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ABSTRACT 

Gas hydrates are ice-like solids that may form in crude oil flowlines under high 

pressure and at low temperature, resulting in the formation of viscous hydrate-laden 

oil slurries. The magnitude of slurry viscosity has been suggested as a primary 

reference to determine whether a hydrate-based flow blockage is imminent, but a 

dearth of data is available now to inform predictive models of hydrate-in-oil slurry 

viscosity. 

This work deploys a controlled-stress, high-pressure rheometer with a vane blade to 

characterize the rheological properties of methane hydrate slurries generated in situ 

from water-in-crude oil emulsions. Systems of 5-30 vol.% watercut based on crude 

oil of two different viscosities were tested. The results showed that an increase of the 

apparent viscosity between 15 to 90 times was observed during hydrate formation in 

the systems studied, where the resultant hydrate-laden slurries demonstrated shear 

thinning behaviour. With similar volume fraction of hydrates suspended and the 

same shear rate applied, the hydrate-in-heavy oil slurries showed at least 50% 

relative viscosity decrease compared to the light oil systems, which indicated heavier 

crude oil can diminish the negative effect of hydrate formation on slurry flowability. 

The measured flow curves were compared to a current-generation industry 

rheological model, which showed deviations between 10 and 534% over the studied 

shear rate range from 4 to 217 s-1. The deviation between the existing model and 

new experimental results increased as shear rate decreased, suggesting a critical 

knowledge gap in the in the low-shear rate region associated with pipeline shut-in 

and restart. 
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In order to improve the model, further rheological tests of hydrate-in-oil slurries were 

conducted using anti-agglomerants (AA), which enabled the study of non-

aggregating hydrate-in-oil slurries. The results illustrated that the application of AA 

can decrease both hydrate growth rate and apparent slurry viscosity without affecting 

the hydrate phase boundary or total quantity of hydrate formed. Analysis of the 

infinite shear viscosity data demonstrated a limiting assumption of the current model, 

such that hydrate particles must not be treated as hard spheres without distinct 

particle shape. This thesis introduced a new model that considers hydrate particle 

shape and morphology, which reduced the deviation between the predictive value 

and the experimental data to be lower than 10%. 

Finally, a temperature-controlled flowloop was constructed to complement the 

above-described controlled stress rheology; the flowloop used cyclopentane 

(structure II) hydrates suspended in a halocarbon-hydrocarbon mixture at 

atmospheric pressure. The initial results showed that the friction factor of the 0.3 

vol.% cyclopentane hydrate-in-oil slurry was almost twice of that of the continuous 

phase, which corresponded to 7 times increase of the slurry viscosity approximately; 

this initial result was consistent with the controlled stress rheology measurements 

described above. 
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Chapter 1 INTRODUCTION 

1.1 Hydrate Properties 

Natural gas hydrates are ice-like solid inclusion compounds that will form at high 

pressure and low temperature when small hydrocarbon molecules, such as methane, 

ethane, and propane are available to be trapped in water cages [1]. In these 

inclusion compounds, the network of water molecule cages works as the host while 

the hydrocarbon molecules within the lattice cavities work as the guest to fill and 

stabilize these cages.  

There are three main types of hydrate structures, structure I, structure II and 

structure H, as shown in Figure 1.1.  Structure I and structure II are the most 

common hydrate structures encountered while structure H has not been observed in 

field. All of these structures have a basic cage, the 512, which repeats itself in the 

crystal unit cell, and in all of these three primary hydrate structures. The structure of 

the unit crystal is determined by the fit of the guest molecules within the host water 

cages [2]. For example, ethane, with the diameter of 5.5 Å, can reside in a 51262 

cage, the diameter of which is 5.86 Å, but propane, with the diameter of 6.3 Å, 

cannot reside in the 51262 cage. For propane, a larger 51264 cage is better because 

this cage diameter is 6.66 Å, with sufficient space for propane molecule. Therefore, 

usually small molecules like methane and ethane form structure I hydrate, while 

bigger ones like propane form structure II hydrate. The fitting of the guest molecules 

in the host cages can also control hydrate formation temperature and pressure [2]. At 

the same temperature, the formation pressure decreases as the guest/cage ratio 

increases. 
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Figure 1.1 The three common hydrate unit crystals and structures of cages, 
reproduced from Sloan et al. [2]. 

 

Except for the guest composition, pressure and temperature, the hydrate stability is 

also dependent on the composition of the fluid, which includes the liquid hydrocarbon 

phase, salt content, and chemical inhibitor concentration [1, 3]. Figure 1.2 shows 

several hydrate dissociation curves of systems with different fluid and gas 

components, where the left side of the line is the stability region and the right side is 

the hydrate free region. As indicated in Figure 1.2, adding NaCl or methanol, 

typically called thermodynamic inhibitors, resulted in the hydrate stability zone 

shifting to colder temperatures and/or higher pressures. In addition to extensive 

experimental measurements [4, 5], several hydrate thermodynamic prediction 

models, such as CSMGem, Multiflash and PVTsim [6, 7] have also been developed 

to predict the hydrate stability boundary based on the original van der Waals-

Platteeuw theory [1, 8].  
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Figure 1.2 Typical hydrate dissociation curves of different fluid and gas compositions, 
(1) water and methane; (2) water and natural gas (87.5 mol.% methane, 7.6 mol.% 

ethane, 3.1 mol.% propane, 1.2 mol.% n-butane and 0.6 mol.% n-pentane); (3) brine 
(3 wt.% NaCl) and natural gas;(4) water (30 wt.% methanol) and natural gas with 

components listed above; modified from Sinquin et al. [9]. 

 

Also, it has to be noted that the dissociation curve cannot totally represent the 

hydrate formation conditions because of the kinetic effect of hydrate formation [9]. 

The kinetic effect is time dependent or stochastic [3, 10, 11], which means that the 

time held before spontaneous hydrate formation, which is called “nucleation 

induction time” [12, 13], varies under identical test conditions. At a certain pressure, 

the temperature usually needs to be decreased to achieve the formation of hydrates 

and the temperature offset is regarded as “subcooling” [1, 14], as shown in Figure 

1.2. In general, the higher the subcooling is, the shorter the induction time will be.  

Hydrates are composed of 85 mol.% water and 15 mol.% guest hydrocarbon [2], so 

the physical appearance and density of hydrates are similar to those of ice [15]. Koh 



4 
 

et al. [3] gave a detailed comparison of the physical properties of structure I and 

structure II with liquid water and ice by summarizing the relevant work in literature. 

The density data is reproduced in Table 1.1, where values for Structure I are based 

on methane hydrate, and those for Structure II are based on tetrahydrofuran, 

methane, ethane and propane hydrate, indicated by C1–C2–C3 in Table 1.1. 

 

Table 1.1 Density of gas hydrates compared with ice, reproduced from Koh et al. [3]. 

Property Water Ice Structure I Structure II 

Density 

(𝒌𝒌𝒌𝒌 ∙ 𝒎𝒎−𝟑𝟑) 

999.7  

(283 𝐾𝐾) 

917  

(273 𝐾𝐾) 

929  

(263 𝐾𝐾) 

971 (273 𝐾𝐾);  

(C1–C2–C3) 

 

1.2 Hydrate Formation in Water-in-Oil Emulsions 

According to Turner [16], the conceptual hydrate formation mechanism of a large 

emulsified water droplet (diameter > 100 microns) in an oil phase is shown in Figure 

1.3. The first droplet in Figure 1.3 is an emulsified water droplet in oil continuous 

phase. When some small gas molecules are dissolved into the oil phase, the hydrate 

film will grow at the water-oil interface [17], which is about 50 microns across the 

water-oil interface. Afterward, a thin hydrate film thickens slowly to convert the 

droplet into hydrate completely. It has to be noted that small droplets (diameters < 

100 microns) will convert fully to hydrate straight away as the initial shell can grow 

about 50 microns across the water-oil interface. 
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Figure 1.3 Hydrate formation on an large emulsified water droplet (diameter > 100 
microns) in oil phase, reproduced from Sloan et al. [2]. 

 

Hydrates have an undesirable effect on the production and transportation of oil and 

gas, because, in sufficient quantity, they may increase frictional pressure losses and 

halt production in extreme scenarios [2, 18]. Especially in the subsea oil fields, where 

the pressure is high and temperature is low, the risk of hydrate blockage in pipeline 

and relevant facilities is very high. One of the examples in real oil field is the gas 

hydrate plug recovered from a subsea pipeline off the coast of Brazil, as shown in 

Figure 1.4. 

 

Figure 1.4 Hydrate plug removed from pig catcher on a subsea pipeline, picture 
reproduced from Koh et al [3], originally provided by Petrobras. 
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Due to the risk of halting flow, hydrates became a primary concern of flow assurance 

researchers. Turner [16] illustrated the process of hydrate blockage formation in an 

oil-dominated pipeline with a four-step mechanism (Figure 1.5): (i) water entrainment 

in the oil phase [19], (ii) hydrate shell growth at the oil-water interface [20], (iii) 

aggregation of particles [21], and (iv) jamming-type failure [22].  

 

Figure 1.5. Conceptual model of hydrate formation reproduced from Aman et al. [23], 
agglomeration and plugging in a water-in-oil emulsified system under flowing 

conditions, originally developed by Turner in collaboration with J. Abrahamson [16]. 

 

To maintain continuous flow in crude oil flowlines, it is important to reliably determine 

the extent to which hydrate particles may hinder flow before blockage occurs. To 

address this knowledge gap, the rheological properties of hydrate slurries can 

provide a critical input. When an accurate hydrate-in-oil slurry rheology model is 

coupled with a transient multiphase flow simulator, this predictive capability may be 

used to assess whether sufficient energy is available to maintain flow inside the 

hydrate formation region. In the limit of insufficient energy, the hydrate-in-oil slurry 

velocity may approach a static condition, providing a physical basis for assessing the 

hydrate blockage risk. 
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1.3 Objectives and Thesis Outline 

In order to avoid pipeline plug caused by the hydrates, the flowability of hydrate 

slurries need to be analysed. However, currently these efforts are very limited. Thus, 

this research focuses on the rheology of hydrate slurries formed from water-in-oil 

emulsions, aiming to put forward a system to transport hydrate slurries with oil.  

Specifically, the first objective of the present research was to deploy a high-pressure 

rheometer apparatus to enable a direct coupling between the apparent hydrate-in-oil 

slurry viscosity and the hydrate volume fraction throughout the water conversion 

process. Meanwhile, the effects of some variables, such as water cut of the emulsion 

that the hydrates form from and rheological properties of the oil, on the rheology of 

hydrate slurries were studied. The second objective of the present study was to 

measure and characterize the apparent slurry viscosity over a wide range of shear 

rates, to determine whether the current fundamental modelling approach introduced 

by Camargo and Palermo [24] may be deployed reliably within hydrate-in-oil pipeline 

simulations. After that, based on the experiment data, this research made 

improvement on the current rheological model and put forward a new model with 

higher accuracy to predict the rheological properties of hydrate-in-oil slurries. Finally, 

a temperature-controlled flowloop was constructed to complement the above-

described controlled stress rheology.  
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Chapter 2 REVIEW OF HYDRATE SLURRY 

RHEOLOGY 

2.1 Introduction of Fluid Rheology 

2.1.1 Shear Viscosity Definition 

Viscosity is a parameter that shows the resistance of the fluid to flow. It was defined 

by Newton’s viscosity law, as shown in Figure 2.1. The intervening space of two 

parallel planes, each with area 𝑑𝑑, at 𝑦𝑦 = 0 and 𝑦𝑦 = 𝑌𝑌, is filled with fluid. When the 

upper plane moves with constant relative velocity 𝑉𝑉, the fluid attached with the upper 

plane will move at the same time with the same velocity while the fluid attached with 

the lower plane will remain static, with the velocity of the fluid in between decreasing 

from 𝑉𝑉 to 0 from the upper plane to the lower one, distributing as how the arrows 

show. This velocity distribution is due to the internal friction within the flow layer and 

the extent of the fluid hindering flow is qualified by the parameter, viscosity. 

 

Figure 2.1 The velocity distribution of fluid in two parallel planes, adapted from Li [25] 
and Barnes et al. [26]. 
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With the assumption that the distance between the adjacent flow layer is 𝑑𝑑𝑦𝑦 and the 

velocity difference is 𝑑𝑑𝑑𝑑, the internal friction force reaches (equation 2-1): 

 𝐹𝐹 = 𝜇𝜇𝑑𝑑
𝑑𝑑𝑑𝑑
𝑑𝑑𝑦𝑦 2-1 

 

where 𝐹𝐹 is the internal friction force, 𝑁𝑁; 𝑑𝑑 is the contact area of the fluid and the 

plane, 𝑚𝑚2 ; 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 is the velocity gradient, or shear rate �̇�𝛾 , 𝑠𝑠−1 ; and 𝜇𝜇  is the shear 

viscosity of the fluid, 𝑃𝑃𝑃𝑃 ∙ 𝑠𝑠. As the force per unit area 𝐹𝐹
𝐴𝐴
 is also shown as shear stress 

𝜏𝜏, 𝑃𝑃𝑃𝑃, equation 2-1 is also shown as the one below (equation 2-2):  

 𝜏𝜏 = 𝜇𝜇�̇�𝛾 2-2 

 

and shear viscosity is defined as the ratio of the shear stress and shear rate 

(equation 2-3): 

 𝜇𝜇 =
𝜏𝜏
�̇�𝛾 2-3 

 

The viscosity of almost all the fluids will change with temperature and pressure. In 

most cases, liquid viscosity decreases with increasing temperature but increases 

with increasing pressure.  

2.1.2 Non-Newtonian Fluids 

The viscosity of some fluids, such as water and glycerol, is independent of shear rate 

and time of shearing at constant temperature and pressure. When the shearing is 

stopped, the stress in these liquids falls to zero immediately. Fluids with these 
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characteristics are called Newtonian fluids; and a fluid showing any deviation from 

the above behavior is non-Newtonian [25-27]. For Newtonian fluids, viscosity is also 

referred to as “the coefficient of viscosity” [26]; while for non-Newtonian fluids, it is 

usually called “apparent viscosity” [28, 29] or “shear dependent viscosity” [30, 31] as 

it is a dependent value on the test shear rate and also the time of shearing sometime.   

Depending on how the apparent viscosity changes with the shear rate, time-

independent non-Newtonian fluids can be roughly classified into shear-thinning fluid 

[32-34], the apparent viscosity of which decreases with increasing shear rate; and 

shear-thickening fluid [35-37], the apparent viscosity of which increases with 

increasing shear rate. It has to be noted that shear-thickening fluid is quite rare and 

most of the real materials are shear-thinning fluid, including hydrate slurries [38, 39], 

so in this section, shear-thickening fluid will not be discussed further.  

The general viscosity-shear rate curve for shear-thinning fluids over a wide enough 

shear rate range is shown in Figure 2.2. The curve indicates that when approaching 

very low or very high shear rate, the apparent viscosity reaches a plateau 

respectively; these two regions are called “the first Newtonian region” and “the 

second Newtonian region” [25-27]. the corresponding viscosity are called “zero-

shear viscosity” [40-42] and “infinite shear rate viscosity” [43]. This flow characteristic 

may be due to the structure rearrangement when shearing is applied to the fluid [27], 

as indicated in Figure 2.3. At the first Newtonian region, the shearing applied is not 

strong enough to affect the Brownian motion of the particles or the random 

movement of the molecules, so the fluid viscosity shows as a constant value as zero-

shear viscosity. However, with the increase of the shearing intensity, the structure 

has to be rearranged with different forms, such as orientation, stretching, 
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deformation and disaggregation. When the optimum of structure rearrangement is 

reached, the viscosity tends to be constant again as the infinite shear viscosity.      

 

Figure 2.2 A typical relationship for apparent viscosity as a function of shear rate for 
non-Newtonian, shear-thinning fluids, adapted from Li [25] and Barnes et al. [26]. 

 

 

Figure 2.3 Structure of dispersions at rest (panel (a)), and flowing through a tube 
with four different rearrangement forms: orientation, stretching, deformation and 

disaggregation (panel (b)), reproduced from Schramm et al. [27]. 

 

In order to describe the viscosity behavior, several mathematical models have been 

put forward. One of the most used models that can cover the whole shear rate range 

was come up with by Cross in 1965 [44], with four adjustable parameters, as shown 

in equation 2-4: 
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𝜇𝜇 − 𝜇𝜇∞
𝜇𝜇0 − 𝜇𝜇∞

=
1

(1 + (𝜆𝜆�̇�𝛾)𝑚𝑚) 2-4 

 

where 𝜇𝜇∞  and 𝜇𝜇0  are the limiting viscosity at infinite and zero shear rate; 𝜆𝜆  is a 

constant parameter with the dimension of time and the reciprocal, 1 𝜆𝜆⁄ , represents a 

critical shear rate that proves a useful indicator of the onset shear rate for shear 

thinning; and 𝑚𝑚  is a dimensionless constant exponent. A value of zero for 𝑚𝑚 

indicates Newtonian behavior and 𝑚𝑚 tends to unity for increasingly shear thinning 

behavior. 

If only part of the shear rate range is of interest, there are several simpler rheological 

models to use. For example, Sisko model [45] has been widely applied to describe 

the shear-thinning and the second Newtonian region: 

 𝜇𝜇 = 𝜇𝜇∞ + 𝐾𝐾�̇�𝛾𝑛𝑛−1 2-5 

 

where 𝐾𝐾 is the consistency index, 𝑃𝑃𝑃𝑃 ∙ 𝑠𝑠𝑛𝑛, serving as a viscosity index; and 𝑚𝑚 is the 

flow behavior index, reflecting the tendency of the fluid to be shear-thinning. For 

shear-thinning fluids, 𝑚𝑚 < 1. 

For further simplification, without consideration of the Newtonian regions, it comes to 

the power-law or Ostwald model [46], which is expressed as equation 2-6: 

 

 
𝜇𝜇 = 𝐾𝐾�̇�𝛾𝑛𝑛−1 2-6 
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In addition, in some cases, the first Newtonian plateau may be extremely high to 

measure, which shows that the fluid may experience a certain amount of stress 

before it yields and begins to flow as shear thinning. The stress needed for yielding 

is regarded as “yield stress” (a detailed introduction will be shown in 2.1.3). The 

Herschel-Bulkley model [47] can describe this behavior with equation 2-7: 

 𝜏𝜏 = 𝜏𝜏0 + 𝐾𝐾�̇�𝛾𝑛𝑛 2-7 

 

where 𝜏𝜏0 is the yield stress, 𝑃𝑃𝑃𝑃. 

If the viscosity of the fluid is constant instead of being shear-thinning after flow, then 

it comes to Bingham fluid [48]: 

 𝜏𝜏 = 𝜏𝜏0 + 𝜇𝜇𝐵𝐵�̇�𝛾 2-8 

 

where 𝜇𝜇𝐵𝐵 is the Bingham viscosity or plastic viscosity that is independent of shear 

rate. 

Except for the time-independent fluids discussed above, there are also some fluids 

with the rheological properties changing with time, thixotropy [49-52] and anti-

thixotropy fluids [53-55]. The difference between these two fluids is that with a fixed 

shear stress, the apparent viscosity of the thixotropy fluids decrease with time while 

the anti-thixotropy fluids increase with time; and the similarity is that they both try to 

recover to the original value when the stress is removed. Similar to shear-thickening 

fluid, anti-thixotropy fluid is quite rare and out of further discussion of this work. 

One of the typical characters of the thixotropy fluid is the hysteresis loop [25, 26, 52], 

as shown in Figure 2.4. When the shear rate applied to the thixotropy fluid increases 
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from the minimum to the maximum continuously with time and then decreases in the 

same way, there is a loop between the corresponding shear stress. The thixotropic 

phenomena can be caused by the change of the molecular or microscopic structure 

of the fluid when shear stress is applied [56]. Usually, thixotropic fluids are structured. 

When a certain amount of shear stress is applied, the structure will be partly 

destroyed and then try to rebuild itself when stress is removed. Both of these 

processes take time, so for a certain shear rate, it is almost impossible for the 

structure ramping down to be the same as that ramping up. 

 

Figure 2.4 A typical relationship for shear stress as a function of shear rate for 
thixotropy fluids with hysteresis loop, reproduced from Barnes et al [26]. 

 

2.1.3 Yield Stress of Structured Fluids 

Figure 2.1 illustrates the simple shear flow in a  Newtonian liquid, where shear stress 

results in flow [26]. However, when it comes to a Hookean solid, a shear stress will 

bring about deformation, as shown in Figure 2.5. With the application of a shear 

stress 𝜏𝜏, a Hookean solid block 𝑑𝑑𝐴𝐴𝐶𝐶𝐴𝐴 deforms to 𝑑𝑑′𝐴𝐴′𝐶𝐶′𝐴𝐴′ and keeps the same state 

as long as the stress is not removed. The deformation degree 𝛾𝛾 is the strain, given 

as equation 2-9: 
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 𝛾𝛾 =
𝜏𝜏
𝐺𝐺 2-9 

 

where 𝐺𝐺 is the rigidity modulus. 

 

Figure 2.5 Deformation of a Hookean solid with the application of shear stress 𝜏𝜏, 
reproduced from Barnes et al [26]. 

 

There are many real materials which are solid-like under some circumstance but 

tend to be liquid-like in other cases, for example, after being applied with a certain 

value of shear stress. Yield stress is a term generally used as a critical parameter to 

determine flow (liquid-like) or no flow (solid-like) in a wide range of applications [57-

66]. However, due to the complicacy of the rheological properties of the materials 

and the diversity of the measurement methods used, the specific definitions of yield 

stress of different systems are not exactly the same. Therefore, in this work, several 

most used yield stress measurement methods and the corresponding yield stress 

determination will be demonstrated together. 

The first yield stress measurement method used in literature is the extrapolation 

method. By extrapolating the shear stress-shear rate curve to zero shear rate, the 

limiting stress is regarded as the yield stress of the material, with an example shown 

in Figure 2.6. Except for direct determination from the graph [67, 68], this method 
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can be performed with a rheological model, such as the Bingham (equation 2-8) or 

Herschel-Bulkley (equation 2-7) model [62]. It has to be noted that accurate 

experimental data over the low shear rate range is critical to the yield stress 

measured with this method. Some common problem in the rheometer, such as slip 

flow, fracture, and expulsion of the sample, may have an effect on the measurement 

[64]. 

 

Figure 2.6 Yield stress determination by extrapolation method with a decreasing 
stress ramp at a rate of 3 𝑃𝑃𝑃𝑃/𝑠𝑠 for cyclopentane hydrate slurries with hydrate volume 
fraction of 16%, 18% and 20% at 2 °𝐶𝐶; and the yield stress determined is 7 𝑃𝑃𝑃𝑃, 162 

𝑃𝑃𝑃𝑃 and 272 𝑃𝑃𝑃𝑃 respectively, reproduced from Ajuja et al [69]. 

 

The second method to determine the yield stress is the application of constant shear 

rate. By applying a constant shear rate to the system, the corresponding shear 

stress can be recorded as a function of time. Two yield stress definitions have been 

given in this case (Figure 2.7): (i) point A, the transition between fully elastic and 

viscoelastic behaviour [70]; or (ii) point B, the maximum stress [60, 63, 71]. However, 

the yield stress measured by this method may be affected by the shear rate applied. 
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When Liddel and Boger [64] measured the yield stress (the maximum one) of 𝑇𝑇𝑅𝑅𝐶𝐶2 

pigment suspension, they found that there was a critical shear rate. Below this shear 

rate, the yield stress measured is independent of the applied rotational speed; 

otherwise, the yield stress showed an upward trend with increasing shear rate.  

 

Figure 2.7 A typical stress response with time in a constant shear rate controlled 
mode, reproduced from Nguyen et al [62]. 

 

The third method for yield stress determination is the shear stress growth method. 

By ramping shear stress from zero to a certain value, the resulting shear rate can be 

recorded and plotted against shear stress on double log axes. An intercept can be 

found by fitting the initial plateau and the first slope. The shear stress of the intercept 

is regarded as the yield stress. This method was ever used to measure the yield 

stress of ice slurries [72] and hydrate slurries [38, 39, 72, 73]. An example is shown 

in Figure 2.8. 
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Figure 2.8 Yield stress determination by stress growth method with a linear stress 
ramp from 0.1 to 3000 𝑃𝑃𝑃𝑃 over 3 hours for ice slurries formed from water-in-oil 

emulsion with 30 vol.% watercut at -10 °𝐶𝐶; lines were fit to the first two linear ranges 
and their intersection was taken to be the yield stress 313 𝑃𝑃𝑃𝑃, reproduced from 

Rensing et al [72]. 

 

An important parameter of this method is the increasing rate of the shear stress. For 

some highly time-dependent fluids, the yield stress measured was found to increase 

if increasing rate of shear stress increased. By comparing the results of different 

ramp rates, Rensing [74] detected that 16.7 𝑃𝑃𝑃𝑃/𝑚𝑚𝑅𝑅𝑚𝑚 (or 1000 𝑃𝑃𝑃𝑃/ℎ𝑟𝑟) was the critical 

value for clathrate hydrate slurries. The results indicated that with no higher 

increasing rate than this value, the yield stresses measured were consistent, but 

above this ramp rate, the yield stress increased, as shown in Figure 2.9. This 

phenomenon was also noticed by Stokes and Telford [63] and a method of “quick 

stress-sweep” was recommended. A shear stress-sweep involves increasing the 

stress to determine flow curve of the material in a short time (2-5 𝑠𝑠𝑅𝑅𝛷𝛷/𝑝𝑝𝑝𝑝𝑅𝑅𝑚𝑚𝑝𝑝) and with 

many points (>20-30 pints per decade of stress), which means the  immediate 
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response of the material to the applied stress is recorded. This method makes it 

easier and more reproducible for yield stress measurement of thixotropic systems; 

because it usually takes ages to fully determine the steady state of highly time-

dependent structured fluids. 

 

Figure 2.9 Yield stress measurement conducted for hydrate slurries formed from 
water-in-West African Crude Oil with 30 vol.% watercut at 0 °𝐶𝐶 with ramp rates of 
16.7 𝑃𝑃𝑃𝑃/𝑚𝑚𝑅𝑅𝑚𝑚 (1000 𝑃𝑃𝑃𝑃/ℎ𝑟𝑟) or slower were found to be consistent with each other, 

reproduced from Rensing [74]. 

 

The creep or recovery technique has also been used for yield stress test. It involves 

applying a constant stress in steps to a material, and recording over time the creep 

response and/or the recovery response after removal of the stress. A typical shear 

strain-time signal is shown in Figure 2.10, where 𝜏𝜏4 > 𝜏𝜏3 > 𝜏𝜏2 > 𝜏𝜏1. When the stress 

applied is lower than the yield stress, the strain increases with time, reaching a 

constant value, and recovered completely once the stress removed, as the fluid 

behaves as elastic solid, just like the curve with 𝜏𝜏1 and 𝜏𝜏2. When the applied stress is 
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higher than the yields stress, the strain increases indefinitely with time, with 

incomplete strain recovery is observed upon removal of the stress (as shown by 𝜏𝜏3) 

and even a steady viscous flow state (as shown by 𝜏𝜏4). The yield stress is the critical 

value between 𝜏𝜏2 and 𝜏𝜏3. It is obvious that this method is time consuming as quite a 

lot tests with different stress levels are needed to narrow the range of the yield stress. 

Also, when approaching yields stress, it takes longer for the stain to be stable, which 

means that lower yield stress will be measured with longer test time. Therefore, in 

order to make the results comparable, a constant duration of each stress level is 

necessary. 

 

Figure 2.10 A typical strain response with time of yield stress measurement with 
creep/recovery method, reproduced from Nguyen et al. [62]. 

 

The last method for yields tress measurement is the stress relaxation. In the stress 

relaxation technique, the yield stress is defined as “the limiting or residual stress 

remaining in the fluid upon cessation of flow” [62, 75-77]. It means that the material 

is first sheared by the rotor at a constant shear rate or shear stress, and the shearing 

suddenly stops. Then the residual stress still acting on the rotor is regarded as the 

yield stress of the material, with an example shown in Figure 2.11. 
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Figure 2.11 A example of torque/rotational speed response with time for direct yield 
stress measurement of bauxite residue suspensions with a stress relaxation method, 

reproduced from Dzuy et al. [60]. 

 

2.2 Rheology of Suspensions 

2.2.1 Solid Particle Suspensions 

Hard spheres are considered to be rigid spherical particles without interparticle 

forces except for infinite repulsion at contact [78]. As the viscosity of suspensions 

depends heavily on the characteristics of the continuous phase and generally is 

regarded as proportional to the viscosity of the continuous phase, relative viscosity, 

as defined in equation 2-10, is usually used in rheological models to describe the 

rheological properties of suspensions, 

 𝜇𝜇𝑟𝑟 =
𝜇𝜇
𝜇𝜇𝑐𝑐

 2-10 

 

where 𝜇𝜇𝑟𝑟  is the relative viscosity of the suspension, 𝜇𝜇  is the viscosity of the 

suspension and 𝜇𝜇𝑐𝑐 is the viscosity of the continuous phase. 
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The first work for suspension viscosity was done by Einstein [79] for dilute dispersed 

suspensions, who related the viscosity of the system to the volume fraction of hard 

spheres by neglecting the interactions between the particles, as shown in equation 

2-11: 

 𝜇𝜇 = 𝜇𝜇𝑐𝑐(1 + [𝜇𝜇]𝜙𝜙) 2-11 

 

In which [𝜇𝜇] is a dimensionless parameter called “intrinsic viscosity”, and 𝜙𝜙 is the 

volume fraction of hard spheres. The intrinsic viscosity [𝜇𝜇] is regarded as accounting 

for nonsphericity effects of the solid particles and other physical as well as 

nonphysical surface interactions of the solids in various fluid media, which means it 

represents the effective shape of the particles imposed by their surface condition [80, 

81]. It is usually assumed to remain invariant for all shear-rates for a specific material 

[81] and taken as 2.5 for non-interacting rigid spheres. As interactions between 

particles are not included, this theory is only valid for concentrations of the order of 

0.01 volume fraction solids [82].  

When it comes to higher concentrations, the effect of particle crowding will result in 

significant deviation from equation 2-11, as shown in Figure 2.12. Many models have 

been put forward to describe the viscosity of concentrated suspensions. One of the 

most used is the one proposed by Mooney [83] for monodisperse system (equation 

2-12) considering the space-crowding effect of the suspended spheres on each other: 

 𝜇𝜇𝑟𝑟 = exp (
[𝜇𝜇]𝜙𝜙

1− 𝑘𝑘𝜙𝜙) 2-12 

 

where 𝑘𝑘 is the self-crowding factor, predicted to be 1.5 approximately by theory. 
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By analysing the interaction between neighbouring spherical particles, meanly shear 

stress and Brownian motion, Krieger-Dougherty relationship [84, 85] was developed 

for monodisperse suspension, as shown in equation 2-13: 

 𝜇𝜇𝑟𝑟 = (1−
𝜙𝜙

𝜙𝜙𝑚𝑚𝑚𝑚𝑚𝑚
)−[𝜇𝜇]𝜙𝜙𝑚𝑚𝑚𝑚𝑚𝑚  2-13 

 

in which 𝜙𝜙𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum packing fraction of particles. When the concentration 

of the particles added into the continuous phases reaches 𝜙𝜙𝑚𝑚𝑚𝑚𝑚𝑚, the viscosity of the 

suspension viscosity will approach infinite. 

Using the free cell model [86], Mills [87] got equation for concentrated suspensions 

with only consideration of the hydrodynamic interactions, as shown in equation 2-14. 

It is obvious that the particle shape effect is not included in this model, so it is limited 

to hard sphere suspensions. 

 𝜇𝜇𝑟𝑟 =
1 −𝜙𝜙

(1− 𝜙𝜙
𝜙𝜙𝑚𝑚𝑚𝑚𝑚𝑚

)2
 2-14 

 

Considering that shear rate has effect on the level of particle interaction in a given 

fluid, Dabak [81] gave equation 2-15 as below: 

 𝜇𝜇𝑟𝑟 = [1 +
[𝜇𝜇]𝜙𝜙𝑚𝑚𝑚𝑚𝑚𝑚𝜙𝜙

𝑚𝑚(𝜙𝜙𝑚𝑚𝑚𝑚𝑚𝑚 − 𝜙𝜙)]𝑛𝑛 2-15 

 

where 𝑚𝑚 is a hydrodynamic parameter related to the specific flow structure of the 

particle-fluid system, and when it comes to high shear rate, it approaches the value 
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of 2. Also, in this model, 𝜙𝜙 (𝜙𝜙𝑚𝑚 − 𝜙𝜙)⁄  is regarded as a mobility parameter, 

representing the relative degree of freedom that the particles can move in the 

mixture. 

Except for theoretical analysis, there are also some researchers summarizing the 

expression of suspension viscosity based on a large quantity of experimental data. 

One example is the equation given by Chong [88] (equation 2-16),  

 𝜇𝜇𝑟𝑟 = (1 +
0.75 𝜙𝜙

𝜙𝜙𝑚𝑚𝑚𝑚𝑚𝑚

1 − 𝜙𝜙
𝜙𝜙𝑚𝑚𝑚𝑚𝑚𝑚

)2 2-16 

By correlating with a large data base provided by different measurement methods, 

𝜙𝜙𝑚𝑚𝑚𝑚𝑚𝑚 was fixed to be 0.605 in this work for monodispersed suspensions of spherical 

particles. 

 

Figure 2.12 Relative viscosity as a function of particle volume fraction predicted by 
Einstein’s equation for dilute hard-sphere suspensions and by Mooney’s, Krieger-
Dougherty’s, Mills’s, Dabak’s and Chong’s equations for concentrated hard-sphere 

suspensions with 𝜙𝜙𝑚𝑚𝑚𝑚𝑚𝑚 = 0.605 and [𝜇𝜇] = 2.5. 
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2.2.2 Aggregated Suspensions 

The presence of attractive forces between particles will lead to particle aggregation 

[89] and result in an increase in the suspension viscosity. The aggregates have been 

assumed to be factual clusters composed of equal size solid particles by many 

researchers [9, 78, 90-96], and the average number of the primary particles in a 

factual aggregate, 𝑁𝑁, is related to its average diameter 𝑑𝑑𝐴𝐴 and the diameter 𝑑𝑑𝑝𝑝 of the 

elementary particle: 

 𝑁𝑁 ≈ (
𝑑𝑑𝐴𝐴
𝑑𝑑𝑝𝑝

)𝑓𝑓 2-17 

 

where 𝑓𝑓 is the factual dimension which is proportional to the density of the structure 

specifically, reflecting the porosity of the aggregates. The value decreases from 3, 

the maximum value, for the densest aggregate which basically means a solid particle, 

to lower values for looser packing [78].  

Particle aggregation in destabilized suspension is basically initiated by two limiting 

cases: perikinetic aggregation and orthokinetic aggregation [94, 97]. The perikinetic 

aggregation is caused by Brownian motion and happens when the particle or floc 

diameter is less than 1 𝜇𝜇𝑚𝑚. It is only significant in the presence of a shear field with 

shear gradients smaller than approximately 10 𝑠𝑠−1  [97, 98]. The orthokinetic 

aggregation, which is caused by medium flow, usually plays a dominant role when 

the particle or floc size is larger than 1 𝜇𝜇𝑚𝑚 and in a higher shear field. Typically, for 

aggregation caused by Brownian motion, the factual dimension 𝑓𝑓 is around 1.8 [78] 

and for orthokinetic aggregation, 𝑓𝑓 is higher than 2 [96, 99]. 
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Due to the porosity, some fluids can be trapped in the aggregate structure which 

result in that the actual volume fraction having effect on the suspension viscosity 

increase is higher than the sum of the volume of the elementary particles. This effect 

can be described with the introduction of the concept effective volume fraction 𝜙𝜙𝑒𝑒𝑓𝑓𝑓𝑓 

[90, 93, 100]: 

 𝜙𝜙𝑒𝑒𝑓𝑓𝑓𝑓 ≈ 𝜙𝜙𝑠𝑠𝑠𝑠𝑚𝑚(
𝑑𝑑𝐴𝐴
𝑑𝑑𝑝𝑝

)(3−𝑓𝑓) 2-18 

 

where 𝜙𝜙𝑠𝑠𝑠𝑠𝑚𝑚  is the sum of the elementary particle volume. 

Thus, with the assumption that aggregates behave like spheres composed of 

particles in contact which trap fluid [100], the viscosity of the aggregated 

suspensions can be developed by applying the effective volume fraction to the 

models (equation 2-12 to 2-16) introduced in section 2.2.1. For example, with 

equation 2-14 [87], the aggregated suspension viscosity can be expressed as 

equation 2-19: 

 𝜇𝜇𝑟𝑟 =
1 −𝜙𝜙𝑒𝑒𝑓𝑓𝑓𝑓

(1−
𝜙𝜙𝑒𝑒𝑓𝑓𝑓𝑓
𝜙𝜙𝑚𝑚𝑚𝑚𝑚𝑚

)2
 2-19 

 

2.3 Previous Work in Hydrate-in-Oil Slurry Rheology 

Over the past 20 years, only limited research on the rheology of hydrate-in-oil 

slurries has been presented in the literature. In terms of the apparatus used, 

previous work can be generally classified into either benchtop rheometer or flowloop-

based studies.  
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The advantage of the benchtop rheometers is the direct measurement of the 

rheological parameters, such as shear rate, shear stress and hence the slurry 

viscosity. Previous benchtop rheometer studies can be further classified into three 

categories. The first category is the measurements of gas hydrate slurry formed 

within an autoclave or other equipment that is transferred into a rheometer for 

detailed characterization [101, 102]. One example is shown in Figure 2.13. In this 

research, hydrate slurries was generated in the sapphire cell and then transferred 

through a 1/8 inch line to the high pressure rheometer setup for hydrate slurry 

viscosity measurements. The advantages of this method are the achievement of 

visual observation of the hydrate slurries in the autoclave and the quantification of 

the hydrate formed in the system. However, it is obvious that this approach is 

intrinsically limited in that the viscosity evolution during the hydrate formation 

process cannot be detected and that the hydrate aggregate structure may be 

changed or destroyed during the transfer process. As such, the rheological 

properties provided by the rheometer cannot accurately describe the original state of 

the hydrate slurries formed in the sapphire cell.  

  

Figure 2.13 High pressure sapphire cell for hydrate generation (panel a); and high-
pressure rheometer setup connected to the sapphire cell used for hydrate slurry 

viscosity measurements (panel b), reproduced from Memon et al. [101]. 
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The second approach used is in situ measurements performed with model systems 

consisting of ambient pressure-forming hydrate guests, such as cyclopentane [68, 69, 

103-105] or tetra-n-butyl ammonium bromide (TBAB) [106]. This method made it 

possible to observe the viscosity evolution during hydrate growth (Figure 2.14). 

Research conducted with this method also investigated that hydrate slurries 

exhibited shear thinning behavior (Figure 2.15) and the yield stress of hydrate 

slurries increased with the water cut of the initial water-in-oil emulsions that the 

hydrate slurries formed from (Figure 2.16). However, this approach does not allow 

the quantification of hydrate volume fraction laden in the slurries if only rheometer is 

used. The rheological results can only be coupled with the initial water volume 

fraction of the emulsions that the hydrate formed from, instead of the actual hydrate 

volume fraction after water converted. This disadvantage is fatal as it makes it 

impossible to develop the risk assess model for hydrate blockage.  

 

Figure 2.14 Evolution of viscosity with time for w/o cyclopentane hydrate forming 
emulsions with 40 wt.% of aqueous phase which is with salt of 3.5 wt.% at shear rate 

of 100 𝑠𝑠−1 at −7 °𝐶𝐶, reproduced from Ahuja et al. [104]. 
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Figure 2.15 Flow curve of the hydrate slurry formed from a w/o cyclopentane 
hydrate-forming emulsion with 40 wt.% of aqueous phase which includes salt fraction 

of 7 wt.% at shear rate of 100 𝑠𝑠−1  at −7 °C, where black points indicating data of 
decreasing shear rate and blue points of increasing shear rate, reproduced from 

Ahuja et al. [104]. 
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Figure 2.16 Yield stress and final apparent viscosity of hydrate slurries as a function 
of water volume fraction with the solid lines fitting to the data with power law model, 

reproduced from Ahuja et al. [69]. 

 

The third approach is in situ high-pressure measurements using a cup-and-bob 

geometry [38, 39, 73, 105]. A systematic rheological study of methane hydrate-in-

crude or mineral oil slurries were conducted with this method and the results showed 

that: (i) a viscosity spike was always observed during hydrate growth process (Figure 

2.17), which was caused by the consumption of methane from the oil phase, the 

conversion of water droplets into hydrate particles, further aggregation between 

hydrate particles and structure rearrangement under the effect of shearing; (ii) all 

hydrate slurries exhibited shear thinning behavior (Figure 2.18) which can be 

described by the power law (equation 2-6) or Cross model (equation 2-4); (iii) the 

yield stress of the hydrate slurries increased with increasing annealing time for the 
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first 8 hours and then leveled to an asymptotic value (Figure 2.19 panel (a)) and the 

yield stress increased with increasing hydrate volume fraction if the same annealing 

time were waited (Figure 2.19 panel (b)). However, this approach has equal 

limitation as the second method describe above, as the cup-and-bob geometry does 

not introduce sufficient shear at the gas-oil interface to maintain gas saturation in the 

crude oil during hydrate formation, the measured rheological phenomena may not be 

ascribed to a specific hydrate volume fraction, which precludes the ability to 

incorporate such results into a predictive model for hydrate slurries. The critical 

limitations of the current rheometer measurement methods indicate that it is of great 

significance to develop a high-pressure rheometer apparatus which enables a direct 

coupling between the apparent hydrate-in-oil slurry viscosity and the hydrate volume 

fraction throughout the water conversion process. 

 

Figure 2.17 Viscosity with time profiles of in situ methane hydrates formation test 
from water-in-oil emulsions with water volume fraction ranging from 0.20 to 0.45 at 0 

°𝐶𝐶, 2000 𝑝𝑝𝑠𝑠𝑅𝑅𝑝𝑝 initially, and 100 𝑠𝑠−1 shear rate, reproduced from Webb et all. [38]. 
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Figure 2.18 Shear-thinning behavior of methane hydrate slurries formed from 
emulsions of different water volume fractions at 0 °𝐶𝐶 and 2000 𝑝𝑝𝑠𝑠𝑅𝑅 initial pressure 

with lines showing the power law model fitting to the data, reproduced from Webb et 
al. [38]. 

 

 

Figure 2.19 Time dependence of yield stress of methane hydrate slurry formed from 
water-in-crude oil emulsion at 0 °𝐶𝐶, 0.4 watercut and 2000 𝑝𝑝𝑠𝑠𝑅𝑅𝑝𝑝 initial methane 

(panel a); and methane hydrate slurry yield stress increased with increasing watercut 
at 0 °𝐶𝐶, 2000 𝑝𝑝𝑠𝑠𝑅𝑅𝑝𝑝 initially, and 2 h annealing time. Error bars are ±1 standard 

deviation from a sample of three or four replicate experiments (panel b), reproduced 
from Webb et al. [38]. 
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Compared to rheometer, flowloops are able to approximate the behavior of industrial 

pipelines, but several assumptions are required to estimate the apparent slurry 

viscosity from the measured pressure drop signal. With different hydrate formers, 

flowloops for hydrate slurry study were designed to work at atmosphere pressure or 

high pressure.  

Several atmosphere flowloops were developed to study the rheology of hydrate 

slurries formed with the ambient pressure-forming guests, such as cyclopentane or 

TBAB [107-109]. The conclusions from some work indicated that hydrate slurries 

with hydrate volume fraction between 0 and 28 vol% were shear thinning and can be 

described with the power law model (equation 2-6) [108, 109]; but the other work 

showed that hydrate slurries were Newtonian fluid when hydrate volume fraction was 

lower than 11% and the Bingham expression (equation 2-8) fitted the data better 

when the hydrate volume fraction was between 24% and 53% [107]. 

More flowloops were designed to work under high pressure to work with hydrate 

slurries formed with pure methane or natural gas mixture and the scales vary with 

each other. A simple mini loop, with an internal diameter of 8mm and an external 

diameter of 10 mm, running in isothermal conditions were designed by Marinhas et 

al. [110] to study 𝐶𝐶𝐶𝐶2 hydrate slurries formation and the flow characterization [111, 

112]. In order to allow heat transfer study and more homogenous flow, the design 

was further improved by adding heat exchangers and a tank reactor [113-115]. The 

main rheological conclusions from the recent work were 𝐶𝐶𝐶𝐶2  hydrate slurries with 

solid fraction between 0 and 22 vol.% showed a shear thinning behaviour which can 

be correlated by the power law model (equation 2-6) and the slurry viscosity 

increased with increasing hydrate volume fraction, as indicated in Figure 2.20. 
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Figure 2.20 Apparent viscosity with shear rate profiles of 𝐶𝐶𝐶𝐶2 hydrate slurries with 
hydrate volume fraction betwwen 0 and 22 vol.% where the points are experimental 

data and the lines are fitting of the power law model, reproduced from Jerbi et al. 
[116]. 

 

A similar diameter scale flowloop (called “Archimede”), with the internal diameter of 

10.2 mm, composed by an horizontal section of 30 meters and a riser of 12 m ending 

in a gas-liquid separator, was developed by Fidel-Dufour et al. [117] to study the 

rheology of methane hydrate slurries during crystallization in a water-in-dodecane 

emulsion under flowing. The results indicated similar conclusion as those from the 

rheometers discussed above that the slurry viscosity increased during hydrate 

particle crystallization and agglomeration. 

A flowloop with two test sections of different scale, which was the special design of 

the flowloop, was developed by Andersson and Gudmundsson [118, 119]  to study 

the flow properties of water based natural gas hydrate slurries. There were two main 

rheological conclusions from this work. First, hydrate slurries with volume fraction 

lower than 11% showed Bingham fluid behaviour (equation 2-8) but when the 
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hydrate volume fraction was between 11% and 15%, the slurries were shear thinning 

and the power law model (equation 2-6) fitted the data. Second, both pure methane 

(structure I hydrates) and a mixture of methane, ethane and propane (structure II 

hydrates) were tested as the gas phase respectively and the results did not show 

obvious difference between structure I and structure II hydrate slurry viscosity, as 

shown in Figure 2.21, where Series 1 and 3 are structure I hydrates and Series 2 

and 4 are structure II hydrates.  

 

Figure 2.21 Slurry viscosity as a function of hydrate volume fraction at 5 °𝐶𝐶, where 
Series 1 and 3 are structure I hydrates and Series 2 and 4 are structure II hydrates, 

reproduced from Andersson et al. [119]. 

 

For middle size, a 20 m long stainless steel flowloop with diameter of 25.4 mm was 

developed to investigate the rheology of hydrate slurries formed from natural gas, 

diesel oil/condensate oil and water system containing anti-agglomerant [120, 121]. 

The critical part of the flowloop was a visualizing window equipped, which made it 
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possible to couple the hydrate slurry rheology with the morphology (Figure 2.22). 

The results from this work showed that the anti-agglomerant added helped the 

dispersion of the hydrate particles in the continuous phase. Also, hydrate slurries 

with anti-agglomerant still exhibited shear thinning behaviour and can be easily 

restarted even through the initial watercut is up to 30% for diesel oil or condensate 

system.  

 

Figure 2.22 Morphologies of the brine (0.81 wt.% in water)-in-diesel oil emulsion with 
anti-agglomerant and 30 vol.% watercut or the hydrate slurry formed from at different 
stages: emulsion before hydrate formation, stable hydrate slurry flow, static hydrate 
slurry during shutting down and stable hydrate flow after restarting, reproduced from 

Yan et al. [121]. 

 

For larger scale, a horizontal, 50 mm internal dimeter, 140 m long carbon steel 

flowloop called “Lyre” , which was designed to work within temperature range from 0 

to 50 °C and pressure from 1 to 10 MPa, was used to study the rheology of natural 

gas hydrate slurry formed from water-in-crude oil emulsions [9, 24] and some further 

tests, such as the influence of salt and PH on hydrate formation and transport in an 

acidic crude oil [122] and the impact of flow conditions and water content on the 

formation of hydrate suspensions [123]. Except for the experimental data, the most 

important contribution of this work was that Camargo and Palermo [24] made the first 

effort to seek a model based on physical analysis of slurry formation instead of 

simply applying the empirical or semi-empirical equations. This initial step is of great 

significance to the development of hydrate blockage risk assessment system. Even 
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through the empirical or semi-empirical approaches described above are easy and 

quick methods to quantify the viscosity of hydrate slurries, there is a limitation that 

each conclusion is only limited to the specific experimental conditions that the data 

comes from, which lacks of universality and makes it difficult to couple with the 

multiphase flow simulator in real industry. To overcome this gap, a model based on 

physical analysis of slurry formation and flow cannot be avoided ultimately. 

The original model is composed of three main parts: (i) a basic rheological model for 

concentrated suspensions of equal size hard spheres when accounted only for 

hydrodynamic interactions [87]; (ii) adaptation of rheological model for aggregated 

concentrated suspension with the assumption that the hydrate aggregates are fractal; 

(iii) the maximum aggregate size determination which depends on the balance 

between the shear stress and the force of adhesion between particles [97].  

This model was detailed interpreted by Sinquin et al. [9] and further improved by 

Palermo et al. [124], Fidel-Dufour et al. [117] and Colombel et al [125] in terms of 

population balance. However, this model was validated against experimental 

datasets of only two different hydrate volume fractions (Figure 2.23), and has not 

received further validation to date. Further measurements of the apparent slurry 

viscosity over a wide range of shear rates are greatly needed to determine whether 

this initial fundamental modelling approach can be deployed reliably within hydrate-

in-oil pipeline simulations.  
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Figure 2.23 Comparison between calculation and experimental data obtained for 
hydrate suspensions in the asphaltenic crude oil (hydrate volume fraction of 0.134 
and 0.274) with lines showing the predictive values calculated from the model and 
marks showing the experimental data obtained in the loop (•) and in the cell (×) , 

reproduced from Camargo and Palermo [24]. 

 

2.4 Critical Knowledge Gaps in Hydrate Slurry Rheology 

According to the discussion above in section 2.3, the main knowledge gaps of 

current gas hydrate-in-oil slurry rheology can be mainly divided into three aspects as 

below.  

The first gap is the development of a high pressure rheometer apparatus which can 

provide efficient mixing to keep the oil phased saturated with the gas phase in order 

to couple the viscosity evolution during hydrate formation with the specific hydrate 

volume fraction.  

Second, a reliable data base of the rheological properties of the hydrate-in-oil 

slurries with water fully converted and the specific hydrate volume fraction detected 
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is needed. Current studies on this aspect have unpacked some basic cases, for 

example, the main behavior trend is shear thinning and the slurry viscosity increases 

with increasing hydrate volume fraction, but the effects of some other parameters, 

such as the properties of the continuous phase and temperature, also need further 

research.  

Last but not the least, the accuracy of current hydrate slurry viscosity predictive 

model which was developed by Camargo and Palermo [9, 24] should be validated 

with this data base.  
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Chapter 3 METHODOLOGY 

3.1 Emulsion Preparation and Characterization 

A SilentCrusher M homogenizer from Heidolph company was used for emulsion 

preparation in this research, which is basically composed of a power supply, a drive 

unit and a dispersion tool. The operation speed range of the drive is from 5000 to 

20,000 𝑅𝑅𝑃𝑃𝑀𝑀. In order to confirm the homogenizer works properly, a minimum liquid 

level of 40 𝑚𝑚𝑚𝑚 is required during stirring, so 70 to 90 𝑚𝑚𝑚𝑚 sample was mixed in a 100 

𝑚𝑚𝑚𝑚 glass bottle in this work each time during emulsion preparation.  

Water-in-oil emulsions were created with deionized water and two kinds of crude oil. 

Crude oil can be primarily divided into four different fractions: saturates, aromatics, 

resins and asphaltenes. SARA analysis by High Performance Liquid 

Chromatography (HPLC) separates identifies and quantifies these fractions 

accordingly to their polarity and solubility in n-heptane using dissolution, sample 

filtration, HPLC and solvent evaporation. The BS&W test measures the sediment 

and water contents of a liquid sample. SARA analysis and BS&W test were both 

conducted for these oil and the results are shown in Table 3.1. 

 

Table 3.1 SARA and BS&W analysis of the crude oil used in this research. 

 
Saturates 

(wt.%) 

Aromatics 

(wt.%) 

Resins 

(wt.%) 

Asphaltenes 

(wt.%) 

BS&W 

(vol.%) 

Oil A 66.93 19.65 13.07 0.35 0.13 

Oil B 49.35 21.80 28.50 0.35 <0.05 

 



41 
 

 At atmospheric pressure (dead oil), Oil A showed Newtonian behavior at 20 °𝐶𝐶 but 

shear thinning and hysteresis behavior at 5 °𝐶𝐶 and 1 °𝐶𝐶 (Figure 3.1); after methane 

saturation (live oil), Oil A can be regarded as Newtonian behavior at both 5 °𝐶𝐶 and 1 

°𝐶𝐶 (Figure 3.2). Oil B showed Newtonian behavior no matter at atmosphere pressure 

or after methane saturation, as the example shown in Figure 3.3 and Figure 3.4. The 

density and the viscosity (average value for Newtonian or highest shear value for 

shear thinning) of the dead crude oil and live oil (with 7.7 MPa methane saturated) 

are summarized in Table 3.2.  

 

Figure 3.1 Flow curves of Oil A at atmosphere pressure at 20 °𝐶𝐶 (panel a), 5 °𝐶𝐶 
(panel b) and 1 °𝐶𝐶 (panel c) with filled data points indicating increasing shear rate 

and open data points corresponding to decreasing shear rate. 
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Figure 3.2 Flow curves of Oil A with 7.5 𝑀𝑀𝑃𝑃𝑃𝑃 methane saturated at 5 °𝐶𝐶 (panel a) 
and 1 °𝐶𝐶 (panel b) with filled data points indicating increasing shear rate and open 

data points corresponding to decreasing shear rate. 

 

 

Figure 3.3 Flow curves of Oil B at atmosphere pressure at 20 °𝐶𝐶 (panel a), 5 °𝐶𝐶 
(panel b) and 1 °𝐶𝐶 (panel c) with filled data points indicating increasing shear rate 

and open data points corresponding to decreasing shear rate. 

 

 

Figure 3.4 Flow curves of Oil B with 7.5 𝑀𝑀𝑃𝑃𝑃𝑃 methane saturated at 20 °𝐶𝐶 (panel a), 5 
°𝐶𝐶 (panel b) and 1 °𝐶𝐶 (panel c) with filled data points indicating increasing shear rate 

and open data points corresponding to decreasing shear rate. 
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Table 3.2 Density and apparent viscosity of the dead and live crude oil A and B used 
in this research. 

 Density 

(𝒌𝒌𝒌𝒌 ∙ 𝒎𝒎−𝟑𝟑) 

Apparent viscosity 

(𝒎𝒎𝒎𝒎𝒎𝒎. 𝒔𝒔) 

 Dead oil Dead oil Live Oil (7.5 𝑀𝑀𝑃𝑃𝑃𝑃 Methane) 

 20 °𝐶𝐶 20 °𝐶𝐶 5 °𝐶𝐶 1 °𝐶𝐶 20 °𝐶𝐶 5 °𝐶𝐶 1 °𝐶𝐶 

Oil A 812 6.8 28.4 44.1 -- 11.5 18.8 

Oil B 900 128 417 598 48.0 92.8 108 

 

To generate the emulsions, water was added drop-wise to the oil phase under 

continuous homogenization at 17,500 𝑅𝑅𝑃𝑃𝑀𝑀, according to the procedure described by 

Sjöblom et al. [126]; the emulsions were all sheared for 300 seconds to ensure the 

total kinetic energy input to the system was constant. Emulsion samples were left to 

ripen for two hours prior to using in the rheometer. The present study used watercuts 

of 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3, which are defined herein as the volume fraction 

of water in the water-in-oil emulsion. These watercut values were selected to 

maintain homogeneity within, and stability of, the emulsion over the timescale of 

experiment; with respect to the crude oil used, higher watercut values (> 0.5) result 

in visible water clarification within 24 hours. 

In order to determine the size of the water droplets in the emulsion and whether the 

emulsions remained stable throughout the rheology measurements, low magnetic-

field nuclear magnetic resonance (NMR) was used to monitor the water-in-oil droplet 

size distribution. The emulsion was sampled immediately after mixing and after each 

procedural step, including emulsification, ripening, rheological testing (involving 

hydrate formation and dissociation), and sample depressurization. An ACT-Aachen 



44 
 

(now Magritek) 1 𝑇𝑇 Halbach Array permanent magnet and spectrometer, with a 1 

𝑇𝑇/𝑚𝑚 magnetic field gradient , as shown in Figure 3.5, were used to monitor the 

droplet size distribution of each sample according to the procedure described by 

Johns et al. [127-129].  

 

Figure 3.5 Magritek 1 𝑇𝑇 Halbach Array permanent magnet and spectrometer 

 

The water-in-oil droplet size distributions (DSDs) were achieved via pulsed field 

gradient (PFG) techniques that were first demonstrated by Stejskal and Tanner [130]. 

This method is essentially based on signal attenuation due to random motion 

(diffusion) of the molecules between two imposed magnetic field gradients. The 

resultant NMR signal loss (𝑆𝑆/𝑆𝑆𝑜𝑜 ) for bulk fluids where the diffusion of the fluid 

molecules is unrestricted can be described by equation 3-1 and the simulated echo 

pulsed field gradient NMR pulse sequence most commonly employed for emulsion 

characterisation is shown in Figure 3.6. 
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𝑆𝑆
𝑆𝑆0

= exp [−𝐴𝐴(𝛾𝛾𝑝𝑝𝛾𝛾)2(Δ−
𝛾𝛾
3)] 3-1 

 

where 𝑆𝑆 is the signal intensity measured for the water peak; 𝑝𝑝 is the intensity of the 

magnetic field gradient (𝑇𝑇/𝑚𝑚) applied; 𝑆𝑆0 is the signal measured when 𝑝𝑝 = 0; 𝐴𝐴 is 

the diffusion coefficient (𝑚𝑚2/𝑠𝑠 ); 𝛾𝛾  is the 1H nuclei gyromagnetic ratio ( 2.68 ×

108 𝑇𝑇−1𝑠𝑠−1 for 1H); 𝛾𝛾  is the magnetic field gradient pulse duration (𝑠𝑠) and ∆ is the 

diffusion observation time (𝑠𝑠). 

 

Figure 3.6 Stimulated echo pulsed field gradient (STE PFG) pulse sequence used in 
this work to obtain the droplet size distribution (DSD) of water-in-crude oil emulsions, 

reproduced from Ling et al. [128]. 

 

When it comes to water-in-oil emulsions, however, the diffusion of the water 

molecules is restricted by the water/oil interface. Murday and Cotts [131] built a 

model to relate the spherical droplet radius to the restricted diffusion, as shown in 

equation 3-2, based on the assumption that the acquired NMR signal follows a 

Gaussian phase distribution (GPD). 
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𝑆𝑆
𝑆𝑆0

= exp [−2𝛾𝛾2𝑝𝑝2 �
1

𝛼𝛼𝑚𝑚2 (𝛼𝛼𝑚𝑚2 𝑃𝑃2 − 2) [
2𝛾𝛾
𝛼𝛼𝑚𝑚2 𝐴𝐴

∞

𝑚𝑚=1

−
2 + 𝑅𝑅−𝛼𝛼𝑚𝑚2 𝐷𝐷(∆−𝛿𝛿) − 2𝑅𝑅−𝛼𝛼𝑚𝑚2 𝐷𝐷∆ − 2𝑅𝑅𝛼𝛼𝑚𝑚2 𝐷𝐷𝛿𝛿+𝑒𝑒−𝛼𝛼𝑚𝑚

2 𝐷𝐷(∆+𝛿𝛿)

(𝛼𝛼𝑚𝑚2 𝐴𝐴)2 ] 

3-2 

 

where 𝑃𝑃 is the droplet radius and 𝛼𝛼𝑚𝑚  is the positive root of equation 3-3: 

 𝐽𝐽3
2

(𝛼𝛼𝑃𝑃) = 𝛼𝛼𝑃𝑃𝐽𝐽5
2

(𝛼𝛼𝑃𝑃) 3-3 

where  𝐽𝐽𝑘𝑘 is a Bessel function of the first kind of order 𝑘𝑘.  

Equation 3-2 and 3-3 are limited to an emulsion with a single droplet size, while most 

emulsions in reality consist of droplets with a distribution of radius, 𝑃𝑃(𝑃𝑃) (number 

based), which means the measure signal can be described by equation 3-4: 

 
𝑆𝑆
𝑆𝑆0

=
∫ 𝑃𝑃3𝑃𝑃(𝑃𝑃)𝐼𝐼(𝐴𝐴, 𝑃𝑃,𝑝𝑝, 𝛾𝛾)𝑑𝑑𝑃𝑃∞
0

∫ 𝑃𝑃3𝑃𝑃(𝑃𝑃)𝑑𝑑𝑃𝑃∞
0

 3-4 

 

where 𝐼𝐼(𝐴𝐴, 𝑃𝑃,𝑝𝑝, 𝛾𝛾) is the signal attenuation function described in equation 3-2. The 

problem is the extraction of 𝑃𝑃(𝑃𝑃) from equation 3-4 is ill-conditioned, but previous 

work of Hollingsworth and Johns [132] indicated that using Tikonov regularization to 

numerically invert equation 3-4 with Generalized Cross Validation (GCV) for 

regularization parameter selection is able to solve this problem.  

3.2 High-Pressure Rheometer Setup 

A controlled-stress rheometer with a high-pressure cell was the primary apparatus 

used for this investigation, which included a chiller, a syringe pump and a gas 

manifold (Figure 3.7). Measurements were performed using a Discovery Hybrid 
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Rheometer (DHR-3) from TA Instruments, where the high-pressure system 

contained a stainless-steel cell, rotor, and magnetic coupling assembly rated to 13.8 

𝑀𝑀𝑃𝑃𝑃𝑃. The high-pressure cell was enclosed by a Peltier jacket capable of achieving a 

temperature range of −10 to 150 °𝐶𝐶, which was connected to a heat sink cooled by 

the chiller set at a constant temperature of 1 °𝐶𝐶. In these experiments, a vane-blade 

rotor was used to measure the apparent viscosity of the suspensions during and 

after hydrate formation. A syringe pump was connected to the rheometer to provide 

a constant initial pressure during the saturation of the oil phase. Although the 

assembly is capable of growing hydrate under isobaric conditions, hydrate was 

formed along an isochoric pathway for this study to mimic the decreasing pressure 

condition experienced by reacting hydrate-in-oil slurries during transport through the 

pipeline.  

 

Figure 3.7 Schematic of the high-pressure rheometer assembly with a DHR-3 
rheometer, a chiller, an Isco Pump and gas source, reproduced from Qin et al. [133]. 

 

Although structure II hydrate occurs more often in oil and gas pipelines, structure I 

does still form in high methane fields. Furthermore, previous research in the 

literature indicated that the rheology of structure I is likely to be similar to that of 
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structure II hydrates [119]. Also, the use of pure methane has the additional 

advantage of improved experimental control through the avoidance of gas denuding 

(compositional variation) effects during hydrate formation. Therefore, methane was 

used in this research and methane hydrate equilibrium conditions were calculated 

using the Gibbs Energy Minimization model implemented in the software package 

CSMGem [6, 7] during the experiment, to ensure the reacting hydrate slurry had 

reached an equilibrium condition prior to the rheological characterization tests.  

The amount of hydrate formed was estimated from the pressure drop in the cell at 1 

°𝐶𝐶 before and after hydrate formation due to the consumption of methane. The moles 

amount of gas consumed, 𝑚𝑚𝑔𝑔, was calculated according to equation 3-5: 

 𝑚𝑚𝑔𝑔 =
𝑃𝑃0𝑉𝑉0
𝑍𝑍0𝑅𝑅𝑇𝑇0

−
𝑃𝑃𝑓𝑓𝑉𝑉0
𝑍𝑍𝑓𝑓𝑅𝑅𝑇𝑇0

 3-5 

 

where 𝑃𝑃0 and 𝑃𝑃𝑓𝑓 are the initial and final pressure values of the gas phase, 𝑉𝑉0 is the 

volume of the gas phase, 𝑍𝑍0 and 𝑍𝑍𝑓𝑓 are the gas compressibility factor values of initial 

and final pressure, 𝑅𝑅 is the gas constant and 𝑇𝑇0  is the temperature during formation. 

Compressibility factors for methane were calculated using the equation of state [134].  

As methane can occupy both cavities of structure I [2] an ideal guest/water ratio 

(hydration number) of 5.75 [1] was assumed as shown in equation 3-6, to enable 

calculation of the hydrate volume fraction 𝛷𝛷 from 𝑚𝑚𝑔𝑔 using equation 3-7: 

 𝐶𝐶𝐻𝐻4 + 5.75 ∙ 𝐻𝐻2𝐶𝐶 → 𝐶𝐶𝐻𝐻4 ∙ 5.75𝐻𝐻2𝐶𝐶 3-6 
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𝛷𝛷 =

𝑚𝑚𝑔𝑔(𝑀𝑀𝑚𝑚 + 5.75𝑀𝑀𝑤𝑤)/𝜌𝜌ℎ
𝑚𝑚𝑔𝑔(𝑀𝑀𝑚𝑚 + 5.75𝑀𝑀𝑤𝑤)

𝜌𝜌ℎ
+ 𝑉𝑉𝑒𝑒 −

5.75𝑚𝑚𝑔𝑔 ∙ 𝑀𝑀𝑤𝑤
𝜌𝜌𝑤𝑤

 3-7 

 

where 𝑀𝑀𝑚𝑚 and 𝑀𝑀𝑤𝑤 are the molecular weight of methane and water, 𝜌𝜌ℎ is the hydrate 

density, 𝑉𝑉𝑒𝑒 is the volume of the emulsion added each test and 𝜌𝜌𝑤𝑤 is the water density. 

The vane-blade rotor used in the present study was inserted into the high-pressure 

cell and magnetically coupled to the mixing shaft. Compared to a cup-and-bob 

geometry, the vane-blade system can ensure the methane concentration of the 

water-in-oil emulsion does not become insufficient during hydrate growth and 

thereby limit water conversion. Consequently, the extent of hydrate growth in the 

sample was quantified from the decreasing pressure signal. Preliminary trials 

demonstrated that, at the highest shear rate of 217 𝑠𝑠−1 , a 0.3 watercut emulsion 

made with oil A was saturated with 10 𝑀𝑀𝑃𝑃𝑃𝑃 of methane within 15 minutes of mixing 

at ambient temperature and a 0.3 watercut emulsion made with oil B was saturated 

with 10 𝑀𝑀𝑃𝑃𝑃𝑃  of methane within 25 minutes of mixing (Figure 3.8). The rapid 

decrease in oil viscosity during gas saturation may be the result of secondary axial 

flows caused by the vane blades. The extent to which axial flow will increase energy 

dissipation and apparent viscosity is not well-established for this mixing geometry, 

and represents an additional contribution to the uncertainty of the measurements 

[135, 136]. As a first approximation, the fluid calibration presented below may 

account for the secondary contribution of axial flow in the systems of interest. 
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Figure 3.8. Example of water-in-oil A (panel a) and water-in-oil B (panel b) emulsion 
viscosity profile during methane saturation at 20 °𝐶𝐶, which was initiated at 

approximately 450 seconds for oil A and 350 seconds for oil B, and required 
approximately 750 seconds for oil A and 1200 seconds for oil B to reach steady-state 

at a shear rate of 217 𝑠𝑠−1. 

 

To determine the shear rate and viscosity generated by the vane-blade rotor, the 

results were interpreted through the Couette analogy, which considers the rotor as if 

it were effectively a concentric cylinder able to generate the same torque as the 

vane-blade rotor at the same rotational speed. This method was first illustrated 

systematically by Bousmina et al. [137], with an extended description provided by 

Aït-Kadi et al. [138]. Specifically, the radius of the equivalent inner cylinder (𝑅𝑅𝑖𝑖) was 

calculated with equation 3-8: 

 𝑅𝑅𝑖𝑖 =
𝑅𝑅𝑒𝑒

(1 + 4𝜋𝜋�̇�𝑁
𝑚𝑚 (2𝜋𝜋𝐾𝐾𝑃𝑃𝑅𝑅𝑒𝑒2

Γ )1/𝑛𝑛)𝑛𝑛/2
 3-8 

 

where 𝑅𝑅𝑒𝑒  is the radius of the cup, 𝑃𝑃 is the length of the vane blade, Γ  is the 

measured torque applied to the vane blade, �̇�𝑁 is the rotational speed, and 𝐾𝐾 and 



51 
 

𝑚𝑚 are the consistency and the flow index of the power law model, as given by 

equation 2-6 in section 2.1.2. 

According to the analysis of Bousmina et al. [137], in the case of a narrow gap 

[𝜖𝜖 = (𝑅𝑅𝑒𝑒 − 𝑅𝑅𝑖𝑖) 𝑅𝑅𝑖𝑖⁄ ≪ 1], equation 3-9 holds: 

 (1 + 𝜖𝜖)2/𝑛𝑛 = 1 +
2𝜖𝜖
𝑚𝑚 (1 + �

1
𝑚𝑚 −

1
2� 𝜖𝜖) 3-9 

 

which finally results in a shear rate evaluated at 𝑟𝑟∗ = (𝑅𝑅𝑖𝑖 + 𝑅𝑅𝑒𝑒)/2 that is independent 

of the index 𝑚𝑚. In this limiting case, the Newtonian equivalent expression for 𝑟𝑟∗ can 

be applied to a fluid with unknown rheological behavior, and the shear rate and 

viscosity are given by equations 3-10 and 3-11, respectively: 

 �̇�𝛾(𝑟𝑟∗) = 4𝜋𝜋�̇�𝑁
𝑅𝑅𝑒𝑒2𝑅𝑅𝑖𝑖2

𝑟𝑟∗2(𝑅𝑅𝑒𝑒2 − 𝑅𝑅𝑖𝑖2)
 3-10 

 𝜇𝜇 =
Γ
�̇�𝑁

(𝑅𝑅𝑒𝑒2 − 𝑅𝑅𝑖𝑖2)
8𝜋𝜋2𝑃𝑃𝑅𝑅𝑒𝑒2𝑅𝑅𝑖𝑖2

 3-11 

 

The diameter of the cup (𝑅𝑅𝑒𝑒 ) used in this research was 14 𝑚𝑚𝑚𝑚. The radius and 

length of the vane blade were 13 𝑚𝑚𝑚𝑚 and 44 𝑚𝑚𝑚𝑚 respectively, as shown in Figure 

3.9.  



52 
 

 

Figure 3.9 The dimensions of the vane blade rotor used in this research. 

 

Seven standard Newtonian fluids with viscosities ranging from 16.75 to 1090 𝑚𝑚𝑃𝑃𝑃𝑃⋅𝑠𝑠 

were used for direct calibration; the corresponding torque at each rotational speed 

was recorded by the rheometer. The values for 𝑅𝑅𝑖𝑖 and 𝑅𝑅𝑒𝑒 − 𝑅𝑅𝑖𝑖/𝑅𝑅𝑖𝑖 at each viscosity 

are shown in Table 3.3. It is obvious that the gap [𝜖𝜖 = (𝑅𝑅𝑒𝑒 − 𝑅𝑅𝑖𝑖) 𝑅𝑅𝑖𝑖⁄ ] in this system is 

approximately equal to 0.2. This calculation provides a validation that the gap used 

with the vane-blade rotor was sufficiently small to support the use of the Couette 

analogy described above. An average value of 𝑅𝑅𝑖𝑖  was then used to calculate the 

shear rate and viscosity at each rotational speed for each fluid according to equation 

3-10 and 3-11 respectively. The results are shown in Figure 3.10. For each fluid, the 

average viscosity value across the whole shear rate rage was calculated, shown as 

the “Measured Viscosity” in Table 3.3, and compared with the “Calibrant Viscosity”. 

The relative deviation between the measured and calibrant viscosity was found to be 

within 6% (Table 3.3), which suggests the value of 𝑅𝑅𝑖𝑖 may be reasonable for this 

vane-blade rotor. The relative deviations between the viscosity measured at each 

shear rate (the data points in Figure 3.10) and the average values were within 10% 
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for the standard fluids except for the low shear rate range (4 – 40 𝑠𝑠−1) of the fluid of 

16.75 𝑚𝑚𝑃𝑃𝑃𝑃. 𝑠𝑠. These large deviations were caused by the friction of the rotor and will 

be wiped off from the measured values if the measurement comes to this low range.     

 

Table 3.3 Radius of the equivalent inner cylinder, 𝑅𝑅𝑖𝑖, for calibration fluids with 
different viscosity, together with the viscosity and errors obtained with the average 

value of 𝑅𝑅𝑖𝑖 used.  

Calibrant Viscosity 

(𝒎𝒎𝒎𝒎𝒎𝒎. 𝒔𝒔) 
16.75 42.34 85.66 173.1 435.1 538.0 1090 

𝑹𝑹𝒊𝒊 (𝒎𝒎𝒎𝒎) 11.71 11.77 11.82 11.82 11.85 11.84 11.77 

(𝑹𝑹𝒆𝒆 − 𝑹𝑹𝒊𝒊)/𝑹𝑹𝒊𝒊 0.1956 0.1895 0.1844 0.1844 0.1814 0.1824 0.1895 

Measured Viscosity 

(𝒎𝒎𝒎𝒎𝒎𝒎. 𝒔𝒔) 
15.84 41.81 87.17 175.1 447.8 552.5 1070 

Error (𝝁𝝁𝒎𝒎𝒆𝒆𝒎𝒎𝒔𝒔 − 𝝁𝝁𝒄𝒄𝒎𝒎𝒄𝒄) 

(𝒎𝒎𝒎𝒎𝒎𝒎. 𝒔𝒔) 
-0.9063 -0.5263 +1.513 +2.027 +12.72 +14.49 -19.76 

Relative Error (%) -5.410 -1.243 +1.766 +1.171 +2.924 +2.693 -1.813 
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Figure 3.10 Steady state flow curves of seven standard Newtonian fluids with 
viscosities ranging from 16.75 to 1090 𝑚𝑚𝑃𝑃𝑃𝑃⋅𝑠𝑠. Filled data points indicate increasing 

shear rate, while open data points correspond to decreasing shear rate and the solid 
line shows the standard value of each fluid. 

 

Once the emulsion was saturated with methane, the rheological properties of the 

suspension were measured under three protocols: (i) the apparent viscosity was 
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measured during the hydrate growth period at a constant shear rate, until the system 

reached a steady-state condition; (ii) flow curves were collected over the range of 

accessible shear rates for the fully-converted hydrate-in-oil suspension; and (iii) the 

yield stress of the slurry was measured after an eight-hour simulated shut-in 

condition. The following procedure was used in each trial: 

1. The methane-saturated emulsion was cooled isochorically from 20 °𝐶𝐶 and 10 

𝑀𝑀𝑃𝑃𝑃𝑃 to 1 °𝐶𝐶 at 0.5 °𝐶𝐶/𝑚𝑚𝑅𝑅𝑚𝑚 to generate a driving force for hydrate formation. 

The shear rate during this process is 43.5 𝑠𝑠−1. 

2. The apparent suspension viscosity was measured during the hydrate growth 

period under a constant shear rate (43.5 𝑠𝑠−1); the measurement continued for 

at least 12 hours after the pressure signal reached steady-state, to ensure the 

primary hydrate growth period had reached completion. 

3. A flow curve was measured at 1 °𝐶𝐶  for the steady-state hydrate-in-oil 

suspension, where the shear rate was decreased step by step from 43.5 𝑠𝑠−1 

to 4 𝑠𝑠−1, taking 50 shear rate points per decade. The shear rate was then 

increased to 220 𝑠𝑠−1 over 50 points, and then decreased again to 4 𝑠𝑠−1 over 

50 points. As the suspensions displayed varying degrees of thixotropy, the 

apparent suspension viscosity was monitored at each shear rate, and the 

steady-state value was used in the flow curve; steady-state was defined when 

the deviation between three sequential measurements was less than 5 %. 

Each measurement took 30 seconds, so each shear rate step took at least 90 

seconds; if the deviation across three sequential values was higher than 5%, 

the measurement continued until the deviation became lower than 5%. In the 

limit of the apparatus resolution, continued oscillation occasionally resulted in 
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continued oscillation of the signal; the average value over 180 seconds was 

used in these cases. 

4. The system temperature was increased to 5 °𝐶𝐶 while the system was subject 

to a constant shear rate (43.5 𝑠𝑠−1), and was then held at this condition for 30 

minutes. After this period, the flow curve measurement described in step #3 

were performed again.  

5. To simulate the effect of subsea shut-in, the hydrate slurry was then permitted 

to anneal at 5 °𝐶𝐶 for eight hours under 1 𝐻𝐻𝐻𝐻 frequency oscillations at 2% strain, 

according to the procedure described by Webb et al. [38].  

6. After annealing, during which period the hydrate slurry structure strengthened 

because of the cohesion between hydrate particles, the energy required to re-

homogenize the hydrate-in-oil suspension was measured by increasing the 

applied shear stress from 0.1 to 300 𝑃𝑃𝑃𝑃 over 1080 𝑠𝑠 at a constant temperature 

(5 °𝐶𝐶); the analysis procedure for the critical stress determination is discussed 

below. 

One of the limitations of the cup-and-bob is that it cannot generate sufficient shear at 

the gas-oil interface to maintain gas saturation in the crude oil during hydrate 

formation [38, 39, 73], so the water conversion of the water-in-oil emulsion varies 

from each test to the other. Since the vane blade rotor shows advantage on this 

(Figure 3.8), good repeatability of the water conversion from individual tests is 

expected. Figure 3.11 illustrates the evolution of apparent suspension viscosity and 

water conversion percentage during hydrate formation for systems at 0.1 and 0.2 

watercut. In each trial, the magnitude of the initial viscosity spike increased directly 

with watercut, and the suspension reached a steady-state condition approximately 

eight hours after hydrate formation. Independent repeat trials were performed at 0.1 
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and 0.2 watercut, to provide a binary qualification of the uncertainty in the measured 

apparent suspension viscosity during the hydrate growth period. The results (Figure 

3.11) illustrate the repeatability in both the apparent viscosity and water conversion 

profiles at 0.1 and 0.2 watercut were more than acceptable.  

 

Figure 3.11 Apparent suspension viscosity and water conversion percentage as a 
function of time after hydrate growth for water-in-oil emulsions at (a) 0.10 and (b) 
0.20 watercut, at a constant temperature (1 °𝐶𝐶), shear rate (43.5 𝑠𝑠−1), and initial 

pressure (10 𝑀𝑀𝑃𝑃𝑃𝑃 at 20 °𝐶𝐶); datasets in the panels for 0.1 and 0.2 watercut 
represent independent repeat trials. 

 

3.3 Flowloop 

A flowloop was used to study the rheology of cyclopentane hydrate slurry in a phase 

of mixed liquid hydrocarbon and cyclopentane at atmosphere pressure, with the 

progress flow diagram shown in Figure 3.12. The flowloop was made with PVC pipe 

with the inner diameter of 23.5 𝑚𝑚𝑚𝑚, the wall thickness of 1.5 𝑚𝑚𝑚𝑚 and the pressure 
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rating of 1 𝑀𝑀𝑃𝑃𝑃𝑃. Except for the pipe, main components of the flowloop also includes 

a jacketed glass reactor of 20 𝑃𝑃  volume with an electrical mixer and a digital 

temperature monitor, three chillers for temperature control of the whole system, a 

progressive cavity pump to circulate the flow, a liquid online flow meter for velocity 

recording, a semi-portable cyclopentane gas detector to detect the concentration of 

the cyclopentane evaporated into the work space, four pressure transducers to 

measure the pressure drop along the liquid filled pipe, one differential pressure 

transducer to get more accurate pressure drop measurement of the horizontal 

section between PT-2 and PT-3, four resistance temperature detectors for 

temperature recording along the pipe and the data acquisition system built with 

LabVIEW program.  
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Figure 3.12 Schematic of the flowloop used in this research where the horizontal 
section between PT-2 and PT-3 is the critical measurement section, reproduced from 

Arjmandi [139]. 

 

In each experiment, well mixed dry liquid hydrocarbon was added into the flowloop 

and the whole system was then cooled down to enter cyclopentane hydrate 

formation region. With cyclopentane hydrate slurries circulating in the flowloop, the 

velocity and the corresponding pressure drop of the flow over the the horizontal 

section between PT-2 and PT-3 (Figure 3.12) can be recorded, which can be further 

interpreted into the flow properties of the hydrate slurry. The detailed experimental 

procedure and flow characterization of the flowloop tests will be shown in section 7.2 

and 7.3. 
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The most critical design of the flowloop which has to be noted is that the horizontal 

section, which is between PT-2 and PT-3 in Figure 3.12, can be put into a Magnetic 

Resonance Imaging (MRI) equipment, as shown in Figure 3.13, to determine the 

structure and velocity profile of hydrate aggregates online. This application is of great 

significance to the research of hydrate slurry rheology, as the rheological properties 

of a material are ultimately determined by its structure and most of current research 

can only detect the rheological properties of the hydrate slurries and suspect the 

aggregation structure of hydrate aggregates but cannot achieve direct online visual 

observation to confirm it. In this case, with the help of MRI, this limitation might be 

overcome and better understanding of the aggregation process can be achieved.  

 

Figure 3.13 Part of the flowloop installed in the MRI facility at the National Imaging 
Facility at the Perkins Institute, reproduced from Arjmandi [139]. 
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Chapter 4 RHEOLOGY OF HYDRATE-IN-CRUDE 

OIL SLURRIES 

4.1 Introduction 

This work deploys a controlled-stress, high-pressure rheometer to characterize the 

rheological properties of methane hydrate-in-crude oil slurries, which were generated 

in situ from two different water-in-oil emulsions. A vane blade rotor was found to 

maintain sufficient methane saturation in the oil phase during the hydrate growth 

period to allow full conversion of the water.  

Dynamic measurements with the rheometer were able to separate the contributions 

to the viscosity change as the emulsion converted to hydrate slurry due to (i) 

formation of the solid particles and (ii) reduction of the methane content in the oil 

continuous phase. For 5–30 vol.% watercut systems based on Oil A, the slurry 

viscosity increased between 20 and 60 times during hydrate growth, whereas, under 

equivalent conditions for a 20 vol.% watercut emulsion, the viscosity increase due to 

the desaturation of methane from the oil phase was less than a factor of two. Also, 

relative viscosity of the hydrate slurry formed from heavy crude oil (Oil B) is at least 

50% lower than that from light oil (Oil A) at the same watercut, which means that 

heavier crude oil can diminish the negative effect of hydrate formation on flowability. 

The steady-state hydrate-in-oil slurry demonstrated shear thinning behaviour at both 

1 and 5 °𝐶𝐶. The measured slurry relative viscosity deviated from the current industry-

standard hydrate-in-oil slurry viscosity model, indicating the need for model 

improvement.  
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4.2 Results and Discussion 

4.2.1 Water Droplet Size Distribution 

Water-in-oil emulsions were prepared with deionized water and crude oil A and B 

before conducting the rheological tests according to the procedures described in 

section 3.1 then left for 2 hours ripening after preparation. After that, 2 𝑚𝑚𝑚𝑚 emulsion 

sample was used for NMR test to get the water droplet size distribution and 22 𝑚𝑚𝑚𝑚 

emulsion was transferred into the cell of the rheometer for methane saturation and 

further rheology test according to the detailed procedure in section 3.1.  

Figure 4.1 shows the droplet size distributions for emulsion prepared with Oil A with 

watercuts of 0.05, 0.1, 0.2, and 0.3 before and after the corresponding rheological 

tests with Oil A used in this research, with two repeat trials in each case except for 

0.05. In all three systems, the results indicate excellent repeatability and show that 

systems at 0.1 and 0.2 watercut experienced a slight degree of destabilization due to 

hydrate formation and dissociation; in both systems, the mean droplet size increased 

by approximately 5 𝜇𝜇𝑚𝑚 over the measurement period. At 0.3 watercut, the mean 

droplet size increased from 3 to 30-60 𝜇𝜇𝑚𝑚 , suggesting a moderate degree of 

destabilization due to the measurement; this result provides context for the 

measured variance in suspension viscosity behavior discussed below. 
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Figure 4.1. NMR droplet size distributions for two repeat emulsions (numbered as 1 
and 2) before hydrate formation (solid black and dashed black curves) and after 

hydrate dissociation (solid red and dashed red curves) for 0.05, 0.10, 0.20, and 0.30 
watercut emulsions made from Oil A. 

 

For Oil B systems, except for the tests conducted just before and after rheological 

measurements, water droplet size distribution of the emulsion had also been 

recorded each day until the whole test finished, with the results shown in Figure 4.2. 

It is obvious that the emulsions were extremely stable with low watercut (0.05 and 

0.10); with higher watercut, even though the droplet size distributions start moving 

towards the direction of big radius after the first day, the maximum difference is only 

around 1 𝜇𝜇𝑚𝑚, which means the emulsion is quite stable during each experiment 

timescale. After the rheological tests, the water droplet size of all the systems 

switched to around 10-20 𝜇𝜇𝑚𝑚, which indicated that the emulsions may have been 
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destabilized due to hydrate agglomeration phenomena experienced during the 

hydrate formation and dissociation. Also, for all the repeat tests of Oil B systems, 

excellent repeatability was achieved. 

 

Figure 4.2 NMR droplet size distributions for emulsions each day without hydrate 
formation (black, pink, green, blue and grey curves) and after hydrate dissociation 

(red curves) for 0.05, 0.10, 0.15, 0.20, 0.25 and 0.30 watercut emulsions made from 
oil B and dashed lines for repeat tests of 0.20, 0.25, 0.30 watercut emulsions. 

 

4.2.2 Apparent Viscosity during Hydrate Growth 

An example of hydrate formation in Oil A system with a watercut of 0.2 is shown in 

Figure 4.3, which illustrates the cell pressure, temperature, and apparent suspension 

viscosity as a function of time. Throughout this work, we define “relative viscosity” as 

the ratio of the apparent suspension viscosity to the viscosity of the methane-

saturated oil phase (i.e. without water), to show the net effect of hydrate formation on 

the resistance of flow and also enable comparison with the model by Camargo and 

Palermo mentioned above [24].  
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Figure 4.3. Pressure, temperature and viscosity profiles of a methane-saturated 
water-in-Oil A emulsion (0.20 watercut) at a shear rate of 43.5 𝑠𝑠−1, where hydrate 
formation was detected by a simultaneous decrease in pressure and increase in 

viscosity (21 hours). 

 

The initial decrease in pressure and increase in viscosity shown in Figure 4.3 

corresponds to cooling from 20 to 1 °𝐶𝐶, without any hydrate formation even though 

the hydrate equilibrium temperature was 12.5 °𝐶𝐶  [6]. At this subcooling, hydrate 

formation required approximately twenty-one hours (“induction time”) in this test and 

was detected by a sharp decrease in pressure with a corresponding increase in 

viscosity. Throughout the experimental campaign, variations in the induction time 

were observed as expected. Consistent with the observations of Webb et al. [38], the 
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apparent suspension viscosity consistently increased by at least one order of 

magnitude during initial hydrate formation, with a gradual decrease to an 

intermediate viscosity with the application of continued shear in the cell.  

To date, two potential mechanisms have been proposed to account for the large 

increase in apparent viscosity during initial hydrate formation, followed by the 

gradual decrease: (i) temporary de-saturation of the crude oil phase due to methane 

consumption [38], after which the methane was readily replenished as the hydrate 

reaction decreases; and (ii) strong capillary cohesion between hydrate particles from 

unconverted liquid water to form large aggregates [140], with the water availability 

and aggregate sizes both decreasing subsequently with continued hydrate growth 

[141].  

For the system depicted in Figure 4.3, a second trial was performed to determine the 

contribution of the first mechanism (rapid de-saturation). Prior to hydrate nucleation, 

the high-pressure emulsion held at a constant temperature of 1 °𝐶𝐶  was 

depressurized using the ISCO pump from 9.4 to 8.1 𝑀𝑀𝑃𝑃𝑃𝑃 at a rate identical to that 

measured in the hydrate formation trial. As shown in Figure 4.4, the emulsion 

viscosity did not change substantially during this depressurization period. Even 

through the degassing process does not have exactly same kinetics as the gas 

consumption during hydrate formation in the bulk phase, it can give information of 

the order of magnitude that the effect of gas consumption during hydrate formation 

on the system viscosity.  Therefore, according to the comparison between these data 

sets suggests that for this intermediate shear rate (43.5 𝑠𝑠−1) and the hydrate growth 

rate observed in this system, the majority of the viscosity increase observed in 

Figure 4.3 was due to hydrate particle aggregation during the initial formation period. 



67 
 

 

Figure 4.4. Pressure, temperature and viscosity profiles of a methane-saturated 
water-in-Oil A emulsion (0.20 watercut) at a shear rate of 43.5 𝑠𝑠−1, with (black, blue) 

and without (pink) hydrate formation. 

 

Figure 4.5 illustrates the evolution of apparent suspension viscosity and water 

conversion percentage during hydrate formation for Oil A systems at 0.05, 0.1, 0.2, 

and 0.3 watercut. In each trial, the magnitude of the initial viscosity spike increased 

directly with watercut, and the suspension reached a steady-state condition 

approximately eight hours after hydrate formation. Independent repeat trials were 

performed at 0.1, 0.2 and 0.3 watercut, to provide a binary qualification of the 

uncertainty in the measured apparent suspension viscosity during the hydrate growth 
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period. The results (Figure 4.5) illustrate the repeatability in both the maximum and 

steady-state apparent viscosity values at 0.1 and 0.2 watercut, with some moderate 

deviation between the data at 0.3 watercut. The deviations observed in apparent 

suspension viscosity at 0.3 watercut could be the consequence of a destabilizing 

suspension. At this higher watercut condition, there may be some water clarification 

at the bottom of the high-pressure cell causing a reduction in the measured apparent 

viscosity. NMR measurements (Figure 4.1) demonstrate that, at 0.3 watercut, the 

droplet sizes increased by approximately one order of magnitude after the 

experiment, suggesting that the water-in-oil emulsion partially destabilized over the 

measurement period. The viscosity increase measured after 4 hours in the second 

trial at 0.3 watercut may be the result of hydrate deposition on the cell wall. 

 

Figure 4.5. Apparent suspension viscosity and water conversion percentage as a 
function of time after hydrate growth for water-in-Oil A emulsions at (a) 0.05, (b) 0.10, 

(c) 0.20, and (d) 0.30 watercut, at a constant temperature (1 °𝐶𝐶), shear rate (43.5 
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𝑠𝑠−1), and initial pressure (10 𝑀𝑀𝑃𝑃𝑃𝑃 at 20 °𝐶𝐶); datasets in the panels for 0.1, 0.2, and 
0.3 watercut represent independent repeat trials. 

 

Similar hydrate formation tests were also conducted in Oil B systems with the same 

procedures and the cell pressure, temperature and viscosity profiles were also 

recorded. Similar to Oil A system, several hours (induction time) after the initial 

cooling period, obvious pressure drop and viscosity increase were detected which 

indicated hydrate formation, with an example shown in Figure 4.6. Also, after the 

peak, viscosity of both systems decreased gradually and reached a steady plateau 

which was still higher than the value before hydrate formation. These identical 

observations on the viscosity from these two systems indicated that hydrate 

formation always had a negative effect on the flowability of oil dominated systems. 
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Figure 4.6 Pressure, temperature and viscosity profiles of two methane-saturated 
water-in-oil emulsions (0.10 watercut) at a shear rate of 43.5 𝑠𝑠−1, where hydrate 
formation was detected by a simultaneous decrease in pressure and increase in 

viscosity, 10 hours for the left light Oil A (panel a) and 6 hours for the right heavy Oil 
B (panel b). 

 

Meanwhile, according to Figure 4.6, it is obvious that with the same watercut 

emulsions, even though the steady apparent viscosity of the hydrate-in-heavy oil B 

slurry (panel b) is much higher than the hydrate-in-light oil A slurry (panel a), the 

relative viscosity of hydrate-in-heavy oil B slurry is only one third of that of Oil A, 

which is interesting as this means that the net effect of hydrate formation on heavy 

oil system flowability is not as severe as the light oil system. In order to have a better 

comparison about this, the pressure drop was converted into hydrate volume fraction 

according to the method described in section 3.2, and how the relative viscosity 

changed with the hydrate volume fraction is shown in Figure 4.7. It is clear that for 

the final state, even though the hydrate volume fraction is 8.5% in Oil A system and 

10% in Oil B system, the relative viscosity of the hydrate-in-oil B slurry (around 7), is 

much lower than that in Oil A system (22 approximately).  
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Figure 4.7 Relative viscosity as a function of hydrate volume fraction during hydrate 
formation from water-in-oil A and water-in-oil B emulsion with 0.10 watercut, at a 

constant temperature (1 °𝐶𝐶), shear rate (43.5 𝑠𝑠−1), and initial pressure (10 𝑀𝑀𝑃𝑃𝑃𝑃 at 20 
°𝐶𝐶). 

 

This phenomenon is due to the higher shear forces applied on hydrate aggregates in 

the flow when it comes to a more viscous continuous phase. During hydrate 

formation process, the cohesive force results in the aggregation between hydrate 

particles [21], while the shear force under flow endeavors to break up the hydrate 

aggregates. The steady state is reached when there is a balance between the shear 

force and the cohesive force. According to the micromechanical measurement of the 

cohesion force between cyclopentane hydrate particles [142], the cohesive force was 

found to be proportional to the radius of the hydrate particles. By establishing a 

destruction mechanism based on the erosion of microflocs, Mühle [97] summarized 

that the hydrodynamic force to destruct the flocs is proportional to the viscosity of the 

continuous phase, the shear rate applied and the size of the floc and primary particle, 

which can be shown in equation 4-1: 
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 𝐹𝐹𝐻𝐻~𝑑𝑑𝐹𝐹𝑑𝑑𝜇𝜇𝑐𝑐�̇�𝛾 4-1 

 

where 𝐹𝐹𝐻𝐻 is the hydrodynamic force caused by the flow; 𝑑𝑑𝐹𝐹  is the diameter of the 

main floc; 𝑑𝑑 is the dimeter of the primary particle; 𝜇𝜇𝑐𝑐 is the viscosity of the continuous 

phase and �̇�𝛾 is the shear rate applied. Therefore, under the same shear rate during 

the hydrate formation process but with a more viscos continuous phase compared to 

Oil A system, a higher hydrodynamic force in Oil B system was applied on the 

aggregates and smaller size aggregates were expected. In this case, less liquid was 

trapped in the structured aggregates and the effective volume fraction of the 

suspension was lower, which was shown as lower relative viscosity. This observation 

also unpacks the mystery of some “magic oil” in the industry, which have been found 

to be flowable with hydrates but without hydrate blockage even though there is not 

too much natural surfactants that can prevent hydrate particle agglomeration inside. 

The mystery is they are heavy oils that naturally exert sufficient shear stress to 

prevent the size of the aggregates to be too big and then avoid plugging.  

Figure 4.8 illustrates the evolution of apparent suspension viscosity and water 

conversion percentage during hydrate formation for Oil B systems at 0.05, 0.1, 0.15 

and 0.25 watercut. Identical to Oil A systems, in each trial, the magnitude of the 

initial viscosity spike increased directly with watercut, and the suspension reached a 

steady-state condition approximately six hours after hydrate formation, with the 

steady apparent viscosity also increasing with watercut, which indicates that the 

flowability of the system became worse when there was more hydrates formed. 
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Figure 4.8 Apparent suspension viscosity and water conversion percentage as a 
function of time after hydrate growth for water-in-Oil B emulsions at (a) 0.05, (b) 0.10, 

(c) 0.15, and (d) 0.25 watercut, at a constant temperature (1 °𝐶𝐶), shear rate (43.5 
𝑠𝑠−1), and initial pressure (10 𝑀𝑀𝑃𝑃𝑃𝑃 at 20 °𝐶𝐶). 

 

4.2.3 Apparent Viscosity Dependence on Shear Rate 

After hydrate conversion reached a steady-state condition (at least 12 hours after 

hydrate formation spike initially observed), flow curves were collected over the range 

of accessible shear rates (4 – 220 𝑠𝑠−1 ) for each hydrate volume fraction at 

temperatures of 1 and 5 °𝐶𝐶, as shown in Figure 4.9 for Oil A and Figure 4.10 for Oil B. 

Three observations were derived from the data.  
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Figure 4.9. Steady state flow curves of hydrate slurries formed from water-in-Oil A 
emulsions with different hydrate volume fraction at 1 °𝐶𝐶 (panel a) and 5 °𝐶𝐶 (panel b) 

formed from an initial methane pressure of 10 𝑀𝑀𝑃𝑃𝑃𝑃. Filled data points indicate 
increasing shear rate, while open data points correspond to decreasing shear rate.  
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Figure 4.10 Steady state flow curves of hydrate slurries formed from water-in-Oil B 
emulsions with different hydrate volume fraction at 1 °𝐶𝐶 (panel a) and 5 °𝐶𝐶 (panel b) 

formed from an initial methane pressure of 10 𝑀𝑀𝑃𝑃𝑃𝑃. Filled data points indicate 
increasing shear rate, while open data points correspond to decreasing shear rate. 

 

First, the hydrate suspensions were all shear thinning at hydrate volume fraction. For 

example, when fitting the viscosity of the hydrate-in-Oil A slurries as a function of the 



76 
 

shear rate with a simple power law or Ostwald model, as shown in equation 2-6, the 

values of the flow behavior index, 𝑚𝑚, range from 0.35 to 0.65, which are lower than 1 

indicating a shear thinning behavior; the details of the fitting parameters are shown in 

Table 4.1. As there are viscosity plateau observed at low or high shear rate for the 

flow curve of hydrate-in-Oil B slurry, except for power law model (Table 4.4), the 

shear thinning behavior was also fitted with the Cross and Sisko model, and the 

fitting parameters are summarized in Table 4.2 and Table 4.3 respectively.  

 

Table 4.1. Power law (or Ostwald) parameters for hydrate slurry flow curves formed 
from water-in-Oil A emulsions with different watercuts, corresponding to the data 

presented in Figure 4.9.  

Temperature Hydrate volume fraction 𝑲𝑲 (𝒎𝒎𝒎𝒎𝒎𝒎. 𝒔𝒔𝒏𝒏) 𝒏𝒏 

1 °𝑪𝑪 

0.039 
increasing shear 680 0.59 

decreasing shear 530 0.61 

0.081 
increasing shear 2200 0.41 

decreasing shear 2100 0.40 

0.164 
increasing shear 2700 0.52 

decreasing shear 2500 0.52 

0.220 
increasing shear 4000 0.49 

decreasing shear 3700 0.50 

5 °C 

0.039 
increasing shear 340 0.62 

decreasing shear 280 0.64 

0.081 
increasing shear 2200 0.36 

decreasing shear 1900 0.37 

0.164 increasing shear 1700 0.59 
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decreasing shear 1600 0.58 

0.220 
increasing shear 2300 0.59 

decreasing shear 2100 0.58 

 

Table 4.2. Cross parameters for hydrate slurry flow curves formed from water-in-Oil 
B emulsions with different watercuts, corresponding to the data presented in Figure 

4.10.  

Temperature 
Hydrate volume 

fraction 

Cross model parameters 

𝝁𝝁∞ 

(𝒎𝒎𝒎𝒎𝒎𝒎. 𝒔𝒔) 

𝝁𝝁𝟎𝟎 

(𝒎𝒎𝒎𝒎𝒎𝒎. 𝒔𝒔) 
𝝀𝝀 (𝒔𝒔) 𝒎𝒎 

1 °𝑪𝑪 

0.055 

increasing 

shear 
117 331 0.17 2.39 

decreasing 

shear 
164 335 0.16 2.99 

0.104 
increasing 

shear 
289 424 0.10 2.73 

5 °𝑪𝑪 

0.055 

increasing 

shear 
150 482 0.18 1.91 

decreasing 

shear 
172 420 0.19 2.12 

0.104 
increasing 

shear 
283 8937 2.18 1.12 
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Table 4.3. Sisko parameters for hydrate slurry flow curves formed from water-in-Oil B 
emulsions with different watercuts, corresponding to the data presented in Figure 

4.10.  

Temperature 
Hydrate volume 

fraction 

Sisko model parameters 

𝝁𝝁∞ 

(𝒎𝒎𝒎𝒎𝒎𝒎. 𝒔𝒔) 

𝑲𝑲  

(𝒎𝒎𝒎𝒎𝒎𝒎. 𝒔𝒔𝒏𝒏) 
𝒏𝒏 

1 °𝑪𝑪 

0.104 
deceasing 

shear 
276 570 0.20 

0.151 

increasing 

shear 
464 1980 0.22 

decreasing 

shear 
469 1060 0.18 

5 °𝑪𝑪 0.104 
decreasing 

shear 
297 2261 0.01 

 

Table 4.4. Power-law parameters for hydrate slurry flow curves formed from water-
in-Oil B emulsions with different watercuts, corresponding to the data presented in 

Figure 4.10.  

Temperature 
Hydrate volume 

fraction 

Power-law model parameters 

𝑲𝑲 (𝒎𝒎𝒎𝒎𝒎𝒎.𝒔𝒔𝒏𝒏) 𝒏𝒏 

 

0.258 

increasing 

shear 
1591 0.93 

1 °𝑪𝑪 

decreasing 

shear 
1567 0.93 

0.292 
increasing 

shear 
2739 0.89 
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decreasing 

shear 
2646 0.89 

5 °𝑪𝑪 

0.258 

increasing 

shear 
1520 0.85 

decreasing 

shear 
1059 0.88 

0.292 

increasing 

shear 
3087 0.86 

decreasing 

shear 
2488 0.88 

 

Second, hysteresis was observed at each hydrate volume fraction. In Figure 4.9 and 

Figure 4.10, the filled data points correspond to increasing shear rate (i.e. from 4 to 

220 𝑠𝑠−1) and the open data points correspond to decreasing shear rate (i.e. from 220 

to 4 𝑠𝑠−1). In each case, at the same shear rate, the apparent viscosity obtained with 

decreasing shear rate was lower than that obtained during increasing shear rate; this 

observation could be the consequence of a reduction in the maximum aggregate 

size after experiencing the maximum shear rate condition, which may not readily re-

establish itself upon reduction of the shear rate. The hysteresis observed in each 

indicates it may be important to track the shear history of each hydrate aggregate in 

multiphase pipe simulations. 

Third, flow curve shifted to higher viscosity with increasing hydrate volume fraction, 

which is identical with the observation during hydrate formation process. First, this 

phenomenon is consistent with the suspension theory introduced in section 2.2; 
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addition of solid particles into liquid media causes the hydrodynamic disturbance of 

the flow field and leads to a corresponding increase in energy dissipation and also 

an increase in viscosity [78, 143]. With higher particle volume fraction, a more 

obvious viscosity increase should be observed, which is shown in all the suspension 

rheology models [83, 87, 144, 145]. Second, higher watercut of the emulsion will 

cause higher hydrate aggregation and bring about higher viscosity of the slurries.   

4.2.4 Comparison to an Industrial Hydrate Slurry Rheology Model 

The current industry-standard approach to predicting hydrate slurry relative viscosity 

was presented by Camargo and Palermo [24], shown in equations 4-2, who 

considered the size and volume fraction of hydrate aggregates in the oil phase. The 

model was derived from a simple force balance between hydrate cohesion, which 

acts to increase the mean aggregate diameter, and the shear stress applied by the 

continuous oil phase, which acts to reduce the mean aggregate diameter. The model 

is based on the assumption that hydrate particles behave as solid spheres with 

identical diameters to the water droplets. According to Haber et al. [146] who 

monitored the growing of hydrate shells with a low-field NMR apparatus, in the case 

that the initial water-in-oil emulsion has a droplet size distribution below 

approximately 100 µ𝑚𝑚, it is reasonable to assume that these water droplets will be 

fully converted into hydrate particles without an internal water core, and that the 

hydrate volume fraction will be identical to the value calculated from water 

conversion. This assumption also applies to the present measurements as the water 

droplet size distribution is below 100 µ𝑚𝑚, as shown in Figure 4.1 for Oil A and Figure 

4.2 for Oil B. Therefore, it is reasonable to regard the hydrate particle formed in this 

work as solid particles and the model of Camargo and Palermo [24] is applicable. 
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Here, 𝑑𝑑𝐴𝐴  is the aggregate diameter; 𝑑𝑑𝑝𝑝  is the particle diameter; 𝑓𝑓  is a fractal 

dimension, which was taken as 2.5 by Camargo and Palermo [24]; 𝐹𝐹𝑚𝑚 is the force of 

cohesion between particles, and was assumed to be a constant 1.6 𝑚𝑚𝑁𝑁/𝑚𝑚 when 

reduced by the mean hydrate particle diameter [24]; Φ is the actual hydrate volume 

fraction; Φ𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum packing volume fraction for hydrate particles, which 

was assumed to be 4/7 from Mills [87]; 𝜇𝜇0 is the viscosity of dispersing liquid; and �̇�𝛾 

is the shear rate applied. In this predictive model, equation 4-2 is solved numerically 

for the mean aggregate diameter, which is deployed in equation 2-18 to calculate the 

effective volume fraction (ϕ𝑒𝑒𝑓𝑓𝑓𝑓).  

If the force balance returns a positive aggregation state (i.e. 𝑑𝑑𝐴𝐴 is larger than 𝑑𝑑𝑝𝑝), the 

form of equation 2-18 demonstrates that the effective hydrate volume fraction will be 

larger than the actual (i.e. measured) volume fraction; simply, this relationship 

accounts for the occluded volume between individual hydrate particles due to particle 

aggregation. This effective volume fraction is then deployed within Mills’ suspension 

viscosity model [87] to calculate the relative viscosity of the hydrate slurry, as shown 

in equation 2-19 in section 2.2.2. If the solution of equation 4-2 is 𝑑𝑑𝐴𝐴 < 𝑑𝑑𝑝𝑝, 𝑑𝑑𝐴𝐴 is fixed 

equal to 𝑑𝑑𝑝𝑝 and the relative viscosity is calculated by equation 2-19 with ϕ𝑒𝑒𝑓𝑓𝑓𝑓 =  Φ. 

The hydrate flow curves measured in this investigation were compared to the model 

predictions with the parameters set to the values or ranges assumed by Camargo 

and Palermo [24]. The particle diameter 𝑑𝑑𝑝𝑝 for each test was taken from the low-field 
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NMR measurements and the particle volume fractions were calculated from the 

measured pressure drop and inferred gas consumption in the isochoric system 

during the hydrate growth period according to the method introduced in section 3.1; 

the specific values are shown in Table 4.5 for Oil A and Table 4.6 for Oil B. After 

hydrate formation, the methane pressure range of the systems was found to be 

within 7.5 to 9 𝑀𝑀𝑃𝑃𝑃𝑃. The viscosity of the live Oil A did not show high sensitivity to 

methane pressure within this range, so constant value of 18.8 𝑚𝑚𝑃𝑃𝑃𝑃. 𝑠𝑠 for 1 ℃ and 

11.5 𝑚𝑚𝑃𝑃𝑃𝑃. 𝑠𝑠 for 5 ℃ was taken during the calculation process. However, crude Oil B 

was found to be very sensitive to methane pressure, so the viscosity at specific 

methane pressure were measured and used for a specific test, with the detailed 

values shown in Table 4.6.  

 

Table 4.5 Mean particle diameter and steady state hydrate particle volume fractions 
for different tests of Oil A 

Water cut 0.05 0.10 0.20 0.30 

Hydrate volume fraction 𝜱𝜱 0.039 0.081 0.164 0.220 

Mean particle diameter 𝒅𝒅𝒑𝒑 (µ𝒎𝒎) 3.34 3.62 3.72 3.82 

 

Table 4.6 Mean particle diameter and steady state hydrate particle volume fractions 
for different tests of Oil B 

Water cut 0.05 0.10 0.15 0.25 0.30 

Hydrate volume fraction 𝜱𝜱 0.055 0.104 0.151 0.258 0.292 

Mean particle diameter 𝒅𝒅𝒑𝒑 (𝝁𝝁𝒎𝒎) 1.70 2.03 2.75 3.30 3.30 

Live oil viscosity 𝝁𝝁𝟎𝟎 (𝒎𝒎𝒎𝒎𝒎𝒎. 𝒔𝒔) at 1℃ 92.3 94.0 98.2 105 108 



83 
 

Live oil viscosity 𝝁𝝁𝟎𝟎 (𝒎𝒎𝒎𝒎𝒎𝒎. 𝒔𝒔) at 5℃ 73.8 76.1 81.1 88.5 92.8 

 

Finally, fractal dimension ranges from 1.3 to 2.9 were considered when comparing 

this model to experimental data to determine the best fit for low, average and high 

shear-rate data. Differences between the experimental data and the above model 

are shown in Figure 4.11 for Oil A and Figure 4.12 for Oil B, which presents the flow 

curves collected at 1 °𝐶𝐶; similar trends were observed at 5 °𝐶𝐶. The deviation between 

the experimental data and model predictions are reported in Table 4.7 for Oil A and 

Table 4.8 for Oil B respectively. The average deviation is defined as the average 

value of the relative deviation between the experimental data and predictive values 

over all shear rate points. 

 

Table 4.7 Deviation between experiment and model for flow curves of hydrate slurry 
formed from water-in-Oil A emulsions at 1°C with different hydrate volume fraction. 

Hydrate 

volume 

fraction 𝜱𝜱 

Shear Rate (𝒔𝒔−𝟏𝟏) 
𝒇𝒇  

(best fit) 

Average Deviation 

Between Model and 

Experiment 

0.039 

217 1.4 212% 

4 to 217 2.2 19.8% 

4 2.3 24.2% 

0.081 
217 2.1 85.3% 

4 - 217 2.4 11.8% 

0.164 
217 2.3 177% 

4 - 217 2.6 24.0% 
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0.220 
217 2.5 133% 

4 - 217 2.7 20.9% 

 

Table 4.8 Deviation between experiment and model for flow curves of hydrate slurry 
formed from water-in-Oil B emulsions at 1°𝐶𝐶 with different hydrate volume fraction. 

Hydrate 

volume 

fraction 𝚽𝚽 

Shear Rate (𝒔𝒔−𝟏𝟏) 
𝒇𝒇  

(best fit) 

Average Deviation 

Between Model and 

Experiment 

0.055 
217 2.5 69.4% 

4 - 217 2.7 10.2% 

0.104 

217 2.4 224% 

4 - 217 2.7 19.8% 

4 2.8 32.6% 

0.151 

217 2.2 380% 

4 - 217 2.7 31.7% 

4 2.8 38.5% 

0.258 

217 2.1 534% 

4 - 217 2.8  40.2% 

4 2.9 57.3% 

0.292 

217 2 472% 

4 - 217 2.8 44.1% 

4 2.9 58.3% 

 

This is the first investigation following Camargo and Palermo’s initial study [24] to 

benchmark the model performance, where the initial study was conducted over 
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shear rates of 50 𝑠𝑠−1 to 700 𝑠𝑠−1 and the present work focused on a lower shear rate 

range (4 to 220 𝑠𝑠−1). The poor performance of the model in this work may be due to 

a combination of (i) poor performance of the underlying slurry model, (ii) the 

continual use of an orthokinetic basis for calculating aggregate diameter, or (iii) an 

overly simplistic assumption of constant fractal dimension. As shear flow can break 

up the aggregation between the hydrate particles by increasing the shear force, the 

structure of the aggregates may tend to be more compact with increasing shear rate, 

which is in accordance with the theory that the aggregation transfers from perikinetic 

to orthokinetic when applied to shear conditions. Under this condition, the fractal 

dimension should increase [9], approaching a value of three at an infinite shear rate. 

This effect may be more pronounced in the low-shear region.  However, as shown in 

Figure 4.11 and Figure 4.12, the trend of fractal dimension with shear rate obtained 

by fitting the data in fact displays the opposite trend. This suggests that the 

assumption of a fractal dimension as a simple constant exponent in the aggregation 

model is insufficient to represent data obtained under varying shear rates.  It is clear 

that additional studies are required to determine a more suitable form of the 

aggregation model that is able to capture the changing morphology with shear rate 

[9]. The result also demonstrates that, in the context of industrial flow assurance, a 

comprehensive database of hydrate-in-oil slurry viscosities is required to validate the 

use of any predictive model.  
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Figure 4.11. Comparison between experimental (black data points) flow curves of 
hydrate slurries formed from Oil A and model predictions (curves) at four different 
hydrate volume fractions at 1 °𝐶𝐶, where the red lines correspond to predictions in 

which the fractal value was chosen to match the data measured at high shear rate, 
the blue line corresponds to the fractal value that matches the average shear rate 
data, and the pink line corresponds to the fractal value that matches the low shear 

rate data.  
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Figure 4.12 Comparison between experimental (black data points) flow curves of 
hydrate slurries formed from Oil B and model predictions (curves) at four different 
hydrate volume fractions at 5 °𝐶𝐶, where the red lines correspond to predictions in 

which the fractal value was chosen to match the data measured at high shear rate, 
the blue line corresponds to the fractal value that matches the average shear rate 
data, and the pink line corresponds to the fractal value that matches the low shear 

rate data. 
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4.2.5 Energy Requirement to Re-homogenize Hydrate-in-Oil Slurries 

After an eight-hour annealing period, the energy need to re-homogenize each 

hydrate-in-oil suspension was measured according to the above procedures in 

section 3.2. It has to be noted that this critical re-homogenization stress is not 

directly called as “Yield Stress” like previous publications [39, 69, 72] because it 

includes contributions from both fractal aggregates and gravimetric settling or 

creaming during the annealing process; while yield stress is usually limited to the 

energy to break the structure of the material itself without considering the effect of 

settling or creaming.  

An example measurement procedure of the re-homogenization stress is shown in 

Figure 4.13, where the critical stress was estimated to be approximately 25 𝑃𝑃𝑃𝑃 from 

the intersection of straight lines fitted to the two regions of the measured shear rate–

shear stress curve: �̇�𝛾 < 0.01 s-1 and 0.01 ≤ �̇�𝛾 ≤ 30 s-1. At �̇�𝛾 > 30 s-1, the shear rate 

increased directly with shear stress, indicating the suspension flowed when subject 

to shear greater than this critical stress condition. 

 

Figure 4.13. Hydrate-in-Oil A shear rate as a function of shear stress, which was 
increased at a rate of 1000 𝑃𝑃𝑃𝑃/ℎ𝑟𝑟 to determine the critical stress to re-homogenize a 

0.3 watercut system after an eight-hour annealing period.  
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Figure 4.14 compares the measured critical re-homogenization stress for 0.05 to 0.3 

watercut of Oil A systems at 5 °𝐶𝐶 to the data reported by Webb et al. [73] with a 

mineral oil at 0 °𝐶𝐶 ; the yield stress of ketchup, as reported by Benmouffok-

Benbelkacem et al. [147] at 20 °𝐶𝐶, is shown for comparative purposes. The critical 

re-homogenization stress value from this work shown in Figure 4.14 is the average 

value of independent repeat tests for each watercut and the error bars show the 

range of the measured values. The critical re-homogenization stresses measured in 

this study showed a similar trend with those reported by Webb et al. [73], which 

increased with increasing watercut. Also, the detection of re-homogenization stress 

at a very low watercut as 5% in two completely independent experiments indicates 

that the measured stress includes contributions from both fractal aggregates and 

gravimetric settling.  

 

Figure 4.14. Measured re-homogenization stress (red) of hydrate-in-Oil A slurries 
formed from saturated water-in-Oil A emulsions with 0.05, 0.10, 0.20 and 0.30 
watercut, after an eight-hour annealing period at 5 °𝐶𝐶; the measurements are 

compared to hydrate-in-oil “yield stress” measurements from Webb et al. [73]. The 
yield stress of ketchup at 20 °𝐶𝐶 [147] is shown for comparative purposes. 
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Similar re-homogenization stress measurements were conducted for Oil B system. 

However, compared to Oil A system, there was no clear critical stress signal 

observed, with an example of 0.30 watercut shown in Figure 4.15. This difference is 

also due to the higher shear force generated by Oil B which is of higher viscosity; 

and the shear force is high enough to push the slurry to flow when restarting. This 

phenomenon indicates that the effect of shutting down might be more obvious for 

hydrate in light oil slurries compared to heavy oil. In other words, the energy needed 

to restart a hydrate in heavy oil pipeline might be just a little bit higher than normal 

transportation pressure but for light oil system, much more energy might be needed 

to restore the flow because of the hydrate aggregation and settling during the 

shutdown period. 

 

Figure 4.15 Hydrate-in-Oil A and hydrate-in-Oil B shear rate as a function of shear 
stress signal comparison, which was increased at a rate of 1000 𝑃𝑃𝑃𝑃/ℎ𝑟𝑟 to determine 
the re-homogenization stress of a 0.3 watercut system after an eight-hour annealing 

period. 
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Further systematic studies are required to determine how the diversity of crude oil 

chemistry – particularly with respect to wax content – will affect the yield stress when 

hydrates are present. The results presented here and those of Webb et al. [73] 

indicate that hydrate-in-oil suspensions have a significant re-homogenization stress, 

which will affect the pressure driving force required to initiate flow in a given 

production system. This result is particularly critical to the future development of 

transient multiphase flow simulators, which currently do not account for re-

homogenization stress when assessing the restart of crude oil systems containing 

hydrate. 

4.3 Summary 

The rheology of hydrate slurries formed under high pressure from water-in-oil 

emulsions was measured with a controlled-stress rheometer using a vane-blade 

rotor to maintain oil saturation. Before and after rheological measurements, the 

droplet size distributions of the emulsions were characterized by low-field NMR. 

During hydrate formation in the rheometer at constant shear rate, methane hydrate 

growth was quantified through a decrease in the measured pressure under isochoric 

conditions, corresponding to an increase in the apparent suspension viscosity. The 

vane blade rotor was able to maintain saturation of the crude oil phase; the ability to 

maintain dissolved gas content suggests the presence of secondary axial flows, 

which may function to increase the apparent viscosity. As a first approximation, the 

vane blade rotor was calibrated against viscosity standards between 16.75 and 1090 

𝑚𝑚𝑃𝑃𝑃𝑃 ∙ 𝑠𝑠. For emulsions at 0.2 watercut of the light oil (Oil A) used in this research, 

the apparent suspension viscosity increased up to 50 times during hydrate formation 

while the viscosity increase due to the desaturation of methane from the oil phase 

was less than a factor of two. The flow curves for steady-state hydrate-in-oil slurries 
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were measured at 1 and 5 °𝐶𝐶 after hydrate growth reached steady-state; the data 

illustrate that hydrate-in-oil slurries are shear thinning. Hysteresis was observed in 

each flow curve, which may be associated with hydrate aggregate breakup at high 

shear rate. The measured flow curves were compared to a current generation 

industry rheological model for hydrate-in-oil slurries, which showed high deviations 

over the range of shear rates studied. Deviation between the model and experiment 

increased as shear rate decreased, suggesting additional development is required in 

the low-shear rate region, which is critical to accurately predicting hydrodynamic 

behavior of fluids in subsea pipelines during shut-in and restart. After an eight-hour 

annealing period, the re-homogenization stress of hydrate-in-Oil A and hydrate-in-Oil 

B slurries were detected and the results showed much higher re-homogenization 

stress for Oil A system, which indicated it is easier to restart flow in heavy oil system. 
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Chapter 5 RHEOLOGY OF HYDRATE-IN-CRUDE 

OIL SLURRIES WITH ANTI-AGGLOMERANTS 

5.1 Introduction 

A model based on physical analysis was developed by Camargo and Palermo [24] to 

predict the hydrate slurry viscosity. As there has been only two experimental 

datasets in the literature [9, 24] to validate the original model, in our previous work, 

the apparent viscosity of the methane hydrate slurries in crude oil of two different 

viscosity were characterized over a shear rate range of 4-220 𝑠𝑠−1 to provide a bigger 

data base to calibrate the model. According to calculation, deviations from 10 to 45% 

were found between the experiment data and the original model, even though the 

best fit fractal dimension was used, which indicated that intensive improvement of 

the original model may be needed. 

The original model is composed of three main parts: (i) a basic rheological model for 

concentrated suspensions of equal size hard spheres when accounted only for 

hydrodynamic interactions [87]; (ii) adaptation of rheological model for aggregated 

concentrated suspension with the assumption that the hydrate aggregates are fractal 

[94, 99]; (iii) the maximum aggregate size determination which depends on the 

balance between the shear stress and the force of adhesion between particles [97, 

148]. In order to improve the model, these three parts should be checked step by 

step. It is obvious that the aggregation of the hydrate particles is only considered in 

the latter two parts of the model while the first basic rheological model is only limited 

to the hydrate suspension with separated hydrate particles without aggregating with 

each other. Thus the accuracy of this underlying model can be clarified if 
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aggregation is removed from the hydrate particles. It is well acknowledged that anti-

agglomerants (AA) can prohibit the aggregation between the hydrate particles due to 

its amphiphilic molecules, where the hydrophilic head of the AA can adsorb to the 

hydrate-oil interface and the lipophilic tail makes the crystals oil-wet to be easily 

dispersed in the liquid oil phase [1, 149], which indicates that, when AA is added into 

the system, it is possible to detect the rheological properties of separated hydrate-in-

oil suspensions and then the accuracy of the underlying model can be verified.  

Therefore, in this work, rheological measurements of the hydrate slurries formed 

from water-in-oil emulsions containing AA were conducted with a controlled-stress 

high-pressure rheometer system. Emulsions of different water cuts ranging from 5% 

to 30% were detected with two crude oils of different viscosity. The infinite shear 

viscosity data were compared with the current underlying model, which demonstrate 

that the current Mills model [87] is not good enough to describe the rheological 

properties of hydrate suspension.  

5.2 Experimental Procedure and Materials 

5.2.1 Emulsion Preparation and Characterization 

Water-in-oil emulsions were prepared from deionized water, industrial anti-

agglomerants (AA) and crude oil. The crude oil used in this chapter is the same as 

those used in Chapter 4, with the physical properties shown in Table 3.2. Two kinds 

of industrial AA of different concentrations in water were tested respectively in Oil A 

first, as shown in Table 5.1; and the one which showed the best performance on 

inhibiting hydrate aggregation, 2wt.% AA-2 in water, was further tested in Oil B 

system of different watercut. No higher concentrations of AA were used in this 
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research because initial bottle stability tests showed that the emulsions with higher 

concentration of AA separated quickly within 12 hours.  

 

Table 5.1 Type and concentration of the industrial anti-agglomerants (AA) used in 
this work. 

AA type AA-1 AA-2 

concentration in water 
0.05 wt.% 1 wt.% 

0.2 wt.% 2 wt.% 

 

Before making the emulsions, the mass and density of the crude oil were measured 

and the desired amount of deionized water was then determined according to 

different volume ratio from 0.05 to 0.30 for each test. According to the amount of the 

water determined for each emulsion, different concentration of AA in water was then 

added into the crude oil phase and the mixture was shook by hand. Finally, the water 

was added drop by drop into the crude oil and AA mixture under the mixing of a 

homogenizer, similar to the procedures described in Section 3.1.  

The size distribution of the water droplets in this research was also determined with 

the Magritek 1 𝑇𝑇 Halbach Array permanent magnet and spectrometer, with a 1 𝑇𝑇/𝑚𝑚 

magnetic field gradient, as introduced in section 3.1.  

5.2.2 High Pressure Hydrate Rheometer System 

For each test, the emulsion prepared at atmosphere pressure was first transferred 

into the high-pressure cell and then charged with 10 𝑀𝑀𝑃𝑃𝑃𝑃 methane until it was fully 

saturated with methane. After that, the rheological properties of the suspensions 

were recorded throughout three processes: (i) transient hydrate formation; (ii) the 



96 
 

steady-state hydrate slurries with water fully-converted; and (iii) restarting after an 

eight-hour simulated shut-in process with the procedures shown in section 3.2. 

5.2.3 Micromechanical Force Apparatus 

As micromechanical force (MMF) apparatus can achieve visual observation of the 

shape of the hydrate particles, several photos taken with MMF apparatus in 

University of Western Australia (UWA) were cited to confirm the conclusions from 

this work. As show in Figure 5.1, the MMP apparatus consisted of an Olympus IX-73 

inverted light microscope equipped with digital recording equipment to capture 

images. An experimental cell was placed atop the microscope stage which was 

surrounded by temperature controlled aluminum jacket. The cell contained two glass 

capillaries of 1000 𝜇𝜇𝑚𝑚 internal diameter that were held by stainless steel arms. A 

carbon-fiber filament was secured within each capillary tube by epoxy adhesive.  

 

Figure 5.1 Micromechanical force apparatus consisting of an inverted light 
microscope and experimental cell resting on an active pneumatic vibration isolation 

table, reproduced from Morrissy et al. [150]. 
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In each test, a deionized water droplet was placed on the tip of each carbon-fiber 

cantilever, which was then quenched in liquid nitrogen to form ice. The ice particles 

were then placed in the liquid cyclopentane bath, which was maintained at 1 °𝐶𝐶; 

cyclopentane (structure II) hydrate grew at the water−cyclopentane interface 

immediately following ice dissociation.  

5.3 Results and Discussion  

5.3.1 AA-1 Performance in Oil A System during Hydrate Growth and 

after Water Conversion 

AA-1 with the concentration of 0.05 wt.% and 0.2 wt.% in water were first tested in 

water-in-Oil A emulsion with 0.30 watercut. The cell pressure, temperature and 

apparent viscosity of the suspension were recorded with time during hydrate 

formation process and shown in Figure 5.2. Same to the graphs shown in Chapter 4, 

“relative viscosity” is defined as the ratio of the apparent viscosity of the suspension 

to the viscosity of the methane-saturated oil phase viscosity. 
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Figure 5.2 Pressure, temperature and viscosity profiles of a methane-saturated 
water-in-oil A emulsion (0.30 watercut) with 0.05 wt.%, 0.2 wt.% AA-1 in water and 

without AA-1 at a shear rate of 43.5 𝑠𝑠−1, where hydrate formation was detected by a 
simultaneous decrease in pressure and increase in viscosity (5 hours for no AA 
system, 11 hours for 0.05 wt.% AA-1 and 52 hours for 0.2 wt.% AA-1 system). 

 

For all of these three systems, the initial pressure drop and viscosity increase in the 

first one hour was due to temperature cooling from 20 to 1 °𝐶𝐶  without hydrate 

formation. Hydrate formation was detected by a dramatic pressure decrease and 

corresponding apparent viscosity increase after 5 hours induction time for the 

emulsion without AA, 11 hours for 0.05 wt.% AA-1 and 52 hours for 0.2 wt.% AA-1 

system. The pressure drop was caused by gas consumption when hydrates formed, 

while the apparent viscosity increase was because of the conversion of deformable 
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water droplets into solid hydrate particles and further strong capillary cohesion 

between these hydrate particles to form large aggregates [21].  

Compared with the system without AA, the overall pressure drop of the different 

concentration AA-1 systems was almost the same, which meant that AA-1 did not 

affect the amount of hydrates formed. However, it has to be noted that the pressure 

decrease of the suspension with 0.2 wt.% AA-1 was much slower than the other 

systems, indicating that the hydrate growth was slowed down in this case. This 

observation is clearer when focusing on the water conversion percentage into 

hydrates with time after hydrate nucleation, as shown in Figure 5.3. It is very obvious 

that the water conversion in no AA and 0.05 wt.% AA-1 tests were the same fast 

while in 0.2 wt.% AA-1 the conversion to hydrates was much slower.  

 

Figure 5.3. Water conversion percentage as a function of time after hydrate 
nucleation for water-in-oil A emulsion (0.30 watercut) with 0.05 wt.%, 0.2 wt.% AA-1 
n water and without AA-1, at a constant temperature (1 °𝐶𝐶), shear rate (43.5 𝑠𝑠−1), 

and initial pressure (10 𝑀𝑀𝑃𝑃𝑃𝑃 at 20 °𝐶𝐶). 
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When it comes to the viscosity profiles in Figure 5.2, the suspension with 0.05 wt.% 

AA-1 showed higher viscosity value than the suspension without AA over the whole 

process of hydrate formation and structure rearrangement, while the suspension with 

0.2 wt.% AA-1 reached a lower viscosity value after peaking at a much higher 

viscosity value than the no AA case. As AA was designed to prohibit the cohesion 

between hydrate particles, smaller hydrate aggregates were expected when AA was 

added and correspondingly less viscous hydrate slurry were expected. However, 

neither of these two concentrations of AA-1 achieved this goal according to the 

viscosity profiles.  

In order to have a better view of the performance of AA-1, the relative viscosity 

versus hydrate volume fraction in the suspension during hydrate formation process 

was plotted in Figure 5.4. It is clear that the relative viscosity of 0.05 wt.% AA-1 

suspension was always higher than the basic case at each hydrate volume fraction 

and 0.2 wt.% AA-1 suspension showed very high relative viscosity at the early stage 

of hydrate growth even though the value decreased to be lower than the no AA test 

when the hydrate volume fraction was higher than 8%. Therefore, it is safe to 

conclude that 0.05 wt.% AA-1 had no effect on prohibiting the aggregation between 

hydrate particles at all and 0.2 wt.% AA-1 had some effect on aggregation preventing 

when reaching higher hydrate volume fraction but the performance was very poor 

when just a limited percentage of water converted into hydrates. 
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Figure 5.4. Relative viscosity as a function of hydrate volume fraction for water-in-oil 
A emulsion (0.30 watercut) with 0.05 wt.%, 0.2 wt.% AA-1 in water and without AA-1, 
at a constant temperature (1 °𝐶𝐶), shear rate (43.5 𝑠𝑠−1), and initial pressure (10 𝑀𝑀𝑃𝑃𝑃𝑃 

at 20 °𝐶𝐶). 

 

When water conversion finished, the flow curve of the steady-state hydrate slurries 

were measured. The relative viscosity dependence on shear rate was shown in 

Figure 5.5. Two observations can be found from Figure 5.5. First, all of the hydrate 

slurries were shear thinning. The viscosity decreased with increasing shear rate. 

Second, over all the shear rate range, the relative viscosity of hydrate slurry with 

0.05 wt.% AA-1 was found to be higher than the one without AA, but relative 

viscosity of the hydrate slurry with 0.2 wt.% AA-1 was lower than the no AA case. 

This observation was consistent with the hydrate growth process that 0.05 wt.% AA-

1 had no effect on hydrate particle aggregation preventing but 0.2 wt.% AA-1 worker 

to some extent when the water in the suspension was fully converted into hydrates.  
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Figure 5.5 Steady state flow curves of hydrate slurries formed from water-in-Oil A 
emulsions (0.30 watercut) with 0.05 wt.%, 0.2 wt.% AA-1 in water and without AA-1 

at 1 °𝐶𝐶 formed from an initial methane pressure of 10 𝑀𝑀𝑃𝑃𝑃𝑃 at 20 °𝐶𝐶. Filled data 
points indicate increasing shear rate, while open data points correspond to 

decreasing shear rate. 

 

5.3.2 AA-2 Performance in Oil A and Oil B System during Hydrate 

Growth and after Water Conversion 

AA-2 with the concentration of 1 wt.% and 2 wt.% in water was first tested in water-

in-Oil A emulsion with the watercut of 0.30. After that, the one with better 

performance, 2 wt.% in water, was further tested in different watercut and then Oil B 

system.  

Figure 5.6 shows the cell pressure, temperature and apparent viscosity of the 

suspension recorded with time during hydrate formation process for Oil A emulsion 

with 0.30 watercut. Similar to previous tests, the initial pressure drop and viscosity 

increase in these three tests within the first one hour was due to temperature cooling 

from 20 to 1 °𝐶𝐶  without hydrate formation. After 5 hours induction time for the 
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emulsion without AA, 28 hours for 1 wt.% AA-2 and 34 hours for 2 wt.% AA-2 system, 

hydrate formation was detected by a dramatic pressure decrease, which was caused 

by gas consumption; and corresponding apparent viscosity increase, which was due 

to the conversion of deformable water droplets into solid hydrate particles and further 

strong capillary cohesion between these hydrate particles [21]. The effects of AA-2 

on hydrate growth and particle aggregation are also shown further with the graph of 

water conversion percentage into hydrates versus time after hydrate nucleation 

(Figure 5.7) and the relative viscosity versus hydrate volume fraction in the 

suspension (Figure 5.8) respectively. 

 

Figure 5.6 Pressure, temperature and viscosity profiles of a methane-saturated 
water-in-oil A emulsion (0.30 watercut) with 1 wt.%, 2 wt.% AA-2 in water and 

without AA-2 at a shear rate of 43.5 𝑠𝑠−1, where hydrate formation was detected by a 
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simultaneous decrease in pressure and increase in viscosity (5 hours for no AA 
system, 28 hours for 1 wt.% AA-2 and 34 hours for 2 wt.% AA-2 system). 

 

Compared with the basic case, the overall pressure drop of the two AA-2 systems 

was still almost the same, which meant that AA-2 had no effect on the amount of 

hydrates formed neither. When it comes to the speed of pressure decrease, however, 

the suspension with 2 wt.% AA-2 was much slower than the other systems, 

indicating that hydrate growth was slowed down in this case. This conclusion was 

also confirmed by the water conversion trend shown in Figure 5.7 below, that the 

water conversion in no AA and 1 wt.% AA-2 tests were the same fast while in 2 wt.% 

AA-2 the conversion to hydrates was much slower.  

 

Figure 5.7 Water conversion percentage as a function of time after hydrate 
nucleation for water-in-oil A emulsion (0.30 watercut) with 1 wt.%, 2 wt.% AA-2 in 

water and without AA-2, at a constant temperature (1 °𝐶𝐶), shear rate (43.5 𝑠𝑠−1), and 
initial pressure (10 MPa at 20 °𝐶𝐶). 
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All of the viscosity profiles in these three tests showed similar trend during hydrate 

formation process, decreasing after reaching the peak value (Figure 5.6). However, 

the suspension with 1 wt.% AA-2 showed similar viscosity value to the basic case 

without AA while the viscosity value of the suspension with 2 wt.% AA was much 

lower during the whole process. This phenomenon is also consistent with what 

shown in the viscosity versus hydrate volume fraction graph (Figure 5.8), that for the 

suspension with 2 wt.% AA-2, the relative viscosity was much lower than the no AA 

suspension when the same amount of hydrates formed in the system, while the 

viscosity of 1 wt.% AA-2 suspension was the same or higher than that of the no AA 

case. These observations indicated that even though 1 wt.% AA-2 had no effect on 

prohibiting the aggregation between hydrate particles, 2 wt.% AA-2 had good 

performance on aggregation preventing. 

 

Figure 5.8 Relative viscosity as a function of hydrate volume fraction for water-in-oil 
A emulsion (0.30 watercut) with 1 wt.%, 2 wt.% AA-2 in water and without AA-2, at a 
constant temperature (1 °𝐶𝐶), shear rate (43.5 𝑠𝑠−1), and initial pressure (10 𝑀𝑀𝑃𝑃𝑃𝑃 at 20 

°𝐶𝐶). 
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AA-2 of the concentration of 2 wt.% in water was further tested in water-in-Oil A 

emulsions with different watercut from 0.20 to 0.05 and then Oil B emulsions. All of 

the tests showed that 2 wt.% AA-2 slowed down hydrate growth without affecting the 

total hydrate amount formed; and effectively prohibited the cohesion between 

hydrate particles to get less viscous hydrate slurries during the whole hydrate 

formation process. Two examples of these tests during hydrate formation process 

are shown in Figure 5.9 and Figure 5.10 respectively, where Figure 5.9 shows the 

pressure, temperature and viscosity profiles during hydrate formation, water 

conversion versus time after nucleation, and relative viscosity with the hydrate 

volume fraction formed in water-in-Oil A emulsion with 0.20 watercut and Figure 5.10 

shows similar graphs in water-in-Oil B emulsion with the watercut of 0.30. 

 

Figure 5.9 Hydrate formation test of a methane-saturated water-in-oil A emulsion 
(0.20 watercut) with and without 2 wt.% AA-2 at a constant temperature (1 °𝐶𝐶), shear 
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rate (43.5 𝑠𝑠−1), and initial pressure (10 𝑀𝑀𝑃𝑃𝑃𝑃 at 20 °𝐶𝐶): (panel a) pressure, 
temperature and viscosity profiles, where hydrate formation was detected by a 

simultaneous decrease in pressure and increase in viscosity (21 hours for no AA and 
32 hours for 2 wt.% AA-2 system); (panel b) water conversion percentage as a 

function of time after hydrate nucleation; (panel c) relative viscosity as a function of 
hydrate volume fraction. 

 

 

Figure 5.10 Hydrate formation test of a methane-saturated water-in-oil B emulsion 
(0.30 watercut) with and without 2 wt.% AA-2 at a constant temperature (1 °𝐶𝐶), shear 

rate (43.5 𝑠𝑠−1), and initial pressure (10 𝑀𝑀𝑃𝑃𝑃𝑃 at 20 °𝐶𝐶): (panel a) pressure, 
temperature and viscosity profiles, where hydrate formation was detected by a 

simultaneous decrease in pressure and increase in viscosity (1 hours for no AA and 
5 hours for 2 wt.% AA-2 system); (panel b) water conversion percentage as a 

function of time after hydrate nucleation; (panel c) relative viscosity as a function of 
hydrate volume fraction. 

 

After hydrate conversion reached a steady-state, flow curves of hydrate slurries with 

2 wt.% AA-2 were also collected over the range of accessible shear rates (4 – 220 

𝑠𝑠−1) for each watercut at temperatures of 1 and 5 °𝐶𝐶, as shown in Figure 5.11 for Oil 
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A and Figure 5.12 for Oil B. In the labels of these figures, the watercut was 

converted into the actual hydrate volume fraction in the suspension according to the 

method described in section 3.2. All of the flow curves showed shear thinning 

behavior that the viscosity decreased with increasing shear rate. When fitting the 

viscosity of the hydrate slurries as a function of the shear rate with Cross model 

(equation 2-4), the parameters are shown in Table 5.2 and Table 5.3 as below. 
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Figure 5.11 Steady state flow curves of hydrate slurries formed from water-in-oil A 
emulsions of different hydrate volume fraction with 2 wt.% AA-2 at 1 °𝐶𝐶 (panel a) and 

5 °𝐶𝐶 (panel b) formed from an initial methane pressure of 10 𝑀𝑀𝑃𝑃𝑃𝑃 at 20 °𝐶𝐶. Filled 
data points indicate increasing shear rate, while open data points correspond to 

decreasing shear rate. 
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Figure 5.12 Steady state flow curves of hydrate slurries formed from water-in-oil B 
emulsions of different hydrate volume fraction with 2 wt.% AA-2 at 1 °𝐶𝐶 (panel a) and 

5 °𝐶𝐶 (panel b) formed from an initial methane pressure of 10 𝑀𝑀𝑃𝑃𝑃𝑃 at 20 °𝐶𝐶. Filled 
data points indicate increasing shear rate, while open data points correspond to 

decreasing shear rate. 

 

Table 5.2 Cross fit parameters for hydrate slurry flow curves formed from water-in-oil 
A emulsions with different hydrate volume fraction, corresponding to the data 

presented in Figure 5.11. 

Temperature 
Hydrate 
volume 
fraction 

𝝁𝝁∞ 

(𝒎𝒎𝒎𝒎𝒎𝒎 ∙ 𝒔𝒔) 

𝝁𝝁𝟎𝟎 

(𝒎𝒎𝒎𝒎𝒎𝒎 ∙ 𝒔𝒔) 
𝝀𝝀 (𝒔𝒔) 𝒎𝒎 

1 °𝑪𝑪 

0.261 181.1 7736 0.925 1.45 

0.187 76.25 3103 0.808 1.36 

0.140 28.16 1301 0.305 1.33 

0.084 24.59 2578 0.697 1.28 

0.047 20.34 9631 3.043 1.29 
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5 °𝑪𝑪 

0.261 117.2 13951 4.499 1.20 

0.187 72.93 466439 32.60 1.42 

0.140 34.03 1107 0.342 1.41 

0.084 11.58 783 0.275 1.46 

0.047 7.851 4278 1.524 1.31 

 

Table 5.3 Cross fit parameters for hydrate slurry flow curves formed from water-in-oil 
B emulsions with different hydrate volume fraction, corresponding to the data 

presented in Figure 5.12. 

Temperature 
Hydrate 
volume 
fraction 

𝝁𝝁∞ 

(𝒎𝒎𝒎𝒎𝒎𝒎 ∙ 𝒔𝒔) 

𝝁𝝁𝟎𝟎 

(𝒎𝒎𝒎𝒎𝒎𝒎 ∙ 𝒔𝒔) 
𝝀𝝀 (𝒔𝒔) 𝒎𝒎 

1 °𝑪𝑪 

0.270 1082 8864 0.509 1.10 

0.233 627.3 3011 0.338 1.52 

0.187 454.5 1895 0.223 1.75 

0.103 139.7 54760 29.82 0.90 

0.054 127.5 213.3 0.039 1.29 

5 °𝑪𝑪 

0.270 743.8 3336 0.173 1.76 

0.233 447.4 1872 0.196 1.81 

0.187 309.1 1186 0.179 1.78 

0.103 103.4 3911 1.421 0.93 

0.054 93.20 409385 3511 0.87 
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When comparing with the system without AA (one example shown in Figure 5.13), 

two important observations were derived from the data. First, for each shear rate, the 

apparent viscosity of the hydrate slurries with 2 wt.% AA-2 was much lower, which 

was due to the cohesion prevention effect of AA-2. Moreover, when it comes to high 

shear rate, the flow curve tended to reach a Newton region while the one without AA 

kept decreasing. This phenomenon is very interesting as there is great possibility 

that the aggregation between the hydrate particles had been totally broken up and 

suspension with separated hydrate particles existed at this state, especially for the 

flow curve got with decreasing shear rate. In this case, it means that the infinite 

shear viscosity would be a good data base to check the accuracy of the current 

underlying model used in the current hydrate model put forward by Camargo and 

Palermo [23]. 

 

Figure 5.13 Comparison of steady state flow curves of hydrate slurries formed from 
water-in-oil A emulsions of 0.20 watercut with and without 2 wt.% AA-2 at 1 °𝐶𝐶 
formed from an initial methane pressure of 10 𝑀𝑀𝑃𝑃𝑃𝑃 at 20 °𝐶𝐶. Filled data points 

indicate increasing shear rate, while open data points correspond to decreasing 
shear rate. 



113 
 

 

5.3.3 Infinite Shear Viscosity of Hydrate Slurries with AA-2 

By fitting the flow curve data of hydrate slurries with 2 wt.% AA-2 with Cross model 

as discussed above, the infinite shear viscosity of hydrate suspensions with different 

hydrate volume fraction were collected in both oil A and oil B systems, as shown in 

Figure 5.14. As the state of hydrate particles in suspensions with infinite shear 

viscosity could be regarded as separated without aggregating, these relative 

viscosity data could be compared with the original underlying Mills model [87] in 

current hydrate slurry model, and also some other widely used concentrated 

suspensions models [81, 83, 88, 151] (Figure 5.14 panel b).  
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Figure 5.14 Infinite relative shear viscosity of hydrate slurries formed from water-in-
oil A and B with AA of different hydrate volume fraction data fitting example (panel a) 

and comparison with five different suspension models (panel b) at 1 °𝐶𝐶. 

 

It is obvious that the two data sets from different crude oils were quite consistent with 

each other but the deviation between these experimental data and the values 

predicted by the five models was quite wide, especially when it came to hydrate 

volume fraction higher than 0.15. This observation may indicate that, to some extent, 

these models are unsuited for hydrate-in-oil suspensions. The probable reason is 

that these suspension models are all based on the assumption that the particles in 

the suspension are mono-sized and rigid spheres, but the actual hydrate particles in 

slurries are not perfectly sphere. In hydrate-in-oil slurries, the hydrate particles 

formed from the water droplets, which are definitely not rigid and the shape of which 

can be changed to be ellipsoid-like due to the shear stress under flow. Meanwhile, 

during the conversion process, some thorns can be formed on the surface of the 

hydrate particle which makes the particle rough and this can be confirmed by visual 

observation from MMF (Figure 5.15). The deformation and roughness of the particles 
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can result in extra energy dissipation and corresponding higher viscosity of the 

suspension [78, 152-155] compared to the rigid sphere system. These deformation 

effects should definitely be taken into consideration when describing the rheological 

properties of hydrate particles suspensions. 

 

Figure 5.15 Visual observation of cyclopentane hydrate particles in the liquid 
hydrocarbon phase without AA (panel A) and with AA (panel b). 

 

5.3.4 Energy Requirement to Re-homogenize Hydrate-in-Oil Slurries 

After an eight-hour annealing period, which simulated the shut-down process in the 

real pipeline, the re-homogenization stress of hydrate slurries with different hydrate 

volume fraction was detected according to the procedures described above in 

section 3.2. The re-homogenization stress was recognized as the critical value 

between two regions of the measured shear rate-shear stress curve, where below 

the value, the corresponding shear rate increased very slowly with the increasing 

shear stress applied, indicating the slurries to be solid-like, while above the value, 

the shear rate soared with the shear stress, indicating that the slurries became to be 

liquid-like and flowed.  

(a) (b) 

300 µm 300 µm 
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Re-honogemization stress of hydrate-in-oil A slurries with AA measured at 5 °𝐶𝐶 with 

different watercuts from 0.05 to 0.3 are compared with previous measurements for 

the system without AA, and the yield stress of ketchup at 20 °𝐶𝐶 from the work of 

Benmouffok-Benbelkacem et al. [147] in Figure 5.16. For hydrate slurries, the re-

homogenization stress shows an increasing trend with increasing watercut for both 

systems but for the same watercut, the value is much lower for the system with AA, 

which indicates that, with AA added, less energy is need to restart the pipeline if 

there is a previous shut-in.  

 

Figure 5.16 Re-homogenization stress of hydrate slurries formed from saturated 
water-in-oil A emulsions without AA (grey) and with 2 wt.% AA-2 (blue) of 0.05, 0.10, 
0.20 and 0.30 watercut, after an eight-hour annealing period at 5 °𝐶𝐶, with error bar 
showing the range of measured signal values; the yield stress of ketchup at 20 °𝐶𝐶 

(red) [147] is shown for comparative purposes.  

 

5.4 Summary 

In order to check the accuracy of the underlying model in current hydrate slurry 

model, the rheological properties of hydrate slurries formed from water-in-oil 
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emulsions with different concentration of two different kinds of industrial AA, 0.05 wt.% 

AA-1, 0.2 wt.% AA-1, 1 wt.% AA-2 and 2 wt.% AA-2, were tested with a controlled-

stress rheometer in crude oil A system. During hydrate formation region under a 

constant shear rate, the pressure, temperature and apparent viscosity profiles of the 

systems were recorded under isochoric conditions. The methane hydrate growth was 

quantified through the methane pressure drop and the effect of AA on preventing 

hydrate particle cohesion was detected by the viscosity decease compared with the 

basic case without AA. According to the results, 0.05 wt.% AA-1 and 1 wt.% AA-2 

had no effect on hydrate growth speed and prohibiting the cohesion between hydrate 

particles; 0.2 wt.% AA-1 can slow down the hydrate growth but cannot effectively 

prohibit hydrate particle cohesion at the early stage of hydrate growth, when there 

was only a limited amount of water converted into hydrates; 2 wt.% AA-2 was the 

best to not only decrease the hydrate growth rate but also achieve effective cohesion 

prohibition in all the suspensions of different watercut. Compared with the system 

without AA, the suspension with 2 wt.% AA-2 showed much slower hydrate growth 

rate and much lower viscosity at each hydrate volume fraction.  

The flow curves for steady-state hydrate-in-oil slurries were measured at 1 and 5 °𝐶𝐶 

after hydrate growth reached steady-state; the data illustrate that the addition of 2 wt.% 

AA-2 significantly reduced the magnitude of the hydrate-in-oil slurry flow curve and 

hydrate-in-oil slurries were still shear thinning. The infinite shear viscosity of the 

hydrate slurries with 2 wt.% AA-2 was compared with several widely used 

suspension model and the results demonstrate that these models are not suited 

enough to describe the rheological properties of the hydrate suspensions, which may 

be due to the fact that hydrate particles are not perfect spheres.  
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After an eight-hour annealing period, the re-homogenization stress of hydrate-in-oil 

slurries with 2 wt.% AA-2 was measured. Compared with the slurries of the same 

watercut without AA, the re-homogenization stress value was greatly decreased 

which indicated addition of AA-2 helps on pipeline restart.   
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Chapter 6 DEVELOPMENT OF A NEW 

RHEOLOGICAL MODEL FOR HYDRATE-IN-OIL 

SLURRIES  

6.1 Introduction 

In order to assess the hydrate plug formation severity in subsea oil and gas pipelines, 

the development of an accurate hydrate slurry viscosity predictive model is 

necessary. The first effort in the literature for building a model based on fundamental 

principles was made by Camargo and Palermo [24], who detected the rheological 

properties of hydrate suspensions in an asphaltic crude oil with both a flowloop and a 

rheometer, and put forward a predictive model for the suspension viscosity. However, 

our previous experimental work [133] on the measurement of the rheological 

properties of methane hydrate-in-crude oil slurries showed large deviation on the 

model, which indicated that intensive improvement of the original model is needed. 

Then further tests with hydrate anti-agglomerants (AA) were conducted to check the 

applicability of the first theory assumption of the model that hydrate particles are 

hard spheres. The results demonstrated that this assumption was over simplified and 

the shape of hydrate particles should be taken into consideration. This suspicion was 

also confirmed by the visual observation from micromechanical force (MMF) 

apparatus. 

Therefore, in this chapter, the extra energy dissipation due to the shape effect of the 

hydrate particles was quantified by introducing a model with the parameter of shaper 

factor and the specific value of the shape factor was determined by the experimental 

data. Based on the new underlying model for concentrated suspensions, a new 
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rheological model for hydrate slurries was established and the accuracy was 

validated by previous experimental data without AA. The results show that the 

accuracy of the new model is much better than the current one. 

6.2 Current Rheology Model for Hydrate-in-Oil Slurries  

The current rheology model of hydrate suspension was developed by Camargo and 

Palermo [24] in 2002 and further explained by Sinquin et al. [9] in 2004. As hydrates 

are expected to form at the water-oil interface, the water droplets will be surrounded 

by a solid hydrate shell. Therefore, the basic assumption of the phenomenological 

model is that hydrate particles are spheres with an identical diameter as water 

droplets.  

Specifically, this model is composed of three main parts. The first one is a basic 

rheological model for concentrated suspensions of equal size hard spheres when 

accounted only for hydrodynamic interactions. The schematic diagram of the 

suspension is shown with Figure 6.1. This model was put forward by Mills [87] and 

the expression was introduced in section 2.2.1 as equation 2-14. In the specific case 

of hydrate-in-oil suspension, the suspension viscosity in the expression is the 

apparent viscosity of the hydrate-in-oil slurries and the continuous phase viscosity is 

the live oil viscosity.  
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Figure 6.1 Schematic diagram of isolated equal size hard spheres 

 

The second part of the model is the adaptation of the rheological model for 

aggregated concentrated suspension with the assumption that the hydrate 

aggregates are fractal [94, 99], with the schematic diagram shown in Figure 6.2. The 

effect of hydrate particle aggregation is an increase of the dispersed phase volume 

compared with the total volume of the primary particles as fluid can be trapped inside. 

This effect is considered by the effective volume fraction of the aggregates, with the 

equations (equation 2-17 and 2-18) shown in section 2.2.2. When combining the 

effective volume fraction with Mills model (equation 2-14), the suspension viscosity 

can be expressed with equation 2-19. 

 

Figure 6.2 Schematic diagram of isolated fractal clusters of aggregated particles, 
where dashed line represents the smallest enclosing sphere with the diameter of 𝑑𝑑𝐴𝐴, 

the primary particle diameter of 𝑑𝑑𝑝𝑝, adapted from Genovese [78]. 
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The last part of the model is the determination of the maximum aggregate size, 

which is proposed to be dependent on the balance between the shear stress and the 

force of adhesion between particles [97, 148]. This process is based on a destruction 

mechanism of micro flocs erosion in laminar flow [97], and the maximum size of the 

aggregates is given by equation 6-1: 

 𝑑𝑑𝐴𝐴,𝑚𝑚𝑚𝑚𝑚𝑚 ≈ [
𝐹𝐹𝑚𝑚(𝑑𝑑𝑝𝑝)2−𝑓𝑓

𝜇𝜇�̇�𝛾 ]
1

4−𝑓𝑓 6-1 

 

where 𝑑𝑑𝐴𝐴,𝑚𝑚𝑚𝑚𝑚𝑚  is the maximum aggregates size, 𝐹𝐹𝑚𝑚  is the adhesion force between 

hydrate particles, 𝑑𝑑𝑝𝑝  is the primary hydrate particle diameter, 𝑓𝑓  is the fractal 

dimension, 𝜇𝜇𝑜𝑜 is the hydrate suspension viscosity and �̇�𝛾 is the shear rate.  

At the equilibrium state, the aggregate size 𝑑𝑑𝐴𝐴 is assumed to be equal to 𝑑𝑑𝐴𝐴,𝑚𝑚𝑚𝑚𝑚𝑚, and 

𝑑𝑑𝐴𝐴 𝑑𝑑𝑝𝑝⁄  can be determined by solving equation 4-2, which is got by combining 

equation 2-18, equation 2-19 and equation 6-1. If the solution of equation 4-2 

𝑑𝑑𝐴𝐴 𝑑𝑑𝑝𝑝⁄  ≥ 1 , it means that the force balance returns a positive aggregation state and 

the effective hydrate volume fraction will be larger than the actual total volume 

fraction of the particles. Then the effective volume fraction can be calculated from 

equation 2-18 and the relative viscosity of the hydrate suspension can be further got 

through equation 2-19. If  𝑑𝑑𝐴𝐴 𝑑𝑑𝑝𝑝⁄  < 1 , it means no aggregates survived from the 

shear stress applied and the effective volume fraction is the same as the total 

volume of the primary particles. In this case, 𝑑𝑑𝐴𝐴 is fixed to be equal to 𝑑𝑑𝑝𝑝 and the 

relative viscosity can be calculated directly by equation 2-19 with 𝜙𝜙𝑒𝑒𝑓𝑓𝑓𝑓 =  𝛷𝛷. 
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6.3 Model for Arbitrarily-Shaped Particle Suspensions  

According to the discussion in section 5.3.3, hydrate particles are not hard spheres 

and this shape effect results in an increase in the hydrate suspension viscosity, 

which means that the basic assumption of Camargo and Palermo model [24] is over 

simplified. In order to quantify the shape effect on suspension viscosity increase, a 

model for concentrated suspensions of arbitrarily-shaped particles established by 

Santamaría-Holek and Mendoza [144] was adopted to take place of Mills [87] model. 

This model is based on differential effective medium theories (DEMT) and the 

expression of the suspension relative viscosity is shown in equation 6-2 below: 

 𝜇𝜇𝑟𝑟 = [1−
𝛷𝛷

1− 𝛷𝛷 ∗ 𝛷𝛷]−[𝜇𝜇] 6-2 

 

where 𝜇𝜇𝑟𝑟  is the relative viscosity of the suspensions, with the suspension viscosity 

divided by the continuous phases viscosity, 𝛷𝛷 is the volume fraction of the particles, 

[𝜇𝜇] is the intrinsic viscosity which is determined by the particle shape and can be 

regarded as a shape factor, and the constant 𝛷𝛷 is the crowding factor that is defined 

as equation 6-3 below: 

 𝛷𝛷 =
1−𝛷𝛷𝑐𝑐
𝛷𝛷𝑐𝑐

 6-3 

 

where 𝛷𝛷𝑐𝑐 is the filling fraction at which the suspension loses its fluidity, less than or 

equal to the maximum packing fraction 𝛷𝛷𝑚𝑚𝑚𝑚𝑚𝑚.  

In order to determine the value of the intrinsic viscosity and the crowding factor for 

rough hydrate suspension, the model was fitted with the infinite shear viscosity data 
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from hydrate-in-Oil A and hydrate-in-Oil B suspensions with 2wt% AA-2 as the state 

of hydrate particles in the suspension when these data collected can be regarded as 

isolated without aggregation. By fitting the infinite shear viscosity data from both oil 

systems with this model, [𝜇𝜇] was determined as 5 while 𝛷𝛷𝑐𝑐 was fitted as 0.52, and 

the comparison of the data with the predicted values given by the model in this case 

is shown in Figure 6.3.  

 

Figure 6.3 Infinite relative shear viscosity of hydrate slurries formed from water-in-oil 
A and B with 2wt% AA-2 of different hydrate volume fraction at 1 °𝐶𝐶 data fitting with 

the arbitrarily-shaped particle suspension model [144] with [𝜇𝜇]=5 and 𝛷𝛷𝑐𝑐=0.52. 

 

6.4 A New Hydrate-in-Oil Slurry Viscosity Model 

A new viscosity model for hydrate-in-oil slurries was developed by replacing the Mills 

model with the fixed suspension model of arbitrarily-shaped particle and then 

following the other two assumptions made by Camargo and Palermo [24] that 

hydrate aggregate structure is fractal and the maximum size is reached when the 
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shear stress applied by the flow is equal to the cohesive force between hydrate 

particles.  Combining equation 2-18, equation 6-1, equation 6-2 and equation 6-3, 

the aggregate size (𝑑𝑑𝐴𝐴) or 𝑑𝑑𝐴𝐴 𝑑𝑑𝑝𝑝⁄  in the new model can be determined by solving 

equation 6-4 below: 

 (
𝑑𝑑𝐴𝐴
𝑑𝑑𝑝𝑝

)(4−𝑓𝑓) −

𝐹𝐹𝑚𝑚[1 −
𝛷𝛷(𝑑𝑑𝐴𝐴𝑑𝑑𝑝𝑝

)(3−𝑓𝑓)

1− 𝛷𝛷(1 −𝛷𝛷𝑐𝑐
𝛷𝛷𝑐𝑐

)(𝑑𝑑𝐴𝐴𝑑𝑑𝑝𝑝
)(3−𝑓𝑓)

][𝜇𝜇]

𝑑𝑑𝑝𝑝
2𝜇𝜇𝑜𝑜�̇�𝛾

= 0 

 

6-4 

 

If the solution of equation 6-4, 𝑑𝑑𝐴𝐴 𝑑𝑑𝑝𝑝⁄  ≥ 1 , it also means that the force balance 

returns a positive aggregation state that hydrate aggregates composed of primary 

hydrate particles suspended stably. The effective volume fraction can still be 

calculated from equation 2-18 as the aggregates are still assumed as fractal, but the 

relative viscosity of the hydrate suspensions shall be got through equation 6-5 below: 

 𝜂𝜂𝑟𝑟 = [1 −
𝛷𝛷𝑒𝑒𝑓𝑓𝑓𝑓

1− (1− 𝛷𝛷𝑐𝑐
𝛷𝛷𝑐𝑐

) ∗ 𝛷𝛷𝑒𝑒𝑓𝑓𝑓𝑓

]−[𝜇𝜇] 6-5 

 

If  𝑑𝑑𝐴𝐴 𝑑𝑑𝑝𝑝⁄  < 1 , it means that the suspension is only composed of isolated primary 

hydrate particles without aggregation and the effective volume fraction is the same 

as the total volume of the primary particles. Thus, 𝑑𝑑𝐴𝐴 is fixed to be equal to 𝑑𝑑𝑝𝑝 and 

the relative viscosity can be calculated directly by equation 6-5 with 𝜙𝜙𝑒𝑒𝑓𝑓𝑓𝑓 =  𝛷𝛷. 

The model predictions were compared with the flow curves of the hydrate-in-oil 

slurries formed from two water-in-oil emulsions without AA. For each test, the particle 
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diameter 𝑑𝑑𝑝𝑝 was measured by the low-field NMR and the hydrate volume fraction 

was determined by the pressure drop of the high pressure cell caused by methane 

consumption during hydrate formation process according to the method described in 

section 3.2. The data details are shown in Table 4.5 for oil A and Table 4.6 for oil B.  

The intrinsic viscosity [𝜇𝜇]  and the filling fraction Φ𝑐𝑐  are taken as 5 and 0.52 

respectively as determined by the infinite shear viscosity data of hydrate slurries with 

AA above (Figure 6.3). The fractal dimension ranging from 2.47 to 2.97 were 

detected when comparing the model with the experimental data and the one showed 

the lowest average deviation within the shear rate range were shown in Figure 6.4 

with solid lines. In order to compare the predictive accuracy with the original 

Camargo and Palermo model [24], calculation with the same methods were also 

conducted and shown in Figure 6.4 with dash lines. The deviation between the 

experimental data and predictions from each model are shown in Table 6.1 for oil A 

and Table 6.2 for oil B. It is obvious that the accuracy of the new model in this work 

is much better than the original one when it comes to each hydrate volume fraction 

of the hydrate in these two crude oil slurries. 



127 
 

  

  

Figure 6.4 Comparison between experimental (open data points) hydrate slurry flow 
curves without AA and model predictions (lines) at different hydrate volume fractions 

at 1 °𝐶𝐶 for oil A (panel a) and oil B (panel b), where the solid lines correspond to 
predictions from the new model with the fractal dimension value that shows lowest 

average deviation and the dash lines correspond to predictions from original 
Camargo and Palermo model [24] with the fractal dimension value that shows lowest 

average deviation. 
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Table 6.1 Deviation between experiment and model for flow curves of hydrate slurry 
formed from water-in-oil A at 1 °𝐶𝐶 with different hydrate volume fraction. 

Hydrate 

volume 

fraction 𝜱𝜱 

Original Camargo and 

Palermo model 

New Model in this Work 

𝑓𝑓 (best fit) Average Deviation 

Between Model 

and Experiment 

(%) 

𝑓𝑓 (best fit) Average Deviation 

Between Model 

and Experiment 

0.039 2.24 17.48 2.47 8.42 

0.081 2.38 8.29 2.59 7.8 

0.164 2.63 20.64 `2.78 4.8 

0.220 2.71 20.63 2.85 3.17 

 

Table 6.2 Deviation between experiment and model for flow curves of hydrate slurry 
formed from water-in-oil B at 1 °𝐶𝐶 with different hydrate volume fraction. 

Hydrate 

volume 

fraction 𝜱𝜱 

Original Camargo and 

Palermo model 

New Model in this Work 

𝑓𝑓 (best fit) Average Deviation 

Between Model 

and Experiment 

(%) 

𝑓𝑓 (best fit) Average Deviation 

Between Model 

and Experiment 

0.055 2.70 10.2 2.86 10.73 

0.104 2.73 16.84 2.87 5.14 

0.151 2.75 24.54 2.89 8.55 

0.258 2.83 34.7 2.97 6.08 
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0.291 2.84 36.65 2.98 2.28 

 

6.5 Summary 

The original rheology model for hydrate-in-oil slurries was explained in detail, which 

is composed of three main parts: (i) a basic rheological model for concentrated 

suspensions of equal size hard spheres when accounted only for hydrodynamic 

interactions; (ii) adaptation of rheological model for aggregated concentrated 

suspension with the assumption that the hydrate aggregates are fractal; and (iii) the 

maximum aggregate size determination which depends on the balance between the 

shear stress and the force of adhesion between particles. As the hydrate particles 

are not hard spheres according to previous research, the first part is over simplified 

for hydrate slurries.  

A suspension model for arbitrarily-shaped particles was introduced and the 

parameters of intrinsic viscosity and crowding factor were determined through the 

experimental data of hydrate slurries with anti-agglomerant (AA). With this fixed 

suspension model and couple with the other two parts of the original model, a new 

hydrate slurry model was developed. This new model was compared with the 

experimental data of hydrate slurries without AA. The results showed much higher 

predictive accuracy than the original one for each hydrate volume fraction of the 

hydrate slurry formed from two kinds of oil with different viscosity.  
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Chapter 7 FLOW PROPERTIES OF 

CYCLOPENTANE HYDRATE SLURRY  

7.1 Introduction 

The rheological properties of methane hydrate-in-crude oil slurries with and without 

anti-agglomerates were studied with a high-pressure rheometer with a vane blade in 

previous chapters. Based on the rheometer data, the current model for hydrate-in-oil 

slurries were improved by considering the shape effect of the hydrate particles and 

the accuracy of the new model was tested to be much better than the current one.  

The flowloop is also common equipment used for hydrate slurry rheology research in 

previous publications. Compared to rheometer, flowloops have the advantage of 

better approximating the behavior of industrial pipelines. Therefore, if some hydrate 

slurry tests which are similar to those have run in the rheometer can be conducted 

with a flowloop, then the universality of the improved model can be further verified. 

This chapter starts the first step approaching this research objective.  

Cyclopentane hydrate was formed in a temperature-controlled flowloop and 

circulated to get the flow property of the hydrate slurry tested. For comparison, dry 

liquid hydrocarbon which is the continuous phase of the hydrate slurry and DI water, 

were also tested. The results show that all the flow in the three systems detected 

was under turbulent region and the friction factor of all the systems was constant. 

Also, the friction factor of the dry liquid hydrocarbon flow was higher than the DI 

water flow which is consistent with the viscosity difference of these two systems. 

Once hydrates formed, even though the hydrate volume fraction was as low as 0.3%, 

compared to the dry liquid hydrocarbon base case, there was an obvious increase of 
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the friction factor observed which indicates that hydrate formation and aggregation 

play a negative role on the flow ability of the system. 

7.2 Experimental Procedure and Materials 

Experiments were conducted in a multiphase flowloop as shown in Figure 3.12. This 

flowloop was made with PVC pipe with the inner diameter of 23.5 𝑚𝑚𝑚𝑚, the wall 

thickness of 1.5 𝑚𝑚𝑚𝑚 and the pressure rating of 1 𝑀𝑀𝑃𝑃𝑃𝑃. It was also designed to work 

under controlled thermodynamics conditions, with the temperature ranging from -10 

to 30 °𝐶𝐶  at atmosphere pressure. A progressive cavity pump, with the flow rate 

ranging from 0.12 to 0.6 𝑚𝑚3/ℎ, allowed the circulation of the fluid. There were four 

pressure transducers along the flowloop for pressure profile recording and a 

differential pressure transmitter for more accurate pressure drop measurements of 

the horizontal MRI test section. A LabVIEW program was used for data recording. 

During each test, by maintaining the temperature at a steady state and changing the 

flow rate of the fluid, the pressure drop over the flowloop can be recorded and the 

flow character can be analysed. More details of the flowloop were introduced in 

section 3.3 with a progress flow diagram shown in Figure 3.12. 

7.2.1 Water Test 

Tests with pure DI water were conducted at room temperature as a reference before 

performing experiments on hydrate suspensions. 24 litres of DI water were added 

into the reactor after flowloop checking and LabVIEW program setup. Flow was 

circulated in the flowloop until the temperature profiles were stable. Then the flowrate 

was changed by varying the motor frequency of the pump from 20 to 70 𝐻𝐻𝐻𝐻 and the 

pressure profiles at steady state were recorded. The specific procedures taken for 
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one test are shown as below. Please note the sequence of procedure #6 to #10 

might change from test to test. 

1. 24 litres DI water was charged into the reactor using a funnel with flexible 

hose.  

2. Set the first chiller as 20 °𝐶𝐶 and start the mixer in the reactor.  

3. Start the pump with 40 𝐻𝐻𝐻𝐻 to circulate the water flow and check leakage.  

4. Rent the lines from different valves to get rid of air in the flowloop. 

5. When temperature, pressure and flowrate profiles all reached steady state, 

continue recording for at least 20 minutes.  

6. Reduce the frequency of the pump motor to 30 𝐻𝐻𝐻𝐻 and continue recording 

for at least 20 minutes after reaching steady state. 

7. Reduce the frequency of the pump motor to 20 𝐻𝐻𝐻𝐻 and continue recording 

for at least 20 minutes after reaching steady state 

8. Increase the frequency of the pump motor to 50 𝐻𝐻𝐻𝐻 and continue recording 

for at least 20 minutes after reaching steady state. 

9. Increase the frequency of the pump motor to 60 𝐻𝐻𝐻𝐻 and continue recording 

for at least 20 minutes after reaching steady state. 

10. Increase the frequency of the pump motor to 70 𝐻𝐻𝐻𝐻 and continue recording 

for at least 20 minutes after reaching steady state. 

11. Discharge the water from the flowloop and purge the flowloop with dry 

nitrogen. 

7.2.2 Liquid Hydrocarbon Test 

As part of the flowloop need to be put into the Magnetic Resonance Imaging (MRI) 

equipment, as introduced in section 3.3, PVC pipe with rating pressure of 1 𝑀𝑀𝑃𝑃𝑃𝑃 
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instead of steel had to be used to build this flowloop. Due to the pressure limitation, 

cyclopentane, which can form stable structure II cyclopentane hydrate below 7.7 °𝐶𝐶 

at atmosphere pressure [1], is a good option for this research.  

For the initial tests of the flowloop, a simpler system was preferred and so 

cyclopentane was also used as the continuous phase. However, as the density of 

cyclopentane is 760 𝑘𝑘𝑝𝑝 ∙ 𝑚𝑚−3 (at 5 °𝐶𝐶) [156] while the density of structure II hydrate 

is 960 𝑘𝑘𝑝𝑝 ∙ 𝑚𝑚−3 (at 0 °𝐶𝐶) [157], if only pure cyclopentane was used as the continuous 

phase, cyclopentane hydrate would deposit at the bottom of the pipe once formed. In 

order to make hydrates suspended in the continuous phases homogenously after 

formation, halocarbon 27, the density of which is 1900 𝑘𝑘𝑝𝑝 ∙ 𝑚𝑚−3 (at 37.8 °𝐶𝐶), was also 

used to match the density of the continuous phase with that of cyclopentane hydrate. 

Therefore, a liquid hydrocarbon mixture of cyclopentane and halocarbon, with the 

density of 960 𝑘𝑘𝑝𝑝 ∙ 𝑚𝑚−3, was used for the continuous phase of hydrate suspension 

tests in the flowloop. The details of the experimental materials are shown in Table 

7.1.  

 

Table 7.1 Experimental materials used in flowloop tests 

 Density (𝒌𝒌𝒌𝒌 ∙ 𝒎𝒎−𝟑𝟑) 
Dynamic viscosity 

(𝒎𝒎𝒎𝒎𝒎𝒎. 𝒔𝒔) 

Cyclopentane (5 °𝑪𝑪) 760 0.523 

Halocarbon 27 (37.8 °𝑪𝑪) 1900 51 

 

Prior to cyclopentane hydrate suspension tests, the flow properties of dry liquid 

hydrocarbon mixture at temperature around 5 °C were detected as a baseline. The 
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measurement procedures used for flow characterization were similar to those of 

water tests. 24 litres of dry liquid hydrocarbon were added into the reactor and flow 

was then circulated in the flowloop until the temperature profiles were stable. The 

flowrate was changed by varying the motor frequency of the pump from 20 to 70 𝐻𝐻𝐻𝐻 

and the pressure profiles at steady state were recorded. However, as the boiling 

point of cyclopentane is quite low (49.2 °𝐶𝐶  at atmosphere pressure) and 

cyclopentane is flammable, a semi-portable cyclopentane gas detector (which was 

described in detail in section 3.3) was used during the whole experiment process 

and some operations different from the DI water test were taken for safety concern. 

The details of the specific procedures are shown as below.  Please note the 

sequence of procedure #6 to #10 might change from test to test. 

1. Ensure all the ignition and heat sources are off and the lab ventilation was on, 

and then set up the semi-portable cyclopentane gas detector near the reactor 

on the floor.  

2. Ensure the glass reactor drain valve (Valve 1 in Figure 3.6) at the bottom of 

the reactor was closed, and then charge a certain amount of the dry liquid 

hydrocarbon prepared into the reactor using a funnel with flexible hose. In 

order to minimise the release of cyclopentane vapours in to the laboratory 

atmosphere, the openings on the reactor were all sealed with nitrile rubber 

sponge after charging. After that, put the reactor insulation jacket on it. 

3. The liquid hydrocarbon was cooled to 5 °𝐶𝐶 in the reactor while mixing, with no 

circulation of the fluids in the flowloop. Once temperature reached 5 °𝐶𝐶, open 

the glass reactor drain valve (Valve 1 in Figure 3.6) and start the pump with 

50 𝐻𝐻𝐻𝐻 to circulate the flow and check leakage.   

4. Rent the lines from different valves to get rid of air in the flowloop. 
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5. When temperature, pressure and flowrate profiles all reached steady state, 

continue recording for at least 20 minutes.  

6. Reduce the frequency of the pump motor to 30 𝐻𝐻𝐻𝐻 and continue recording for 

at least 20 minutes after reaching steady state. 

7. Reduce the frequency of the pump motor to 20 𝐻𝐻𝐻𝐻 and continue recording for 

at least 20 minutes after reaching steady state. 

8. Increase the frequency of the pump motor to 50 𝐻𝐻𝐻𝐻 and continue recording for 

at least 20 minutes after reaching steady state. 

9. Increase the frequency of the pump motor to 60 𝐻𝐻𝐻𝐻 and continue recording for 

at least 20 minutes after reaching steady state. 

10. Increase the frequency of the pump motor to 70 𝐻𝐻𝐻𝐻 and continue recording for 

at least 20 minutes after reaching steady state. 

11. The flowloop was washed with water and then purged with dry nitrogen. 

7.2.3 Cyclopentane Hydrate in Liquid Hydrocarbon 

For cyclopentane hydrate tests, except for the hydrocarbon mixture mentioned in last 

section (section 7.2.2), ice was also used to form hydrates. The choice of ice instead 

of DI water was for the sake of accelerating hydrate formation. During the test, the 

temperature of the flowloop was kept between 1 and 7 °𝐶𝐶 , which is within 

cyclopentane hydrate formation region but out of ice region. In this case, when ice 

was added into the continuous phase, it would start melting instantly and then form 

cyclopentane hydrates in a great probability as it was surrounded mostly by 

cyclopentane. Once hydrate formed, which can be observed from the pressure 

profile and also confirmed from the glass reactor by visual observation, the slurry 

was circulated in the flowloop, with the pressure drop recorded at different flowrate. 
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After the preparation of liquid hydrocarbon, the following procedures were conducted 

for each test to form cyclopentane hydrate slurry and circulate it in the flowloop to 

measure the pressure drop and flowrate at steady state conditions: 

1. Ensure all the ignition and heat sources are off and the lab ventilation was on, 

and then set up the semi-portable cyclopentane gas detector near the reactor 

on the floor.  

2. Ensure the glass reactor drain valve (Valve 1 in Figure 3.6) at the bottom of 

the reactor was closed, and then charge a certain amount of the liquid 

hydrocarbon prepared into the reactor using a funnel with flexible hose. In 

order to minimise the release of cyclopentane vapours in to the laboratory 

atmosphere, the openings on the reactor were all sealed with nitrile rubber 

sponge after charging. After that, put the reactor insulation jacket on it. 

3. The liquid hydrocarbon was cooled to 1 °𝐶𝐶 in the reactor while mixing, with no 

circulation of the fluids in the flowloop.  

4. Once temperature reached 1 °𝐶𝐶, the valve before the reactor for discharging 

was open and the pump was then started to get rid of the water left in the 

flowloop by last test. Once there was liquid hydrocarbon observed to come 

out, the valve was closed and liquid hydrocarbon was circulated in the 

flowloop. The other two chillers installed in the flowloop were also started to 

cool the whole system down.  

5. When the temperature of the whole system was lower than 7 °𝐶𝐶, and the 

temperature profile was the stable, crushed ice was added into the reactor 

gradually, 50 𝑝𝑝 per batch to reach the desired watercut.  

6. The recording of the temperature and pressure were continued for several 

hours. If there is no pressure increase which indicated hydrate formation, the 
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temperature was then decreased to -2 °𝐶𝐶 to accelerate ice formation and then 

increased back to above 0 °𝐶𝐶 to achieve ice melting and hydrate formation. 

This step was repeated several times until there is formation of hydrates. 

7. Once hydrates formed and circulated in the flowloop, the frequency of the 

pump motor were varied from 20 to 70 𝐻𝐻𝐻𝐻 and stayed at least 20 minutes at 

each frequency to get the steady state pressure drop and flowrate in the 

flowloop.  

8. After the test, the chillers were switched off and the heater were started to 

increase the temperature of the whole flowloop to above 8 °𝐶𝐶 and the liquid 

hydrocarbon were discharged. 

9. The flowloop was washed with water and purged with dry nitrogen. 

7.3 Flow Characterization 

7.3.1 Flow Regime 

Flow in pipelines can be divided into the flow regime of laminar or turbulent flow 

according to different flow states. For different flow regime, the velocity distribution, 

the energy dissipation and the corresponding pressure drop calculation are all 

different.  

Reynolds developed an experimental setup in 1883, and gave a visual 

demonstration of the transition between laminar and turbulent flow in a pipe [158, 

159]. The schematic of the experiment is shown in Figure 7.1. During the test, water 

came continuously from the inlet to water tank A, and went out from the outlet after 

filling A, which guaranteed the flow in pipe D was steady. Red liquid, the density of 

which was similar to water but not water soluble was stored in container B. First, 

valve K was opened gently to enable water to flow at a very low speed through the 
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glass tube D, and then valve C was opened to let the red liquid flow into the glass 

tube. When the flow was stable, a clear red straight stream was observed, without 

the surrounding water mixed, as shown in Figure 7.1 (b), indicating the fluid flows in 

parallel layers, with no disruption between the layer nor eddies of fluids [160]. This 

well ordered flow was regarded as laminar flow. When valve K was opened to a 

further extent, the velocity of the fluid increased and the red linear flow in the tube 

began to fluctuate and corrugate, as shown in Figure 7.1 (c), which indicated the 

laminar flow was being interrupted and lateral mixing was appearing. When the fluid 

velocity was increased continuously, the fluctuation of the interface became much 

more obvious, and eddies occurred finally, as shown in Figure 7.1(d). This less 

ordered flow with eddies and lateral mixing was defined as turbulent flow or 

turbulence [161] and the state between laminar and turbulent flow was regarded as 

the transition region.  

 

Figure 7.1 Schematic of Reynolds experiment conducted in 1883 [159], adapted 
from Li [162]. 

 

The transition between the flow patterns is affected by many factors. Except fluid 

velocity, fluid density, viscosity and the dimension of the pipe also make a difference. 

In order to predict the flow regime in different flow situations, Reynolds number [158, 
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159, 163, 164], a dimensionless quantity, was put forward in fluid mechanics 

(equation 7-1): 

 𝑅𝑅𝑒𝑒 =
𝜌𝜌𝑑𝑑𝑚𝑚
𝜇𝜇 =

𝑑𝑑𝑚𝑚
𝜈𝜈  7-1 

 

where 𝜌𝜌 is the density of the fluid, 𝑘𝑘𝑝𝑝 𝑚𝑚3⁄ ; 𝑑𝑑 is the characteristic velocity of the fluid, 

𝑚𝑚 𝑠𝑠⁄ ; 𝑚𝑚 is the characteristic linear dimension, 𝑚𝑚; 𝜇𝜇 is the dynamic viscosity of the fluid, 

𝑃𝑃𝑃𝑃 ∙ 𝑠𝑠; and 𝜈𝜈 is the kinematic viscosity of the fluid, 𝑚𝑚2 𝑠𝑠⁄ . 

As the characteristic linear dimension is included in the definition, the Reynolds 

number is dependent on the geometry of the flow container. When it comes to the 

flow in pipe or tube, where the characteristic linear dimension is regarded as the 

hydraulic diameter of the pipe, the Reynolds number is generally defined as equation 

7-2: 

 𝑅𝑅𝑒𝑒 =
𝜌𝜌𝑉𝑉𝐴𝐴
𝜇𝜇 =

𝑉𝑉𝐴𝐴
𝜈𝜈  7-2 

 

where 𝑉𝑉 is the mean velocity of the fluid, 𝑚𝑚 𝑠𝑠⁄ ; 𝐴𝐴 is the hydraulic diameter of the pipe, 

𝑚𝑚, which is the inner diameter for circular pipe.  

Basically, Reynolds number is defined as the ratio of the inertial force to viscous 

force within the fluid, quantifying the relative importance of these two types of forces 

in a given situation. At low Reynolds number, where viscous force dominates, 

laminar flow occurs, which is shown as well-ordered and smooth flow state. On the 

other hand, at high Reynolds number, where inertial force is dominating, turbulent 

flow appears, with chaotic eddies or vortices. Thus, there is a critical value or range 
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of Reynolds number where these two types of flow transit with each other, which is 

usually called transition Reynolds number or critical Reynolds number [158, 165]. 

The transition Reynolds number is also dependent on the geometry and for flow in a 

circular pipe, it is generally believed that laminar flow occurs when Reynolds number 

is lower than 2300 [158, 166].  

7.3.2 Pressure Drop Calculation 

In laminar flow, the pressure drop is caused by the internal friction of the fluid, so the 

pressure drop is related to the rheological properties of the fluid. The apparent 

viscosity of the fluid inside can be determined from the pressure drop over the flow. 

The force balance of the steady laminar flow in a pipe can be shown in Figure 7.2. 

 

Figure 7.2 Force balance of the steady laminar flow in a pipe 

 

The force balance can be expressed with the following equation 7-3: 

 𝜏𝜏𝑤𝑤 ∙ 2𝜋𝜋𝑅𝑅𝑃𝑃 = (𝑃𝑃1 − 𝑃𝑃2)𝜋𝜋𝑅𝑅2 7-3 

 

where 𝜏𝜏𝑤𝑤 is the shear stress on the wall, 𝑃𝑃𝑚𝑚; 𝑅𝑅 is the radius of the pipe, 𝑚𝑚; 𝑃𝑃 is the 

length of the pipe, 𝑚𝑚; 𝑃𝑃1  is the pressure at the beginning of the pipe, 𝑃𝑃𝑚𝑚; and 𝑃𝑃2 is the 

pressure at the end of the pipe, 𝑃𝑃𝑚𝑚. 

With the pressure drop over the flow (∆𝑃𝑃) defined as equation 7-4, 
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 ∆𝑃𝑃 = 𝑃𝑃1 − 𝑃𝑃2 7-4 

 

the shear stress at the wall in the system can be given as equation 7-5: 

 𝜏𝜏𝑤𝑤 =
∆𝑃𝑃𝑅𝑅
2𝑃𝑃  7-5 

 

With the assumption that the rheological properties of the fluid inside the flowloop 

follow power-law or Ostwald model [46], Metzner and Reed [167] derived the shear 

rate on the wall as equation 7-6: 

 �̇�𝛾𝑤𝑤 =
4𝑉𝑉
𝑅𝑅

3𝑚𝑚 + 1
4𝑚𝑚  7-6 

 

where 𝑚𝑚 is the flow behaviour index, defined as: 

 
1
𝑚𝑚 =

𝑑𝑑 𝑚𝑚𝑚𝑚(4𝑉𝑉
𝑅𝑅 )

𝑑𝑑 𝑚𝑚𝑚𝑚(𝑅𝑅∆𝑃𝑃2𝑃𝑃 )
 7-7 

 

When it comes to Newtonian fluid, 𝑚𝑚  equals 1, and the shear rate on the wall 

reaches: 

 �̇�𝛾𝑤𝑤 =
4𝑉𝑉
𝑅𝑅  7-8 

 

The corresponding fluid viscosity comes to: 
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 𝜇𝜇 =
∆𝑃𝑃𝑅𝑅2

8𝑃𝑃𝑉𝑉  7-9 

 

However, in turbulent flow, the pressure drop is not only caused by the internal 

friction, but also lateral mixing; the higher the Reynolds number is, the larger 

proportion of the lateral mixing takes. In this case, the force balance of the flow is 

very complicated. Two common expressions are usually used to quantify the 

pressure drop in turbulent flow by introducing the Fanning friction factor [168], as 

shown in equation 7-10, or Darcy friction factor [169], as shown in equation 7-11: 

 

∆𝑃𝑃
𝑃𝑃 = 𝑓𝑓 ∙

𝜌𝜌𝑉𝑉2

𝑅𝑅  

 

7-10 

 ∆𝑃𝑃
𝑃𝑃 = 𝑓𝑓𝐷𝐷 ∙

𝜌𝜌𝑉𝑉2

4𝑅𝑅  7-11 

 

It is obvious that there is a linear relationship between these two friction factors [170], 

that the Darcy friction factor is four time of the Fanning friction factor, as shown in 

equation 7-12, so only Darcy friction factor will be used in the further contents of this 

work. 

 𝑓𝑓𝐷𝐷 = 4𝑓𝑓 7-12 

 

Even though fiction factor was put forward to quantify the pressure drop in turbulent 

flow, it is also applicable to laminar flow; and in laminar flow, the Darcy friction factor 

is only dependent on the Reynolds number. For Newtonian fluid, the relation was 

given by Hagen-Poiseuille equation [171] as: 
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 𝑓𝑓𝐷𝐷 =
64
𝑅𝑅𝑒𝑒

 7-13 

 

With the definition of Reynolds number in a tube (equation 7-2) substituted, it is 

obvious that the pressure drop has a linear relationship with the mean velocity of the 

flow, shown as equation 7-14: 

 ∆𝑃𝑃
𝑃𝑃 =

8𝜇𝜇
𝑅𝑅2 ∙ 𝑉𝑉 7-14 

 

In turbulent flow, the friction factor is not only related to Reynolds number but also 

the relative roughness of the pipe, which is defined as: 

 𝑅𝑅 =
𝜖𝜖
𝐴𝐴 7-15 

 

where 𝜖𝜖 is the absolute roughness of the pipe, 𝑚𝑚. 

As the turbulent flow field is very difficult to analyze, the determination of friction 

factor mainly relies on experimental work. For different Reynolds number region, 

many different empirical correlations have been put forward based on the 

experimental data. Moody chart [172, 173] gives the relationship between the friction 

factor and Reynolds number as well as the relative roughness by summarizing some 

of the most accepted correlations [171, 174-176], as shown in Figure 7.3. 



144 
 

 

Figure 7.3 Moody diagram which summarizes the relationship between the friction 
factor and Reynolds number as well as the relative roughness of the pipe, originally 

developed by Moody [172] and reproduced from Flack et al. [173]. 

 

This chart is divided into five regions representing different flow characteristics: 

1. 𝑅𝑅𝑒𝑒 ≤ 2300, laminar flow region. The flow characteristic has been interpreted in 

equation 7-13 and 7-14. 

2. 2300 < 𝑅𝑅𝑒𝑒 ≤ 4000, the transition region between laminar and turbulent flow. 

As the flow state in this region is greatly affected by the initial flow conditions 

and also this Reynolds number region is very narrow, there is no fixed 

relationship put forward. 

3. 4000 < 𝑅𝑅𝑒𝑒 ≤ 26.98(𝐷𝐷
𝜖𝜖

)8/7, smooth pipe flow region. In this region, the friction 

factor is still mainly affected by Reynolds number. And when 4000 < 𝑅𝑅𝑒𝑒 ≤

10000, Blasius equation [174, 175] has been very widely used: 

 𝑓𝑓𝐷𝐷 = 0.3164 ∙ 𝑅𝑅𝑒𝑒
−14 7-16 
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If 𝑅𝑅𝑒𝑒 > 10000, Prandtl equation [177] which had been verified by Nikuradse 

[170, 178] can be applied: 

 
1
�𝑓𝑓𝐷𝐷

= 2 𝑚𝑚𝑝𝑝𝑝𝑝�𝑅𝑅𝑒𝑒�𝑓𝑓𝐷𝐷� − 0.8 7-17 

 

4. 26.98(𝐷𝐷
𝜖𝜖

)8/7 < 𝑅𝑅𝑒𝑒 ≤ 4160(𝐷𝐷
2𝜖𝜖

)0.85 , the transition region between smooth pipe 

and complete turbulent flow. The roughness of the pipe begins to play an 

important role in this region and then affects the friction factor correspondingly. 

Colebrook [176] equation is one of the correlations used most for flow 

characteristics in this region:  

 1
�𝑓𝑓𝐷𝐷

= −2𝑚𝑚𝑝𝑝𝑝𝑝 (
𝜀𝜀
𝐴𝐴

3.7 +
2.51
𝑅𝑅𝑅𝑅�𝑓𝑓𝐷𝐷

) 7-18 

 

5. 4160(𝐷𝐷
2𝜖𝜖

)0.85 < 𝑅𝑅𝑒𝑒, complete turbulence region. The flow in this region tends to 

be fully developed turbulent flow and the viscous effect of the fluid is 

negligible. The friction factor is then only related to the roughness of the pipe, 

not the Reynolds number. The equation proposed by Von Karman [179] is 

applicable for flow in this region: 

 
1
�𝑓𝑓𝐷𝐷

= 2 𝑚𝑚𝑝𝑝𝑝𝑝 �
𝐴𝐴
𝜖𝜖 �+ 1.74 7-19 
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7.4 Results and Discussion 

7.4.1 Pure Water 

The first set of the flowloop experiments were conducted with DI water, with the 

typical pressure, temperature and flowrate profiles shown in Figure 7.4. In this test, 

the fluctuation of the profiles during the first 2 hours was due to some preparation 

work, such as leakage check and air renting. 2.9 hours after the recording started, DI 

water was circulated in the flowloop with a fixed pump frequency of 40 Hz. After 

confirming the temperature profile is stable (the maximum temperature difference 

along the flowloop is within 2 °C), the recording continued for another half an hour 

and then the pump frequency was varied from 20 𝐻𝐻𝐻𝐻 to 70 𝐻𝐻𝐻𝐻 with the recording at 

each pump frequency lasting at least 20 minutes to test how the flow properties 

change with different velocities. 

 

Figure 7.4 Pressure, temperature and flowrate profiles of DI water test with time, 
where the first 2.0 hours for system check, and the last 3 hours for flow property test 

with different velocity by varying the frequency of the pump motor. 
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As the interested part of the flowloop is the horizontal section between P2 and P3 

(Figure 3.12), a differential pressure transducer P5 was installed to get a more 

precise recording of the pressure drop between P2 and P3. A clearer view of P5 and 

the flowrate profiles is show in Figure 7.5. 

 

Figure 7.5 A zoomed in view of the pressure drop along the horizontal flowloop 
section between P2 and P3 as well as flowrate profiles of the DI water test while the 

pump frequency varying from 20 to 70 𝐻𝐻𝐻𝐻. 

 

The length of the horizontal section is 3.2 𝑚𝑚 and the inner diameter of the flowloop is 

0.0235 𝑚𝑚. With these dimensions and the flowrate data, the fluid velocity at each 

frequency can easily be calculated with equation 7-20: 

 𝑄𝑄 =
1
4 𝜋𝜋𝐴𝐴

2𝑉𝑉 7-20 

 

where 𝑄𝑄 is the flowrate, 𝑚𝑚3/𝑠𝑠; 𝐴𝐴 is the inner diameter of the flowloop, 𝑚𝑚; and 𝑉𝑉 is the 

mean velocity of the flow, 𝑚𝑚/𝑠𝑠. 
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After that, based on the density and the viscosity of DI water under current 

conditions [180-182], the Reynolds number for each velocity can be calculated 

according to equation 7-2. The details of the parameters are shown in Table 7.2.  

 

Table 7.2 Pressure drop (∆𝑃𝑃), mean velocity (𝑉𝑉), and Reynolds number (𝑅𝑅𝑅𝑅) at 
different pump frequency of the DI water test in the flowloop. 

Pressure 

Drop ∆𝒎𝒎 (𝒎𝒎𝒎𝒎) 
0 68.24 87.62 120.9 158.9 213.5 274.9 

Velocity  

𝑽𝑽 (𝒎𝒎/𝒔𝒔) 
0 0.1348 0.1694 0.1837 0.2044 0.2303 0.2671 

Reynolds 

Number 𝑹𝑹𝒆𝒆 
0 3466 4358 4725 5259 5925 6872 

 

The Reynolds numbers shown above indicate that the flow regimes of the DI water 

flow at different velocities tested were under turbulent flow regime.  According to the 

discussion in section 7.3.2, in laminar regime, the pressure drop normalized by the 

pipeline length (∆𝑃𝑃 𝑃𝑃⁄ ) has a linear relationship with the mean velocity of the flow (𝑉𝑉), 

shown as equation 7-14; and in turbulent regime, the pressure drop can be 

quantified by the Darcy friction factor with equation 7-11. In this case, it has to be 

noted that, if the friction factor is a constant, then the pressure drop (∆𝑃𝑃 𝑃𝑃⁄ ) will have 

a linear relationship with the square of the mean velocity (𝑉𝑉2).  

For this DI water test, the pressure drop normalized by the pipeline length (∆𝑃𝑃 𝑃𝑃⁄ ) 

versus velocity (𝑉𝑉) and the square of velocity (𝑉𝑉2) were plotted respectively, as 

shown in Figure 7.6 below. It is obvious that the pressure drop (∆𝑃𝑃 𝑃𝑃⁄ ) has a linear 

relationship with the square of the mean velocity (𝑉𝑉2) (Figure 7.6 (b)) instead of the 



149 
 

mean velocity (𝑉𝑉) (Figure 7.6 (a)), which is consistent with the Reynolds number 

prediction that the flow in this test was not laminar but turbulent flow. Also, the Darcy 

friction factor of this flow is determined to be a constant, 0.056 (Figure 7.6 (b)).  

 

Figure 7.6 Pressure drop normalized by the pipeline length (∆𝑃𝑃 𝑃𝑃⁄ ) versus fluid mean 
velocity (𝑉𝑉) (panel a) and the square of the mean velocity (𝑉𝑉2) (panel b) of the DI 

water flow property tests at different velocities in the flowloop. 

 

7.4.2 Liquid Hydrocarbon 

Before running cyclopentane hydrate suspension tests, the flow properties of dry 

liquid hydrocarbon mixture were tested as a baseline, with the typical pressure, 

temperature and flowrate profiles of the measurement shown in Figure 7.7. Similar to 

the DI water test, the fluctuation of the profiles during the first 5 hours was due to 

some preparation work, such as leakage check and air renting. The flow property 

measurements at different velocities were mainly started around 5 hours after the 

recording started, where the hydrocarbon mixture was circulated in the flowloop and 

the recording was held for at least 20 minutes for each frequency which varied from 

20 𝐻𝐻𝐻𝐻 to 70 𝐻𝐻𝐻𝐻. 
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Figure 7.7 Pressure, temperature and flowrate profiles of dry liquid hydrocarbon 
mixture test with time, where the first 5 hours for system check, and the last 4 hours 

for flow property test with different velocity by varying the frequency of the pump 
motor. 

 

Just as mentioned before for the DI water test, the interested part of the flowloop is 

the horizontal section between P2 and P3 (Figure 3.12) and a differential pressure 

transducer P5 was installed to get a more precise recording of the pressure drop 

between P2 and P3, so a clearer view of P5 and the flowrate profiles is show in 

Figure 7.8 for the liquid hydrocarbon test.  
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Figure 7.8 A zoomed in view of the pressure drop along the horizontal flowloop 
section between P2 and P3 as well as flowrate profiles of the dry liquid hydrocarbon 

test while the pump frequency varying from 20 to 70 𝐻𝐻𝐻𝐻. 

 

The length of the horizontal section is 3.2 m and the inner diameter of the flowloop is 

0.0235 𝑚𝑚. With these dimensions and the flowrate data shown above in Figure 7.8, 

the fluid velocity at each frequency was calculated with equation 7-20. After that, 

based on the density and the viscosity of the liquid hydrocarbon mixture under 

current conditions, still according to equation 7-2, the Reynolds number for each 

velocity was calculated. The details of the parameters are shown in Table 7.3.  

 

Table 7.3 Pressure drop (∆𝑃𝑃), mean velocity (𝑉𝑉), and Reynolds number (𝑅𝑅𝑅𝑅) at 
different pump frequency of the dry liquid hydrocarbon test in the flowloop 

Pressure 

Drop ∆𝒎𝒎 (Pa) 
0 68.85 103.03 146.8 213.1 275.0 326.9 

Velocity  

𝑽𝑽 (𝒎𝒎/𝒔𝒔) 
0 0.1331 0.1679 0.1944 0.2067 0.2400 0.2802 
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Reynolds 

Number 𝑹𝑹𝒆𝒆 
0 2528 3189 3693 3926 4560 5322 

 

Identical to the DI water tests, the Reynolds numbers of the liquid hydrocarbon tests 

shown above indicate that the flow regimes at different velocities were turbulent flow.  

Also, according to previous discussion, the pressure drop normalized by the pipeline 

length (∆𝑃𝑃 𝑃𝑃⁄ ) has a linear relationship with the mean velocity of the flow (𝑉𝑉) in 

lamina regime; but in turbulent regime, the pressure drop (∆𝑃𝑃 𝑃𝑃⁄ ) has a linear 

relationship with the square of the mean velocity (𝑉𝑉2) if the friction factor is a 

constant.  

For the liquid hydrocarbon test, the pressure drop normalized by the pipeline length 

(∆𝑃𝑃 𝑃𝑃⁄ ) versus velocity (𝑉𝑉 ) and the square of velocity (𝑉𝑉2 ) were also plotted 

respectively, as shown in Figure 7.9 below. It is obvious that the pressure drop 

(∆𝑃𝑃 𝑃𝑃⁄ ) has a linear relationship with the square of the mean velocity (𝑉𝑉2) (Figure 

7.9(b)) instead of the mean velocity (𝑉𝑉) (Figure 7.9 (a)), which is consistent with the 

Reynolds number prediction that the flow in this test was not laminar but transition 

and turbulent. Also, the Darcy friction factor for this flow is determined to be a 

constant, 0.066 (Figure 7.9 (b)).  
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Figure 7.9 Pressure drop normalized by the pipeline length (∆𝑃𝑃 𝑃𝑃⁄ ) versus fluid mean 
velocity (𝑉𝑉) (panel a) and the square of the mean velocity (𝑉𝑉2) (panel b) of the dry 

liquid hydrocarbon flow property tests at different velocities in the flowloop. 

 

7.4.3 Cyclopentane Hydrate in Liquid Hydrocarbon 

For the initial cyclopentane hydrate slurry tests, it was found that cyclopentane 

hydrate was very easy to aggregate with each other and plug the system if they were 

formed with the percentage of higher than 5%. Therefore, the test shown below was 

run with hydrate volume fraction of 0.3% and the typical pressure, temperature and 

flowrate profiles of the measurement are shown in Figure 7.10 while a zoomed in 

view of the pressure drop along the horizontal flowloop section between P2 and P3 

is shown in Figure 7.11. 

In this test, cyclopentane hydrate formed around 2 hours after the recording and the 

pump was started around 2.6 hours with the frequency of 50 𝐻𝐻𝐻𝐻 . 6 hours after 

recording, deposition of the cyclopentane hydrate was detected on the wall of the 

reactor, so the temperature was increased to above 8 °𝐶𝐶  to get the deposition 

dissociated. As long as the hydrate shell disappeared from the wall of the reactor, 

the system was cooled down again to enter the cyclopentane hydrate formation 

region and hydrate was detected to form again around 9.8 hours. When the pressure 

profiles tend to be stable, the frequency of the pump was dropped to 30 𝐻𝐻𝐻𝐻 and then 

increased to 60 𝐻𝐻𝐻𝐻 for flow property tests. 
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Figure 7.10 Pressure, temperature and flowrate profiles of cyclopentane hydrate 
slurry test with time, where the last 4 hours for flow property test with different 

velocity by varying the frequency of the pump motor. 

 

 

Figure 7.11 A zoomed in view of the pressure drop along the horizontal flowloop 
section between P2 and P3 of the cyclopentane hydrate slurry test while the pump 

frequency varying from 30 to 60 𝐻𝐻𝐻𝐻. 
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It has to be noted that the flowmeter used in this system does not allow passing of 

particles, so there is no flowrate data got for hydrate slurry test. However, as the 

hydrate volume fraction in this test was as low as 0.3%, it is reasonable to assume 

that the flowrate of the slurry is similar to that of the liquid hydrocarbon test at the 

same frequency. With this assumption, the pressure drop and mean velocity data of 

the hydrate slurry test are shown in Table 7.4. 

 

Table 7.4 Pressure drop (∆𝑃𝑃) and mean velocity (𝑉𝑉) at different pump frequency of 
the cyclopentane hydrate slurry test in the flowloop 

Pressure 

Drop ∆𝒎𝒎 (Pa) 
0 166.9 335.7 491.6 

Velocity  

𝑽𝑽 (𝒎𝒎/𝒔𝒔) 
0 0.1679 0.2067 0.2400 

 

Also, according to previous discussion, the pressure drop normalized by the pipeline 

length (∆𝑃𝑃 𝑃𝑃⁄ ) has a linear relationship with the mean velocity of the flow (𝑉𝑉) in 

lamina regime; but in turbulent regime, the pressure drop (∆𝑃𝑃 𝑃𝑃⁄ ) has a linear 

relationship with the square of the mean velocity (𝑉𝑉2) if the friction factor is a 

constant. For the cyclopentane hydrate slurry test, the pressure drop normalized by 

the pipeline length (∆𝑃𝑃 𝑃𝑃⁄ ) versus velocity (𝑉𝑉) and the square of velocity (𝑉𝑉2) were 

also plotted respectively, as shown in Figure 7.12 below. It is obvious that the 

pressure drop (∆𝑃𝑃 𝑃𝑃⁄ ) has a linear relationship with the square of the mean velocity 

(𝑉𝑉2) (Figure 7.12 (b)) instead of the mean velocity (𝑉𝑉 ) (Figure 7.12 (a)), which 

indicates that the flow in this test was transition or turbulent flow. Also, the Darcy 

friction factor for this flow is determined to be a constant, 0.1128 (Figure 7.12 (b)).  
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Figure 7.12 Pressure drop normalized by the pipeline length (∆𝑃𝑃 𝑃𝑃⁄ ) versus fluid 
mean velocity (𝑉𝑉) (panel a) and the square of the mean velocity (𝑉𝑉2) (panel b) of the 

cyclopentane hydrate slurry (0.3% hydrate volume fraction) flow property tests at 
different velocities in the flowloop. 

 

For all the three systems of DI water, dry liquid hydrocarbon mixture and 

cyclopentane hydrate slurry, it was observed that the pressure drop had a linear 

relationship with the square of the mean velocity, confirming that the flow regime was 

all turbulent flow with a constant friction factor. In Figure 7.13, the Darcy friction 

factor of these three systems is compared together and it is obvious that the friction 

factor increases from the DI water to hydrate slurry tests.  

 

Figure 7.13 Darcy friction factor of DI water, dry liquid hydrocarbon and cyclopentane 
hydrate slurry (0.3% hydrate volume fraction) test. 
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With the assumption that the flow was within the smooth pipe flow region, the relative 

viscosity of the 0.3 vol% cyclopentane slurries were roughly determined to be 8.5 

from the fraction factor ratio of the cyclopentane hydrate slurry and the dry liquid 

hydrocarbon through equation 7-16 and 7-2. Considering the viscosity difference of 

the continuous phase and the velocity range, it is reasonable to conclude that the 

magnitude of this relative value is consistent with the work of the rheometer in 

Chapter 4.  

7.5 Summary 

A thermo-controlled flowloop was used in this research to detect the flow property of 

DI water, dry liquid hydrocarbon and cyclopentane hydrate-in-hydrocarbon slurry at 

atmosphere pressure. During each test, by maintaining the temperature at a steady 

state and varying the flow velocity of the fluid, the pressure drop over the horizontal 

section of the flowloop was recorded and the flow character was then analysed. 

According to flow mechanics theory, the pressure drop along the flowloop can be 

quantified by apparent viscosity of the fluid under laminar flow regime or friction 

factor if it is under turbulent flow. The corresponding data analysis methods were 

presented. For the experiments run in this work, all the flow were confirmed to be 

under turbulent flow region and the friction factor of all the systems was found to be 

constant. While comparing to the friction factor of the dry liquid hydrocarbon flow, 

which is the continuous phase of the cyclopentane hydrate slurry, the initial results 

showed that the friction factor of the 0.3 vol.% cyclopentane hydrate-in-oil slurry was 

almost twice of that of the continuous phase, which corresponded to 7 times 

increase of the slurry viscosity approximately. Considering the viscosity difference of 

the continuous phase and the velocity range, this initial result was consistent with the 

controlled stress rheology measurements described above.     
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Chapter 8 CONSLUSIONS AND FURTHER WORK 

8.1 Conclusions 

A high pressure system with a controlled-stress rheometer using a vane-blade rotor 

was developed in this work to detect the rheology of hydrate slurries formed from 

water-in-oil emulsions. As the vane blade rotor was found to be able to maintain 

saturation of the crude oil phase, the rheological properties can be coupled with the 

specific hydrate volume fraction suspended in the hydrate slurries, which overcomes 

the main limitation of previous research conducted with the benchtop rheometers.  

Hydrate slurries formed from emulsions of 5-30 vol.% watercut based on crude oil of 

two different viscosities, light oil A and heavy oil B, were tested. The results showed 

that an increase of the apparent viscosity between 15 to 90 times was observed 

during hydrate formation, where the resultant hydrate-laden slurries demonstrated 

shear thinning behaviour. With similar volume fraction of hydrates suspended and 

the same shear rate applied, the hydrate-in-heavy oil B slurries showed at least 50% 

relative viscosity decrease compared to the light oil A systems, which indicated 

heavier crude oil can diminish the negative effect of hydrate formation on slurry 

flowability. This phenomenon is probably due to the higher shear forces applied on 

hydrate aggregates in the flow when it comes to a more viscous continuous phase. 

After an eight-hour annealing period to simulate subsea shut-in, the re-

homogenization stress of hydrate-in-oil slurries was measured and was observed to 

increase with increasing watercut. 

The measured flow curves were compared to a current-generation industry 

rheological model, which showed deviations between 10 and 534% over the studied 
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shear rate range from 4 to 217 𝑠𝑠−1. The simplified assumption of current model that 

hydrate particles are rigid spheres might be the reason for the deviation as the actual 

hydrate particles in slurries might be ellipsoid-like and the surface should be rough. 

In order to improve the model, further rheological tests of hydrate-in-oil slurries were 

conducted using anti-agglomerants (AA), which enabled the study of non-

aggregating hydrate-in-oil slurries. The results illustrate that the application of AA 

can decrease both hydrate growth rate and apparent slurry viscosity without affecting 

the hydrate phase boundary or total quantity of hydrate formed. Analysis of the 

infinite shear viscosity data demonstrated a limiting assumption of the current model, 

such that hydrate particles must not be treated as hard spheres without distinct 

particle shape. As such, a new model that considers hydrate particle shape and 

morphology was developed, which reduced the deviation between the predictive 

value and the experimental data to be lower than 10%. 

Finally, a temperature-controlled flowloop was constructed to complement the 

above-described controlled stress rheology; the flowloop used cyclopentane 

(structure II) hydrates suspended in a halocarbon-hydrocarbon mixture at 

atmospheric pressure. The initial results showed that the friction factor of the 0.3 vol.% 

cyclopentane hydrate-in-oil slurry was almost twice of that of the continuous phase, 

which corresponded to 7 times increase of the slurry viscosity approximately; this 

initial result was consistent with the controlled stress rheology measurements 

described above. 

8.2 Recommendations for Future Work 

The first challenge in further work for flowloop is to get cyclopentane hydrates of 

higher hydrate volume fraction circulated in the flowloop under laminar region. 



160 
 

Because the pressure drop in turbulent flow is not only caused by the internal friction, 

but also the lateral mixing, it is impossible to relate the flow property to the 

rheological properties if the fluid. In order to achieve the relation and then use the 

flowloop data to calibrate the model, the flow has to be within laminar region. Then 

the theory analysis shown in Chapter 7 can be followed. Considering the current 

flowloop dimension and the fluid velocity provided by the pump, continuous phase of 

higher viscosity should be used to make the flow enter laminar region. The other 

advantage of using higher viscosity continuous phase is that higher shear stress can 

be applied to the flow to achieve a balance state with smaller cyclopentane hydrate 

aggregates without plugging the flowloop. Therefore, the first task is to verify the 

reliability of the flowloop using the Newtonian fluid with a higher viscosity. After that, 

get cyclopentane hydrates of higher hydrate volume fraction circulated in the 

flowloop under laminar region and conduct the analysis shown in Chapter 7. Finally, 

continuous phase of different viscosity is needed to generate a large data base for 

model calibration.  

The next big task should be undertaken is about the rotor of the high pressure 

rheometer. As the concentric cylinder cannot achieve efficient mixing to saturate 

methane into the oil phase, a vane blade rotor was used to in this work for the 

rheological measurements of the hydrate slurries. The vane blade was proved to 

saturate the crude oil with methane super efficiently and achieved excellent 

repeatability between independent tests. However, it has not to be ignored that the 

vane blade had been questioned by many archeologists that it might bring the 

presence of secondary axial flow. Therefore, if rotors of some other shape, for 

example, helical rotor, can be used to conduct similar research, a much wider data 

base can be provided for further development of the hydrate slurry model. 
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In terms of the model, as this research only made improvements on the first part of 

the original model, the other two parts also need attention. The first question need to 

ask is whether hydrate aggregates are fractal or whether it is close enough to 

assume hydrate aggregates are fractal. It will be a significant step if visual 

observation or direct measurement can confirm this assumption. And if it is proved to 

be not fractal, some other theory needs to be developed to describe the structure of 

the hydrate aggregates. The other task is about the maximum size determination of 

the hydrate aggregates. The current analysis is based on the erosion mechanism of 

microflocs in laminar flow; it will be of great significance if a reasonable analysis can 

be conducted in turbulent flow to increase the universality of the model.  
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