c): 

Injection/withdraw rates of gas and water (negative value means withdrawing). 
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8.1.2 Measurement of Critical Stress for Flow Restart 

Figure 8.3 shows an example of the measurements of the critical stress with a 3-minute shut-in, conducted 

during Experiment 2 at 16.0 vol% of hydrate. Before the shut-in, the rotational speed of the circulation 

pump was decreased stepwise from 1000 rpm, at which the flow velocity was approximately 2 m/sec, 

until the flow was stopped. In all the measurements, the flow was stopped below 88 rpm. Once the flow 

had been stopped, the circulation pump was turned off for the shut-in. After the shut-in period, the 

rotation speed was increased stepwise, and this stepwise increase was repeated until the flow restarted. 

In this study, the critical stress required for the flow restart after the shut-in is defined as the average 

of the wall shear stresses at the times just before and just after the restart of flow (tb and ta, respectively): 

𝜏𝑐 ≡
𝜏𝑤(𝑡𝑏) + 𝜏𝑤(𝑡𝑎)
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where τc, τw, and D are the critical stress, wall shear stress, and the pipe diameter, respectively. ΔP is the 

differential pressure measured by the dP gauge over the longer horizontal section (0.85 m), and L is the 

length of the measurement section. In the example of Figure 8.3, tb and ta are 4377.35 min and 4377.40 

min, respectively. Additionally, an uncertainty included in each measurement operation (uop) was 

estimated from the difference in the wall shear stresses at tb and ta, where a rectangular distribution was 

assumed: 

𝑢𝑜𝑝 =
1

√3
|
𝜏𝑤(𝑡𝑎) − 𝜏𝑤(𝑡𝑏)

2
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In addition, the critical wall shear stress at the sol-gel transition before the 3-minute shut-in was also 

estimated with Equations 8-1 and 8-2, where tb and ta are defined as the times of the last decrease in the 

pump rotational speed before the flow stopped, and the time just after the flow stopped; 4366.75 min 

and 4368.30 min in the example of Figure 8.3, respectively. 

 

Figure 8.3 – Trends of the differential pressure, the flow velocity, and the rotational speed of the circulation pump 
during the critical stress measurement with 3-minutes shut-in at 16.0 vol% of hydrate in Experiment 2. In this case, 

the flow was stopped at 4368.30 minute (at 52.5 rpm), and restarted at 4377.40 min (271.3 rpm). 
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8.2 Results and Discussion 

A total of four experimental runs were conducted. The experimental conditions are summarized in Table 

8.1. Two types of restart procedure with different pump operations were tested: a linear slow increase 

and quick exponential increase (Figure 8.4), although only one type was applied to each experimental run. 

The slow linear increase was applied to Experiments 1 and 2 while the quick exponential increase was 

applied to Experiments 3 and 4. In Experiment 1 and 2, the flow line was plugged with hydrate during the 

restart operation at 18.0 vol% and 18.7 vol%, of hydrate, respectively. Two shut-in periods, i.e. 3 minutes 

and 8 hours, were tested in these runs. 

Table 8.1 – Experimental Conditions. 

 Restart Operation Hydrate Blockage  Hydrate Volume [vol%] Shut-in Period 

Experiment 1  slow linear Yes 0 – 18.0 3 minutes, 8 hours 
Experiment 2  slow linear Yes 0 – 18.7 3 minutes, 8 hours 
Experiment 3 quick exponential No 0 – 21.0 3 minutes, 8 hours 
Experiment 4  quick exponential No 0 – 19.3 3 minutes, 8 hours 

 

 

Figure 8.4 – Pump control during the restart operation. Two types of pump operations were used for the restart 
operation: the slow linear increase (green line) and the quick exponential increase (purple line). The intervals of 

each steps are 20 sec and 24 sec, respectively. 

 

8.2.1 Critical Stress for Flow Restart 

Figure 8.5 presents the critical stress for the restart of flow obtained in Experiments 1-4. The error bars 

indicate the combined standard uncertainties of the critical stress measurement consisting of the 

uncertainty caused by the operation, defined by Equation 8-2, and that included in the dP gauge (ug ≈ 

0.027 Pa): 

𝑢𝑐 = √𝑢𝑜𝑝
2 + 𝑢𝑔

2  8-3 

where uc is the combined standard uncertainty. Generally, the critical stress continuously increased with 

an increase in the hydrate volume fraction, except in several cases: for example, after the 3-minute shut-

in of Experiment 2 and after the 8-hour shut-in of Experiment 3. No critical stress was confirmed below 

4.2 vol% of the hydrate in any of the experiments. The critical stress had a similar trend to the yield stress 
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obtained in the experiments of Qin et al. [31], in which methane hydrate slurry was made from water-in-

oil emulsions in a rheometer at 5°C. In their experiments, the yield stress monotonically increased from 3 

Pa at 5 vol% water to 25 Pa at 30 vol% water. Furthermore, the critical stress after the shut-in was larger 

than that before the shut-in for most of the measurements (Figure 8.5d). 

 

 

Figure 8.5 – Critical stress before or after the shut-in. The error bars indicate the combined standard uncertainties 
(Equation 8-3). Unfilled markers with a negative value mean that no critical stress was confirmed. (a) before the 3-

minute shut-in, (b) after the 3-minute shut-in, (c) after the 8-hour shut-in, (d) Critical stress after the 3-minute 
shut-in minus that before the 3-minute shut-in. The numerical data of the critical stress is tabulated in Appendix D. 

The critical stress of Experiment 3 was slightly lower, which is particularly obvious in the data after 

the 8-hour shut-ins. This difference may be due to the adhesion of small quantities of hydrate to the pipe 

wall, resulting in a lower hydrate volume in the slurry. This is supported by the dP measurement over the 

long section, which was higher in Experiment 3 (Figure 8.6), where a decrease in the effective inner pipe 

diameter would explain this discrepancy. The significant increase in dP started during the temperature 

decrease operation. Further, in Experiment 3, the hydrate volume fraction at which the critical stress 

started to appear was slightly higher (the unfilled green triangles in Figure 8.5). This difference may also 

be related to the higher dP over the long section (Figure 8.6).   

As dP is quite sensitive to a change in pipe diameter, the small changes observed in dP, with the 

exception of Experiment 3, suggest little or no adhesion of hydrate to the pipe wall. At a constant 

volumetric flow velocity, flow velocity is proportional to an inverse of the power of pipe diameter: 

𝑣 =
𝑄

(𝜋 4⁄ )𝐷2
∝ 𝐷−2   8-4 



98 
 

where v and Q are velocity and volumetric flow velocity, respectively. Substituting this equation to the 

Darcy-Weisbach equation, dP becomes proportional to D-4.75 by applying the Blasius correlation if density 

and viscosity are assumed to be constant:   

∆𝑃 = 𝜆
𝜌𝑣2

2𝐷
𝐿 = (0.316𝑅𝑒−0.25)

𝜌𝑣2

2𝐷
𝐿 ∝ 𝐷−4.75  8-5 

where λ, ρ, and Re are Darcy friction factor, density, and Reynolds number, respectively. Therefore, 

hydrate wall deposition should significantly increase the observed experimental dP. For example, if the 

pipe diameter decreased by 10% (≈ 0.5 mm uniform hydrate layer on wall), dP should increase 

approximately 1.65 times. As this is generally not observed, we can infer that key viscometry calculations 

based on pressure drop remain valid throughout this work. 

 

Figure 8.6 – ΔP of the long horizontal section. ΔP was apparently higher in Experiment 3 (the green line). The 
periods in which ΔP was zero are the 8-hour shut-ins. 

 

8.2.2 Influence of Hydrate Volume and Shut-in on Critical Stress 

Figure 8.7a-c shows the logarithms of the experimentally determined critical stresses as a function of 

hydrate volume fraction. Clear linear trends are observed in the critical stresses obtained in Experiments 

1, 2, and 4. Considering the higher dP in Experiment 3 (Figure 8.6), the data of Experiment 3 are excluded 

from the discussion of the linearity in this section although they are shown in Figure 8.7a-c for reference.  

Figure 8.7d shows lines of best fit for Figure 8.7a-c. A clear difference is obvious between the pre-

shut-in data and the fits for the 3-minute and 8-hour shut-ins. This indicates two things: the shut-in 

changed the character of the hydrate slurry, and this change in character is not a function of the shut-in 

duration. The first observation suggests a sol-gel transition during shut-ins while the second is in stark 

contrast to the oil-dominant experimental result of Webb et al. [42] for yield stress measurements in a 

rheometer. In their experiments, the yield stress increased during shut-in periods from 0 to 8 hours while 

applying 2% strain (1 Hz), and remained constant thereafter. Meanwhile, Ahuja et al. [44] argued that the 

increase in yield stress may depend on slurry conditions. The yield stress did not increase with the shut-

in period in their experiments when the same sample was repeatedly used for measurements, while it did 

increase when using a different sample in each measurement.  

In general, an increase in yield stress should be caused by a rise in the number of bonds between 

particles included in the continuous structure and/or in their strength [155]. This suggests that the change 
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in the yield stress observed during our shut-in experiments should be caused by the change in the strength 

of the bonds, as their number should not vary significantly under static conditions. In other words, in 

theory, the increase in the (static) yield stress should be explained by a rise in the cohesive force between 

hydrate particles, whereas the number of bonds may dynamically change in measurements of the 

dynamic yield stress. Aman et al. [32] reported that the cohesive force between two contacted 

cyclopentane hydrate particles surrounded by cyclopentane (liquid hydrocarbon) increased with time in 

their experiments. According to their analysis, the cohesive force was initially dominated by the capillary 

force induced by a bridge of (immiscible) water between two particles, and the cohesive force did not 

change during this period. However, after 30-seconds contact time, the cohesive force was affected by 

hydrate sintering, or growth at the contact point, and it gradually increased with time. Later, Hu and Koh 

[33] observed a similar trend regarding the cohesive force between two contacted CH4/C2H6 hydrate 

particles approximately 400 μm in diameter immersed in liquid hydrocarbon. These results give a 

reasonable explanation of the yield stress increase reported by Webb et al. [42]. 

As in the measurements of Ahuja et al. [44] when recycling the same sample, Hu and Koh [33] also 

reported that the cohesive force between contacted CH4/C2H6 hydrate particles was affected by the 

annealing time of the separate particles before measurement. The cohesive force monotonically 

decreased for samples annealed for 2-24 hours before being contacted, and plateaued thereafter. They 

suggested that this decrease may be due to the reduction of water remaining at the surface of particles. 

In the measurements of Ahuja et al. [44], the sample may have experienced the breakage of bonds in each 

measurement of yield stress. Although the bonds may have reformed during the rest time, the cohesive 

force may have decreased with each repetition of the yield stress measurement.  

Methane hydrate particles should also cohere in 100% water cut systems, considering the work of 

Aman et al. [67] in which the cohesive force between cyclopentane hydrate particles surrounded by a 

water phase was confirmed after 10-seconds of inter-particle contact. These studies did not discuss the 

influence on the cohesive force of annealing times before and during particle contact in 100% water cut 

systems. However, if the cohesive force depends on hydrate sintering or growth at the contact point, gas 

availability may limit the process in our system. The in-line camera confirmed very few bubbles before the 

8-hour shut-in, which implies that little methane was available for hydrate sintering during shut-in. In our 

experiments, there was a 1-hour time lag between hydrate formation by gas injection and the critical 

stress measurement. This may be ample time to convert most injected gas into hydrate. Therefore, our 

observation of the critical stress as being time independent suggests that sintering is not a factor for 

water-dominant systems. 
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Figure 8.7 – Cross plots of the logarithms of hydrate volume fraction versus critical stress. The error bars indicate 
the relative errors. Dotted Lines are the fitting lines to the data of Experiment 1, 2, and 4 (Experiment 3 data is 

excluded). (a) Before the shut-in, (b) After the 3-minute shut-in, (c) After the 8-hour shut-in, (d) Comparison of the 
fitting lines. 

The linear relationships on the logarithmic plots (Figure 8.7) mean that the critical stress may be 

predicted by a power function with two fitting parameters. This has the same form as the formulae for 

yield stress of suspension derived from the models of Shih et al. [46], Rooij et al. [154], or Uriev and 

Ladyzhinsky [161]: 

𝜏𝑐 = 10𝑎𝜙𝐻
𝑏  8-6 

where a and b are constant values corresponding to the intercepts and the slopes of the fitting line on the 

logarithmic plots, respectively. This may suggest a close relationship between the critical stress and the 

yield stress of hydrate slurry. 

 

8.2.3 Estimation of Fractal Dimension 

Fractal dimension is an important property in the aggregation of solid particles in suspensions as it 

indicates how porous the aggregated structures are. For example, if aggregated hydrate particles are 

fractal objects, the effective volume fraction of hydrate particles may be expressed by fractal dimension 

(fd) and the diameters of a agglomerated structure and an individual hydrate particle (dA, and dP, 

respectively) [34,162]: 
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𝜙𝐻,𝑒𝑓𝑓 ≈ 𝜙𝐻 (
𝑑𝐴

𝑑𝑃
)

3−𝑓𝑑

  8-7 

where ϕH,eff is the effective volume fraction of hydrate. 

Provided that our critical stress data corresponds to yield stress, the fractal dimension of the 

agglomerated particles may be estimated from the linear relationship with the approach used in Liberto 

et al. [45] which is based on the model of Shih et al. [46]. Although Shih et al. only discusses the storage 

modulus (G’) and the critical strain (γc), Liberto et al. treated yield stress as the product of them. By this 

treatment, yield stress can be expressed by a function of the volume fraction of the solid phase and the 

fractal dimension: 

𝜏𝑦 ≈ 𝐺′γc ∝ 𝜙2/(3−𝑓𝑑)  8-8 

where τy and ϕ are yield stress and the volume fraction of solid phase, respectively. This approach is not 

valid for the critical stress before the shut-in because of the assumptions required for the model of Shih 

et al. [46]: the colloidal gel can be considered a collection of closely packed flocs, and the floc size is 

defined as the minimum scale over which the structure can be considered uniform. By taking the 

logarithm of Equation 8-8, the following equation is derived: 

log10(𝜏𝑦) =
2

3 − 𝑓𝑑
log10(𝜙) + 𝑐 8-9 

where c is a constant value. Then, by differentiating Equation 8-9 with respect to log10(ϕ), the fractal 

dimension can be calculated from the slope on the logarithmic plot. 

𝑓𝑑 = 3 −
2

𝑑{log10(𝜏𝑦)}

𝑑{log10(𝜙)}

 
8-10 

If this approach is applied to our data (Figure 8.7), the fractal dimensions of the agglomerated hydrate 

particles after the 3-minute and the 8-hour shut-ins are determined to be 2.21 and 2.26, respectively. The 

95% confidence intervals of the fractal dimensions are 2.00-2.36 (3-minute shut-in) and 2.09-2.37 (8-hour 

shut-in), which are calculated from the uncertainties of the slopes of the fitting lines. These values fall 

within the reasonable range discussed in Camargo & Palermo [34] (fd ≈ 2-2.7) based on Hoekstra et al. 

[163], where they originally set fd to 2.5 in studies on hydrate in oil-dominant flow. Regarding the 

experiments of Liberto et al. [45], the fractal dimension of calcite paste increased with a rise in the solid 

volume fraction: fd = 2.37 at ϕ = 0.05-0.17, fd = 2.57 at ϕ = 0.17-0.25, and fd = 2.65 at ϕ = 0.25-0.30. Their 

result may suggest the hydrate slurry becomes denser at the higher volume fractions. This estimate 

demonstrates the possibility of evaluating the structure of the agglomerated particles from yield stress 

data, though further work will be necessary when considering the overall structure consisting of hydrate 

particles in a slurry. 
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8.2.4 Visual Observations of a Hydrate Slurry 

Figure 8.8 shows images of hydrate slurry just before the 8-hour shut-in at 2.6 vol% and 5.2 vol% in 

Experiment 2. These images were captured by the in-line camera when the pump was turned off for the 

shut-in. When the slurry was flowing, hydrate particles were invisible because they were very opaque due 

to a very small difference in refractive indices of hydrate and water. According to Bylov and Rasmussen 

[164], the indices of Structure I hydrate and water are 1.3462 and 1.3339 respectively for a temperature, 

pressure and wavelength of 1°C, 110 bar, and 750 nm, in turn. The hydrate particles appear to stick 

together and to form agglomerated structures in the images. The agglomerated structures occupy a 

substantial space compared to the actual hydrate volume, and the observation region was almost fully 

filled at 5.2 vol% of hydrate. This observation is consistent with the critical stress data (Figure 8.5), in 

which no critical stress was confirmed below 4.2 vol%. In theory, it should not exhibit before a network 

structure has developed to transmit the applied stress instantaneously , and the structure should form 

after (agglomerated) particles occupy the entire space [46,155].  

Figure 8.9 shows the difference of the hydrate slurry before and after the 8-hour shut-in at 16.0 vol% 

of hydrate in Experiment 2. No significant changes in the slurry were observed during the shut-in, though 

the particles moved slightly upward. The slurry in Figure 8.9 appears denser than that in Figure 8.8. As the 

small, darker particles in Figure 8.9a disappeared in Figure 8.9b, these may have been gas-phase methane 

encapsulated with hydrate, which were converted into hydrate during the shut-in. The change in 

appearance is due to the much smaller difference in the refractive indices of water and Structure I hydrate 

than between methane gas and water. 

 

Figure 8.8 – Images of the hydrate slurry captured by the in-line video camera in Experiment 2 (a: ϕH = 0.026, b: ϕH 
= 0.052). The particles in the images appear to stick together and form agglomerated structures. The contrast of 
the images was enhanced with the “Enhance Contrast” filter provided by ImageJ 1.51 [143] to make them more 

visible. 
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Figure 8.9 – Images of hydrate slurry before and after the 8-hours shut-in at “ϕH = 0.160” in Experiment 2 (a) 
before the shut-in, (b) after the shut-in. No significant changes in the hydrate slurry were observed, though it 

moved slightly upward during the shut-in (see the positions of the coloured rectangles). The contrast of the images 
was enhanced with the “Enhance Contrast” filter provided by ImageJ 1.51 [143]. 

 

8.2.5 Hydrate Plugging Observed in Restart Operation 

Figure 8.10 illustrates the differential pressure, the flow velocity, and the rotational speed of the pump 

during the restart operation at 18.0 vol% of hydrate in Experiment 1, during which hydrate plugging 

occurred, where visual observations help to capture changes in the character of the slurry. In this 

experiment, the slow, linear increase in the pump rotational speed (Figure 8.4) was applied to the restart 

operation. Initially upon restart (5151.4 to 5160.0 min), no significant change in the hydrate slurry was 

observed. The differential pressure rose steadily with an increase in the pump rotation speed, and some 

movement of the hydrate slurry was observed (Figure 8.10a,b) in the arrangement of hydrate particles. 

However, the differential pressure decreased around 5160 min despite the continuous increase in the 

rotational speed, and the network structure consisting of hydrate particles broke around 5165 min (Figure 

8.10c). After this event, the distribution of hydrate particles in the observation region changed from 

homogenous to heterogeneous though the slurry retained its gel-state; the differential pressure then 

increased sharply. Near the peak of the differential pressure (5167.00 min), hydrate particles temporarily 

disappeared from the observation region (Figure 8.10d). Within 30 seconds of this peak, the hydrate slurry 

started to flow, concurrent with a sudden drop in dP, but at a low rate (< 0.01 m/sec). At this time, 

homogeneously distributed hydrate particles appeared in the video images (Figure 8.10e). These indicate 

the gel-sol transition of the hydrate slurry and may suggest a (partial) breakup of a hydrate plug creating 

narrow path(s) for slurry flow. While the flow velocity measured by the flow meter returned to 0 m/s at 

5168.20 min, the slurry appeared flowing in the video images until the circulation pump was turned off at 

5170.75 min. Thereafter, the flow velocity could not be increased even though the pump rotation speed 

was set to its maximum allowable specification. Moreover, similar behaviours of the hydrate slurry were 

confirmed in the restart operation at 18.7 vol% of hydrate in Experiment 2. In this restart operation, the 

network structure break was observed after a slight decline in the differential pressure, where the slurry 

then restarted to at a very low flow velocity that could not be increased. These observations indicate that 

the yield point may not directly correspond to the restart of flow.   
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Figure 8.10 – The differential pressure, flow velocity, and rotational speed of the circulation pump, and video 
images during the restart operation in which the hydrate blockage occurred (ϕH = 0.180, Experiment 1). (a) Just 

before the restart operation. (b) After slight movements of the hydrate slurry with a stable arrangement of hydrate 
particles, confirmed by a small bubble surrounded by the red frame. (c) After the continuous structure broke. At 

this point, the distribution of hydrate particles changed from homogenous to heterogeneous. (d) Hydrate particles 
temporarily disappeared around the peak of the pressure difference. (e) The slurry started to flow slowly (< 0.01 

m/sec), and the hydrate particle distribution became homogeneous again. 

Figure 8.11 shows the differential pressure, flow velocity, rotational speed of the pump, and video 

images during the restart operation at 18.2 vol% of hydrate in Experiment 3. In this case, no hydrate 

plugging occurred despite the similar hydrate volume fraction, where a rapid exponential increase in the 

pump rotational speed (Figure 8.4) was applied. After the start of the restart operation (5077.2 min), no 

significant changes in the hydrate slurry were observed before the restart of flow, though a slight 

movement of the slurry occurred, where the particle arrangement was maintained (Figure 8.11a,b). 

Around 5080 min, the structure was broken, and the slurry started to move slowly (Figure 8.11c). This 

phenomenon is similar to that observed in Experiment 1 (Figure 8.10c), however, the flow was restarted 

about 30 seconds after this event (Figure 8.11d) and the flow velocity immediately increased to 0.3 m/sec. 

In addition, restart at 19.3 vol% of hydrate in Experiment 4, to which the quick exponential increase was 

applied, was also observed. In this case, the trend of the differential pressure was similar to that of 

Experiment 3, and the restart operation was successful. Meanwhile, a break-up of the structure was not 

observed: slurry flow suddenly restarted; this suggests that a shock to the system by way of rapid restart 

may reliably prevent plug formation in water dominant flowlines for hydrate volumes < 20 vol%. 
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Figure 8.11 – The differential pressure, flow velocity, and rotational speed of the circulation pump, and video 
images during the restart operation at ϕH = 0.182 of Experiment 3. (a) Just after starting the restart operation. (b) 
After slight movements of the hydrate slurry where the relative position of hydrate particles was maintained. (c) 

After the break-up of the continuous structure. (d) The slurry started to flow. 

8.2.6 Influence of Heterogeneity of Hydrate Slurry on Hydrate Blockage 

The visual observations suggest that achieving a yield stress alone is not sufficient to guarantee a 

successful restart of flow, because hydrate plugging occurred in Experiment 1 and 2 despite the break-up 

of the network structure. Given that the structure should begin to deteriorate in the weakest regions first, 

large structures (agglomerated particles) may still have remained in some regions after weaker sections 

yielded. In Experiment 3, the applied stress, generated by the circulation pump in an exponential ramp, 

was increased soon after the initial break (Figure 8.11). Conversely, in Experiment 1, the applied stress 

was increased only linearly (Figure 8.10). This slower increase may have resulted in a mixture of flowable 

small agglomerated hydrate particles and stagnant large ones in the flowloop (Figure 8.12 - left), because 

of the different deposition velocities associated with particles of different sizes [80]. This may then result 

in small particles becoming trapped in the regions filled with larger static structures, which may be 

associated with a small-scale jamming-type event: jamming/clogging often occurs in the regions with a 

decreased cross-section [157–160] (Figure 8.12 - right). If this occurs, small particles will increase the local 

hydrate volume fraction in stagnant regions, leading to a rise in the yield stress required to clear the new, 

more severe blockage. The sharp peak in the differential pressure in Figure 8.10 may have been caused 

by this mechanism. It should be noted that there are elbows and short vertical sections in the flowloop. 

Hydrate deposition, jamming/clogging, and plugging may have occurred more easily in these points than 
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in horizontal pipes in our experiment, given the possibility of stagnant regions at elbows or buoyancy 

effects in vertical downward flow. 

This indicates that, after an initial yielding event, heterogeneous free hydrate particle distributions 

along a flowline may lead to significantly increased local hydrate volume fraction in some regions – with 

an associated increase in the severity of plugging at major blockage locations. The risk may be decreased 

by minimizing the period when small flowable particles and large stagnant aggregates coexist. As the 

strengths of the bonds are not same in the actual agglomerated hydrate particles, applying higher stress 

may easily break the stronger bonds: a fast restart in water-dominated systems may be an important 

measure to prevent blockage on restart. 

 

Figure 8.12 – Possible mechanism leading to hydrate plugging after the yield point. Flow direction is from left to 
right.  

 

8.3 Summary  

A series of flowloop experiments were conducted to investigate the behaviour of hydrate slurries formed 

in 100% water cut systems during shut-in and restart operations, in which the critical stress for flow restart 

was measured and accompanied by visual observations. The slurries started to exhibit critical stress 

behaviour around 4-5 vol% of hydrate at which the hydrate particle agglomerates were sufficiently large 

to occupy the entire space of the observation region as seen by the in-line video camera. This is consistent 

with the development of a continuous network structure transmitting applied stress described by 

literature models for the yield stress of suspensions. The critical stress increases with higher hydrate 

volume fractions, where the data suggests that a power law correlation (Equation 8-6) may be an 

appropriate description. This power-law increase may enable estimates of the fractal dimension of 

agglomerated hydrate particles, where the values attained are comparable to previously reported 

literature. The shut-in period did not affect the critical stress though this trend differs from the behaviour 

in oil-dominant systems, where a significant change in yield stress is observed for up to 8 hours, after 

which a relatively constant value is maintained. This difference may be due to hydrate sintering during 

shut-in for oil-systems, which was not observed in these water-dominant flowloop experiments. While 

the critical stress had similarities to the yield stress of suspension, differences were also observed. Upon 

restart, the breakup of the limited network structures that form in water-systems was observed, but was 

not sufficient to ensure a successful restart. This behaviour suggests hydrate plugging may be caused by 

small particles compacting with larger static aggregates if an insufficient shear is applied on restart. A 

rapid increase in system shear may avoid this behaviour for water-dominant systems, this may be a key 

finding for operational flow assurance decisions on future natural hydrate production projects. 
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9 Dynamics of Hydrate Particles in Water-Dominant Systems During 

Transient Flow 

Having identified key behaviours for gel-state hydrate slurries that provide an indicator of jamming 

behaviour, the dynamics of hydrate particle slurries were investigated further to interrogate the 

fundamental mechanism of hydrate agglomeration in turbulent flow. The shear-thinning behaviour of 

hydrate slurries in water-dominant systems observed in experimental studies [74–77] suggest that lower 

flow velocities should lead to larger agglomerated hydrate particles. However, this has not been directly 

observed under transient conditions. Although previous experimental studies with a stirred cell [68–

70,72] investigated particle size, the stirring rate was kept constant during each run in these studies, 

meaning that they did not operate under dynamic shear conditions. The difficulty in attaining observations 

under transient conditions is caused by the heterogeneous distribution of hydrate particles due to the 

difference in density between hydrate and water. A FBRM probe or a particle analyser has been used in 

previous studies to observe the particles only in a specific region; coupled with the fact that the size and 

concentration of the particles in the stirred cells should become non-uniform at low shear conditions, this 

may limit the efficacy of data collection. Moreover, these experiments may have been affected by bubbles 

entrained in the bulk water phase as their systems cannot distinguish hydrate particles from bubbles. 

To fill this knowledge gap, flowloop experiments were conducted to observe dynamic changes in the 

number and size of methane hydrate particles in water induced by a decrease in the flow velocity. The 

number and size were estimated with image processing using video captured by the in-line camera. During 

the experiments, the flow velocity was suddenly stopped by tuning off a circulation pump to examine the 

behaviour of hydrate particles immediately after shut-in. To minimize the effect of gas bubbles on the 

measurement, the volume of gas in the flowloop was decreased towards zero by adjusting the water 

volume. Additionally, changes in the number and size of hydrate particles with a stepwise decrease in the 

flow velocity were investigated.  

In these experiments, once the flow velocity was decreased, particles immediately formed larger, 

agglomerated structures (particles / aggregates), leading to a decrease in their number and a 

corresponding increase in size. This result is consistent with the shear-thinning behaviour of hydrate 

slurries and provides new insights into the relationship between hydrate particles in water and the shear 

stress exerted by the continuous water phase. On the basis of this work, a conceptual picture of hydrate 

particles in 100% water cut systems is proposed which considers the effects of pipeline flow. 

 

9.1 Experimental Design and Analysis 

9.1.1 Experimental Procedure 

In the experimental set-up, the flowloop was initially vacuumed with a vacuum pump to purge any water 

or other impurities. It was then fully filled with water and pressurized to 75 bar at 12˚C, which was outside 

the hydrate equilibrium region [1,108]. After that, 30 ml of water was replaced with methane, and the 

circulation pump was turned on. As the flowloop pressure decreased due to dissolution of methane into 

the water, small volumes of methane were injected to increase the pressure back to 75 bar. After the 

pressure stabilized, the experiment commenced in three steps, as shown in Figure 9.1: i) temperature 

decrease into the hydrate region, ii) observation of hydrate particle behaviour with a sudden flow stop, 

achieved by halting the circulation pump, and iii) observation of hydrate particles with a stepwise decrease 
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in the flow velocity. Time zero was defined as the time at which the temperature ramp was initiated; the 

in-line video camera was used to continuously capture images throughout the entire experiment. 

 

 

Figure 9.1 – Trends of pressure, temperature (top panel), and flow velocity (bottom panel). The experiment can be 
divided into three steps: i) temperature decrease (0-249 min), ii) observation of hydrate particles with a pump stop 

before water injection (249-465 min), and iii) observation of hydrate particles with gradual decreases in flow 
velocity (465-500 min). Hydrate formation was started around 98 min with a sharp decrease in pressure. The 

period highlighted in grey corresponds to the time in which a small volume of water was injected into the flowloop 
to reduce gas bubbles in flow. The equilibrium pressure was calculated with MultiflashTM 6.2 (CPA-Infochem + 

hydrate) [108]. 

In step (i), the temperature was reduced from 12°C to 3°C at a rate of 3°C/h whilst keeping the flow 

velocity at 1.3 m/sec. The flowloop entered the hydrate equilibrium region at approximately 70.5 min. 

Hydrate formation began around 98 min, detected by a step change in the pressure, after which the 

pressure quickly dropped toward the hydrate equilibrium value, the decline in which was traced as the 

temperature decreased. The flow velocity increased slightly after the start of hydrate formation, but it 

was decreased back to 1.3 m/sec at 121.3 min by adjusting the input power of the circulation pump. The 

temperature reached 3°C around 220 min. After the temperature decrease, the hydrate volume fraction 

was approximately constant (1.1-1.3 vol%) due to the constant pressure and temperature. The hydrate 

volume fraction was calculated from data on the pressure, temperature, and volumes of injected methane 

and water with the method explained in Section 3.3. In the video images, a very small volume of gas 

remained visible, but very little hydrate should have formed considering the proximity of the pressure to 

the equilibrium pressure. 

In step (ii), the circulation pump was repeatedly stopped and restarted to observe the behaviour of 

hydrate particles when the flow was halted. Before the pump was stopped, the flow velocity was held 

constant for 5 minutes. Three different flow velocities (0.6, 1.3, 2.0 m/sec) were tested, and same 

operations were repeated four times for each flow velocity. During the period 357-373 min (grey region 

in Figure 9.1), a small volume (8.1 ml) of water was injected into the flowloop to reduce the number of 
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gas bubbles observed in the video images as these caused errors in estimating hydrate particle size: it is 

difficult to distinguish bubbles and hydrate particles in the image analysis. After the water injection, the 

same observations were repeated (373-464 min). Figure 9.2 shows the images obtained before and after 

the water injection with contrast enhancement using ImageJ [143]. Whereas there were small bubbles 

before the water injection (black dots or circles in Figure 9.2a), far fewer bubbles existed after that (Figure 

9.2b). In Figure 9.2a3, bubbles appeared to be trapped inside (agglomerated) hydrate particles. In 

addition, the small fluctuation in pressure coincident with that in temperature disappeared after water 

injection (Figure 9.1).  

In step (iii), the flow velocity was decreased stepwise from 0.5 to 0 m/sec, and the change in the 

hydrate particles’ size was observed. In addition, the transition point from turbulent to laminar flow was 

estimated using the relationship between flow velocity and dP in the 0.85 m horizontal section. As shown 

in Figure 9.3, the trend of dP changed at 0.3 m/sec, which should correspond to the turbulent-laminar 

transition. This suggests that flow conditions before the pump stop in all the observations during step (ii) 

should have been turbulent. 

 

Figure 9.2 – Comparison of images obtained before and after the water injection. Black dots or circles are gas 
bubbles. (a) Before water injection at 2.0 m/s, 1.3 m/s, and 0 m/s (from left to right). (b) After water injection at 

2.0 m/s, 1.3 m/s, and 0 m/s (from left to right). 
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Figure 9.3 – Relationship between flow velocity and dP for the 0.85 m horizontal section. The transition from 
turbulent to laminar flow occurred around 0.3 m/sec, indicated by the dotted red line. Unfilled markers are the 

data obtained during the observation of hydrate particles in step (ii). 

 

9.1.2 Image Processing 

After obtaining the video images of hydrate particles, image processing was conducted to determine 

particle diameters and circularities. Due to the minor brightness differences between hydrate particles 

and void spaces (Figure 9.4a), extensive image processing was required. As such, the contrast of the 

images was enhanced with ImageJ [143] (Figure 9.4b), and enhanced images are used extensively for 

figures in this chapter. More complicated image processing with ImageJ [143] and OpenCV [165] (opencv-

python 4.4 [166]) was required to detect hydrate particles. The process consisted of five steps: (1) 

subtracting background, (2) enhancement of contrast, (3) normalizing contrast, (4) binarization, and (5) 

finding contours, the details of which are explained in next section. Figure 9.4c is an example of the 

binarized image (after step 4), in which the white regions correspond to the detected particles. As shown 

in Figure 9.4d, this process provided reasonable particle detection. 

Following detection, the equivalent diameter (deq) and circularity (lc) of each hydrate particle in the 

images were calculated from their area (A) and perimeter (S): 

𝑑𝑒𝑞 = √
4𝐴

𝜋
  9-1 

lc =
4𝜋𝐴

𝑆2
 9-2 

Furthermore, statistical properties of the equivalent diameters in each image were calculated, specifically 

the particle number, maximum, 99th percentiles, SMD, mean, and median; these are denoted by N, dmax, 

d99, d32, dmean, and dmedian respectively. In these calculations, detected particles smaller than 20 μm (≈ 4 

pixels) were excluded given the uncertainties in the estimation of deq and lc from the regions consisting of 

only few pixels. In addition, some of these small regions may have been false detections of noise.  
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Figure 9.4 – Example of processed images: (a) Original, (b) Enhancement of contrast for visual observation, (c) 
Binarization for detection of particles, and (d) Regions of detected particles (red borders) on the image with 

enhancement of contrast. 

 

9.1.3 Details of Image Processing to Detect Hydrate Particles 

Figure 9.5 presents each step of the image processing to obtain the binarized images of hydrate particles, 

which is briefly explained in the previous section. In each step, a different filter of ImageJ [143] was 

applied. The applied filters and settings of them are listed below: 

(1) Subtract Background – Rolling ball radius: 200 pixels 

(2) Enhance Contrast – Saturated pixels: 2.4%, Equalize histogram: unchecked 

(3) Gaussian Blur – Sigma (Radius): 3  

(4) Threshold – Range: 0-139 

The “Subtract Background” filter is used to remove the background brightness gradient as the centre of 

the images are brighter, which is apparent in the images with contrast enhancement, such as Figure 9.4b. 

As the difference in brightness between the regions of hydrate particles and void spaces became quite 

small (Figure 9.5b), the “Enhanced Contrast” filter was applied (Figure 9.5c). However, this filter generates 

noise which makes it difficult define the threshold. To remove the noise, a “Gaussian Blur” filter is applied 

(Figure 9.5d), and then the image is binarized with “Threshold” (Figure 9.5e).  

After processing with ImageJ, the areas and perimeters of detected particles (white regions in Figure 

9.5e) were obtained with functions of opencv-python 4.4 [166] (contourArea() and arclength()). In 

addition, the enhanced images with borders of detected particles, such as Figure 9.4d, were also 

generated.  

Regarding the images with enhanced contrast for visual observation, such as Figure 9.4b, different 

settings were used for the “Enhanced Contrast” filter (Saturated pixels: 0.4%, Equalize histogram: 

checked). 
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Figure 9.5 – Each step of the image processing to detect hydrate particles. (a) Original, (b) After applying “Subtract 
Background” filter, (c) After applying “Enhanced Contrast” filter, (d) After applying “Gaussian Blur” filter, and (e) 

After binarization.  

 

9.2 Results and Discussion 

As it was difficult to distinguish hydrate particles and bubbles during image processing, only video images 

obtained after water injection were used for the analysis and discussion, described in this section. 

 

9.2.1 Changes to Hydrate Particles at Flow Stop 

Overall, the hydrate particle size increased in conjunction with a decrease in the number of particles on 

every occasion that the circulation pump was stopped: these changes occurred within 6 seconds. Figure 

9.6 presents an example of the changes, showing N, dmax, d99, d32, dmean, and dmedian, the flow velocity before 

the pump stopped was 1.3 m/s in this example. In this figure, a different definition of time (tobs) is used, in 

which time zero is set to the time of flow stop. There was a 3-6 second time lag between the pump stop 

and flow stop in all observations. The pump was stopped at some point in the region highlighted in grey, 

with the uncertainty due to the fact that the flow velocity was recorded only every 3 seconds. dmax, d99, 

d32, and dmean started to increase approximately 3 sec before the flow fully stopped, coincident with a 

decrease in the number of particles. Interestingly, the median diameter remained almost constant; this 

resulted from a balance between a decreasing number of particles and an increase in their size. Figure 9.7 

shows a comparison of dmedian with the equivalent diameters of the 50th, 150th, 250th and 350th smallest 

particles, all of which increased after the -3 sec mark. Before this time, dmedian was close to the equivalent 

diameter of the 350th smallest particle, but, after that, it approached that of 150th smallest particle. 
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Figure 9.6 – Changes in the number and size of hydrate particles in a measurement. Time zero corresponds to the 
time that flow completely stopped. The circulation pump was turned off at some point between -6 and -3 second 

(highlighted in grey). The flow velocity before the pump stop was about 1.3 m/sec. 

 

 

Figure 9.7 – Comparison of dmedian with the sizes of the 50th, 150th, 250th and 350th smallest particles. 

 

Figure 9.8 shows a visual time series of hydrate particles corresponding to the example shown in 

Figure 9.6. Even though the actual hydrate volume fraction was only about 1 vol%, the hydrate particles 

appeared to occupy a much larger volume. It should be noted that the observation region appeared to be 

fully filled with only 5 vol% of hydrate at static conditions during different experimental runs (Section 

8.2.4). Hydrate particles before the pump was stopped were fine (small) and homogeneously distributed 

(Figure 9.8a). While no clear change was observed at -3 sec (Figure 9.8b), large non-spherical hydrate 
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particles started to be observed at -2 sec (Figure 9.8c), after which the increase in their number was 

apparent (-1 sec, Figure 9.8d). At flow stop, particles became preferentially distributed towards the top 

of the observation region (Figure 9.8e), where they collected over time due to buoyancy (Figure 9.8f).  

Figure 9.9 shows the relationship between the equivalent diameter and circularity of each hydrate 

particle included in the video images of Figure 9.8. The fraction of particles larger than 200 µm increased 

between -3 and -2 sec, which is consistent with the video images (Figure 9.8b,c).  Larger particles had a 

lower circularity, consistent with their construction as non-uniform aggregates of many particles. While 

over 60% of particles had a circularity higher than 0.6, most of particles larger than 200 µm had a 

circularity lower than 0.6. This raises questions as to the assumption of spherical agglomerated particles, 

which is sometimes employed in the estimation and prediction of aggregate sizes [34,39,80,167]. Further, 

it may suggest a need to investigate the effects of the particle shape on hydrate slurry rheology, especially 

at conditions of low or no shear. For example, in the model of hydrate slurry viscosity introduced in 

Chapter 4, the intrinsic viscosity is set to5.84, being 2.5 in the case of spherical particles with same size. 
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Figure 9.8 – A time series of hydrate particles as flow is stopped. Time zero corresponds to the time of complete 
flow stop. Scale bars at bottom right indicate 400 µm. The number of hydrate particles begins to increase at -2 sec. 

After flow stop (0 sec), the particles slowly moved upward due to buoyancy. 
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Figure 9.9 – Relationship between equivalent diameter and circularity of particles included in images of Figure 9.8. 
The numbers in orange show the fractions of particles in the regions divided by dotted lines. The vertical dotted 

lines indicate 200 μm.  

Figure 9.10 shows changes in the numbers and sizes of hydrate particles in all the measurements, 

presenting the means and sample standard deviations of N, dmax, d99, d32, dmedian, and dmean from the four 

time series measurements at each flow velocity :   

�̅�(𝑡𝑜𝑏𝑠) =
1

4
∑ 𝑋𝑖(𝑡𝑜𝑏𝑠)

4

𝑖=1

  9-3 
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𝑠𝑋(𝑡𝑜𝑏𝑠) = √
1

(4 − 1)
∑[𝑋𝑖(𝑡𝑜𝑏𝑠) − �̅�(𝑡𝑜𝑏𝑠)]2

4

𝑖=1

  9-4 

where �̅� and sX are mean and sample standard deviation of a property X, respectively. Xi(tobs) denotes a 

value of X at tobs of ith measurement. 

These indicate the similar trends in all the measurements. The means of dmax, d99, and d32 increased 

with a decrease in the particle number within a short period, indicating that agglomeration is a rapid 

process. Meanwhile, that of dmedian decreased slightly, and that of dmean hardly changed except at 1.3 m/s, 

though transient increases around 0 sec were observed. This suggests that a careful choice of statistical 

properties is necessary when discussing dynamic changes in hydrate particle agglomeration.  

This work shows that there is a rapid increase in particle size as flow stops, where other studies have 

reported similar behaviour in materials other than hydrate [168–171]. For example, Guérin et al. [168] 

observed a large increase in the size of aggregates of 0.2 μm polystyrene latex particles with a high-level 

surface sulphate group in NaCl solution. As the density of the solution was adjusted to that of the particles 

(1055 kg/m3), the effect of buoyancy should have been negligible. The increase occurred within three 

minutes in a turbulent Taylor-Couette reactor after the shear rate was decreased from 350 s-1 to 34 s-1. As 

detailed changes during the three minutes are not provided, the increase may have occurred in a shorter 

period. The position of the size distribution’s peak increased an order of magnitude from 10’s to 100’s 

μm. In Katz et al. [169], the size of bentonite aggregates (≈85% montmorillonite) with bacteria increased 

sharply when the flow velocity decreased from 3.48 m/sec to 1.48 m/sec. This occurred within one minute 

in their measurement with a Mastersizer (2000G, Malvern, UK), which is an online particle size distribution 

detector, though detailed conditions of the inlet line were not described. These results lend weight to the 

observations of an immediate change in particle size seen in this work.  

Higher flow velocities appeared to result in the smaller particle sizes though the differences were not 

significant except in several cases, i.e. d99, d32, and dmean before the pump was stopped. This trend is 

expected as higher shear stress induced by turbulent eddies in the water phase at a higher flow velocity 

should lead to greater break up the agglomerated hydrate particles [34,39]. However, there were no clear 

differences in the number of particles at different flow velocities; this may be a result of limitations in the 

ability of the in-line camera to detect particles smaller than 20 µm, per Section 9.1.2. Higher-resolution 

images with a field of view covering the pipe’s entire diameter would be required to further investigate 

the characteristics of hydrate particles under high shear rates. 
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Figure 9.10 – Changes in the number of particles and the equivalent diameter at different flow velocities. Solid 
lines and highlighted regions indicate the means and sample standard deviations of (a) number of particles, (b) 

maximum size, (c) 99th percentile size, (dIMD, (e) median, and (f) mean from four measurement sets as time series. 
Vertical dotted lines indicate -6 sec, -3 sec, and 0 sec. 

 

9.2.2 Distribution of Hydrate Particle Size 

Figure 9.11 shows the size distribution of hydrate particles in Figure 9.8. At -10 sec, the size distribution 

obeys a log-normal distribution, indicated by the red line, but clearly deviates after -1 sec, failing to 

capture the prevalence of large particles. The decrease in the size of bars in the histograms as a function 

of time indicates a decrease in the number of particles as agglomeration occurs. 

Figure 9.12 shows changes in the p-values of a set of Kolmogorov-Smirnov tests for the normality of 

the logarithm of the equivalent diameter (log(deq)) in all measurements, calculated with the R stats 

package included in R [172]. The bold black line in Figure 9.12b indicates the p-value of the measurement 

set used in Figure 9.11: before flow stopped, the p-values at higher flow velocities were higher, although 
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they had large fluctuations. Conversely, after the flow stop, the p-values were low. Although a log-normal 

distribution has sometimes been assumed for hydrate particles [39,68,173,174], these studies did not 

discuss the validity of log-normal distribution with statistical tests. Our results may indicate that the size 

distribution of hydrate particles follows a log-normal distribution when the flow velocity is high enough, 

though uncertainty remains stemming from the detection of small particles.  

The particle size distribution at -10 sec in Figure 9.11 appears similar to that of CO2 hydrate in a stirred 

cell, presented in Clarke and Bishnoi [70]. In their work, the distribution was estimated from the chord 

lengths of hydrate particles obtained by FBRM with the method recommended by Heath et al. [71]. The 

chord length data was obtained at the onset of hydrate decomposition after the growth period, at which 

pressure should have been close to the equilibrium pressure. Their distribution has a sharp peak around 

5-10 μm, and the percentage of particles gradually decreases. As the distribution is shown only up to 100 

μm, the maximum size was unknown. Later, they obtained a similar distribution of CO2 hydrate particles 

during hydrate growth in a different experiment [175]. They also reported similar diameters for ethane 

hydrate particles, measured with a stirred cell equipped with a Galai PSA 2010 particle size analyser [68], 

the range of which was 6-26 μm. Meanwhile , the chord length of methane hydrate particles reported by 

Akhfash et al. [72] was much larger. Even though they also used a similar apparatus (a stirred cell with 

FBRM), the peaks of their distributions were located above 100 μm. This difference might result from 

entrainment of gas bubbles in the region where the FBRM probe was measuring the chord lengths, 

particularly considering the experimental result of Song et al. [136] below. 

Song et al. [136] observed hydrate particles in a gas-water-hydrate three-phase system (no oil phase) 

using a stirred cell and a high-speed video camera. According to their observations, the hydrate particles 

in the water resulted from the hydrate formation at the surface of gas bubbles and sloughing of the 

hydrate film at the interface between the bulk gas and bulk water in the cell. These particles were broken 

or eroded into many ‘fragmented’ particles smaller than 100 μm, this work also included video images of 

particle agglomeration. In their system, the size of the ‘globular’ particles formed from gas bubbles ranged 

from tens to hundreds of micrometres while that of the ‘flaky’ particles ripped from the bulk interface 

was larger than a few hundred of microns. In contrast, our measurements should only have contained 

fragmented hydrate particles. Although there were gas bubbles during hydrate formation in step (i), these 

were fully converted to hydrate particles. Further, only fragmented hydrate particles may have existed in 

the region of the measurements of Clarke and Bishnoi [70,175] while globular and/or flaky particulates 

may have been present in that of Akhfash et al. [72].  
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Figure 9.11 – Distribution of equivalent diameter of hydrate particles at different times, included in images of 
Figure 9.8. Flo– rate at - 10 s was for a velocity of 1.3 m/s, and the circulation pump was turned off at a some point 

during -6 to -3 s. Red lines indicate fittings of log-normal distributions. 

 

 

Figure 9.12 – p-values of Kolmogorov-Smirnov test for normality of log(deq). Vertical dotted lines indicate -6, -3, 
and 0 sec. The bold black line in (b) indicates the p-value of the measurement shown in Figure 9.11. 
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9.2.3 Influence of Flow Velocity  

As shown in Figure 9.10, higher flow velocities resulted in smaller particles: to check this behaviour at a 

more granular level, the flow velocity was decreased stepwise (step (iii) in Figure 9.1), where changes in 

the number and size of hydrate particles were observed. Figure 9.13 shows the flow velocity, the number 

of particles, dmax, d99 and d32 during step (iii). The decrease in flow velocity resulted in a decrease in the 

number of particles and increases in dmax, d99 and d32. These changes similarly suggest that rapid 

aggregation of hydrate particles occurs upon a decrease in the flow velocity. As introduced in Section 

9.2.1, similar changes were reported by experimental studies with materials other than hydrate [168–

171]. 

Figure 9.14 shows distributions of the equivalent diameters of hydrate particles included in 500 video 

frames at different velocities. The number and size of particles is inversely proportional with velocity: at 

higher velocities there are more particles smaller than 500 µm, as the flow velocity decreases particles 

decrease in number while increasing in size. This is strongly indicative of increased hydrate agglomeration 

at lower shear rates, and is consistent with the shear-thinning behaviour of hydrate slurries in water-

dominant systems reported by experimental studies [74–76]. In theory, hydrate aggregation should 

increase the effective volume fraction of hydrate, thereby leading to a rise in the hydrate slurry viscosity. 

 

Figure 9.13 – Trends of flow velocity (top panel), number of hydrate particles (middle panel), and particle size dmax, 
d99, and d32 (bottom panel) during step (iii). 
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Figure 9.14 – Distribution of equivalent diameters of hydrate particles at different flow velocities. The numbers of 
particles are those included in 500 video frames at each flow velocity.   

Figure 9.15 shows the relationship between flow velocity and particle size. All of dmax, d99, and d32, 

calculated from the particles included in 500 video frames, decreased with an increase in the flow velocity 

. Solid lines in Figure 9.15 indicate fittings with a well-known classical correlation [127,176–179] to our 

experimental data with an assumption that the shear rate is proportional to flow velocity in Hagen-

Poiseuille flow (laminar conditions): 

𝑑𝐴 ∝ �̇�−𝑎 9-5 

�̇� =
𝜕𝑢

𝜕𝑟
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𝜌𝑣2

2𝐷
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16𝑟

𝐷2
𝑣 

9-6 

where a is a positive constant value. dA and �̇� are aggregate diameter and shear rate, respectively. r and 

u are a distance from the pipe centre and local flow velocity at r, in turn. The correlation represents the 

trends of dmax, d99, and d32 well, though the adjusted values of a are different. In experimental studies with 

other materials, a was 0.42 ± 0.03 in Hunter [176] with polymethyl methacrylate (PMMA) latices, 0.35 in 

Sonntag and Russel [177] with polystyrene latices, and 0.56-0.59 in Adachi et al. [178] with 

montmorillonite. In a simple theoretical explanation of the correlation by Wessel and Ball [179], a is 1/3 

( �̇� ∝ 𝑑𝐴
3 ). In this case, it is assumed that aggregates are broken when the bending moment (M) 

introduced by the force acting on particle surface (F) exceeds a certain constant value: 

𝑀 ∝ 𝐹𝑑𝐴 ∝ (𝜂�̇�𝑑𝐴
2)𝑑𝐴 9-7 

a for d32 (0.329) in our experiment is close to that in Sonntag and Russel [177] and Wessel and Ball [179], 

but a for dmax and d99 (0.263 and 0.191) are lower. These lower values may be because of accumulation of 

large, agglomerated particles in the sections of vertical downward flow and elbows at low flow velocities 

and overestimation of d99 by the limitation on the detection of small particles. Additionally, these values 

are much smaller than that assumed in the model of Camargo and Palermo [34]–(a = 0.5 - 0.77 [2.0 ≤ fd ≤ 

2.7]), which was often used in modelling works of hydrate slurries [6,31,149,173,180]:  
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where fd, FIP, and dP are fractal dimension, interparticle force, and particle diameter. This difference might 

indicate an important sensitivity of the aggregate size to the shear rate in studies of hydrate slurries, 

although our result includes uncertainties.  

 

Figure 9.15 – Relationship between flow velocity and equivalent diameter of particles. The region of laminar flow 
was estimated from the relation between flow velocity and dP (Figure 9.3). Solid lines are fittings with a correlation 

(Equation 9-5 and 9-6). Dotted lines indicate 95% prediction intervals.  

It should be noted that the hydrate slurries appeared to exhibit shear-thinning behaviour at very low 

flow velocities in the experiments of Chapter 8. Figure 9.16 shows a relation between flow velocity and 

dP in laminar conditions before the pump stop for the 3-minute shut-in in Experiment 1 of Chapter 8. 

While the flow velocity and dP appeared to have a linear relation at 1.6 vol% and 4.2 vol%, non-linear, 

steeper increases in dP were observed above 4.2 vol% in the range below 0.2 m/s. This might correspond 

to more, larger particles at lower flow velocities (Figure 9.14 and Figure 9.15) though the effect of an 

increase in the particle size may be small at low hydrate volume fractions considering the linear relations 

at 1.6 and 4.2 vol%. In addition, although hydrate slurries were basically assumed to be Bingham Plastic 

fluids in this research, a Herschel-Bulkley fluid may be a better assumption in investigations of hydrate 

slurries under low flow/shear rate conditions at 100% water cut.  
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Figure 9.16 – Relationship between flow velocity and dP in Experiment 1 in Chapter 8 in cases of laminar flow. 

 

9.2.4 Conceptual Picture of Hydrate Particles in Water in Pipelines 

Considering the work of Song et al. [136], the size distribution of hydrate particles with hydrate formation 

may be expressed as a superposition of the distributions of globular, flaky, and fragmented particles. 

Further, the maximum size of agglomerated hydrate particles should be connected to the shear stress 

exerted by the flowing water phase.   

In actual pipelines, when the flow velocity is high enough, the maximum aggregate size should be 

lower than the sizes of globular and flaky particles because of the strong shear stress of turbulent flow. 

On the other hand, when the flow velocity is sufficiently low, aggregates including all three types of 

particles may form, and some of these large, agglomerated particles may begin to deposit [80,173]. 

Formation of large aggregates may induce a sharp increase in the hydrate slurry viscosity associated with 

an increase in the effective hydrate volume fraction. Further, when the flow velocity becomes low enough 

to induce a transition from turbulent to laminar flow, an effective moving bed will ensue due to the 

absence of eddies that act to suspend particles in the flowing liquid. When the shear stress becomes zero 

as flow stops, the upper limit of the particle size effectively vanishes. If solid concentration is sufficiently 

high, (agglomerated) hydrate particles will bind together within a short period and may form a large 

continuous structure leading to hydrate slurry gelation. As reported in Chapter 8, hydrate slurries 

exhibited gel-like behaviours after shut-ins, i.e. development of a continuous structure and the critical 

stress for flow restart. This conceptual picture is summarized in Figure 9.17.  
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Figure 9.17 – Conceptual picture of hydrate particles in a 100% water cut system. At high flow velocities, three 
types of hydrate particles, i.e. flaky, globular, and fragmented, co-exist. When the flow velocity is decreased, large, 
agglomerated particles may start to form. When flow is stops completely, the agglomerated particles may form a 

continuous structure resulting in the sol-gel transition of the hydrate slurry. 

 

9.3 Summary 

Hydrate particle dynamics in a continuous water phase was observed with an in-line video camera. Image 

processing enabled the quantitative analysis of hydrate particles, providing the equivalent diameter and 

circularity of each particle observed. The number and size of hydrate particles were sensitive to flow 

velocity where the number of particles was proportional to the velocity and their size inversely 

proportional. Changes in the number and size of particles occurred within a short period when the flow 

velocity was turned down, which is consistent with experimental studies on the behaviour of non-hydrate 

particles in suspensions. This suggests a rapid change in the rheological properties of hydrate slurries and 

a possibility of a rapid gelation at the beginning of any shut-in operation past a critical hydrate fraction. 

The shapes of large aggregates in the video images deviated significantly from the spherical ideal, which 

may affect characteristics of hydrate slurry, such as intrinsic viscosity. The size distribution of (fragmented) 

hydrate particles may follow a log-normal distribution at high flow velocities, but further investigation 

with higher resolution images would be necessary to conclusively confirm this behaviour. A conceptual 

picture of hydrate particles in a 100% water cut system was proposed to provide a framework for 

understanding hydrate slurry flow in pipelines, where the shear stress exerted by the water phase on 

agglomerated particles is key.  
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10 Conclusions  

The primary goal of this thesis was to provide a better fundamental understanding of the process of 

hydrate blockage in water dominant systems from hydrate formation and growth to flow cessation, and 

to interrogate the facilitating role of agglomeration. Overall, this research achieved six novel outcomes: 

1. A quantitative description of hydrate growth in water-dominant, turbulent, bubbly flow with a 

reliable validation 

2. Measurement of hydrate slurry viscosity in a 100% water cut system, and improvements to 

modelling predictions of viscosification 

3. Understanding the conditions of an actual gas hydrate production test with the aid of flow 

simulations and their relation to blockage formation in production lines  

4. New findings in the characteristics and behaviours of gel-state hydrate slurries from shut-in to 

restart, incorporating new mechanics into the description of hydrate growth and blockage for 

water dominant systems 

5. Observations of hydrate blockages after yielding in restart operations, and a reliable method for 

avoiding them  

6. Description of the dynamics of hydrate particles in water, consistent with the bulk behaviour of 

hydrate slurries, including measurements of the rates at which aggregates form when flow 

conditions change  

The flowloop was essential for this research, particularly as it was equipped with an in-line video camera. 

The camera provided the high-quality images of bubbles or hydrate particles which enabled quantitative 

analysis of their size and number. Measurements from the dP gauges were also significant, enabling 

analysis of hydrate slurry viscosity and the critical stress required for flow restart after shut-in. Pipeline 

flow simulations took this information and demonstrated how to apply the findings from laboratory scale 

experimental work to industrial production cases.  

Hydrate growth in turbulent bubbly flow was thoroughly discussed with flowloop experiments in 

Chapter 4. The hydrate growth rate, the gas-water interfacial area, and the hydrate slurry viscosity were 

estimated from experimental data and video images of bubbles. The hydrate slurry did not exhibit shear-

thinning behaviour when the flow rate was high enough, and was assumed to be a Bingham Plastic fluid. 

A new model for the hydrate growth rate was developed based on a mass transfer limited model, including 

improvements in the estimation of the mass transfer coefficient while considering turbulent eddies and 

the hydrate slurry’s viscosity. A DEMT type model with an adjustment to the intrinsic viscosity was 

employed to estimate overall slurry viscosity, which increased steeply with the measured hydrate volume 

fraction. The new hydrate growth model provided reasonable predictions, suggesting the viability of the 

mass transfer limited approach in water-dominant turbulent flow. In addition, the effect of salt on bubble 

size was experimentally investigated with NaCl solutions (Chapter 5). Salt reduced the bubble size in 

turbulent flow, indicating an important avenue for future improvements to the hydrate growth model: 

the bubble size decreased sharply in the range of 0-1.17 wt% while it plateaued thereafter. Influences of 

flow rate and pressure on bubble size were not quantitatively observed, likely due to limitations in 

imaging. Specifically, the effect of flow rate on the gas volume in flow and the size of the observation 

region seemed critical.  
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The models of the growth rate and the viscosity were then integrated into the in-house steady state 

flow simulator (HyFAST), and a series of flow simulations were conducted with respect to the water 

production line of the second offshore methane hydrate production test of the Eastern Nankai Trough 

(Chapter 6). The water line consisted of two flexible hoses, one of which experienced a temporary plug 

during gas production. The flow simulator offered good predictions of dP along the production line, 

comparable to the production data. The predicted volume of hydrate was not significant in the simulations 

(ϕH < 5 vol%), as it was severely limited by heat transfer through pipe walls due to their material 

properties, including layers of moderately insulating plastic. In addition, the simulation results suggested 

that the plug was formed before gas production began, implying the importance of holistic studies 

incorporating other factors, such as the influence of produced sand and salinity.  

Transient flow simulation with OLGA® was also conducted, although the growth model developed 

for hydrate in water-dominant systems was not incorporated (Chapter 7). A transient simulation without 

hydrate models provided a reasonable prediction of the dynamic changes in the downhole pressure 

during the gas production. Further, they indicated a possibility of cold gas accumulation below the plug, 

which may have led to annealing, resulting in a more rigid plug. Simulation using other existing hydrate 

models for gas-dominant flow did not accurately represent the flowline conditions, predicting higher 

downhole pressures than were observed. This occurred due to simulated hydrate wall deposition, 

indirectly suggesting that little or no hydrate deposition occurred in the water dominant production test.   

Behaviours of hydrate slurries at low or zero flow rates were investigated in detail with two flowloop 

experiments (Chapter 8 and 9). In the first experiment, an increase in the critical stress for flow restart 

with higher hydrate volume fractions was observed, following a power law correlation. This increase was 

similar to that described by the classic theory for yield stress of a general suspension, possibly indicating 

that the yield stress of hydrate slurry is connected to the interparicle force and the fractal dimension of 

the continuous structure. The critical stress was not affected by the shut-in period, which may be due to 

an absence of hydrate sintering in water-dominant systems. The in-line video camera captured images of 

gel-state hydrate slurry during shut-in and the gel-sol transition during restart. Furthermore, hydrate 

blockage occurred in several restart operations at approximately 18 vol% of hydrate even though the 

video camera had captured partial yielding before the blockage. This implies an unrevealed mechanism 

leading to blockage during restart operations. In the second experiment, the behaviour of hydrate 

particles under a change in flow rate was observed. The particle size was sensitive to decreases in flow 

rate when the flow rate was low enough. The size increased within a short period after a decrease in the 

flow rate, which implies shear-thinning slurry behaviour, although this was not observed when the flow 

rate was sufficiently high as described in Chapter 4. This contrast may suggest the necessity of two 

different conceptual pictures of hydrate slurry at high and low flow rates. Additionally, large, 

agglomerated particles observed after the pump stop had low circularities, suggesting the much higher 

effective volume fraction than actual volume.  
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11 Way Forward 

Whereas the outcomes of my research provided a detailed view of hydrate growth and agglomeration in 

water-dominant bubbly flow, it has also highlighted several remaining challenges for a deeper 

understanding. 

 

11.1 Improvement of Experimental Set-up  

11.1.1 Resolution and Frame Rate of Video Images 

The resolution of video images at present is not high enough to obtain clear pictures of small bubbles and 

hydrate particles, this issue led to uncertainty in characterising the number and size of small 

bubbles/particles. To examine the bubble/particle size distribution more accurately, higher-resolution 

video images would be necessary, where a combination of a video camera and another device, such as an 

FBRM probe, may be more practical. If all the bubbles/particles are detected, more rigorous statistical 

analysis methods can be applied. Furthermore, higher resolution images may provide valuable 

information on the hydrate shells covering small bubbles, clear images of which cannot be captured by 

the current flowloop system.   

In terms of the frame rate, taking videos with a higher frame rate should decrease the uncertainty of 

the bubble data as discussed in Appendix A. While the uncertainty should have been 10-20% in the 

experiments of Chapter 4 and 5, in which the 480-frame average and 240-frame average were applied, 

respectively, it may be reduced below 10% with a 1000-frame average or below 5% with a 5000-frame 

average. Furthermore, a higher frame rate may be helpful for observing the dynamics of hydrate particles 

during changes in flow rate, this is because the changes in the size and number of hydrate particles 

occurred in a very short period (Chapter 9).  

 

11.1.2 Modification of dP Measurement Section 

As explained in Section 3.2.2, dP data obtained at the shorter section were much higher than the 

theoretical values. As this issue may be because of the decrease in flow area at the entrance of the in-line 

video camera, located downstream, it may be resolved by extending the line between the shorter dP 

measurement section and the in-line video camera. In addition, replacing the stainless pipe in the short 

dP section with a transparent one may be helpful for discussing the influence of the distribution of hydrate 

particles along the flowline on the dP. Considering the fluctuation of dP in some restart operations, such 

as that in Figure 8.2, if both dP and video images are obtained at the same time, it may help in 

interrogating this phenomenon. For this purpose, a shorter section is better because it should be more 

sensitive to the non-uniform distribution.  

 

Figure 11.1 – An example of a short transparent section with dP measurement.  
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11.1.3 Control of Gas Volume Fraction in Flow 

As described in Chapter 5, controlling the gas volume in flow is an important parameter for examining the 

effect of salts on bubble size because it affects both the frequency of bubble collisions and the overlaps 

of bubbles in video images. To address this issue, it may be advantageous to develop a different or 

modified experimental set-up. For example, the gas volume in flow may be better controlled by injecting 

gas into the flowing water stream (Figure 11.2). In addition, it may be beneficial to begin experiments at 

ambient pressure as modifications to the set-up are thereby made easier. For example, additional 

transparent sections may be added as necessary.  

 

Figure 11.2 – A system that may enable to control of the gas volume in flow. In addition, (transparent) observation 
sections may be added easily if experiments are conducted under low pressure conditions. 

 

11.2 Improvement of Hydrate Growth Model  

While the hydrate growth model developed in this work is currently tuned for pure water systems, the 

water produced from hydrate reservoirs is saline. Since salinity significantly reduces the bubble size, the 

hydrate growth model should be improved to consider the surface area of gas bubbles in saline production 

water. For this improvement, the key challenge will be the development of an experimental method to 

accurately measure the size of bubbles in turbulent flow under different conditions of flow rate, gas 

volume, and salt concentration. In principle, a higher flow rate should break up bubbles more, and the 

higher gas volume should increase the frequency of bubble collisions. Furthermore, for practical 

applications, the model should be applicable to different flow regimes, such as slug and stratified flow. In 

these cases, different methods to estimate the gas-water interfacial area will be necessary.  

Another factor affecting the gas-water interfacial area may be hydrate on the surface of gas bubbles, 

which should prevent the mass transfer of guest gases from the gas to the water phase. In the flowloop 

experiments, smaller bubbles appeared to become fully covered with hydrate more easily, and the 

threshold of the size of the bubbles with complete hydrate shells may vary with flow rate. These factors 

suggest the importance of hydrate shell coverage in the prediction of hydrate growth rate, meaning that 

the larger surface area of more, smaller gas bubbles may not simply lead to higher growth rate. 

Considering the forces acting on bubbles, the coverage should be affected by both the bubble size and 

flow rate (shear stress), and these factors should be included in a list of improvements to the hydrate 

growth model.  
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11.3 Cohesive/Adhesive Force of Hydrate Particles in Water-dominant System 

The results of the flowloop experiments suggest that the interparticle force plays an important role in the 

behaviour of hydrate slurries: a steep increase in viscosity, gel-state during shut-ins, and agglomeration 

of hydrate particles. However, there is little available data for the interparticle force in water-dominant 

systems, whereas many studies measured the force in oil-dominant systems. This lack of data prevents 

quantitative discussion of the fundamentals of hydrate slurry behaviour. For example, in oil-dominant 

systems, the size of agglomerated hydrate particles is often estimated from a balance between the 

interparticle force and the shear stress exerted by the oil phase.  

The same problem exists in considering the adhesive force between hydrate particles and pipe wall. 

The transient flow simulation with the hydrate model for gas-dominant flow overestimated the downhole 

pressure significantly with a significant decrease in pipe diameter due to hydrate deposition (Chapter 7). 

This is probably because of mismatch in the mechanics of the process of hydrate wall deposition, and 

suggests that much lower adhesive forces occur in water-dominant systems than gas-dominant ones: this 

should result in far less hydrate deposited at the wall in water-dominant systems. 

For these reasons, measurement of the cohesive/adhesive force in water-dominant systems will be 

one of key challenges in the discussion of particle agglomeration and wall deposition. It will play an 

important role in connecting microscopic observations to bulk hydrate slurry behaviour, such as that of 

hydrate particles observed with the in-line video camera.  

 

11.4 Hydrate Slurries under Turbulent Conditions 

While the fundamentals of hydrate slurries under laminar conditions were extensively discussed, those 

under turbulent conditions were examined in less detail throughout this research. As the flow conditions 

of production lines are turbulent in most cases, hydrate slurry behaviour under such conditions must be 

a future target to reveal the processes leading to hydrate plugging in water-dominant systems. As 

presented in Chapter 9, the hydrate particle size becomes smaller at higher flow rates, and the changes 

in particle size should result in changes in the (bulk) characteristics of hydrate slurries, such as viscosity. 

While it is quite difficult to analyse the relation between shear rate and shear stress in turbulent flow, it 

may be possible to take more practical approaches, such as estimation of hydrate slurry dP in a pipe and 

the turbulent-laminar transition at different hydrate volume fractions. This would be useful in flow 

simulations of production lines to evaluate overall hydrate risk, and potentially identify warning signals in 

online production data. At a fundamental level, the use of high-speed, high-resolution video images of 

hydrate particles in turbulent flow may be a candidate method to interrogate such behaviour.   

 

11.5 Transient Flow Simulation with Hydrate Model for Water-Dominant Flow 

The developed model of hydrate growth in water-dominant flow has been integrated into HyFAST, but it 

is a steady state flow simulator, meaning that transient flow simulation with the developed hydrate model 

has not yet been conducted. Steady state simulation may be enough to predict the hydrate growth in 

production lines, but transient simulation must be required to predict hydrate deposition in future 

studies. For transient simulation with the developed model, OLGA is a promising candidate. As shown in 

Chapter 7, the flow simulation of the production line for a gas hydrate production test without hydrate 

models provided reasonable predictions of pressure. As the ability of OLGA to capture the non-hydrating 
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behaviour of the production system has now been tested, the next clear step is to update or branch the 

UWA Gas Dominant Hydrate Extension to handle such water-dominant scenarios. 
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Appendix A Influence of Number of Video Frames on Bubble Data  

This appendix provides an influence of the number of the video frames, analysed in each measurement, 

on the data of the gas-water interfacial area. Overall, the number clearly affected the uncertainty of the 

interfacial area, which was confirmed by analysing the data of the additional experimental run, shown in 

Section 6.1.2, and the influence followed the central limit theorem (CLT). In addition, the data analysis 

indicated that the relative uncertainty in our system was lower than 20% in the experiment presented in 

Chapter 4.   

 

A.1 Experimental Procedure  

The additional experimental run was conducted outside of the hydrate equilibrium region (approximately 

50 bar and 17°C). The flowloop was initially filled with pure water, and then the circulation pump was 

turned on. The in-line video camera continuously captured video images throughout the experimental 

run. Figure A.1 shows the flow velocity and the gas volume in the flowloop. The gas volume in the flowloop 

was increased stepwise by replacing water with methane gas. In each increase, 5 ml of water was 

replaced. Gas bubbles started to appear in video images once the gas volume was increased to 15 ml. 

After that, five different flow velocities (1.0, 1.1, 1.2, 1.3, and 1.4 m/s) were applied at each gas volume 

to discuss the effect of the flow velocity, shown in Figure 6.4. Five video files (10 minutes = 2400 video 

frames) were obtained in each condition.  

 

Figure A.1  – Flow velocity and gas volume in the flowloop. 

 

A.2 Data Analysis 

The gas-water interfacial area in the observation region was estimated from the bubbles in the video 

images with the method explained in Section 4.1.3. Figure A.2 shows the gas-water interfacial area in the 

observation region estimated from the bubbles included in the different numbers of video frames (15-480 

frames). While the data of the interfacial area is significantly fluctuated in the case of 15 frames, the 

fluctuation decreases with an increase in the number of frames. The lines of 240 and 480 frames looks to 

be almost overlapped.  
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Figure A.2 – The gas-water interfacial area estimated from bubbles included in the different numbers of video 
frames: (a) 15, 30, and 60 frames and (b) 120, 240 and 480 frames.  

In CLT, a standard deviation of a sample mean of a random sample (𝑆𝐷(�̅�𝑁)) is a function of the 

sample size (N) and the standard deviation of random variables in the sample (SD(X)) if the random 

variables (X) are independent and identically distributed (IID):   

𝑆𝐷𝐶𝐿𝑇(�̅�𝑁) =
𝑆𝐷(𝑋)

√𝑁
 A-1 

�̅�𝑁 =
𝑋1 + 𝑋2 + ⋯ + 𝑋𝑁

𝑁
 A-2 

where 𝑆𝐷𝐶𝐿𝑇(�̅�𝑁)  denotes the 𝑆𝐷(�̅�𝑁)  predicted by CLT. SD means a standard deviation. In the 

additional run, N and X correspond to the number of video frames and the total interfacial area of the 

bubbles included in a single video frame, respectively. SD(X) may be estimated from all X in each 

condition (2400 video frames): 

𝑆𝐷(𝑋) ≈ √
1

2400 − 1
∑ (𝑋𝑖 − �̅�)2

2400

𝑖=1

 A-3 

�̅� =
𝑋1 + 𝑋2 + ⋯ + 𝑋2400

2400
 A-4 

Figure A.3 shows the cross plots of N and 𝑆𝐷(�̅�𝑁). While the dotted lines in the plots show the 𝑆𝐷𝐶𝐿𝑇(�̅�𝑁) 

(Equation A-1), the markers indicate the 𝑆𝐷(�̅�𝑁) directly estimated from the data shown in Figure A.2: 

𝑆𝐷(�̅�𝑁) ≈ √
1

(2400/𝑁) − 1
∑ (�̅�𝑁,𝑖 − 𝑀𝐸𝐴𝑁(�̅�𝑁))

2
(2400/𝑁)

𝑖=1

 A-5 

𝑀𝐸𝐴𝑁(�̅�𝑁) =
�̅�𝑁,1 + �̅�𝑁,2 + ⋯ + �̅�𝑁,(2400/𝑁)

(2400/𝑁)
 A-6 

where MEAN denotes a mean. In the figure, the declines in 𝑆𝐷(�̅�𝑁) (the markers) follow the predictions 

of CLT (the dotted lines) except for a few measurements.  
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Figure A.3 – Relationship between the sample size (N) and the standard deviation of a sample mean of the gas-
water interfacial area (SD(�̅�𝑁)) at the different flow velocities and gas volumes (VG): (a) VG = 15 ml, (b) VG = 20 ml, 

(c) VG = 25 ml, (d) VG = 30 ml, (e) VG = 35 ml, and (e) VG = 40 ml. While the dotted lines indicate the standard 
deviation predicted with CLT (Equation A-1), the markers show that calculated from the data shown in Figure A.2 

(Equation A-5). 

Figure A.4 shows the relative standard deviation (RSD) defined by the following equation:  

𝑅𝑆𝐷 =
𝑆𝐷(�̅�𝑁)

�̅�𝑁

 A-7 

RSD becomes the relative uncertainty when N is sufficient large as the distribution of �̅�𝑁 is eventually 

converged to the normal distribution by increasing N. Except for the a few cases at 15 ml of VG, the relative 

standard deviations calculated with the two methods (Equation A-1 and A-5) are well matched. The 

discrepancies at 15 ml might indicate that the bubbles in flow were not perfectly steady, which is required 

for the independent, identical distributions of X, but the unsteadiness should be so small that X can be 

regarded as IID at 20 ml of VG or higher. RSD, corresponding to the uncertainty of the gas-water interfacial 

area estimated in Chapter 4, should have been lower than 20% in most conditions when N is higher than 

240. Whereas it may have been decreased more by increasing N, it was difficult in the experiment of 

Chapter 4 as it was required to investigate the temporal change in the hydrate growth rate with the in-

line camera, the frame rate of which was 4 frame/sec.  

N at 20%, 10%, and 5% of RSD predicted by CLT (Equation A-1) are tabulated in Table A-1. In the table, 

N at 10% of RSD is lower than 1000 except those in the Condition 10 and 15, and N at 5% is lower than 

5000 other than that in the Condition 10 while it has a wide range from 1086 (Condition 26) to 5612 

(Condition 10). This information may be helpful for future discussion of the uncertainties in the 

measurement of the gas-water interfacial area in bubble flow.  
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Figure A.4 – Relationship between the sample size (N) and RSD (Equation A-7) at the different flow velocities and 
gas volumes (VG): (a) VG = 15 ml, (b) VG = 20 ml, (c) VG = 25 ml, (d) VG = 30 ml, (e) VG = 35 ml, and (e) VG = 40 ml. 

While the dotted lines indicate RSD predicted with, the markers show that calculated from the data shown in 
Figure A.2.  
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Table A.1 – The number of video frame (N) required for 20%, 10%, and 5% of RSD, which were predicted with CLT 
(Equation A-1).  

Condition VG [ml] Velocity [m/s] N at “RSD = 0.2” N at “RSD = 0.1” N at “RSD = 0.05” 

1 15 1.4 165 662 2647 
2 15 1.3 185 739 2956 
3 15 1.2 154 614 2456 
4 15 1.1 107 429 1716 
5 15 1.0 90 359 1435 

6 20 1.4 125 501 2005 
7 20 1.3 158 631 2524 
8 20 1.2 190 761 3043 
9 20 1.1 235 942 3766 

10 20 1.0 351 1403 5612 

11 25 1.4 113 454 1815 
12 25 1.3 127 506 2025 
13 25 1.2 151 603 2413 
14 25 1.1 196 785 3140 
15 25 1.0 274 1096 4382 

16 30 1.4 94 375 1501 
17 30 1.3 108 433 1732 
18 30 1.2 144 576 2303 
19 30 1.1 158 634 2535 
20 30 1.0 249 995 3979 

21 35 1.4 84 338 1350 
22 35 1.3 98 391 1563 
23 35 1.2 115 460 1841 
24 35 1.1 157 626 2506 
25 35 1.0 201 804 3215 

26 40 1.4 68 272 1086 
27 40 1.3 84 338 1350 
28 40 1.2 111 443 1772 
29 40 1.1 141 563 2251 
30 40 1.0 178 711 2844 

Min   68 272 1086 

Max   351 1403 5612 

Mean   154 615 2459 
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Appendix B Influence of Tortuosity on Diffusivity  

This appendix provides a brief discussion of an influence of the tortuosity of hydrate slurries on the mass 

transfer coefficient in the hydrate growth model, presented in Section 4.2. As shown in Equation 4-10a 

and 4-12, the mass transfer coefficient is proportional to the square root of the diffusive coefficient of 

methane in hydrate slurries (DG-W) or the inverse of the tortuosity (xT): 

𝑘𝐿 ∝ (𝐷𝐺−𝑊)1 2⁄ =
1

𝑥𝑇
(𝐷𝐺−𝑊,𝐻2𝑂)

1 2⁄
 B-1 

𝑥𝑇
2 = 1 − 𝑐𝑇 ln(𝜙𝑝) B-2 

While cT is set to 1.6 in Section 4.2 considering the work of Pech [118], different values were also 

recommended in other studies, Comiti and Renaud [181] found 0.86-3.2 for cT ranges in the system of 

plates with different particle aspect ratio.  

Figure B.1 shows the tortuosity (xT) and the diffusion coefficient of hydrate slurries (DG-W) calculated 

with different values of cT. In the calculation of DG-W,H2O with Equation 4-14, pressure and temperature 

are assumed to be 35 bar and 3°C, respectively.  

 

Figure B.1 – (a) Tortuosity and (b) diffusive coefficient of slurries, predicted with different values of cT. 

The square root of the diffusion coefficient is also presented in Figure B.2 as the mass transfer coefficient 

is proportional to it (Equation B-1). At 20 vol% of hydrate, the value of DG-W
1/2 ranges from 2.4E-5 to 2.9E-

5 in cT =0.86-3.2, corresponding to the 8-24% from 0 vol%. Although the influence of the tortuosity (or cT) 

is not so significant, further discussion of the tortuosity model may be required in future.  

 

Figure B.2 – Square root of the diffusive coefficient, the change in which corresponds to that in the mass transfer 
coefficient (kL ∝ (DG-W)1/2).   
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Appendix C Influences of Intrinsic Viscosity and Crowding Factor on 

Slurry Viscosity in Model of Santamaría-Holek and Mendoza 

This appendix briefly explains how the intrinsic viscosity and the crowding factor affect the slurry viscosity 

in the model of Santamaría-Holek and Mendoza [126] (Equations 4-16 and 4-17), which is used in the 

prediction of the hydrate slurry viscosity in Chapter 4.  

Figure C.1 shows the model predictions of the relative viscosity of slurries with the different values 

of the intrinsic viscosity and the crowding factor. The relative viscosity is much more affected by the 

intrinsic viscosity in the range of 0-20 vol% of the solid volume fraction, in which most of the 

measurements for the hydrate slurry viscosity were conducted. Especially, below 10 vol%, the crowding 

factor hardly changes the relative viscosity (Figure C.1b). However, the crowding factor has an influence 

on the steep increase in the relative viscosity, being important at the high hydrate volume fractions. For 

example, when the intrinsic viscosity is set to 5.84, the steep increase begins around 30 vol% with 0.45 of 

ϕc while it starts around 40 vol% with 0.637 of ϕc. 

 

Figure C.1 – Relative viscosity calculated with the model of Santamaría-Holek and Mendoza [126] with the 
different values of the intrinsic viscosity and the crowding factor ([η] and ϕc, respectively) in the ranges of 0-50 
vol% and 0-30 vol% of the hydrate volume fraction ((a) and (b), respectively). The same data are used in both 

graphs. 
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Appendix D Numerical Data of Hydrate Slurry Viscosity  

This appendix provides the numerical data of the relative viscosity of hydrate slurries, presented in Figure 

4.6. The data is tabulated in Table D.1.  

Table D.1– Numerical data of the relative viscosity of hydrate slurries, shown in Figure 4.6. While the actual 
accuracy of the hydrate volume fraction is probably in the order of magnitude of 0.1 vol% (VH ≈ 1.7 ml), the 

hydrate volume fraction is presented with numbers with two decimal places for reference. 

 Hydrate Volume Fraction 
[vol%] (ϕH) 

Relative Viscosity (ηrel) 

Experiment 1 5.73 ± 0.02 3.39 ± 0.06 
 9.03 ± 0.02 4.12 ± 0.08 
 12.45 ± 0.05 4.96 ± 0.06 
 15.84 ± 0.07 6.86 ± 0.10 
 19.54 ± 0.07 10.78 ± 0.35 

Experiment 2 1.66 ± 0.02 1.61 ± 0.03 
 5.75 ± 0.03 2.09 ± 0.03 
 10.25 ± 0.02 3.05 ± 0.06 
 14.78 ± 0.13 3.62 ± 0.06 
 19.42 ± 0.14 7.45 ± 0.23 

Experiment 3 1.48 ± 0.01 1.52 ± 0.02 
 4.38 ± 0.01 1.82 ± 0.04 
 7.14 ± 0.01 2.82 ± 0.04 
 9.69 ± 0.02 3.87 ± 0.04 
 11.89 ± 0.05 4.10 ± 0.06 
 14.21 ± 0.05 4.90 ± 0.06 
 16.38 ± 0.03 6.47 ± 0.15 
 17.52 ± 0.03 5.37 ± 0.19 
 18.62 ± 0.05 5.60 ± 0.26 
 21.04 ± 0.04 7.93 ± 0.30 

Experiment 4 1.50 ± 0.01 1.22 ± 0.01 
 4.28 ± 0.02 2.03 ± 0.01 
 7.09 ± 0.02 2.87 ± 0.06 
 9.87 ± 0.03 3.05 ± 0.05 
 12.52 ± 0.03 4.35 ± 0.02 
 15.19 ± 0.03 4.12 ± 0.03 
 16.60 ± 0.03 4.71 ± 0.08 
 19.38 ± 0.03 4.89 ± 0.00 
 22.06 ± 0.18 5.48 ± 0.16 
 25.00 ± 0.04 6.49 ± 0.34 
 26.43 ± 0.05 6.00 ± 0.27 

Experiment 5 1.24 ± 0.01 1.40 ± 0.01 
 4.37 ± 0.02 2.02 ± 0.00 
 7.33 ± 0.01 2.79 ± 0.02 
 10.21 ± 0.02 3.49 ± 0.03 
 14.64 ± 0.04 4.23 ± 0.04 
 17.58 ± 0.05 5.07 ± 0.04 
 20.13 ± 0.04 5.13 ± 0.06 
 21.64 ± 0.05 6.66 ± 0.14 
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The uncertainties of the hydrate volume fraction in the table indicates those caused by the changes 

in pressure and temperature during the viscosity measurement (uPT), estimated from the maximum and 

minimum hydrate volume fractions in each viscosity measurement (ϕH,max and ϕH,min, respectively): 

𝑢𝑃𝑇 =
1

√3
|
𝜙𝐻,𝑚𝑎𝑥 − 𝜙𝐻,𝑚𝑖𝑛

2
| D-1 

The calculations of the maximum and the minimum hydrate volume fractions considers the accuracies of 

the T and P gauges as below: 

𝜙𝐻,𝑚𝑎𝑥 = 𝑚𝑎𝑥[𝜙𝐻,+𝛿𝑃,+𝛿𝑇(𝑡𝑚𝑎𝑥), 𝜙𝐻,+𝛿𝑃,−𝛿𝑇(𝑡𝑚𝑎𝑥), 𝜙𝐻,−𝛿𝑃,+𝛿𝑇(𝑡𝑚𝑎𝑥), 𝜙𝐻,−𝛿𝑃,+𝛿𝑇(𝑡𝑚𝑎𝑥)] D-2 

𝜙𝐻,𝑚𝑖𝑛 = 𝑚𝑖𝑛[𝑉𝐻,+𝛿𝑃,+𝛿𝑇(𝑡𝑚𝑖𝑛), 𝑉𝐻,+𝛿𝑃,−𝛿𝑇(𝑡𝑚𝑖𝑛), 𝑉𝐻,−𝛿𝑃,+𝛿𝑇(𝑡𝑚𝑖𝑛), 𝑉𝐻,−𝛿𝑃,+𝛿𝑇(𝑡𝑚𝑖𝑛)] D-3 

𝜙𝐻,+𝛿𝑃,+𝛿𝑇(𝑡) = 𝜙𝐻[𝑃(𝑡) + 𝛿𝑃, 𝑇(𝑡) + 𝛿𝑇] D-4 

𝜙𝐻,+𝛿𝑃,−𝛿𝑇(𝑡) = 𝜙𝐻[𝑃(𝑡) + 𝛿𝑃, 𝑇(𝑡) − 𝛿𝑇] D-5 

𝜙𝐻,−𝛿𝑃,+𝛿𝑇(𝑡) = 𝜙𝐻[𝑃(𝑡) − 𝛿𝑃, 𝑇(𝑡) + 𝛿𝑇] D-6 

𝜙𝐻,−𝛿𝑃,−𝛿𝑇(𝑡) = 𝜙𝐻[𝑃(𝑡) − 𝛿𝑃, 𝑇(𝑡) − 𝛿𝑇] D-7 

where δP and δT are the accuracies of the P and T gauges, shown in Table 3.1 (±0.03 bar and ±0.2°C, 

respectively). tmax and tmin the times at which ϕH is the maximum and minimum, in turn. Except for a few 

data points, the uncertainty is lower than 0.1%.  

It was difficult to quantitatively evaluate the uncertainties caused by the deviations of equations of 

state mainly because of the unknown in the hydrate number of the methane hydrate formed in our system 

and little experimental data of the saturated solubility of methane in water in water-hydrate system. For 

this reason, the deviations of equations of states are briefly discussed here instead of the uncertainties. 

The hydrate number varies by the occupancy of guest gas molecules in water cages, and this affects the 

hydrate density. If all the cages are filled, the hydrate number of methane hydrate becomes 5.75, but 

there are empty cages in actual [1]. In the calculation with the models of CPA-Infochem and hydrate of 

MultiflashTM 6.2 [108], the hydrate density at 273.15 K is 0.915 g/cc. while it is 0.91 g/cc in Sloan and Koh 

[1] and 0.897 g/cc in Makogon [182]. Table D.2 shows the comparison of the saturated solubilities of 

methane in the water-hydrate system predicted by the models of MultiflashTM 6.2 with the experimental 

data of Servio and Englezos [183]. Although there are a few data points, the relative differences are within 

±4.6%. Figure D.1 and D.2 show comparisons of the Z-factors of pure methane at 270 K and 280 K 

predicted by four different models including the CPA-Infochem model. In the pressure range of 10-100 

bar, the CPA-Infochem model provides the values close to those calculated by the models of Friend et al. 

[184] and Duan et al. [185], both of which are dedicated to the pure methane system while the Peng-

Robinson (PR) model [186] gives the slightly lower values. This suggests the small deviation of Z-factor (or 

gas density) in the calculations of the hydrate volume fraction.     
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Table D.2 – Comparison of the saturated solubility (molar fraction) of methane in water in the water-hydrate 
system between the model prediction with MultiflashTM [108] (CPA-Infochem + hydrate) and the experimental 

data of Servio and Englezos [183]. 

Temperature 
[K] 

Pressure 
[bar] 

χV-W
CH4,CPA  

(CPA-Infochem) 
χV-W

CH4,Exp 

(Experiment) 
Relative Difference  

((χV-W
CH4,CPA – χV-W

CH4,Exp) / χV-W
CH4,Exp) 

274.35 35 0.001157 0.001170 -0.011 
275.45 35 0.001238 0.001203 0.029 
274.15 50 0.001136 0.001190 -0.046 
277.35 50 0.001384 0.001360 0.018 
275.25 65 0.001208 0.001201 0.006 
280.15 65 0.001638 0.001567 0.045 

 

 

Figure D.1 – Comparison of the Z-factor calculated by the CPA-Infochem model of MultiflashTM [108] with those 
predicted by the models of Friend et al. [184], Duan et al. [185], and Peng and Robinson  [186] at (a) 270K and (b) 

280 K. 

 

Figure D.2 – The relative difference between the Z-factor calculated by the CPA-Infochem model (ZCPA) and those 
predicted by the models of Friend et al. [184], Duan et al. [185], and Peng and Robinson  [186] (ZCPA, ZFriend, and 

ZPR, respectively) at (a) 270K and (b) 280 K. 

The uncertainty of the relative viscosity was estimated from the standard deviation of the hydrate 

slurry viscosity:  

𝑢𝜂,𝑟𝑒𝑙 =
𝑢𝜂,𝑠𝑙𝑢𝑟𝑟𝑦

𝜂𝑊
=

1

𝜂𝑊

𝑆𝐷(𝜂𝑠𝑙𝑢𝑟𝑟𝑦)

√𝑁
 D-8 
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where uη,rel and uη,slurry are the uncertainties of the relative and absolute viscosities of hydrate slurries, 

respectively. ηW is the pure water viscosity. SD(ηslurry) is the standard deviation of the viscosity 

measurement. As the viscosity corresponds to the slope of the fitting line in the relation between the wall 

shear rate and the wall shear stress (Figure 4.1), SD(ηslurry) was estimated from the standard deviation of 

the slope, which can be calculated as below [187]: 

𝑆𝐷(𝜂𝑠𝑙𝑢𝑟𝑟𝑦) = 𝑠𝜖√
𝑁

𝑁𝑠𝑥𝑥 − (𝑠𝑥)2
 D-9 

𝑠𝑥𝑥 = ∑ 𝛾𝑤,𝑖̇ 2

𝑁

𝑖=1

 D-10 

𝑠𝑥 = ∑ �̇�𝑤,𝑖

𝑖

 D-11 

𝑠𝜖 = (
1

𝑁 − 2
∑ (𝜏𝑤,𝑖 − 𝜂𝑠𝑙𝑢𝑟𝑟𝑦�̇�𝑤,𝑖 −

4

3
𝜏𝑦)

2

𝑖

)

0.5

 D-12 
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Appendix E Numerical Data of Critical Stress of Hydrate  

This appendix provides the numerical data of the critical stress of hydrate slurries before or after the shut-

in, presented in Figure 8.5. The data is tabulated in Table E.1-E.3.  

Table E.1 – Numerical data of the critical stress before the 3-minute shut-in, shown in Figure 8.5a. Except for 
ϕH=0.187 in Experiment 2, the uncertainty of the hydrate volume fraction due to changes in pressure and 

temperature during the measurement is lower than 0.001.  

 Hydrate Volume 
Fraction (ϕH) 

Critical Stress (τc) 
[Pa] 

Uncertainty of critical 
stress (uc) [Pa] 

Experiment 1 0.016 - - 
 0.042 0.21 0.06 

 0.070 0.29 0.11 

 0.097 0.59 0.06 

 0.126 1.02 0.05 

 0.152 1.28 0.13 

 0.180 2.41 0.09 

Experiment 2 0.026 - - 
 0.052 0.16 0.10 

 0.079 0.29 0.21 

 0.106 0.48 0.10 

 0.133 0.89 0.19 

 0.160 1.20 0.20 

 0.187±0.002 1.73 0.19 

Experiment 3 0.016 - - 
 0.043 - - 
 0.068 0.15 0.09 

 0.099 0.24 0.07 

 0.126 0.61 0.08 

 0.155 0.66 0.10 

 0.182 0.87 0.11 

 0.210 1.39 0.19 

Experiment 4 0.018 - - 
 0.048 0.12 0.06 

 0.077 0.27 0.06 

 0.106 0.71 0.19 

 0.135 1.46 0.12 

 0.164 2.89 0.13 

 0.193 5.47 1.96 
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Table E.2 – Numerical data of the critical stress after the 3-minute shut-in, shown in Figure 8.5b. Except for 
ϕH=0.187 in Experiment 2, the uncertainty of the hydrate volume fraction due to changes in pressure and 

temperature during the measurement is lower than 0.001.  

 Hydrate Volume 
Fraction (ϕH) 

Critical Stress (τc) 
[Pa] 

Uncertainty of critical 
stress (uc) [Pa] 

Experiment 1 0.016 - - 
 0.042 0.21 0.06 

 0.070 1.35 0.14 

 0.097 1.53 0.06 

 0.126 2.79 0.22 

 0.152 10.02 0.28 

 0.180 Plugging* - 

Experiment 2 0.026 - - 
 0.052 0.13 0.05 

 0.079 1.50 0.06 

 0.106 4.09 0.07 

 0.133 2.30 0.07 

 0.160 5.28 0.20 

 0.187±0.002 Plugging*  

Experiment 3 0.016 - - 
 0.043 - - 
 0.068 0.23 0.09 

 0.099 0.81 0.19 

 0.126 1.24 0.16 

 0.155 1.44 0.20 

 0.182 3.09 0.50 

 0.210 3.49 0.76 

Experiment 4 0.018 - - 
 0.048 0.34 0.08 

 0.077 0.60 0.06 

 0.106 1.83 0.08 

 0.135 2.37 0.35 

 0.164 5.34 2.26 

 0.193 8.95 4.10 

*: hydrate plugging occurred during the restart operation 
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Table E.3 – Numerical data of the critical stress after the 8-hour shut-in, shown in Figure 8.5c. The uncertainty of 
the hydrate volume fraction due to changes in pressure and temperature during the measurement is lower than 

0.001.  

 Hydrate Volume 
Fraction (ϕH) 

Critical Stress (τc) 
[Pa] 

Uncertainty of critical 
stress (uc) [Pa] 

Experiment 1 0.016 - - 
 0.042 0.19 0.06 

 0.070 1.13 0.08 

 0.097 1.67 0.06 

 0.126 5.25 0.25 

 0.152 8.05 1.07 

Experiment 2 0.026 - - 
 0.052 0.24 0.06 

 0.079 0.72 0.05 

 0.106 2.33 0.22 

 0.133 3.36 0.42 

 0.160 3.38 1.85 

Experiment 3 0.016 - - 
 0.043 - - 
 0.068 - - 
 0.099 0.67 0.05 

 0.126 0.62 0.14 

 0.155 2.70 0.36 

 0.182 4.24 0.46 

 0.210 3.46 0.34 

Experiment 4 0.018 - - 
 0.048 - - 
 0.077 0.57 0.06 

 0.106 1.22 0.21 

 0.135 2.54 0.40 

 0.164 6.11 0.48 

 0.193 13.82 4.42 

 

 

 

 




