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Summary 
Gas hydrates are ice-like solids in which gas molecules are enclathrated within cages composed 

of hydrogen-bonded water molecules. Measuring gas hydrate formation is not only useful for 

probing multi-component nucleation processes but also has direct relevance to oil and gas 

production systems where hydrates can form within and block subsea flowlines. As such, there 

has been strong interest from the oil and gas industry in understanding gas hydrate nucleation, 

particularly in terms of quantifying hydrate formation risk in production systems. Since hydrate 

nucleation is stochastic, its quantification requires measurement of formation probability (e.g. 

as a function of temperature/subcooling and/or time). Representative probability distributions 

can, however, only be obtained following the collection of large numbers of independent 

hydrate formation events: these enable the construction of smooth probability curves which 

can subsequently be used to validate and test theoretical models. 

In this thesis, a novel apparatus, namely the high pressure stirred, automated lag time apparatus 

(HPS-ALTA) is developed and used to measure high resolution gas hydrate formation 

probability curves. Two generations of HPS-ALTA (HPS-ALTA-1 and HPS-ALTA-2) consist 

of steel pressure cells whose contents are magnetically stirred and whose temperatures are 

controlled by thermoelectric elements. Statistically significant data for formation probability 

as a function of either subcooling or induction time can be then measured for natural gas 

hydrate systems under shear, which are quantitatively compared with theoretical predictions. 

Distributions with typically over 100 points were generated and analysed with robust 

algorithms that automatically identify hydrate formation and initial growth rates from dynamic 

pressure data.  

The first outcome of the research revealed that the application of shear had a significant 

influence on the measured subcooling distributions: at 700 rpm mass-transfer limitations were 

minimal, as also demonstrated by the kinetic growth rates observed following nucleation. The 

formation probability distributions measured at this shear rate had mean subcoolings consistent 

with theoretical predictions. However, the experimental distributions were substantially wider 

than predicted. The hydrate induction times measured at each subcooling were exponentially 

distributed and were fit using a model derived from Classical Nucleation Theory (CNT) based 

on the mononuclear nucleation mechanism. The nucleation rates obtained in this work were 



III 
 

consistent within a factor of three or better of recent literature measurements made using a 

completely different apparatus.  

The impact of a KHI on the subcooling formation probability distributions and the subsequent 

initial growth rates was then investigated. The addition of KHI made hydrate formation (i) 

require longer induction times and/or higher subcoolings (ii) more deterministic (reduction in 

standard deviation) and (iii) slower during the initial growth phase. The CNT framework was 

applied and it was found that the kinetic parameter extracted from the measured formation 

probability data increased with concentration, which is opposite to the dependence predicted 

by the polymer-adsorption model of nucleation suppression by KHIs proposed by Kashchiev 

and Firoozabadi. Induction time distributions were also measured in the presence of KHI at 

varying concentrations. Unlike base case (no KHI), the observed distributions were no longer 

exponential in nature, instead being consistent with the Gamma distribution representative of 

a multi-nuclei nucleation mechanism. The resultant distributions are narrowed, a result which 

has ramifications for understanding risk in kinetically inhibited production systems.  

The collection of a statistically robust number of formation data points allows us to quantify 

the formation probability at various parameter combinations, as well as to quantitatively 

investigate how hydrate inhibitors affect hydrate formation. As a result, this work provides new 

insights on the mechanisms of hydrate formation. With better fundamental understanding of 

hydrate nucleation, the laboratory results are hoped to scale up to pipeline systems, enabling 

their application in industrial hydrate management and large-scale investment decisions. 
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1 Introduction 
 

1.1 World Energy Demand and Natural Gas 
Due to current population and economy growth, the world’s energy consumption is increasing 

and is expected to rise by 50% in 2050 [1, 2]. Simultaneously, the conventional production of 

fossil fuels such as coal and oil is raising concerns with regards to associated emission of 

greenhouse gases (such as carbon dioxide) and air pollutants to the environment. However, 

there are obstacles to global, wide scale adoption of renewable energy sources including cost 

and geographical limitations [3].  

Fortunately, not all fossil fuels are produced equally as each of them has a different production 

cycle. Consisting primarily of methane with a small quantity of other hydrocarbons, natural 

gas represents approximately 22% of global energy production according to the U.S. Energy 

Information Administration. Figure 1.1 shows global energy consumption using the major 

types of available energy resources, with an estimated projection to the year 2050 [4].  

 

 

Figure 1.1: Global primary energy consumption by energy source, projection to year 2050. 
Figure adapted from U.S. Energy Information Administration [4]. 

Natural gas is regarded as the cleanest burning fossil fuel, since it produces nearly half as much 

carbon dioxide (CO2) per unit of energy when compared to coal. It is thus considered to be a 
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“bridging fuel” that can support a continuous transition to cost-effective zero-carbon renewable 

energy that can meet global demand. Natural gas is crucial to almost every aspect of our life, 

finding wide scale application in residential, commercial and industrial heating, power plants, 

electricity generation, vehicle fuel, fertiliser feedstock, fuel cells and other chemical processes. 

It can be transported and distributed via extensive networks of high pressure transmission 

pipelines for domestic use [5]. When natural gas is cooled to -161 °C at atmospheric pressure, 

it can then be exported and shipped to overseas in its liquefied form, known as LNG (liquefied 

natural gas) [6]. One of the major advantages of using LNG rather than natural gas in its gas 

phase is that the volume of is reduced by a factor of six hundred, making it much easier to 

transport and store. Upon delivery at a receiving port, LNG can be reheated and converted back 

to gas (via a regasification process) before delivery to end-users [5]. 

Australia has plentiful of natural gas resources which provide significant economic benefits., 

In 2019-2020, Australia is expected to ship an estimated 78 million tonnes of LNG which is 

equivalent to over $50 million in revenue [7] And which represents a doubling of export LNG 

relative to 2015-2016. As a result, Australia will marginally edge past Qatar as the world’s 

largest LNG exporter [7]. However, to ensure sustained and safe production, operators and 

engineers need to tackle various technical challenges ranging from subsea production to gas 

processing engineering [8]. One of the primary issues in the LNG gas processing industry is 

the solid deposition of impurities and heavy hydrocarbons, which can cause unscheduled plant 

shutdowns. For example, Ismail & Al-Thani presented data on the LNG Train 4 in the RasGas 

complex, where an unplanned shutdown was forced due to the failure of their main cryogenic 

heat exchanger in 2014 [9]. They identified that the blockage’s root cause was a total loss of 

reflux flow in the scrub column for 50 s during the start-up, where the amount of C5+ 

compounds entering the main cryogenic heat exchanger was doubled (limit was 0.1 mol%) [9]. 

Covering the loss of production and cost to remediate equipment, these shutdowns represent 

severe financial loss, which can be up to millions of dollars. In fact, for natural gas become a 

more cost-effective fuel, detailed research must be done to better understand each aspect of the 

production and processing system, hence reducing probability of such incidents.  

 

1.2 Flow Assurance and Gas Hydrates 
Prior to production, natural gas is extracted and produced from sedimentary rock deep beneath 

the surface of the earth and ocean floors. Despite the abundance of gas discovered in Western 
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Australia’s North West Shelf region, only a small portion of the offshore gas field in that region 

are currently being produced. In contrast to the freeze-out of heavy hydrocarbon or impurities 

in gas processing facilities, unwanted solids such as hydrates, wax, scales and asphaltenes can 

form in and occlude subsea pipelines during production from the reservoir to the onshore 

processing facilities. Understanding and mitigating/avoiding such blockages represents a 

significant part of the field of flow assurance. Flow assurance is a technical discipline to 

guarantee achievement of a transport system’s lifetime production targets by predicting, 

preventing and solving problems originating from the transport substance, typically the 

transmission of hydrocarbon fluids from reservoir to the end user [10]. Figure 1.2 shows a 

simplified schematic diagram of the solid formation of gas hydrate in subsea pipeline. 

 

 

Figure 1.2: A simplified schematic diagram showing the formation of hydrate (picture) in 
subsea pipeline. Picture adapted from [11]. 

 

Among the solids present in pipelines, gas hydrates are can be a major challenge in ensuring 

continuity of production during offshore operations. Hydrates can form in wellheads, pipelines, 

and surface facilities  with solid plugging causing major economic losses (easily millions of 

dollars) if production ceases Beyond economic risks, any failure along the offshore pipeline 

also poses safety issues from fire explosion to loss of human lives [12].  

Hydrate formation is stochastic [13], which means hydrates will not typically form immediately 

upon system conditions entering the hydrate stability region. To avoid plug formation, 
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operators typically inject hydrate inhibitors, which can significantly increase the overall project 

costs, especially when requiring large safety margins. Over the years, significant research has 

been carried out in an attempt to understand the mechanisms underlying hydrate nucleation and 

growth. Unfortunately, due to its stochastic properties, it is very challenging to obtain 

meaningful datasets with conventional experimental apparatus such as autoclaves and rocking 

cells, resulting in the probability of hydrate formation being quantified with low accuracy. 

Another consequence is that the performance of various chemical inhibitors will typically be 

ranked with low confidence. Finally, without high fidelity formation probability data, existing 

nucleation models [14, 15] cannot be verified, leading to barriers to their implementation within 

sophisticated, risk-based, system engineering models.  

 

1.3 Research Objectives and Thesis outline 
The lack of information on statistically significant hydrate formation datasets serves as an 

opening for continuous research and development. The primary objective of this doctoral 

project was to develop and deploy a new experimental technique that can measure thousands 

of nucleation events in an automated fashion, thus enabling the generation of high-fidelity 

hydrate nucleation and growth rate probability distributions. The collection of a statistically 

significant number of formation data points allow us to quantify formation probability under 

varying system conditions, as well as investigate how kinetic hydrate inhibitors affect hydrate 

formation. Such data will provide new insights on the mechanisms underlying hydrate 

formation. Better fundamental understanding of the hydrate nucleation process is hoped to 

enable eventual up-scale of laboratory results to pipeline systems, thus enabling their 

application in industrial hydrate management and large-scale investment decisions.  

The content of the main body of this thesis is detailed below. 

Chapter 2 contains a comprehensive literature review of gas clathrate hydrates. This ranges 

from a molecular perspective to their application in the oil and gas industry (where a review of 

the existing hydrate management strategies via chemical injection are detailed). To better 

understand hydrate formation, various nucleation hypotheses including principles derived from 

classical nucleation theory are introduced. One of the driving forces for this project is the 

limited ability of existing experimental apparatus to generate statistically significant hydrate 

formation datasets within reasonable timeframes. Existing apparatus will be reviewed in this 

chapter followed by a summary of the key knowledge gaps that will be addressed in this thesis. 
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Chapter 3 details the development of a novel apparatus that has been used to address the 

identified knowledge gaps: the high pressure, stirred, automated lag time apparatus (HPS-

ALTA). Two generations of HPS-ALTA were developed for this research project for which 

detailed experimental protocols and methodology will be provided. Depending on the mode of 

the experiment, two different types of data can be generated using the HPS-ALTA: subcooling 

measurements via constant cooling experiments and induction time measurements via constant 

subcooling (isothermal) experiments. Methods of automated analysis for both types of 

experiments will be detailed in this chapter.  

Chapter 4 covers the experimental data obtained from the constant cooling experiments: 

subcooling distributions. This chapter is divided into three subsections, detailing the effects of: 

(1) shear, (2) kinetic hydrate inhibitors (KHIs) and (3) gas composition (methane, four-

component gas mixtures and carbon dioxide) on the observed subcooling distributions. A 

preliminary test of classical nucleation theory (CNT) is also carried out using subcooling 

distributions measured in the absence and presence of KHIs.  

Chapter 5 details experimental data obtained at fixed subcoolings that are used to generate 

induction time distributions. Good agreement is found with the predictions of CNT in that the 

induction times are exponentially distributed.  In this chapter, the effect of subcooling (driving 

force) on the nucleation rate is also investigated and compared against theoretical predictions. 

The data obtained in this work is also compared with results obtained in an autoclave by another 

research group. Hydrate growth rate is also quantified via pressure drop detection and 

compared against similar literature data. 

A study on the impact of KHI concentration on both hydrate subcooling distributions and 

growth is covered in Chapter 6. Subcooling and growth rate data reported in this chapter are 

compared against literature results acquired with other experimental apparatus. A thorough 

investigation is also carried out to compare CNT theory to the experimental subcooling 

distributions. 

In contrast to the constant cooling method used in Chapter 6, Chapter 7 shows the induction 

time distributions obtained with the same KHI compound. Firstly, the induction time 

distributions measured with methane are presented and compared against data obtained for sII 

hydrates. Next, the impact of both subcooling and KHI concentration on induction time 

distributions is investigated. The induction time distributions obtained in the presence of a KHI 

are shown to deviate from those obtained in the absence of a KHI. Indeed, they are best 
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described by a Gamma or Erlang distribution rather than an exponential distribution. This 

suggests that instead a polynuclear (rather than mononuclear) nucleation mechanism is more 

relevant to the formation probability distributions observed when KHI is present. Growth rate 

distributions are also presented at the end of the chapter.  

Finally, Chapter 8 covers the key findings and future work on this research.  
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2 Review of Hydrate Formation and Quantification Techniques 
 

2.1 Hydrate structures and its properties 
Gas hydrates, which resembles ice in appearance, are crystalline solids composed of water and 

gas where the gas molecules are enclathrated in water cavities formed from hydrogen bonded 

molecules [13], as illustrated in Figure 2.1. To ensure the stability of the hydrate, guest 

molecules must occupy at least some of the cages. They were first documented by Joseph 

Priestly in 1778 [16] who cooled an aqueous solution of sulphur dioxide and realised the 

resulting “ice” sank to the bottom of the liquor. In facts, the “ice” that he observed were sulphur 

dioxide hydrates. Later in 1810, Sir Humphry Davy learnt that the formation of solid is possible 

from a mixture of chlorine and water solution above the ice point [17]. However, clathrate 

hydrates were not considered to be practically relevant to the oil and gas industry until the 

discovery of hydrate plugging in a transmission line in 1934 [18]. 

 

 

Figure 2.1: Illustration of a 512 or small hydrate cage: methane guest molecule encapsulated 
within water molecules via hydrogen bonding. 

 

Clathrate hydrates are composed of about 85% of water with 15% of natural gases such as 

methane, ethane and propane. Given hydrates are mainly composed of water, some of their 

properties are very similar to ice, which include thermal conductivity, physical appearance and 

density [19, 20].  

There are three common types of hydrate structures, including structure I (sI), structure II (sII) 

and structure H (sH). The water cages are denoted in the form of AB, where A represents the 

number of sides of cage faces (e.g. 5 is pentagon, 6 is hexagon) and B provides the number of 
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polygon surfaces. As illustrated in Figure 2.2, different structures of hydrates are defined by a 

combination of different types of water cages, depending on the size of the guest molecules 

[13]. For example, structure I is composed of 46 water molecules which form two 512 

(pentagonal dodecahedral) cages and six 51262   (tetrakaidecahedral) cages. Gas molecules such 

as methane, ethane and carbon dioxide are small enough to fit into both the water cages in 

structure I, whereas larger molecules such as propane and iso-butane are unable to form 

structure I [21], and form structure II instead. Structure II is made up of 136 water molecules 

forming sixteen 512 cages and eight 51262 (hexakaidecaheron) cages. Even larger molecules, 

such as n-pentane, can only fit into cages that comprise the structure H crystal. However this 

structure is not regarded as a primary concern for oil and gas applications and is less frequently 

found in either artificial or in natural processes compared to sI and sII [22]. 

 

 

Figure 2.2: Three types of common gas hydrate structures composed with different water cages. 
Figure adapted from [23]. 

 

The primary concern regarding gas hydrate formation in subsea pipelines is the potential for 

plugging, which eventually blocks the pipe area and discontinues flow of oil and gas from the 

reservoir to the processing facilities. This is one of the main challenges in the field of flow 

assurance and is the focus of this thesis. However, there are many useful applications of gas 
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hydrates, including energy storage (able to store up to 184 m3 STP of methane per cubic metre 

of hydrate[13]) [24], flue gas separation [25], and seawater desalination. [26] Perhaps more 

importantly, the enormous amount of methane trapped in hydrates could be a major alternative 

source of energy when successfully recovered [27]. Nevertheless, even though energy 

companies consider the abundant amount of gas trapped in hydrates located in the permafrost 

region or on continental shelves as major potential assets [28], hydrates are generally a 

notorious problem in the oil and gas industry [21].  

 

2.2 Hydrate blockage formation and its management  
Natural gas hydrates, which refer to hydrates in which the guest consists of constituent natural 

gas molecules can readily be formed in offshore facilities and subsea pipelines, typically in the 

range of 273 – 300 K and at pressures more than 0.6 MPa [21]. Figure 2.3 shows an example 

of hydrate solids recovered in core catcher during bottom sampling in the Southern Beaufort 

Sea in 2010. 

 

Figure 2.3: Chunks of hydrate solids recovered in core catcher adapted from [29]. 

 

2.2.1 Mechanisms of hydrate blockages 

Depending on the system type, there are a few hydrate formation stages which leads to 

plugging. One of the most studied system is the oil dominated system, where a conceptual 

model is shown in Figure 2.4a. Proposed by Turner [30], the formation of blockages caused by 

hydrates can be divided into four stages: (1) water entrainment into the oil phase until hydrate 

nucleation, (2) hydrate nucleation and shell growth on the water droplet surface, (3) 

agglomeration of hydrate particles and finally (4) catastrophic plug formation from the 
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jamming of hydrate particles and/or their deposition on the wall. With the contributions from 

many researchers in the hydrate community, this conceptual model has been successfully 

applied in industrial and research simulation tools [31, 32].  

 

Figure 2.4: Conceptual model of various stages of hydrate formation in subsea pipelines in (a) 
oil dominated system and (b) gas dominated system, which eventually lead to plugging (figure 
adapted from [33]. Red lines represent instantaneous nucleation process. 

 

On the other hand, the mechanism of hydrate plug formation in the gas continuous flowlines is 

much less studied. The first conceptual model was proposed by Lingelem [34], where he 

investigated hydrate formation in the system with low liquid hold-up. Later, the mechanism 

was improved by Di-Lorenzo and Charlton [33, 35] and can be divided into six stages. Shown 

in Figure 2.4b, hydrate blockages in gas dominated systems start with (1) cross-entrainment 

between gas and water phases, (2) nucleation takes place at gas-liquid interface or film growth 

at gas-liquid-water interface, (3) continued inward growth of hydrate deposit, (4) porous 

deposit annealed over time, (5) increase in flowing shear stress due to decrease in the effective 

flowline diameter, which can be sufficient to slough hydrate deposits from the flowline wall 

and finally (6) solid hydrate accumulation which causes plugging.  
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2.2.2 Hydrate phase boundary 

There are several thermodynamics properties that greatly affect the stability of hydrates 

including pressure, temperature, gas and liquid compositions present in the pipelines [13]. The 

most straightforward representation of whether conditions are such that a stable hydrate could 

be present in the system is via a phase diagram. Figure 2.5 shows an example of a structure II 

hydrate phase boundary: hydrate nucleation may take place within the hydrate dissociation 

curve (shown as white area). The arrows shown in Figure 2.5 depict the typical pathway to 

generate hydrate formation in the laboratory (see section 3.3 for more details). 

 

 

Figure 2.5: Hydrate dissociation curve for the s-II hydrate-forming gas mixture under study in 
this work as calculated using the cubic-plus-association (CPA) model implemented in 
Multiflash 6.2 (see Table 3.1 for the composition of the gas mixture). This curve separates 
regions in pressure-temperature space where sII hydrates are thermodynamically stable and 
unstable. Large-headed arrows indicate the use of temperature ramping to repeatedly take a 
constant volume system into and out of the hydrate stability region where hydrate formation 
induces a drop in the gas phase pressure.  

 

The hydrate equilibrium curve is deterministic and its location corresponds to the conditions at 

which hydrate undergoes a dissociation process. The statistical thermodynamic model 

developed by van der Waals and Platteeuw (vdW-P) and is widely used for prediction of the 

hydrate phase boundary [36, 37]. The equilibrium boundary is important to the description of 
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nucleation because it is used when calculating the driving force at a given condition. The most 

common quantification of driving force used is the subcooling [38], defined as the difference 

between the onset of formation and equilibrium temperature, at the same pressure.  

In 1997, five field tests were conducted by DeepStar at Werner Bolley well (contain primarily 

gas, some condensate and water) in Southern Wyoming, USA to determine hydrate formation 

conditions [39], with the results shown in Figure 2.6. 

 

Figure 2.6: Werner Bolley pipeline profile and flow loop measured hydrate onset points. 
Diagram adapted from [39]. 

 

They carried out experiments using hydrate flow loop and found the average subcooling need 

for formation was 6.5 °F. Additionally, they conducted field trials to verify the transferability 

of the results obtained with the flow loop. Four out of five successful field test indicated that 

the subcooling required for hydrate formation is typically about. Henceforth, a subcooling of 6 

°F = 3.6 K has served as an industry heuristic for hydrate formation, and has been coded into 

software packages such as OLGA®+CSMHyK. This subcooling value, however, is far from 

universal and the degree to which it is relied upon in industry depends on the engineer’s and/or 

company’s level of conservativeness. Often, flow assurance engineers may design their field 

so that the fluids remain entirely outside the hydrate stability region to fully ensure there is no 

blockage risk. 
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Depending on the severity of the operating condition, the induction time, ti for hydrate 

formation can vary from minutes to months. Induction time can be defined as the duration 

between when hydrate crystals first appear after the system crosses the hydrate phase boundary. 

Often, the information on induction time is considered to be very useful in hydrate management 

as it is closely related to no touch time (NTT), which is defined as the duration that operators 

can solve problems without taking any action to protect the subsea system from hydrates. 

Induction time is a function of subcooling. Figure 2.7 illustrates a pressure-temperature 

diagram and the relationship between subcooling (in the context of the operating conditions) 

and the likely induction time period.  

 

Figure 2.7: Correlation between subcooling and induction time for hydrate formation. Black 
curve represents the hydrate equilibrium curve. Coloured stars depict two operating conditions, 
their subsequent subcooling and exemplar units used for induction time required for hydrate 
formation. 

 

The green star in Figure 2.7 depicts a condition of low subcooling at which hydrate may take 

hours, days or even weeks to form; meanwhile it could take minutes for hydrate formation to 

take place if the subcooling is high at a condition such as the red star. 

To ensure smooth production, it is extremely important to ensure that the risk of hydrates 

blockage in subsea pipelines is properly managed. There are multiple management approaches 

that can be applied in subsea system, including chemical injection, insulation, active heating, 

low pressure operation and water removal [40]. The most common and direct method is to 
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inject hydrate inhibitors to subsea tiebacks or process facilities. There are two major categories 

of inhibitors: (1) Thermodynamic hydrate inhibitors (THIs) and (2) Low Dosage Hydrate 

Inhibitors (LDHIs) as discussed further in the next subsection.  

 

2.2.3 Thermodynamic Hydrate Inhibitors (THIs) 

Thermodynamic hydrate inhibitors (THIs) such as methanol and mono-ethylene glycol (MEG) 

are the most commonly used chemical [41] due to availability as well as the clear mechanism 

underlying THI-based operation to prevent hydrate formation. THIs shift the hydrate phase 

equilibrium boundary, enabling production at higher pressure and lower temperature 

conditions. The alcohol molecules in these inhibitors form hydrogen bonds with the water 

molecules, reducing the water activity and lowering the temperature at which hydrates are 

thermodynamically stable [13, 37, 42, 43]. Figure 2.8 shows a pipeline profile that operates 

within the hydrate phase boundary [21].  The addition of an aqueous solution containing 

30 wt% of methanol would allow operators to produce without the risk of hydrates forming. 

 

 

Figure 2.8: Schematic of pressure and temperature conditions of fluid in a subsea pipeline and 
the gas hydrate stability region as a function of methanol concentration. Picture adapted from 
[21]. 
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Although this approach can prevent hydrate formation, large amounts ((20 to 60) wt%) of THI 

must typically be injected [44, 45]. One of the major challenges for using THIs is that injection 

rates are proportional to water content produced (typically 0.7 to 1 bbl. of inhibitor per 1 bbl. 

of water generated) [41]. The required amount of inhibitors can become significant, particularly 

as the field ages, leading to increased OPEX and CAPEX. Another limitation of using THIs is 

injection capabilities on the platform, especially at late life where there is higher potential for 

water to breakthrough. These field scenarios have been detailed and discussed in previous 

publications [45-47]. Further, the high use of methanol can result in any produced oil being 

contaminated, where production should not exceed certain methanol in crude (MIC) limitation 

in the export pipeline [45]. 

 

2.2.4 Low Dosage Hydrate Inhibitors (LDHIs) 

An alternative to THIs, Low Dosage Hydrate Inhibitors (LDHIs) can be injected into subsea 

system to prevent gas hydrates from plugging the production wells and pipelines. This has 

significant advantages as the LDHI’s dosage requirement is much lower (0.5 to 3 wt%) [45, 

47-50] compared to THIs. These chemicals effectively suppress hydrate formation in subsea 

pipelines and can potentially reduce both operating and capital expenditure relative to 

conventional approaches based on THI injection. These decreases in costs occur in part because 

of a reduction in the ancillary equipment required as there is no recycle of the chemical. 

Furthermore, LHDIs are much less volatile and flammable than THIs, which can decrease the 

associated health, safety and environmental risks [51, 52].  LDHIs can be categorised into 

Kinetic Hydrate Inhibitors (KHIs) and Anti-agglomerants (AAs), both of which are discussed 

below. 

Generally, KHIs are water-soluble polymers, which often contain a lactam (cyclic amide) 

group (e.g. polyvinylpyrrolidone (PVP) and/or polyvinylcaprolactam (PVCap))1. Such water-

soluble polymers were first discovered to be effective in delaying hydrate formation at the 

Colorado School of Mines [48] and have been used industrially for more than 20 years [48, 53, 

54]. Figure 2.9 depicts the molecular structures of PVP and PVCap. 

 

 
1 PVP and PVCap are regarded as industry benchmark KHIs. 
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Figure 2.9: Molecular structures of (a) five-ring polyvinylpyrrolidone (PVP) and (b) seven-
ring polyvinylcaprolactam (PVCap) with n repeating units. 

 

Unlike THIs, KHIs do not prevent hydrate formation by shifting the hydrate phase equilibrium. 

Rather, KHIs increase the driving force (e.g. subcooling) needed to make the hydrate form. 

The performance of KHI is also time dependent; with a typical strategy being to extend the 

induction time. KHIs may represent a suitable strategy if they can be injected into subsea 

pipeline and facilities and extend the hydrate induction time to a period longer than the 

residence time of the fluid within the hydrate stability zone [23, 49]. While certain key 

attributes of the molecular structure associated with an effective KHI have been identified, 

there is still uncertainty about the precise mechanism(s) by which they delay nucleation and/or 

suppress growth [48, 51, 55, 56].  

Ke and Chen have summarised four possible mechanisms of how KHIs affect hydrate 

formation to date [55]. The primary mechanism by which KHIs are thought to impede 

nucleation is through the disruption of the hydrogen-bonded water cages caused by adsorption 

of the KHI polymer [57-60]. The pendant lactam groups are the key feature of the KHI, as they 

act as “anchor” to the hydrate cages surface, and hence it becomes more difficult for hydrate 

crystal to grow between polymer chains, as illustrated in Figure 2.10. 

 

 

Figure 2.10: Lactam rings ( ) of KHI polymer anchor the hydrate cage ( ) surface.   
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Some evidence for this mechanism has been provided by Molecular Dynamics (MD) 

simulations2 [61-64]. Kang et al. [65] also proposed that the differences they observed between 

the performance of PVP and PVCap was linked to the ability of the latter’s lactam ring to fit 

within the partially formed large cage of sII hydrates, and thus disrupt their growth. A second 

hypothesis is that the KHI polymer chain perturbs the local structure of water molecules in the 

liquid phase, rendering them less likely to assemble into a cage structure [66-68]. It does not 

involve direct contact between the polymer and the surface of a hydrate crystal.Via polarized 

Raman spectroscopy, Sa and coworkers reported that water perturbation is observed when 

amino acid with hydrophilic and/or electrical charged side chains are present in the system, 

leading to inhibition of gas hydrate [66]. Kashchiev and Firoozabadi proposed a third 

mechanism where KHIs delay the heterogeneous nucleation of hydrates by adsorbing to, and 

thereby removing sites at which the barrier to nucleation is low [15]. Kashchiev and 

Firoozabadi integrated this model into a framework based on Classical Nucleation Theory 

(CNT – discussed in section 2.3.2), thereby providing a means for predicting how hydrate 

formation probability distributions should vary with KHI concentration. However, no 

experimental tests of this prediction have yet been reported. The final hypothesis is the crystal 

growth inhibition mechanism. This mechanism suggests that the presence of KHIs slowly 

inhibit the crystal growth formation intially, followed by fast growth period after hydrate onset. 

Klomp et al. proposed that the already formed cystal lattices is covered partly by the chain 

structures of KHI polymers, hence the crystal morphology will be altered and growth rate 

reduced. 

Even though KHI can delay hydrate formation, they tend to fail to delay when the subcooling 

is high, > 10 - 12 K [48]. In contrast, the performance of the other type of LDHIs – anti-

agglomerants (AAs) is independent of subcooling. AAs do not prevent nor delay hydrate 

formation. Rather, AAs consist of hydrophilic head and hydrophobic tail which can adsorb to 

the hydrate-oil interface, and reduce the hydrate particle-particle cohesive force or particle-

pipe surface adhesive force [13]. Plugging can then be avoided with small hydrate particles 

simply transported as slurry form. In spite of this, AAs can only function well when both 

aqueous and non-aqueous phase are present and its performance degrades when there is a phase 

separation [69] or when the system’s watercut is above 50% [70, 71]. In addition, AAs are also 

generally toxic and they are not approved for use in many regions of the world [13].  

 
2 MD simulations are useful to study hydrate nucleation and is discussed further in section 2.3.2.  



19 
 

2.3 Fundamentals of hydrate formation 

2.3.1 Hydrate Nucleation Hypotheses 

Of all the stages mentioned for hydrate plug formation in section 2.2.1, nucleation (a stochastic 

phenomenon) is a key factor in the process of hydrate formation and may be regarded as the 

most challenging step to be quantify either experimentally and in modelling work [15]. The 

first hydrate nucleation pathway was proposed by Sloan and Fleyfel [72] and Christiansen and 

Sloan in 1991 [73], namely the Labile Cluster Hypothesis (LCH). When the pressure and 

temperature conditions are thermodynamically favourable for hydrate, formation of clusters 

occur spontaneously when a non-polar solute (gas molecule) dissolves in water. With time, 

more water molecules become more organised around the non-polar solute. Depending on the 

hydrate structure, the coordination number of labile clusters reaches to either 20, 24 or 28 [72, 

73] to form a nucleus. Then, many of such nuclei will continue to form, with only one reaching 

critical size enabling it to remain stable and continue to grow. A variation of this hypothesis is 

proposed by Long and co-workers [74] and Kvamme [75], where the labile clusters organise 

themselves on the vapour side of the vapour-liquid interface, which known as the as interfacial 

nucleation hypothesis. Radhakrishnan and Trout performed Monte Carlo simulations of CO2 

nucleation and found that thermal fluctuation is responsible for group of guest molecules to be 

arranged in a configuration similar to that in clathrate hydrate local ordering of gas molecules 

is caused by thermal fluctuation [76]. The ordering of the host molecules is induced by the 

ordering of the guest molecules and finally a critical nucleus is achieved, which is opposite to 

the mechanism envisaged by LCH.  

The latest hypothesis was proposed by Jacobson et al.: a two-step blob formation mechanism 

where amorphous precursors were introduced [77]. Distinctively different from LCH, the first 

step involves guest molecules concentrating as amorphous cluster or “blobs” before forming 

clathrate cages and nuclei, followed by the transformation to crystalline clathrate when a 

critical size is reached.  

To investigate these mechanisms, Molecular Dynamic (MD) simulations have been performed, 

and yielded in results similar to the LCH [78-81] or blob mechanisms [82-85]. MD is a great 

tool to study hydrate nucleation due to the ability to investigate the nucleus size and timeframe 

for nucleation in nanoscale [86]. However, due to the high energy barrier that needs to be 

overcame for homogeneous nucleation that leads to extremely long induction time, the 

formation temperature and pressure used for these simulations are much lower and higher, 

respectively (e.g. 220 K and 50 MPa was used as the formation condition in [77]) compared 
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typical formation condition in subsea pipelines (typically, 277 K and 5 MPa). Therefore, the 

hydrate nucleation mechanisms described by simulation are unrealistic compared to real-life 

situation and may not be representative. In facts, until the technology breakthrough in future, 

the use of MD is therefore limited. An alternative to help building hydrate nucleation model 

for industry application is by generating hydrate formation datasets experimentally. 

 

2.3.2 Classical Nucleation Theory 

The nucleation of a new thermodynamic phase (physical state) is most commonly described by 

classical nucleation theory (CNT). Originated in the 1930s, this approach uses the capillarity 

approximation framework and largely stems from the work of Volmer [87] and Becker and 

Döring [88]. According to CNT, this stochastic process is associated with the fluctuation of 

nuclei formation and the need to reach a critical size in order for phase transition to occur. The 

change of a system’s free energy, ∆G, following the formation of a spherical nuclei of radius, 

r is given in equation (2.1). 

 
𝛥𝛥𝐺𝐺 = 4𝜋𝜋𝑟𝑟2γ −  

4𝜋𝜋𝑟𝑟3

3𝜐𝜐
𝛥𝛥𝐵𝐵𝑇𝑇 ln 𝑆𝑆 (2.1) 

   

The first and second term on the right side denote the contributions from interfacial free energy 

and bulk free energy. γ is the specific interfacial free energy, 𝜐𝜐 is the volume of each molecule, 

𝛥𝛥𝐵𝐵 is Boltzmann constant, T is formation temperature and S is the vapor supersaturation ratio 

(S = p/p*). To overcome the energy barrier for homogeneous nucleation, the energy associated 

with the surface of the nucleus must be equal to the energy of the bulk (the interfacial term 

dominates at lower r and bulk term dominates at higher r). Figure 2.11 illustrates the 

dependence of total free energy (as a sum of interfacial and bulk energies) on the radius of the 

nuclei, where ΔG* represents the minimum free energy barrier that needs to be overcome for 

phase transition to be sustained. ΔG* is determined at r = r*, known as critical radius of 

nucleus. Subsequently, when r > r*, spontaneous growth of the new phase will occur. 
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Figure 2.11: Schematic illustration of CNT showing the dependence of total free energy (blue 
curve), interfacial energy (green curve) and volume bulk energy (red curve) as a function of 
radius r. 

 

At this stage, CNT can be used as the fundamental basis, since it has been applied successfully 

to the description of other nucleation processes. The probability of one of the most common 

phenomenon on earth, ice nucleation has shown to be described by nucleation rates using the 

theoretical framework of CNT [89]. Other than ice nucleation, one of the earlier works was 

originated from Toschev and co-workers when validating the induction time data of mercury 

and cadmium electrolytic nucleation on platinum [90]. CNT is also able to describe the 

experimental data collected for isonicotinamide nucleation in ethanol [91] and the polymer 

based inhibition of acetaminophen nucleation [92]. 

 

2.3.3 Application of CNT to hydrates 

In 2002, Kashchiev and Firoozabadi published 3 papers on nucleation, driving force and 

induction time of gas hydrates [15, 93, 94]. They defined the expression of driving force for 

nucleation in terms of the supersaturation, Δμ, given in equation (2.2) [93]. 

 𝛥𝛥𝛥𝛥 = 𝛥𝛥𝑔𝑔 + 𝑙𝑙𝑤𝑤𝛥𝛥𝑤𝑤 − 𝛥𝛥ℎ (2.2) 
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Essentially, equation (2.2) highlights the difference between the chemical potential of the old 

and the new phase. The positive terms of equation represent the work gained (or old phase), 

where 𝛥𝛥𝑔𝑔 and 𝛥𝛥𝑤𝑤 are the chemical potentials of gas and water molecules in aqueous solutions; 

whereas 𝛥𝛥ℎ is the chemical potential of hydrate molecule. To form one mole of hydrates, one 

mole of gas and 𝑙𝑙𝑤𝑤 moles of water are needed. Hydrate nucleation will only take place when 

the system is supersaturated (i. e.𝛥𝛥𝛥𝛥 > 0) [93]. In order to estimate the hydrate nucleation rate, 

we need to first determine the work for cluster formation [14]. The nucleation wok is expressed 

as function of Δμ, with 𝑙𝑙 hydrate building unit, shown in equation (2.3). 

 

 𝑊𝑊(𝑙𝑙) = −𝑙𝑙𝛥𝛥𝛥𝛥 + 𝑐𝑐𝑣𝑣ℎ
2/3γ𝑒𝑒𝑒𝑒𝑙𝑙2/3 (2.3) 

 

 

 
 

Here, c is the shape factor of hydrate cluster (=(36π)1/3 for spherical, cap, or lens shaped 

clusters); 𝑣𝑣ℎ is the volume of hydrate building block, where for sI CH4 hydrates, vh = 0.216 

nm3 (nw = 5.75), whereas for the sII hydrates formed from the gas mixture, vh = 0.647 nm3 (nw 

= 5.67); and γ𝑒𝑒𝑒𝑒 is the effective specific surface energy, which is strongly associated with the 

types of nucleation. Nucleation can either take place in the bulk of the aqueous phase (without 

the presence of other materials), known as homogeneous nucleation or at the water−gas 

interface / interface between the water and solid substrate containing it, known as 

heterogeneous nucleation. For heterogeneous nucleation, a foreign material is present in the 

system which acts as a catalyst for phase transition. Hence, γ𝑒𝑒𝑒𝑒 is adjusted by a correction 

factor,Ψ, which is a number between 0 and 1 that can be calculated from the substrate / hydrate 

/ fluid contact angle, θ, shown in equation (2.4) and (2.5). 

 

 γ𝑒𝑒𝑒𝑒 =Ψ γ (2.4) 

 

 
Ψ =  ��

1
4
� (2 + 𝑐𝑐𝑐𝑐𝛥𝛥 𝜃𝜃)(1 − 𝑐𝑐𝑐𝑐𝛥𝛥𝜃𝜃)2�

1/3

 (2.5) 

 

The contact angle is set via Young’s equation by the differences in the surface free energies of 

the three interfaces. If the contact angle is 180° (i.e., completely non-wetting), Ψ = 1 and γef is 
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equivalent to the surface free energy of the water−hydrate interface, as would be applicable to 

homogeneous nucleation of a spherical cluster. For heterogeneous nucleation, the size and 

shape of the cluster is affected by the hydrate−substrate interaction, resulting in Ψ < 1. These 

expressions indicate that heterogeneous nucleation, as might be expected to occur on the 

stainless-steel cell walls, is more energetically favourable than nucleation either in the bulk 

solution or on the water−gas interface. 

By comparing the work required for the formation of a critically sized cluster with the available, 

driving force can be simplified in the form of Δμ ≈ Δse ΔT, where Δse is the entropy of hydrate 

dissociation at Te, Kashchiev and Firoozabadi derived expressions for the rate at which 

critically sized nuclei will appear. At constant pressure, the nucleation rate, J, is said to be 

stationary or time-independent if the subcooling (and hence temperature) is constant, and may 

be calculated using equation (2.6). 

 

 
𝑙𝑙 = 𝐴𝐴 𝛥𝛥𝑒𝑒𝑒𝑒 �

𝛥𝛥𝛥𝛥𝑒𝑒𝛥𝛥𝑇𝑇
𝛥𝛥𝐵𝐵𝑇𝑇

� 𝛥𝛥𝑒𝑒𝑒𝑒 �−
𝛥𝛥′

𝑇𝑇𝛥𝛥𝑇𝑇2
� (2.6) 

 

Here, A and B′ are referred to as the kinetic and thermodynamic parameters, respectively. The 

kinetic parameter is so named because it accounts for the attachment mechanism of the hydrate 

building units to the nucleus and, to a first approximation, can be taken to be independent of 

subcooling. The kinetic parameter A has the same dimensions as those of the nucleation rate 

(e.g., m−3·s−1 for homogeneous nucleation in a bulk solution or m−2·s−1 for heterogeneous 

nucleation on a substrate) and is given by the general form. 

 

 𝐴𝐴 = 𝑧𝑧𝑧𝑧𝐶𝐶0  (2.7) 

 

Here, f is the attachment frequency of hydrate building units to the hydrate nucleus (∼0.5 GHz), 

C0 is the concentration of nucleation sites, and z ≈ 0.01 −1 is the Zeldovich factor [15]. The 

latter quantifies the reciprocal of the width of the nucleus region (i.e., the range of cluster sizes 

for which the formation energy equals that of the critical nucleus within the thermal energy 

kBT). The thermodynamic parameter, B′, is a measure of the work required to form a critical 

nucleus and is given by the expression  
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𝛥𝛥′ =

4𝑐𝑐3𝑣𝑣ℎ2γ𝑒𝑒𝑒𝑒3

27𝛥𝛥𝐵𝐵𝛥𝛥𝛥𝛥𝑒𝑒2
 (2.8) 

 

Here, kB is the Boltzmann constant; Δse = x kB, where x is a constant depending on the types of 

hydrate forming gas; meanwhile Kashchiev and Firoozabadi took γ = 20 mJ·m−2 on the basis 

of estimates of the surface free energy of water−ice interfaces [15]. For systems in which the 

time required to detect a new phase is limited only by the nucleation rate, (i.e., subject to the 

mononuclear nucleation mechanism), the probability of observing hydrate formation as a 

function of time for a constant driving force is given by equation (2.9)  [14]. 

 

 𝑙𝑙 = 1 − 𝛥𝛥𝑒𝑒𝑒𝑒(−𝑙𝑙𝑡𝑡) (2.9) 

 

where J is the stationary nucleation rate given by equation (2.6) multiplied by either the sample 

volume V for homogeneous nucleation in the bulk or the interfacial area a for heterogeneous 

nucleation. Under the assumption that the time lag required to reach the stationary nucleation 

rate at a given subcooling is negligible compared with the time taken to change the subcooling 

(i.e., the experimental cooling rate is comparatively slow), equation (2.6) can be substituted 

into equation (2.9) to provide a functional form to represent the measured cumulative 

subcooling formation probability distributions. Replacing t in equation (2.6) by ΔT/β, where β 

is the cooling ramp rate gives  

 

 
𝑃𝑃(𝛥𝛥𝑇𝑇) = 1 − 𝛥𝛥𝑒𝑒𝑒𝑒 �−𝐴𝐴 𝛥𝛥𝑒𝑒𝑒𝑒 �

𝛥𝛥𝛥𝛥𝑒𝑒𝛥𝛥𝑇𝑇
𝛥𝛥𝐵𝐵𝑇𝑇

� 𝛥𝛥𝑒𝑒𝑒𝑒 �−
𝛥𝛥′

𝑇𝑇𝛥𝛥𝑇𝑇2
�
𝛥𝛥𝑇𝑇
𝛽𝛽
� (2.10) 

 

for heterogeneous nucleation. In the least squares objective function constructed using equation 

(2.10), the adjustable parameters B′ and A are somewhat orthogonal, with B′ principally 

determining the location of the distribution’s median subcooling and A principally determining 

the distribution’s width. 
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2.4 Existing techniques to quantify hydrate formation and KHI performance 

2.4.1 Conventional apparatus: Autoclave and Rocking Cells 

In the past thirty years, several apparatus have been used to quantify hydrate formation and 

rank the performance of inhibitors. One of the primary hydrate screening apparatus developed 

in 1996 is shown in Figure 2.12, which are made up of a number of test tubes. Each test tube 

is filled with a small stainless-steel ball and hydrate forming solution, then sealed and 

pressurised with required hydrate forming gas. The tubes were then rotated in a water bath kept 

just above the ice point. Hydrate formation was identified when the balls are unable to move 

freely [53]. 

 

Figure 2.12: Schematic diagram of hydrate inhibitor screening apparatus, also known as 
rocking cell. Picture adapted from [53]. 

About 1500 commercial KHIs were screened by using the screening apparatus shown in Figure 

2.12. They concluded that the “good inhibitors” would result in induction time of longer than 

1 hour, as well as prevented hydrate plug for at least a period of 6 hours. Meanwhile, inhibitors 

are identified as “poor” for the cases where the steel ball stop moving within an hour [53].  

In the recent 10 years, Kelland and coworkers have expanded the research to screen hydrate 

through rocking cells as shown in Figure 2.13 [95-97] (supplied by PSL systemtechnik). 
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Figure 2.13: Rocking rig used in the University of Stavanger, showing 5 steel cells immersed 
in cooling bath. Picture adapted from [95]. 

Chua, Reyes and co-workers have conducted experiment with repeatability of 10 trials for each 

experimental condition. Similarly, each cell is filled with a small stainless-steel ball, then 

immersed and rotated in a water bath until the ball stop moving (which indicate hydrate 

formation). Due to the typical rocking rate to be 8 to 20 times per minute [98, 99], hydrate 

formation can be greatly restricted by mass transfer limitations. This is because natural gas 

components such as methane and ethane have relatively low solubility in water. Another major 

concern of the detection method via the motion of stainless-steel ball, which quantifies the time 

required for plug formation, rather than nucleation process (which would happen before 

plugging).  

Another useful apparatus for hydrate research is the autoclave, an example of the apparatus is 

shown in Figure 2.14. 

 

Figure 2.14: Example of an autoclave system, the High Pressure Visual Autoclave (HPVA) 
which made up of sapphire cell containing magnetically-coupled mixing shaft connected to 
motor. This apparatus is used at The University of Western Australia. Pictures are adapted from 
[100]. 
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After filling with gas and water mixtures, the autoclave is agitated by a rotating blade up to 

certain rotational speeds. The shear created via the magnetically coupled mixing shaft can 

eliminate the effect of mass (gas to liquid) transfer limitation. On top of the pressure and 

temperature signals, the beauty of this system is detection of hydrate formation can be made 

directly through the Sapphire cell [100]. On the other hand, the associated droplets size 

distribution of water in oil emulsion can be quantified with the use of Focused Beam 

Reflectance Measurement (FBRM) Probe and Particle Video Microscope (PVM) Probe in a 

blind autoclave [101, 102]. Furthermore, the changes in hydrate morphology can also be 

directly observed. With required subcooling, system pressure will drop significantly which 

indicates initial hydrate formation due to gas consumption [103].  

The Centre for Gas Hydrate Research at Heriot-Watt University proposed a framework to 

elucidate the mechanisms involved in hydrate inhibition with KHIs, known as the Crystal 

Growth Inhibition (CGI) [51, 104-106]. Unlike the detection of hydrate nucleation (due to the 

stochastic nature), this method yielded consistently reliable and repeatable results using the 

high pressure Autoclave cell [51]. This CGI technique tells us that in addition to being 

nucleation inhibitors, KHI polymers also supress crystal growth rate immensely. As shown in 

Figure 2.15 (figure adapted from [104]), the CGI regions range from slow dissociation region 

(SDR), complete crystal growth inhibition (CIR), slow growth region (SGR) and finally to 

rapid growth region (RGR). Since the defined pressure-temperature zones delineated well on 

hydrate phase boundary, this CGI framework can also be readily transferable to field 

application. 
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Figure 2.15: Pressure-temperature plot showing 4 regions classified in the CGI technique: 
slow dissociation region (SDR), complete inhibition region (CIR), rapid growth rate region 
(RGR) and rapid failure region (RFR) (figure adapted from [104]). 

Although both rocking cells and autoclaves are great tools to study hydrate formation, it is 

difficult with either apparatus to generate many experimental runs (more than 100 hydrate 

nucleation events) within reasonable timeframes. This is mainly due to their large thermal 

masses, which results in typical cooling rates used of 1 kelvin per hour. Hence, a longer period 

is required to allow the necessary heat transfer to achieve specific experimental condition. 

Typically, one formation event can be obtained in a day. With such low sampling rates, the 

small datasets collected typically are not as statistically significant as is needed to accurately 

quantify the stochastic nature of hydrate nucleation. 

2.4.2 High Pressure Automated Lag Time Apparatus (HP-ALTA) 

Barlow and Haymet developed the Automated Lag Time Apparatus (ALTA) to study the 

nucleation of supercooled liquids. The ATLA repeatedly measures the induction time before 

liquid nucleates into its equilibrium solid state [107-109]. A schematic diagram of ALTA is 

shown in Figure 2.16. 
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Figure 2.16: (Left) Schematic diagram of ALTA to study supercooled water, where nucleation 
is detected via laser. (Right) Primary induction time data for nucleation of distilled water, 
calculated from the time when sample is cooled below 263.15 K until the time it freezes. 
Diagram and results shown are adapted from [107]. 

Operating in atmospheric pressure, the cell is sandwiched between the laser and detector 

(chamber ‘A’ in Figure 2.16) and a thermocouple is used to measure the in-situ temperature. 

The potential difference is 0.1 V across the phototransistor when there is no solid crystal and 

4.9 V when the supercooled liquid freezes. Hence, an average threshold value of 2.5 V is chosen 

to distinguish whether nucleation has happened. This piece of apparatus is efficient in 

generating nucleation of supercooled water: about 350 events were generated over a five day 

period [107], as shown on the right panel of Figure 2.16. 

Following the work done with ALTA to investigate ice formation, a High Pressure Automated Lag 

Time Apparatus (HP-ALTA) was developed and used to study the statistics of hydrate formation 

[110, 111]. Similar to ALTA, this apparatus can produce large numbers of hydrate formation data 

rapidly as compared to traditional methods including rocking cells and autoclaves [112]. Figure 

2.17 shows the schematic diagrams of HP-ALTA in two- and three-dimensional view.  
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Figure 2.17: Schematic diagram of HP-ALTA in three dimensional view (left) and two 
dimensional side view (right). Figure adapted from [110, 111]. 

To commence an experiment, a small amount of water is placed on the boat prior to charging 

the cell with high pressure gas. To control the system temperature, the cell is sandwiched with 

2-peltier elements, which create a temperature difference by transferring heat between two 

plates. Similar to ALTA mentioned previously, this system can achieve typical cooling rate 

between 0.6 and 4.5 kelvin per minute (K·min-1) [110]. A LED and a photo detector are aligned 

to measure the intensity of the transmitted light that passes through the water sample. To 

measure hydrate formation, the cell is cooled down until a sudden reduction of light intensity, 

where the formation temperature is obtained. This is due to part of the portion of the light 

scattered away when it passes through the crystal structure. Formation point, Tf is then 

compared against the equilibrium temperature, Te to calculate the subcooling, ΔT (equation 

(2.11)).  

 

 𝛥𝛥𝑇𝑇 =  𝑇𝑇𝑒𝑒 − 𝑇𝑇𝑒𝑒 (2.11) 

 

After detection of the formation point, the sample is then dissociated by heating up to 310 K 

for 5 minutes. The procedure is then re-cooled and repeated to generate more nucleation events. 
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Sufficient experimental data can be rearranged to depict the cumulative probability hydrate 

formation as a function of subcooling.  

It was observed that the subcooling probability distribution can sometimes be bimodal, which 

can be explained by the formation of both ice and hydrates when the formation temperature 

drops below 273 K. This means that the nucleation distribution obtained is not solely 

representative to hydrates and cannot be directly compared to nucleation theory. Also, resulting 

from static condition, the hydrate subcooling observed can be as high as 20 K, which could be 

caused by the limited ability of gas to diffuse into the aqueous phase [111].  

Maeda et al. (2012) investigated the effect of both pressure and cooling rate on the hydrate 

formation temperature. In general, the formation temperature increased with increasing gas 

pressure. In order for nucleation to happen, minimum threshold pressure must exist and these 

values decreased in the order C1 > synthetic gas mixture (SGM) > C1/C3. Meanwhile, the 

formation temperature decreased slightly with increasing cooling rates from 0.01 K/s to 0.075 

K/s, which corresponds to increased effective induction time when samples were cooled slower 

for gas diffusion [111]. This work was further expanded to a second mode of operation to 

measure the period between when the system reached target temperature and formation onset, 

known as isothermal induction time distributions [112]. The distribution of the measured 

isothermal induction time data as a function of subcooling can also be graphically represented 

in a “survival curve”. It was concluded that the induction time distribution for conditions of 

higher subcooling (e.g.: 279 K target temperature, equivalent to 11 K subcooling) is much 

narrower compared to those obtained with lower subcooling (e.g. Tf  of 284 K equivalent to 𝛥𝛥𝑇𝑇 

of 6 K). Note that some isothermal induction time distributions obtained with ALTA were 

curtailed in two scenarios: (1) induction time was deemed to be zero when formation occurs 

during the cooling pathway and (2) induction time was set to be 15,000 s when no hydrate 

formation observed after 15,000 s [112]. Figure 2.18 shows an example of a histogram, where 

distribution is truncated when no nucleation is observed after 15,000 s.  
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Figure 2.18: Example Histogram of isothermal induction time obtained from ALTA. The 
minimum isothermal induction time measured was 629 s. Induction times of 15,000 s were 
recorded for experiments which were terminated after the maximum experimental period. 
Figure adapted from [112]. 

Following from the work done for ice formation, a power law equation was proposed to 

describe the relationship between subcooling and mean induction time, with empirical 

constants of AALTA and pALTA. Wu et al. have also used equation (2.12) to fit hydrate induction 

time distribution, but with median induction time. Note, that subscript “ALTA” is included 

here and not to be confused with the notation of A (kinetic parameter) and p (pressure) found 

in other sections / chapters. 

 𝑡𝑡𝑚𝑚𝑒𝑒𝑚𝑚 =
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

(𝛥𝛥𝑇𝑇 − 3𝐾𝐾)𝑝𝑝𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴      (2.12) 

 
 

Although equation (2.12) is able to describe the induction time distributions well, the specific 

values of the empirical parameters are presumably specific to the apparatus, hence unable to 

be applied in subsea pipelines for industry application.  

Later, the performance of KHIs have also been investigated using an HP-ALTA [113, 114]. 

May et al. tested KHIs with concentrations of 0.5 wt% and compared the results with data 

collected from conventional apparatus [114]. Figure 2.19 shows the subcooling distributions 

collected with six KHIs. 
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Figure 2.19: The probability density distribution (left) and cumulative probability distribution 
(right) with the presence of KHI obtained (a) without memory effect (superheating of 16 K) 
and (b) with memory effect (superheating of 6 K). Figures adapted from [114]. 

May et al. (2014) suggested that the subcooling-probability threshold (SPT) method as one  

approach to quantify the probability of hydrate formation and rank the performance of various 

KHIs [114]. The lower the probability estimated with a threshold subcooling selected, or the 

higher the subcooling measured with a fixed formation probability, the better the performance 

of KHIs. With this method, the probability of hydrate formation can be assessed at different 

thresholds. This is important as the choice of threshold is somewhat arbitrary, depending on 

the system application. Figure 2.19a shows that the subcooling distributions of hydrate 

formation for all six KHIs, which are very similar to the ice formation [114]. This meant that 

the apparatus was reaching its ability to resolve differences in performance of the KHIs being 

tested. To account for engineering risk tolerance, it is sensible to access KHI performance at 

low probabilities [56]. For instance from Figure 2.19b, the performance of KHI 3 is better than 

KHI 2 at formation probability of 0.01 even though the median subcooling of KHI 3 is 

approximately 3 K higher than KHI 2. 
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In order to differentiate the performance of various KHI, the memory effect was exploited, 

such that lower superheating, Tsh (Tsh = Tregen – Teq; Tregen is regeneration temperature) was 

applied, with the results shown in Figure 2.19b. The memory effect is a phenomenon whereby 

the reformation of hydrate occurs more easily if water sample has previously formed hydrate 

and has not been sufficiently regenerated [115, 116]. The principle behind this phenomenon is 

still under debate, with two major hypotheses proposed. Without substantial superheating in 

the system, the remaining residual hydrate structures in water reduce the driving force for 

hydrate reformation [53, 117]. Another theory suggests that memory effect is caused by the 

incomplete dissociation of gas molecules in bulk solutions [118].  

To remove the contact effect between water and cell’s surface, HP-ALTA was then further 

modified to investigate the effect of hydrate nucleation probability on single water droplet [119, 

120]. This was achieved by letting a water droplet to float on top of a hydrophobic, inert, wall-

wetting, and denser liquid in the cell of HP-ALTA. Perfluorodecalin is the chosen liquid which 

satisfies these conditions, where the inner cell is coated with 1H,1H,2H,2H-

Perfluorodecyltriethoxysilane (PFDTES) to ensure there is no contact area between the wall 

and water [119-121]. The extended subcoolings measured were deeper (approximately a factor 

of 2) in the case of a water droplet compared against water in sample cell. Such phenomenon 

is consistent with the principle discussed in 2.3.2, such that there are more homogeneous 

nucleation sites on a quasi-water droplet. However, the absolute subcooling measured was still 

on the order of 20 K (from Figure 2.19), which is much higher compared to field test carried 

out by DeepStar (average ΔT= 3.6 K), and hence is usually not representative of pipeline 

systems. 

 

2.5 Summary of key knowledge gap 
Multiple experimental apparatus have been developed to study hydrate formation. However, to 

date, it is difficult to use these apparatus to generate statistically significant datasets under 

stirred conditions.  

The hydrate formation datasets measured using the quiescent (HP-ALTA) or non-turbulent 

systems (e.g. rocking cells) are generally not representative of the core nucleation phenomena 

as they are mainly governed by the mass transfer limitation and cannot be directly applied to 

production systems in the industry. The use of a photo detection method to detect the onset of 

hydrate formation in HP-ALTA also mean that hydrate growth cannot easily be quantified 



35 
 

separately. The truncated distributions when obtaining induction time data at isothermal 

conditions as shown in [112] might also not be fully representative to the stochastic nature of 

hydrate formation. Also, the use of empirical parameters when fitting a model to the obtained 

experimental distributions is highly specific to the experiment.  

On the other hand, apparatus such as high-pressure autoclaves are slow in generating large 

formation datasets, which makes the quantification of hydrate nucleation and growth 

challenging. This means that KHI performance testing is very difficult and potentially 

intractable when there are hundreds of chemicals available for testing. Without meaningful 

hydrate formation datasets, it is difficult to assess the performance of KHIs accurately. This is 

one of the reasons why operators sometimes doubt the functionality of KHIs for field 

application. 

This research’s first aim is to address the knowledge gap caused by limited statistically 

significant data sets for hydrate formation in systems without mass transfer limitations. 

Ultimately with sufficient experimental data collected, the goal would then become to develop 

industrially predictive model for hydrate formation to associate both subcooling and induction 

time; CNT can be deployed as a useful starting point for this end. The outcomes of experimental 

measurements of nucleation probability will allow flow assurance engineers to better predict 

hydrate formation, which is critically invaluable not only to oil and gas industry but also the 

science of gas hydrates. 
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3 Development of High Pressure Stirred Automated Lag Time 

Apparatus (HPS-ALTA) & Experimental Methodology 
 

This chapter highlights the development of two generations high pressure, stirred, and 

automated lag time apparatus (HPS-ALTA), which enable the collection of hydrate nucleation 

and growth datasets. It combines the advantages of autoclaves and rocking cells, namely, the 

ability to apply shear and use of a pressure-based detection system, with the rapidity of 

temperature cycling that enables the automated measurement of formation probability 

distributions with statistical significance in practical time frames. This HPS-ALTA, when 

combined with an automated data-processing algorithm, enables the probability of gas hydrate 

formation to be efficiently determined as a function of key operational parameters, such as 

system temperature, subcooling, shear rate, gas composition, and liquid composition, with the 

latter including inhibitors at various concentrations. The details of data analysis (subcooling 

and induction time) is also discussed extensively here. The measured hydrate formation 

probability distributions with HPS-ALTA can then be analysed using the theoretical 

framework of Kashchiev and Firoozabadi [15, 93, 94] as a first step toward generalizing what 

may conventionally be considered as apparatus-specific data into results of more fundamental 

significance and/or industrial relevance. 

3.1 1st Generation HPS-ALTA (HPS-ALTA-1) 
A photo and a schematic of the 1st Generation HPS-ALTA are shown in Figure 3.1 and Figure 

3.2, respectively. Each of the two cells within the system consists of a machined, cylindrical, 

stainless steel well of volume 4.63 mL, diameter 20.1 mm, and depth 14.6 mm, sealed with a 

nitrile O-ring (Ludowici Sealing Solutions) by an upper plate containing a sapphire window 

(WG31050, Thorlabs, Inc.; visible in Figure 3.1). A polytetrafluoroethylene glass fibre (PTFE

−GF) O-ring is used to make a seal between the upper surface of the sapphire window and the 

steel lid. Magnetic stirrers (AREX, Velp Scientifica Srl) drive a PTFE-coated, cylindrical 

magnetic stirring bar (13 mm long, 6 mm wide; Cowie Technology Group Ltd.) within each 

cell at a specified rate, enabling shear to be applied continuously to the fluid during the 

experiment. The actual rotational speed achieved for a given setting between 100 and 700 rpm 

was confirmed with a laser-based tachometer (DT-2236B, Lutron Electronic Enterprise Co., 

Ltd.), results shown in Figure 3.3. The energy delivered to the aqueous phase as a result of 

viscous dissipation by the stirrer at 700 rpm was estimated to be less than 66 mW, which is 
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negligible in comparison with the cooling power applied to the cell by the Peltier element (10

−20 W). 

 

Figure 3.1: Top-down view of one of the HPS-ALTA-1 cells. The stirrer, pressure transducer 
(PT), part of the resistance temperature detector (RTD, top of the image), and the wires that 
provide power to the Peltier element are also visible.  

 

 

Figure 3.2: System schematic of HPS-ALTA-1 system (RTD: resistance temperature detector, 
PT: Pressure Transducer, TEE: TEE valve). Red lines represent the gas injection line and green 
lines show the pathway of glycol solution (coolant) to the water block.  



38 
 

 

 

Figure 3.3: Rotational speed calibrations of Velp Scientifica magnetic stirrer via a tachometer 
for the 1st Generation HPS-ALTA. 

In each cell, a Peltier element was situated between the cell’s outer bottom surface and a coolant 

block through which chilled ethylene glycol or water was circulated via a LAUDA Alpha RA8 

cooling thermostat. The Peltier elements (ET-161-12-14-E, Adaptive Thermal Management) 

were driven by programmable power supplies (E3648A, Agilent Technologies), enabling 

independent control of each cell’s temperature. When current flows through the conductors, 

heat is removed on one side and cooling occurs and simultaneously, heat is deposited at the 

other junction. To achieve heating-cooling control, the temperature of the liquid within each 

cell was measured using a Pt-100 resistance temperature detector (RTD) (Omega Engineering 

Limited, uncertainty: 0.1 K). The RTD reading was used in a digital feedback loop to set the 

output voltage of the Peltier power supplies. The gas phase pressure within each cell was also 

continuously monitored using a pressure transducer with a full scale of 23.5 MPa (MM Series, 

Omega Engineering Limited; relative uncertainty: 0.08% of full-scale). Both pressure and 

temperature transducer signals were monitored using a National Instruments data acquisition 

system connected to a computer running the LabVIEW software package [122]. This 

generation of HPS-ALTA is used to obtain results in chapter 4.  
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3.2 2nd Generation HPS-ALTA (HPS-ALTA-2) 
Compared to the first generation, the HPS-ALTA-2 consists of larger cells with improved (heat 

transfer). Each cell is a machined stainless-steel pressure cell with a hexagonal external cross-

section. A schematic and photographs of the second generation cells are shown in Figure 3.4 

and Figure 3.5, respectively. 

 

Figure 3.4: Top-down, simplified schematic of an open second generation HPS-ALTA cell. 
For clarity, the recess in which the lid sits and the bolt holes used to seal the lid, are not shown. 

 

Figure 3.5: (a) Top-down view of one of the 2nd generation HPS-ALTA cells without the lid 
present. The image shows the cylindrical well surrounded by an o-ring groove, 6 threaded holes 
for securing the lid and 2 bores capable of containing the RTD. (b) Photo of a sealed cell 
mounted on a (blue) magnetic stirrer. The upper parts of the RTD are visible, as is the gas 
injection line which is terminated at a valve and contains the pressure transducer. The cell is 
surrounded by six Peltier elements, each compressed between the cell and a coolant block. 
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Each cell has a central cylindrical well with radius 1.2 cm and depth 2.4 cm, corresponding to 

a total cell volume of 10.9 mL. A nitrile o-ring, which serves to seal the cell, sits in a groove 

in the cell body and is compressed by the stainless-steel lid. The region of the lid that covers 

the well contains a port for gas injection (Figure 3.5b). The short gas injection line includes an 

in-line pressure transducer (DF2-SS-01-3000, DJ Instruments) and a valve to isolate the cell 

following pressurisation (15-11AF1, High Pressure Equipment Co.). A 1/8″ diameter, 100 Ω 

platinum RTD (resistance temperature detector; P-M series; Omega Engineering Inc.) is 

inserted through the lid into a bore within the wall of the cell and is used to monitor the 

temperature of the cell body (the bore is visible in Figure 3.4 and Figure 3.5a).  

A Peltier element (12711-5L31-05CL-S; Custom Thermoelectric, LLC) is mounted on each of 

the six sides of each cell to enable heating and cooling of the cell. This arrangement enables 

more spatially symmetric heating and cooling than was possible with the first generation HPS-

ALTA, which only had a single Peltier element on the cell’s underside. The Peltier elements 

are compressed between the cell body and water blocks (WBA-1.25-0.50-CU-NP, Custom 

Thermoelectric, LLC) through which a water-MEG coolant mixture flows, driven by a 

circulation chiller (MC 600, LAUDA-Brinkmann, LP). The cell temperature is controlled via 

a PID loop implemented in LabVIEW [122] which sets the voltage delivered to the Peltier 

elements by external power supplies. The RTD provides a measurement of the cell temperature 

for the PID loop. The apparatus allows for linear cooling ramps at rates, β, of up to 5.5 K·min−1. 

Faster temperature ramping is achievable, but in such cases the ramp rate will not necessarily 

be constant over the entire temperature range. 

A cross-shaped PTFE stirring flea (approximate volume of 0.8 cm3) is used to apply shear to 

the fluid in each cell. The flea is driven at 700 rpm using a magnetic stirrer (colour squid; IKA 

Works, Inc.) on which the cell sits in a central location. Similar to HPS-ALTA-1, the magnetic 

stirrers were also calibrated with a tachometer, with the results shown in Figure 3.6. Data 

acquisition and instrument control are achieved via a National Instruments CompactDAQ 

system used with a data acquisition rate of 1 Hz. During the entire experiment, the cell 

temperature and gas phase pressure are continuously monitored. Finally, to avoid overheating 

the cells, thermal switches on the cell lids will shut off the power supplies driving the Peltier 

elements if the cell temperature exceeds a critical value. 
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Figure 3.6: Rotational speed calibrations of the IKA works magnetic stirrer using a tachometer 
for the 2nd Generation HPS-ALTA. 

Thermal lags and spatial gradients within the stirred fluid volume during cooling (see Figure 

3.7) were modelled for HPS-ALTA-2 by Metaxas et al. [123] using two dimensional CFD 

(computational fluid dynamics) simulations preformed with ANSYS FLUENT (finite volume 

based). A summary of the method and results obtained is presented here to indicate the likely 

thermal uniformity achieved during experiments.  

The “Coupled Method” in FLUENT was used for pressure-velocity coupling with spatial 

discretization for the momentum, turbulence and heat equations implemented via the 3rd order 

MUSCL scheme [124, 125]. Spatial discretization of the pressure field was performed via the 

2nd order method, with time stepping resolved using an implicit bounded 2nd order method. 

As the cell does not contain baffles, the flow was treated using a single domain with the rotation 

of the flea handled using the moving reference frame method. This also allowed the use of a 

steady-state method to initialize the system to the required temperature. The RNG k-epsilon 

turbulence model [126] with the Kato-Launder Production Limiter [127] was selected as it has 

the best balance between accuracy and performance in rotating flows. The viscous heating term 

(e.g. [128]) was included to capture the heating caused by the dissipation of the turbulence 

energy. To simulate a cooling ramp, the boundary conditions were chosen such that the 

temperature at edge of the water volume decreased linearly with time until the set point was 

reached. The results of the CFD simulations are presented in Figure 3.7: during a 5 K⋅min-1 

cooling ramp, the thermal lag causes an approximately 0.3 K higher average water temperature 

compared to the boundary temperature. As seen in the inset of Figure 3.7, and also in Figure 

3.7b, the highest spatial temperature gradient is in the vicinity of the wall (approximately 0.8 

K⋅mm-1
 near the end of the cooling ramp at 482.1 s). However, upon reaching the target 
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temperature, the stirring causes the water volume to obtain thermal equilibrium over a time 

scale of approximately 10 s (Figure 3.7a). This time scale is more than an order of magnitude 

smaller than the shortest mean induction time measured in all the experiments collected in this 

thesis, which indicates that thermal lags across the water volume are of limited significance. 

The simulation results also suggest that the temperature rise due to the stirrer is negligible at 

700 rpm: the maximum temperature change due to viscous heating of the water is 

approximately 0.3 mK. 

 

Figure 3.7: Results from CFD simulations of the HPS-ALTA-2 reported by Metaxas et al. 
[123]. (a) Maximum and spatially averaged water temperatures versus time together with the 
temperature of the cooled water at the boundary of the cell. The focus is on the end of a cooling 
ramp where the ramp rate was 5 K.min-1. Inset shows a snapshot of the CFD simulation system 
at time = 240 s with a colour map of the water temperature. The rotation direction for the flea 
is counter clockwise. The flea is 20 mm long with arm widths of 5 mm. The well diameter I 
23.1 mm. (b) Spatially-resolved water temperature across half of the cell near the end of the 
cooling ramp (482.1 s; red arrow in (a)) and toward the end of the thermalisation period (488.6 
s; blue arrow in (a)). 
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To improve the repeatability of the measured formation distributions, sixteen HPS-ALTA-2 

cells were all housed within a stirred air bath (I-500 incubator, Steridium) maintained at 32 °C, 

which provided constant and spatially uniform ambient temperature conditions, as shown in 

Figure 3.8. 

 

 

Figure 3.8: View of the 500 litre incubator now used to house the 2nd generation multi-cell 
HPS-ALTA cells. Power supplies are the black units above and to the right of the incubator. 
The grey box in the bottom tight part of the image is one of the chillers used to supply glycol 
solution to the water blocks.   
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3.3 Experimental Procedure and Measurements 
This subsection provides a general overview of the experimental procedure followed in most 

measurements. Specific details for particular experiments are covered in the methodology 

sections of subsequent chapter.  

Prior to loading, each cell is cleaned using solvents, with the order of toluene, ethanol and 

isopropanol. Then, they are placed in an oven (temperature set at 50 °C) for at least an hour to 

ensure any remaining solvent have been evaporated. Measurements were conducted by first 

loading each of the open cells with of degassed, deionized water (typically 1 mL for HPS-

ALTA-1 and 5 mL for HPS-ALTA-2). The degassing of the water was carried out for at least 

30 min with agitation using a separate heated plate set to approximately 75 °C.  Following 

liquid loading, the cell was sealed and pressurized using a syringe pump (Teledyne Isco), then 

purged three times with the hydrate-forming gas. The composition of the gas mixture used in 

the experiments described in this thesis is given in Table 3.1. 

Table 3.1: Gas components and composition of the hydrate forming gas mixture. 

 

 

 

 

 

Unlike in the atmospheric pressure ALTA studies by Wilson et al. [129], no catalysts were 

used to promote nucleation. The system was then initialized with that mixture to a chosen initial 

condition (fixed pressure and temperature) while applying shear to the system at a specific 

shear rate (typically 700 rpm) to ensure effective dissolution of gas into the water. Note that 

experiments have also been carried out at 400 rpm and the subcooling distributions are very 

similar in term of mean and standard deviation. Hence, 700 rpm is chosen to ensure the system 

is turbulent (Re ~7,500) as well as to minimise mass transfer limitation. The cell was 

subsequently isolated before operation.  

Depending on types of experiments, the procedures to control heating-cooling cycles differ 

slightly. There are two types of experiments: (1) constant cooling (also known as constant 

cooling experiments) to obtain subcooling distributions (results in Chapters 4 and 6) and (2) 

Gas Component Molar Composition / % 

Methane, CH4 90.36 

Ethane,  C2H6 5.71 

Propane,  C3H8 1.90 

Carbon Dioxide,  CO2 2.00 
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fixed subcooling (also known as constant temperature experiments) to obtain induction time 

distributions (results in Chapters 5 and 7). 

For constant cooling experiments, three full hydrate formation−dissociation cycles are shown 

in Figure 3.9, with each temperature−time series clearly separated into the stages described 

above (heating and cooling ramps separated by nearly isothermal waiting periods).  

 

Figure 3.9: Example of (a) temperature and (b) pressure-time series data from the HPS-ALTA 
for three complete hydrate formation-dissociation cycles (gas mixture, 100 rpm, 2 K.min-1 
cooling rate; initial conditions: 13 MPa at 20 °C). Tregen and Thold are 40 and -5 C in this example 
shown, respectively. Hydrate formation can be identified in (b) from the resulting increased 
pressure drop, which occurs toward the end of the cooling ramp. 

This example is for the gas mixture under a 100 rpm shear for a cooling rate of 2 K·min-1. The 

cell was initially heated to a specified regeneration temperature, Tregen, where it was maintained 

for a period of time, which was more than sufficient for the pressure to stabilize. The cells were 

then cooled at a fixed rate before being held at the target minimum temperature,  (typically −5 

°C) for 5 min. Hydrate formation events during the cooling ramp can be identified in Figure 

3.9b from changes in the slope of the pressure − time series data (detection of the onset of 

hydrate formation is discussed in subsection 3.4). Finally, the cell was heated at a rate of 8.5 

K·min−1 back to Tregen, where it was maintained for a specified hold time, thold, (typically 5 min) 

before the cooling ramp was repeated. Between each ramp, the pressure at which the cell 

stabilized during thold at Tregen allowed confirmation that no leaks had developed over the course 

of the experiment’s duration. These cooling/heating cycles were repeated continuously for a 

period until a statistically significant number of hydrate formation events had occurred 

(typically on the order of 100). 
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For fixed subcooling experiments, the cell temperature was also repeatedly cycled into and out 

of the hydrate equilibrium region. Each cycle started with a 5 min isothermal period at a 

regeneration temperature, Tregen = 40 °C, under (the same) constant shear. When applied 

between successive measurements of hydrate formation, this regeneration period ensures 

complete dissociation of any hydrates produced during the previous cooling ramp. No evidence 

of the so-called memory effect [14] was observed. This is confirmed by checking inspecting 

the trend of subcooling/ induction time plotted against number of formation event, where no 

downwards trend is observed in all experiments. The cell temperature was then decreased at 

ramp rate, β, to a target temperature at which the cell conditions were within the hydrate 

stability region. The target temperature was chosen to be sufficiently high to avoid formation 

during the cooling ramp and thus yield well-defined pressure-time plateaus. This helps to 

ensure that the automatic analysis method (detailed below) is successful and accurate. After 

cooling at (3-6) K.min-1, the system remained at the target temperature until hydrate formation 

was unambiguously detected. This was achieved by monitoring the cell pressure, with 

automated detection of hydrate formation being triggered by a drop of at least 0.4 MPa with 

respect to the cell pressure at the end of the cooling ramp. Once hydrate formation was detected, 

the system temperature was returned to Tregen and the cycle repeated. Unlike other studies, a 

maximum induction time limit was not set. This is especially important at lower subcoolings 

where (e.g.) the experimental time limit of 15,000 s imposed by Wu et al. [112] can lead to an 

artificial truncation of the induction time distributions. While Adamova et al. [130] have 

recently developed a method of estimating nucleation rates from data sets that sub-sample the 

induction time distribution, there is still a requirement to obtain a sufficient number of 

induction time data to obtain a reliable estimate. Moreover, a comprehensive sampling of the 

full distribution allows the application of statistical tests to determine the nature of that 

distribution (e.g. for exponentially distributed values, the mean and standard deviation should 

be the same). 
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Figure 3.10: (a) Temperature and (b) pressure during an induction time experiment at a target 
temperature of 12 °C (∆T = 7.9 K). Temperature and pressure time series data at the onset of 
gas consumption are shown in (c, d). Small, coincident pressure and temperature increases are 
seen at this point. 

Figure 3.10 shows example experimental temperature- and pressure- time traces for a fixed 

subcooling (induction time) experiment. The latter is separated into the three phases as outlined 

above: the cooling-induced pressure decrease, the isothermal induction time period and the 

hydrate growth phase which follows the onset of detectable hydrate formation. The 0.4 MPa 

drop is used by the control algorithm implemented in the data acquisition software to determine 

when the cell should be regenerated. However, it is not used to extract the induction time since 

the time from the ramp start to the generation of the pressure drop includes a finite period of 

growth following the onset of formation. Instead, as for the constant cooling experiments 

detailed in previous section, the pressure and temperature time series data are post-processed 

to determine the onset of detectable hydrate formation using an analysis method detailed in the 

following section. Often, at the point of gas consumption onset, a small and very brief increase 

in the gas pressure was observed (Figure 3.10d), coincident with a small and brief temperature 

increase registered by the cell RTD (Figure 3.10c). Since all formation events in this work 

occur above the ice point, these signals can be attributed to the exothermic formation of a 

discrete amount of hydrate (recalescence; e.g. [131]). Such observations are consistent with the 

occurrence of a discrete nucleation event after a relatively long induction time, rather than the 

alternative: the slow growth of unresolved amounts of hydrate for a significant period of time 

before the detection threshold is reached would not lead to the observed transient increases in 

temperature and pressure. Finally, as illustrated by the data shown in Figure 3.10b, the growth-

induced pressure decrease that follows formation is relatively constant and readily measured. 
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The average rate of this pressure decrease is determined over the first 0.05 MPa following 

formation and is then used to determine the dependence of the initial hydrate growth rate on 

subcooling. To estimate a gas consumption rate, the measured average rate of pressure decrease 

is simply multiplied by V/ZRT, where V is the gas phase volume (5.1 mL), Z is the 

compressibility factor estimated from the CPA EOS (≈0.8), and R is the ideal gas constant. 

After sufficient hydrate formation events, the HPS-ALTA cell is slowly depressurised, washed 

with solvents before new experiments commenced.  

3.4 Subcooling Data Collection and Automated Analysis  

Hydrate formation was detected via analysis of the temperature and pressure−time series data 

recorded for each cooling ramp. To construct a formation probability distribution, the 

temperature at which the formation event occurred was identified for every one of the 100 or 

so cycles that comprised a single experiment. A hydrate formation detection algorithm was 

developed to minimize subjectivity and reduce analysis time and implemented using the Python 

language with the pandas [132], matplotlib [133], and numpy [134] packages. An example of 

the analysis conducted using the automated detection algorithm is shown in Figure 3.11. 

 

Figure 3.11: (a, b) Result of automated analysis of the (p, T) time series data obtained during a 
single cooling ramp for the gas mixture. The red line in (a) shows the calculated (Δp/ΔT)local 
values, whereas the blue line in (b) corresponds to the δp =p – pisochor values. The solid green 
line (which for clarity is only shown in (a)) corresponds to the mean value of that quantity 
above Teq*, whereas the dashed green lines show the (mean ± 3 standard deviation) boundaries. 
In this data set, Tf was determined using the (Δp/ΔT) local data, yielding a value of 8.7 °C, 
which matches well with the onset of unambiguous gas consumption that can be seen in (b). 
The blue shaded regions in (a, b) correspond to those temperatures for which the system was 
outside of the hydrate equilibrium region of the p – T phase space. The δp data within the black 
outlined box were used to calculate the initial gas consumption rate due to hydrate formation 
(0.6 kPa·s-1). 
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As a first step, the measured pressure was used to assess whether the system was inside the 

hydrate stability region by calculating the corresponding equilibrium temperature, Teq, using 

the Cubic Plus Association (CPA) model implemented in the software package Multiflash3 

[135, 136] and comparing it with the measured temperature at that point on the cooling ramp 

(the CPA model predictions of the gas mixture’s hydrate equilibrium temperature were verified 

within 0.2 K in separate experiments using a sapphire autoclave in laboratory, following the 

method detailed by Akhfash et al. [43]). The isochoric measurement pathway meant that once 

the system had been cooled to a temperature equal to the value of Teq calculated from the 

measured pressure, the system would be within the hydrate stability region at any lower 

temperature. This condition, identified as Teq* was common to all cooling ramps measured with 

the same overall density (i.e., for cells with no leaks). The pressure−temperature data measured 

for the cooling ramp outside the hydrate stability zone were used to determine a baseline slope, 

(Δp/ΔT)isochor, characteristic of the isochoric cooling of the system. Hydrate formation was then 

determined by identifying the condition at which the (p, T) series data measured within the 

equilibrium region (i.e. T <Teq*) exhibited a statistically significant deviation (99.7% 

confidence interval or 3 standard deviations) from the trend extrapolated using (Δp/ΔT)isochor. 

Two methods were used to detect local deviations of the (p, T) series data from the baseline 

trend extrapolated using (Δp/ΔT)isochor. The first method used a numerical calculation of the 

local slope, (Δp/ΔT)local, at every 0.05 K along the cooling ramp via linear regression of the (p, 

T) series data within a 0.5 K window (Figure 3.11a). The second method calculated the 

deviation in pressure, δp = p – pisochor, of each measured (p, T) data point from the linearly 

extrapolated pressure pisochor at the same temperature estimated using (Δp/ΔT)isochor and the data 

measured above Teq* (Figure 3.11b). Standard deviations for both of these quantities, σΔpΔT and 

σδp, were calculated from the data acquired on the section of the cooling ramp measured outside 

the hydrate stability region. In both methods, the formation condition was identified as being 

the first point on the cooling ramp, where 20 consecutive values of that quantity ((Δp/ΔT)local 

or δp) differed by more than 3 standard deviations from the baseline trend extrapolated using 

(Δp/ΔT)isochor. In general, the first method tends to produce a leading estimate of the formation 

temperature, Tf, (i.e., one which is too high) because of the finite-width fitting window used to 

evaluate (Δp/ΔT)local (the calculated local slope at a given temperature is influenced by data 

obtained at slightly lower temperatures). In contrast, the second method tends to produce a 

 
3 Multiflash 4.4 is used for data analysis in chapter 4 and Multiflash 6.2 for data analysis in chapter 5, 6 and 7. 
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lagging estimate of the formation temperature (i.e., one which is too low) because of the 

requirement for δp to become larger than 3 σδp. Detection via the second method can also be 

less reliable as a result of the cumulative drift in δp resulting from small but consistent 

incremental deviations, which cause the signal to move slightly outside the extrapolated 

baseline trend, resulting in an erroneous identification of hydrate formation. Each data set was 

analysed using both methods; in general, it was found that method 1 is more reliable in 

comparison with a manual assessment of the same data set to identify the formation point (as 

is the case for the data shown in Figure 3.10 and Figure 3.11). Accordingly, first method was 

used but reviewed manually all instances where a discrepancy of more than 0.2 K existed 

between the formation points determined by each method. In those cases, the manual review 

usually identified one or other method as giving a better identification of the formation point, 

although in some instances an arithmetic average of the values determined via each of the 

methods was used. To facilitate this inspection, the code was written to enable live visualization 

of the p-T data around the extracted formation temperature for each cooling ramp during the 

automated analysis.  

On occasion, the formation of hydrates was also indicated by a spike in the reading of the 

temperature sensor in contact with the water at the same time or shortly after they were detected 

from the pressure signal. However, this did not prove to be a reliable indicator because the 

response of the thermometer was dominated by the smoothly ramped temperature of the cell 

wall (a further indication of efficient stirring). Additionally, the magnitude of any temperature 

rise depended on the proximity of the sensor to the location of the hydrate formation.  

For each formation event, the subcooling temperature, ΔT, was calculated by subtracting the 

formation temperature away from the calculated equilibrium temperature at the formation 

pressure, i.e. ΔT = Te – Tf (equation (2.11)). Subcooling probability distributions were then 

constructed using the method detailed by May et al. [114], by first constructing a histogram 

with a bin width of 0.1 K (equal to the temperature sensor uncertainty). An upper limit for the 

subcooling achieved across all experiments was chosen, so that the histograms constructed for 

different experiments could be represented as arrays of the same length, with the same spacing. 

This allows subsequent numerical operations on the histograms, such as integration or 

subtraction, to be performed in a straightforward manner. Cumulative formation probability 

distributions were then constructed by numerically integrating the histograms via the 

trapezoidal rule.  
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The use of the pressure signal enables hydrate formation to be distinguished from ice formation. 

Despite its exothermic nature, hydrate formation results in a pressure decrease due to gas 

consumption, whereas ice formation results in a small increase in gas phase pressure due to the 

slightly lower density of ice relative to that of water and the heating of the gas phase. 

Distinguishing these two phases can be problematic at temperatures below 0 °C for those 

experimental techniques that rely, for example, upon optical detection of the hydrate phase 

[114].  

The minimum detectable amount of hydrate can be estimated from the noise floor of the 

pressure transducer, which was 0.001 MPa at a constant temperature and 8 MPa with a data 

acquisition rate of 1Hz (the response time of the pressure transducer was much shorter than the 

data acquisition rate). During a cooling ramp, the standard deviation, σδp, was usually slightly 

larger than this noise floor at about 0.002 MPa (e.g., as in Figure 3.11b). Given that the volume 

of the gas phase in the system was approximately 3.5 mL (accounting for the volume of the 

water, stirrer, and gas-containing tubing), the minimum detectable amount of gas consumption 

corresponding to 3 σδp (0.005 MPa) was about 9 μmol at 283 K. Assuming eight guest 

molecules per unit cell of sI hydrates [13, 22], this corresponds to a minimum detectable 

amount of hydrate of 1.1 μmol, which for CH4 hydrate would have a mass of 19.5 μg. If this 

small amount of hydrate formed at the kinetic rate calculated using the correlation of Turner et 

al., on the basis of the measurements of Vysniauskas and Bishnoi and Englezos et al. [38, 137, 

138] the time lag required for detection would be 2.9 s.  

Another advantage of the present technique is that the recorded pressure-time series data can 

be used to determine the rate of gas consumption immediately following the detected formation 

event, thus enabling a quantification of the initial hydrate growth rate, G (e.g., as in ref [38]). 

This information is useful, for example, when assessing the ability of KHIs to suppress hydrate 

growth separately to their ability to delay hydrate formation [139]. Such data allow the 

measured growth rate to become an important, additional performance metric for KHIs, which 

can be more difficult to quantify with other testing methods. Although any apparatus with a 

pressure gauge, such as rocking cells or an HP-ALTA using optical detection, can in principle 

determine a rate of gas consumption, accurately determining the initial growth rate requires a 

precise determination of gas consumption immediately after the start of hydrate formation. The 

HPS-ALTA described in this work identifies the moment of formation within 3 s, whereas 

optical HP-ALTA systems reported to date typically require up to 1 min. In contrast, before a 

formation event can be determined in a rocking cell, an unknown and variable amount of 
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hydrate must form to prevent the ball within the rocking cell from moving. Moreover, this 

initial growth rate can be determined with the HPS-ALTA following each event used to 

construct the formation probability distribution, making construction of a growth rate 

distribution from the same data set relatively simple. 

To determine the initial growth rate immediately following each formation point, the δp values 

calculated as part of method 2 above were used to assess the rate at which the decrease in 

pressure exceeded the baseline trend of the isochor. The initial gas consumption rate was 

extracted from a linear fit to a subset of the δp – T data shown as a boxed area in Figure 3.11b, 

starting at the formation point and stopping once the δp decreased by a specified threshold 

amount, which in this work was chosen to be 30 kPa. The magnitude of this threshold must be 

chosen to be significantly larger than the noise floor in the δp data but also sufficiently small 

such that (i) it is reached in all cooling ramps and (ii) the observed growth rate is not slowed 

by the onset of heat and mass transfer limitations. Growth-rate probability distributions were 

then constructed with a method similar to that used for the formation probability distributions: 

a histogram with a bin width of 0.2 μmol·s-1 was constructed for the gas consumption rate, and 

a maximum gas consumption rate applicable across all experiments was chosen to ensure 

uniformly spaced cumulative probability distributions were produced by numerical integration 

of the histograms. 

3.5 Induction Time Data Collection and Automated Analysis  
The induction time, ti, for hydrate formation at constant subcooling is defined here as the time 

between the system first reaching the target temperature and the time of hydrate formation 

onset (tf). The detection algorithm used to determine ti for each formation-regeneration cycle 

commences by making an initial estimate of the formation time (onset of a reduction in the gas 

pressure), denoted as tf,est. The end of the formation-regeneration cycle corresponds to the 

moment when a pressure drop of 0.4 MPa is measured which is followed by the reheating of 

the cell. The algorithm searches through the pressure-time dataset measured for this cycle by 

stepping back from the end of the data set, which is concurrently smoothed via a 21-point-wide 

moving window average, until the difference in pressure between consecutive time steps is no 

longer positive: this occurs upon reaching the approximate end of the isobaric pressure-time 

plateau. An example of the result of such an analysis is shown in Figure 3.12. The smoothing 

minimises unwanted effects from (the low) signal noise in the pressure transducer. The 

smoothed dataset is calculated sequentially for each point while stepping back through the 

pressure-time series data meaning that only points between tf,est and the end of the dataset are 
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smoothed. The data smoothing results in a value of tf,est that usually occurs slightly earlier than 

the actual formation time (as in Figure 3.12). For cycles with long induction times, the 

algorithm has the advantage of avoiding the need to process the entire dataset because it 

commences the search from the end of the cycle. 

 

 

Figure 3.12: Example for a subcooling of ∆T = 6 K demonstrating the automated search for the 
formation time, tf. To do so an initial estimate of the formation time, tf,est, is found from the 
smoothed pressure-time data where the pressure stops increasing in the search direction. An 
average pressure, pave,est, for the plateau 60 s before tf,est is then calculated to identify the 
formation time accurately.  

To find a more accurate measurement of the formation time, the average system pressure for 1 

min prior to tf,est is calculated to yield pave,est, as shown in Fig. 6 (the average pressure is 

evaluated using the smoothed pressure signal during that minute). The formation time, tf, is 

then identified as the time, t > tf,est, for which the pressure passes below pave,est and stays below 

pave,est until the end of the dataset (i.e. p < pave,est for t > tf). 

This approach works well for data such as those shown in Figure 3.12; however, for the 

particular dataset in Figure 3.10, the algorithm identifies the formation time as occurring just 

after the pressure peak. This corresponds to an error of about 10 s relative to the start of the 

pressure peak, where hydrate formation is inferred from the exothermic response. Such an error 

is usually negligible compared to the overall induction time, and in cases where it is not (e.g. 

induction times less than 1 min) a slightly modified algorithm suited to short plateaus is used. 

As a check of the results obtained by the automated detection method, plots such as that shown 
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in Figure 3.12 are always automatically generated to allow for rapid, visual validation of the 

algorithm. Similar to the subcooling data collected from constant cooling experiments, the 

induction times measured here were binned and then numerically integrated to yield a 

cumulative probability distribution for hydrate formation versus induction time. However, 

because the induction times are exponentially distributed, bin widths which increase 

logarithmically in time (20 bins per decade of induction time) are applied. This enables 

resolution of the fast initial growth of the exponential distribution while avoiding isolated, 

unphysical plateaus in the cumulative probability at longer induction times due to a 

combination of rare, long induction time events with a constant, small bin width. 

3.6 Example Datasets 
An example of probability distribution (PDF) for hydrate formation as a function of subcooling 

that were measured with HPS-ALTA-1 are shown in Figure 3.13. The raw data were analysed 

using the method discussed in previous section (3.4 and 3.5), an approximation to the 

probability density distribution is constructed by sorting the measured data into histograms 

with a bin width of 0.1 K, given that the resolution of the subcooling measurements was better 

than 0.05 K, then uniformly spaced. An upper limit for the subcooling achieved across all 

experiments was chosen (typically 15 K for gas-water system), so that the histograms 

constructed for each different experiments could be represented as arrays of the same length, 

with the same spacing. This allows subsequent numerical operations on the histograms, such 

as integration or subtraction to be performed in a straightforward manner. Cumulative 

formation probability distributions functions (CDFs) were then constructed by numerically 

integrating the histograms; the CDFs acquired for different experiments can then also be 

compared directly as they have the same length and spacing.  
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Figure 3.13: (a) Probability Density Function (PDF or histogram) and (b) cumulative density 
function (CDF) for sI (methane) hydrate formation measured with one of the HPS-ALTA-1 
cell, for a 2K/min cooling rate and a 700 rpm shear rate. 

 

Table 3.2 shows the results of three repeat experiments conducted at the same shear and cooling 

rate, in which over 100 formation points were acquired in each trial. Figure 3.14 shows the 

evolution of the mean and standard deviation in each of the three distributions determined by 

these repeat trials, as a function of the number of formation points measured.   

 

Table 3.2: Results of distribution parameters obtained from three repeat trials at initial pressure 
of 8.5 MPa at 20 °C, 700 rpm and 2 K/min in one of the HPS-ALTA-1 cells. Distributions are 
shown in Figure 3.14. 

 

 

Trial Formation 

events, N 

𝜟𝜟𝜟𝜟���� / 

K 

σΔT / 

K 

Min. /  

K 

Max. /  

K 

1 90.36 7.1 1.4 1.9 9.0 

2 5.71 7.0 1.8 1.8 9.2 

3 1.90 8.1 1.7 4.3 12.2 
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Figure 3.14: (a) Cumulative mean and (b) standard deviation in the subcooling distributions 
obtained from three methane hydrate experiments conducted at the same condition: initial 
pressure of 8.5 MPa at 20 °C, 700 rpm, cooling rate of 2 K/min in HPS-ALTA-1. 

The results of the three repeat trials shown in Table 3.2 and Figure 3.14 indicate that at 

approximately 60 formation data points should be acquired before the values obtained for the 

distribution’s mean and standard deviation become stable. They also show, however, that the 

repeatability in the measured values of these parameters is worse than might be expected from 

purely statistical estimates of their uncertainty. For measurements made with the HPS-ALTA-

1, the repeatability of the mean subcooling, was found to equal the standard deviation of the 

distributions, which was generally about (1 – 2) K. Experiments conducted in with two 

different HPS-ALTA-1 cells were observed to have distributions consistent within this (1 – 2) 

K level if their surface finish, volume, geometry and stirring actions were similar. For example, 

larger discrepancies between formation distributions measured at similar cooling and stirring 

rates with the two different HPS-ALTA-1 cells were observed when the stirring flea in one of 

them wandered from a fixed point, and were eliminated when the internal metal surfaces of 

that cell were re-machined to the same tolerance as the first cell. Note that similar outcomes 

were also observed for HPS-ALTA-2 cells. 

Similar to subcooling, the induction time CDFs can also be constructed using the analysed 

induction time data.  
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Figure 3.15: Four induction time CDFs generated from the same set of experiment, representing 
the first 10, 30, 100 and 312 data points collected. The experimental condition was fixed at : 
initial pressure of 13 MPa at 20 °C, 700 rpm, cooling rate of 3 K·min-1, quanternary gas mixture 
(refer to Table 3.1). 

 

Table 3.3: Mean and standard deviations for induction time distributions obtained for the first 
10, 30, 100 and 312 data collected for sII hydrate at 8 K subcooling (corresponds to the 
distributions shown in Figure 3.15). Absolute mean and induction time percentage difference 
calculated for subset of data points collected, with respect to full dataset (312 data points). 𝑡𝑡�̅�𝑖 
and 𝑡𝑡�̅�𝑖,𝑁𝑁 are the mean induction time for the full dataset and the first N data points, respectively. 
Similarly, 𝜎𝜎𝑡𝑡𝑖𝑖 and 𝜎𝜎𝑡𝑡𝑖𝑖,𝑁𝑁 represent standard deviation induction time for full dataset and the first 
N data points, respectively. 

 

 

 

Data points, 

N 

𝒕𝒕𝒊𝒊�  

/ s 

�̅�𝒕𝒊𝒊, − �̅�𝒕𝒊𝒊,𝑵𝑵
�̅�𝒕𝒊𝒊 

 𝒙𝒙 𝟏𝟏𝟏𝟏𝟏𝟏% 
𝝈𝝈𝒕𝒕𝒊𝒊 

/ s 

𝛔𝛔𝒕𝒕𝒊𝒊 − 𝛔𝛔𝒕𝒕𝒊𝒊,𝑵𝑵
𝝈𝝈𝒕𝒕𝒊𝒊

 𝒙𝒙 𝟏𝟏𝟏𝟏𝟏𝟏% 

10 1574 24.9 1461 22.6 

30 1358 35.2 1247 33.9 

100 1919 8.4 1837 2.7 

312 2095 - 1888 - 
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CDFs were generated with the first 10, 30, 100 and 312 induction time data points to 

demonstrate the evolution of the resultant CDFs (Figure 3.15). With either 10 or 30 data points 

collected, the distribution is clearly not as statistically robust and not “smooth”. This is 

supported by the mean and standard deviation of the distributions constructed for both the 10 

and 30 data point sets, which differ by more than 20% (refer to Table 3.3) from their ultimate 

values. This suggests that small numbers of experiments may not give accurate representations 

of the stochastic nature for hydrate formation. The distribution for the first 100 data points is 

much more comparable to the full dataset collected for this experimental condition. The 

percentage difference is less than 10% for both mean and standard deviation induction time 

when compared to the results from the full dataset. Having a sufficiently large number of data 

ensure that the distribution is smooth and does not have any sharp jumps. This smoothness is 

critical, especially when the comparing the data against theoretical models (comparisons of 

induction time datasets to nucleation theory are discussed extensively in chapter 6.    
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4 Subcooling Distributions 
 

Subcooling is defined as difference between the equilibrium temperature and formation 

temperature at the same pressure. The probability of hydrate formation increases with 

subcooling. However, some engineering tools available for assessing the blockage risk in 

production systems rely on highly simplified heuristics for estimating whether hydrate will 

form or not. For example, the flow assurance software tool, OLGA-CSMHyk, used a widely 

accepted industry heuristic based on the average of five field tests conduction on the Werner 

Bolley well [39], which simply assumes that hydrate will nucleate when the subcooling exceeds 

3.6 K (6.5 F). Although such approach may be useful as a first approximation, the use of a 

single subcooling value without reference to induction time clearly preludes precise 

quantification of hydrate formation risk in system design. 

The HPS-ALTA is a novel apparatus that can be used to efficiently quantify hydrate formation 

in term of subcooling distributions. In this chapter, the ramped experimental procedure detailed 

in section 3.3 is deployed to measure the formation temperature at which hydrate formation 

onset was detected, with the corresponding subcooling calculated using the automated analysis 

discussed in section 3.4. This chapter covers the importance of shear, the role of various hydrate 

forming gases, as well as the addition of oil in subcooling distributions. Some preliminary 

results of the effect of KHIs on hydrate formation are also presented. 

 

4.1 Methodology 
Both generations of HPS-ALTAs are used in this chapter, where the experimental procedures 

detailed in section 3.3 are applied. Specifically, 1 mL and 5 mL of degassed, deionised water 

were injected into HPS-ALTA-1 and HPS-ALTA-2 cells, respectively. The cells were then 

sealed, purged and pressurised to an initial pressure with either methane (99.995% purity) or a 

gas mixture at 13 MPa, or carbon dioxide (99.99%) at 3.8 MPa at 20 °C. The composition of 

the gas mixture used to form sII hydrate is shown in Table 3.1. 

Depending on the experiment, the system shear was set to 0, 100 or 700 rpm at the initial 

pressure to ensure effective dissolution of gas into the water, as well as throughout the entire 

of the experiment. The cell was subsequently isolated before commencing the algorithm 
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detailed in section 3.4. The cooling cycle then commenced with an ultimate low temperature 

of Thold = -5 °C. An example of the cooling cycle is shown in Figure 4.1. 

 

Figure 4.1: Pressure-temperature diagram highlighting the constant cooling ramp before a 
sudden pressure drop which indicate the onset of hydrate formation. The subcooling calculation 
is also shown. Cooling rate shown in this figure is 1 K·min−1. 

The cooling rates used were 2 and 1 K·min-1 for HPS-ALTA-1 and HPS-ALTA-2, respectively. 

These cooling/heating cycles were repeated continuously until typically (on the order of) 100 

of hydrate formation events had occurred. The resulting data were used to construct subcooling 

and/or growth rate distributions.  

 

4.2 Effect of System Shear 
The apparent driving force required for hydrate formation could be expected to increase with 

decreasing levels of shear, as mass-transfer limitations restrict the rate of gas supersaturation 

in the aqueous phase. Indeed, the formation probability distributions measured by Maeda and 

co-workers [114] using quiescent HP-ALTA experiments with a methane + propane mixture 

had median subcoolings around 14 K, increasing to 27 K when kinetic hydrate inhibitors were 

added to the aqueous phase. Ke and Svartaas [140] examined the impact of shear using an 

autoclave and observed that increased shear rates shifted the average subcooling down; 

however, the number of data points in those distributions was limited to 10 due to the low 

achievable cooling rate. Consequently, the three data sets acquired by Ke and Svartaas [140] 
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did not exhibit a clear trend, with the average subcooling measured at 440 rpm being smaller 

than the averages at both 220 and 660 rpm. 

The HPS-ALTA-1 was used to measure formation probability distributions for the CH4−water 

system at three shear rates: 0, 100, and 700 rpm. The resulting formation histograms and 

cumulative probability distributions are shown in Figure 4.2.  

 

Figure 4.2: Hydrate formation and growth-rate probability distributions for CH4 under varying 
levels of shear for an initial condition of 8.5 MPa at 20 °C and a regeneration temperature of 
40 °C. (a) Probability density of hydrate formation and (b) calculated cumulative formation 
probability versus subcooling, ΔT. Note that no hydrate formation was observed during the 
quiescent (0 rpm) experiment even at subcoolings of 15 K. The distributions were constructed 
from 135 measurements at 100 rpm and 547 measurements at 700 rpm. (c) Probability densities 
and calculated cumulative probability functions for initial hydrate growth rates, G (as 
quantified by the rate of gas consumption). 

No unambiguous formation events were detected for the quiescent experiment, even at 

subcoolings as large as 15 K, which represented the limit of the measurement range for methane 

(around −5 °C). However, with the application of some shear, statistically robust formation 

probability distributions could be acquired: at 100 rpm, 135 data points were acquired with an 

average subcooling of 7.94 ± 0.14 K, where the error bound denotes the statistical uncertainty 
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of the mean (i.e. σ /√𝑁𝑁 , where σ is the standard deviation of a distribution with N points). At 

700 rpm, 547 data points were acquired with an average subcooling 0f 6.44 ± 0.07 K. Although 

application of the maximum achievable shear rate (700 rpm) led to the lowest mean subcooling 

observed in experiments, the shift caused by increasing the shear rate from 100 to 700 rpm was 

at least 7 times smaller than the shift caused by increasing the shear rate from 0 to 100 rpm. 

This substantial reduction in the shift of the subcooling distribution caused by further increases 

in shear implies that formation probability measurements made with the HPS-ALTA at 700 

rpm are approaching those for systems without mass-transfer limitations. Thus, these results 

indicate that the application of even a small amount of shear within the HPS-ALTA-1 cell can 

strongly reduce the mass-transfer limitations that afflict quiescent experiments. 

Figure 4.2c, d show the cumulative probability distributions measured for CH4 hydrates and 

the corresponding histograms for initial growth rates at 100 and 700 rpm, respectively. The 

growth rate calculation and the constructions of both PDFs and CDFs are also discussed in 

section 3.4. The measured distributions further demonstrate how the application of shear 

reduces mass-transfer limitations on hydrate growth, with the average of 1.22 ± 0.04 μmol·s−1 

observed at 100 rpm, increasing to an average of 3.71 ± 0.06 μmol·s−1 at 700 rpm. The initial 

growth rate at 100 rpm was lower than that at 700 rpm despite the growth occurring at a higher 

average subcooling; this implies the growth rates observed at 100 rpm were limited by mass-

transfer limitations. In contrast, the average growth rate measured at 700 rpm is in excellent 

agreement with the kinetic rate of 3.0 μmol·s−1 predicted at the average subcooling using the 

correlation of Turner et al. [137] if the available surface area for growth is taken to be 6 cm2 

on the basis of the wetted area of the cylindrical cell. Estimating the interfacial area involved 

in such reactions is always difficult: the steel−water interface was used in this calculation 

because (i) it is the interface where nucleation is predicted to be most likely [15] and (ii) use 

of the 3.2 cm2 gas−water interfacial area leads to a kinetic growth-rate prediction of only 1.6 

μmol·s−1, which is far less than that observed. Regardless of which interfacial area is chosen, 

the growth rates observed provide further evidence that hydrate formation measurements made 

with the HPS-ALTA at shear rates of 700 rpm approached those corresponding to systems 

without mass-transfer limitations. 

Although probability distributions containing 100−200 hydrate formation events have been 

measured previously using ALTA cells [111, 114, 141] the repeatability of those measured 

distributions has generally not been considered. In this work, the repeatability of measured 

formation and growth-rate probability distributions were generated, each containing a similar, 
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statistically significant number of data. Figure 4.3 shows the results of five separate 

experiments where formation and growth rate probability distributions each containing 67−204 

data points were measured independently over a 6-month period. Also shown are the 

cumulative probability distributions produced by combining each of the five independent data 

sets; these are the same as the 547 point distributions measured for CH4 at 700 rpm shown in 

Figure 4.2. The individual formation probability distributions have averages ranging from 5.6 

± 0.2 to 7.1 ± 0.2 K, with standard deviations ranging from 1.3 to 1.9 K. The growth 

distributions have mean values in the range 3.2 ± 0.1 to 4.3 ± 0.2 μmol·s−1, with standard 

deviations that range from 1.1 to 1.4 μmol·s−1. 

 

Figure 4.3: Repeatability of CH4 hydrate probability distributions measured with the HPS-
ALTA for (a) formation (plotted versus subcooling, ΔT) and (b) growth rate, G as quantified 
by the rate of gas consumption. The variation of five separate measurements of distributions 
each containing 67 to 204 points acquired over a 6-month period is shown, together the 
cumulative distribution produced by combining the separate data sets. Data shown are for an 
initial condition of 8.5 MPa at 20 °C and a regeneration temperature of 40 °C. 
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Although the results shown in Figure 4.3 indicate the level of reproducibility that can be 

expected for the HPS-ALTA-1 experiments when maximum shear is applied, they also show 

that the repeatability of the measured distribution averages is worse than that which might be 

expected from purely statistical estimates of its uncertainty. Fluctuations in the mean (derived 

from about 100 formation measurements) were typically about the same as or slightly smaller 

than the standard deviation of the underlying distribution (i.e., 1−2 K). Experiments conducted 

with two different HPS-ALTA-1 cells in the same laboratory over several months were 

observed to produce distributions consistent at the level of 3 K or better if their surface finish, 

volume, geometry, stirring mechanisms, shear rate, water quality, and environmental 

conditions were similar. Variations in any of these factors were found to produce shifts in the 

distributions. 

 

4.3 Test of Theory and Kinetic Inhibitor Performance 

A subcooling formation probability distribution containing 542 points measured for pure CH4 

at 700 rpm was regressed to equation (4.1), as were subcooling formation probability 

distributions measured at 700 rpm for the sII-forming natural gas mixture, with varying 

concentrations of the commercial KHI, Luvicap EG (BASF Global Oilfield Solutions).  

 

 
𝑃𝑃(𝛥𝛥𝑇𝑇) = 1 − 𝛥𝛥𝑒𝑒𝑒𝑒 �−𝑎𝑎𝐴𝐴 𝛥𝛥𝑒𝑒𝑒𝑒 �

𝛥𝛥𝛥𝛥𝑒𝑒𝛥𝛥𝑇𝑇
𝛥𝛥𝐵𝐵𝑇𝑇

� 𝛥𝛥𝑒𝑒𝑒𝑒 �−
𝛥𝛥′

𝑇𝑇𝛥𝛥𝑇𝑇2
�
𝛥𝛥𝑇𝑇
𝛽𝛽
� (4.1) 

 

In facts, equation (4.1) is very similar to equation (2.10), where the only additional term is the 

interfacial area, 𝑎𝑎. If an independent estimate of a is available, regression of the measured 

subcooling formation probability distributions to this working equation by treating B′ and A as 

adjustable parameters allows direct comparisons of experiment with the predictions of 

nucleation theory. On the basis of the nucleation model of Kashchiev and Firoozabadi [15] 

discussed in section 2.3, the surface area available for nucleation was assumed to be only the 

water−stainless steel interface and hence a was set equal to 6 cm2 in equation (2.10). Here, the 

values of change in entropy for CH4 and gas mixture hydrates are Δse = 21.1 kB and 17.9 kB, 

respectively [93]. To obtain the fits, non-linear regression algorithm was employed via the 

NonlinearModelFit function in Mathematica 10.1 (Wolfram Research Inc.).  
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In the Luvicap EG formulation, the polymer polyvinylcaprolactam was delivered in an ethylene 

glycol solvent at a concentration of 41 wt%. Although ethylene glycol is a thermodynamic 

hydrate inhibitor [13], when the KHI concentration is ≤1 wt% of the aqueous phase, the 

ethylene glycol has a negligible effect on the hydrate equilibrium temperature, shifting it by 

only 0.2 K. Figure 4.4 shows the formation probability distributions, each with more than 100 

data points, measured for the gas mixture in the presence of 0, 0.5, and 1 wt% KHI. Results 

from the least squares regressions of equation (4.1) to the data are listed in Table 4.1. 

Table 4.1: Values of best fit parameters B' and A obtained by regression of equation (2.10) to 
the measured formation probability distributions, with corresponding values of Ψ and θ derived 
from B'.  The values of A* listed were obtained by constraining B' to a value of 4.4 × 105 K3 
during the regression, which, for the gas mixture, corresponds to a hydrate-substrate contact 
angle of 25.2°. The value of B' used in the constrained regression is the average of the values 
obtained from the two-parameter fits to the gas mixture data in the presence of KHI. The fits 
obtained for the gas mixture are shown in Figure 4.4. Gas mixture has composition shown in 
Table 3.1. 

 

The formation probability distributions measured at 700 rpm for pure CH4 and the gas mixture 

in the absence of KHI are quite similar with average subcoolings of (6.45 ± 0.07) K and (7.65 

± 0.12) K respectively, and standard deviations of 1.6 and 1.3 K, respectively. The addition of 

the KHI had two primary effects relative to the baseline formation distribution obtained for the 

gas mixture in the absence of Luvicap EG: it (i) increased the average subcooling (by almost 4 

K at 1 wt %) and (ii) decreased the standard deviation of the hydrate formation probability 

distribution (by a factor of around 3). Consequently, the KHI can be seen to suppress hydrate 

formation both by translating the probability distribution to higher subcoolings and by making 

it more deterministic and less stochastic. 

These qualitative differences in the distributions are reflected in the numerical best-fit values 

of A and B’ when they were both treated as adjustable parameters in the regression of equation 

(2.10) to the measured cumulative formation probability distributions. These fits, shown as 

black solid lines in Figure 4.4, reproduced the measured distributions well, with a root mean 

square deviation of 0.02 or less in all cases.  

Gas KHI / wt% B’ / K3 Ψ θ / deg A / m-2·s-1 A* / m-2·s-1 

Pure CH4 0 2.1 x 104 0.39 22 21 1.0 x 1015 

Mixture 0 4.3 x 104 0.09 14 40 4.1 x 1011 

Mixture 0.5 3.9 x 105 0.18 24 9.6 x 106 6.4 x 107 

Mixture 1.0 4.9 x 105 0.19 26 1.1 x 106 2.7 x 107 
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Figure 4.4: Hydrate formation probability distributions for the gas mixture with varying 
concentrations of the kinetic hydrate inhibitor (KHI), Luvicap EG, in the aqueous phase. (a) 
Probability density of hydrate formation and (b, c) calculated cumulative formation probability 
versus subcooling, ΔT. The shear rate and regeneration temperature were, respectively, 700 
rpm and 20 °C. The initial condition was 8.5 MPa at 20 °C. The solid black lines in (b) are fits 
of equation (2.10) to each data set. The dashed black lines in (c) are fits of (2.10) to each data 
set while keeping B’ fixed at 4.4 x 105 K3. The best-fit parameter values are listed in Table 4.1: 
these compare reasonably with theoretical expectations of B’ based on equation (2.8) but are 
quite different from theoretical expectations of A based on equation (2.7). 
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Nucleation theory can be used to try and interpret the best-fit values of B’ and A obtained for 

the regression using equations (2.7) and (2.8). This comparison with theory works best for the 

thermodynamic parameter. The best-fit values of B’ obtained for pure CH4 and the gas mixture 

in the absence of KHI (Table 4.1) correspond to contact angles for the hydrate nucleus on the 

steel−water interface of 22 and 14°, respectively. The factor of 10 increase in the best-fit values 

of B′ for the gas mixture obtained in the presence of the KHI corresponds to an increase in the 

contact angle to 24−26°. Nevertheless, both of these suggest that hydrate preferentially “wets” 

steel, which is consistent with the initial assumption that this interface is energetically 

favourable for nucleation. 

On the other hand, the best fit values of A (Table 4.1) are vastly smaller than the theoretical 

estimates reported by Kashchiev and Firoozabadi of A = 4 × 1026 m-2⋅s-1 for heterogeneous 

nucleation [15]. Such a value of A would produce subcooling formation probability 

distributions that approach step-functions, with virtually no width measurable within the finite 

temperature resolution of the HPS-ALTA. The fact that much greater distribution widths are 

observed in these and all other reported experimental hydrate formation probability 

distributions suggests that some other phenomenon, likely acting on macroscopic length scales 

and not considered by nucleation theory, is responsible for the stochastic nature of the 

measurements. Indeed, one possible cause for the much wider distributions than would be 

expected from nucleation theory could be the fluctuations in temperature gradients over the 

height of the HPS-ALTA cell. 

Nevertheless, whatever gives rise to this macroscopic stochastic behaviour is suppressed 

significantly in the presence of the KHI. This observation implies that the values of B′ and thus 

θ extracted from the KHI-based data are more representative than those obtained from the 

inhibitor-free distributions because of correlations between the parameters adjusted during the 

regression; a 10-fold change in B′ caused by a change in A by a factor of 105 may be considered 

a relatively weak correlation. Accordingly, the measured high-shear distributions were refit 

with B′ constrained at 4.4 × 105 K3 (θ = 25.2° for the gas mixture) and the kinetic parameter as 

the only adjustable variable (denoted as A* for clarity). The results show that the averages of 

the observed distributions can be represented by the same thermodynamic parameter and that 

the apparent variation in the θ obtained with and without KHI could well be an artefact of 

parameter correlation. Furthermore, although not representing the distribution widths measured 

for systems without KHI, the values of A* do follow a decreasing trend with increasing KHI 
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concentration, which is consistent with the inhibition mechanism discussed by Kashchiev and 

Firoozabadi [15] namely, the suppression of nucleation sites by adsorption thereon by inhibitor 

molecules. 

The impact of the KHI on the initial growth rate of the hydrate phase was also considered here. 

Unlike many current techniques used to qualify KHI performance, the HPS-ALTA can be used 

to quantify an inhibitor’s suppression of formation probability separately from its suppression 

of subsequent growth. Figure 4.5 shows the pressure and temperature-time series data acquired 

for two individual formation measurements from systems with either deionized water or a 1 

wt% KHI solution. All other experimental parameters were the same for the two measurements. 

The comparison of these two runs shows how the KHI not only retards hydrate formation, 

forcing it to occur at larger subcoolings, but also inhibits the subsequent hydrate growth. This 

can be seen most clearly from the difference in the final pressure values measured at the end 

of the cooling cycle: the pressure remains higher in the system with the KHI due to a reduced 

gas consumption by the hydrate phase. Figure 4.5c shows the initial growth-rate probability 

distributions for varying concentrations of KHI in the aqueous phase. As with the formation 

probability distributions, the addition of KHI both shifts and narrows the growth-rate 

distribution: growth is impeded and the growth rate is less stochastic. Interestingly, little 

difference was observed in the initial growth rates for 0.5 and 1 wt% KHI despite the 

appreciable further increase in average formation subcooling observed for the 1 wt% KHI 

solution. 
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Figure 4.5: Example pressure (a) and temperature (b) time series data for the gas mixture 
obtained in two cooling ramps, one with and one without KHI present in the aqueous phase. 
The experimental conditions were as follows: 2 K.min-1 cooling rate, 700 rpm shear rate, 
regeneration temperature. (c) Histograms for the initial growth rate, G, for the gas mixture, as 
quantified by the rate of gas consumption, for varying concentrations of Luvicap EG, in the 
aqueous phase. 
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The data shown in Figure 4.4 and Figure 4.5 clearly illustrate the key advantages of the HPS-

ALTA in the context of quantitatively assessing the performance of KHIs relative to more 

conventional methods, such as rocking cells and standard autoclaves. First, the resolution with 

which the shift in mean subcooling caused by a KHI can be determined from a conventional 

data set consisting of around 10 or so formation events is significantly lower than that afforded 

by the 100 or more measurements acquired with the HPS-ALTA in a comparable time frame. 

Second, without this statistically significant number of measurements, a key mechanism by 

which the KHI reduces the likelihood (and hence risk) of hydrate formation would remain 

unresolved: the 3-fold reduction in the standard deviation of the distribution. Finally, data such 

as those shown in Figure 4.5 provide the opportunity to quantify the extent to which the KHI 

inhibits growth in addition to delaying formation. This last capability is unique to the HPS-

ALTA described here, as previous ALTA-type experiments have generally relied on visual 

detection of hydrate formation, with no ability to quantify the minimum amount of detectable 

hydrate or the rate of hydrate growth. 

 

4.4 Effect of Gas Composition  
Another factor that may impact the nature of hydrate formation observed is the guest 

component. The question is, does the type of gas component play an important role in hydrate 

formation probability? A comparison was made between three different hydrate forming gases: 

pure methane, the gas mixture with composition tabulated in Table 3.1, and pure carbon dioxide 

gas. Using the same methodology outlined in section 4.1, the HPS-ALTA-2 cells were 

deployed to quantify the subcooling distributions with various gas components, which are 

shown in Figure 4.6. Their respective statistical data of the measured distributions is tabulated 

in Table 4.2. 
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Figure 4.6: Subcooling cumulative formation probability for hydrate with various guest (or 
gas) components. Experiments were carried out in HPS-ALTA-2. The initial conditions are 13 
MPa and 20 °C for methane, 13 MPa and 22 °C for gas mixture and 3.8 MPa and 20 °C for 
carbon dioxide. Dotted lines represent fits with equation (2.10). 

 

Table 4.2: Initial pi (pressure), Ti (temperature) and statistics of subcooling distributions 
measured for three hydrate forming gas: CH4 (methane), G.M. (gas mixture, refer to Table 3.1 
for their composition) and CO2 (carbon dioxide) which includes the number of measured 
formation events, (N), mean subcooling (𝛥𝛥𝑇𝑇����), standard deviation subcooling (σΔT), minimum 
and maximum subcooling.  

 

 

Gas pi / 

MPa 

Ti /  

°C 

Teq / 

 °C 

Data 

Points, N 

𝜟𝜟𝜟𝜟���� / 

K 

σΔT / 

K 

Min. 

ΔT / K 

Max. 

ΔT / K 

CH4 13.0 20 15 154 8.3 1.5 4.1 11 

G.M. 13.0 22 20 132 9.9 1.4 5.4 14 

CO2 3.8 20 7.3 114 2.7 0.9 1.7 6.9 
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Firstly, comparing the formation probability distributions measured at 700 rpm for pure CH4 

and the gas mixture, the mean subcooling obtained with pure CH4  (8.3 ± 0.1) K is slightly 

lower than the one obtained for the gas mixture (9.9 ± 0.1) K, with similar standard deviations. 

Larger gas molecules present in the mixture, such as propane, can only fit in the larger cage4 

but not the smaller cage of structure II hydrate while methane can fit into any of the cages in 

either structure. This may be a possible reason why the required average driving force for 

methane hydrate formation is slightly lower than that measured for the gas mixture. However 

given that the composition of methane is > 90% in the gas mixture used, the subcooling 

distributions obtained are not vastly different from each other. 

The subcooling distribution shifts significantly to lower values when carbon dioxide is tested, 

despite the fact that CO2 hydrate has the same structure as methane hydrate (structure I). 

Hydrate formation experiments were not be done at pressures as high as 13 MPa for pure CO2 

because unlike methane or natural gas, such high pressures will cause the CO2 to condense into 

a liquid state. To avoid both CO2 condensation and the likelihood of ice (rather than hydrate) 

formation, the initial pressure chosen for the CO2 experiment was 3.8 MPa at 20 °C. Figure 4.7 

illustrates both the vapor liquid equilibrium (VLE) and hydrate equilibrium curve for pure CO2 

system.  

 

Figure 4.7: Pressure-temperature profile highlighting the CO2 hydrate equilibrium (black 
curve) and the vapour-liquid equilibrium (VLE – blue curve) for pure CO2.  and indicate 
the initial condition and mean subcooling (ΔT = 2.7 K and Tf = 4.6 °C), respectively. The 
shaded region corresponds to pure CO2 being in a liquid state.  

 
4 51264 cage to trap propane. 
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The mean subcooling measured for gas containing pure CO2 is approximately 3 to 4 times lower 

than those measured with CH4 or the gas mixture. A key difference between the gases is CO2 

is much more polar compared to hydrocarbon gases such as methane and propane, which 

enhance its solubility in bulk water phase [142, 143]. Using the HP-ALTA, Maeda reported 

that the nucleation rate of carbon dioxide hydrate was 2 order of magnitude higher than pure 

methane hydrate or natural gas hydrate over the entire subcooling range investigated [144]. 

Even though consistent with the datasets acquired with this work, the results obtained with HP-

ALTA is still limited by first of the two-steps mechanism for hydrate formation: mass transfer. 

Whilst this constant cooling method measures slight difference in subcooling between pure 

methane and those measured with gas mixture within the subcooling range obtained (4 to 14) 

K, it certainly has captured a significant distinction for CO2 hydrate. 

Similar to the analysis done in section 4.3, CNT-based nucleation theory was applied to treat 

both A and B’ as adjustable parameters in the regression of equation (2.10) to the experimental 

cumulative formation probability. The best fit values are shown in Table 4.3. 

Table 4.3: Values of best fit parameters A and B’ obtained by regression of equation (2.10) to 
the measured formation probability distributions shown in Figure 4.6, with corresponding 
values θ derived from B'. The fits obtained are also shown in Figure 4.6. Gas mixture has 
composition shown in Table 3.1. The solubility fraction for each gas, calculated from 
Multiflash6.2 is shown here. 

 

Despite that they form different hydrate structures, the best-fit values of B’ obtained for 

methane and gas mixture are within a factor 1.5 and correspond to contact angles of 

approximately 30°. Similarly, the best-fit values of A are also very similar for these two guest 

types. These results are consistent with the findings from HPS-ALTA-1, such that both 

methane hydrate and gas mixture hydrate depict similar nucleation work (B’) and concentration 

of nucleation sites (A). Note that the difference of both A and B’ values extracted from two 

different generations of HPS-ALTA are approximately a factor of 1 to 3 (A values extracted 

from data with HPS-ALTA-1 is 0.0126 s-1 and 0.024 s-1 for methane and gas mixture, 

respectively). This further imply that the kinetic parameters extracted from two sizes of 

Gas 102 A / s-1 10-4 B’ / K3 θ  / deg Solubility fraction / % 

Methane 1.23 ± 0.08 5.65 ± 0.13 30 0.265 

Gas mixture 1.39 ± 0.04 8.68 ± 0.08 31 0.290 

Carbon dioxide 5.22 ± 0.42 0.32 ± 0.01 16 2.45 
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experimental cells are inconsistent with the theoretical values of A = 4 × 1026 m-2⋅s-1 for 

heterogeneous nucleation given by Kashchiev and Firoozabadi (see previous section 4.3 for 

more explanation).  

Noticeably, the best-fit A value obtained for CO2 hydrate is about a factor of 4 higher compared 

to both methane and gas mixture hydrate. This may imply that it is easier to generate clusters 

of hydrate formers that are above the critical nucleus size. In facts, the solubility fraction 

calculated using Multiflash6.2 depicts that 2.45% of the CO2 gas are in the water bulk phase 

compared to CH4 of only 0.27% (Table 4.3). The increment in A is deemed to be associated to 

the higher solubility of CO2 gas which will lead to higher number of concentration sites, C0 

where of heterogeneous nucleation take place. Certainly, homogeneous nucleation can also 

take place between water-gas interfaces even though the nucleation work needed is much 

higher compared to heterogeneous nucleation. In spite of this, A does not solely depend on C0, 

it is also a function of the attachment frequency of hydrate building units to the hydrate nucleus, 

f (see equation (2.7)). Note that the increment ratio of A from CH4 experiment to CO2 

experiment is not as drastic compared to solubility fraction in water bulk phase, which may be 

speculated from the difference in f values for both gases. 

On the other hand, the best-fit B’ value of CO2 hydrate is a factor of 18 lower compared to CH4 

hydrate. This difference is partly due to the change of entropy (Δse) of CO2 hydrate near 

dissociation condition is a factor of 1.5 higher compared to CH4 hydrate, where this effect is 

enlarged when B’ is inversely proportional to the square of Δse (see equation (2.8)). Even so, 

the wetting angle extracted from B’ is about halved of CH4 hydrate experiment. This work 

suggests that apart from the fact that CO2 is more soluble than CH4 hence they have higher 

concentration for nucleation take place, it also provides new insights where the work (energy) 

of CO2 hydrate nucleation is lower than CH4 or sII hydrates.    

 

4.5 Summary 
Using HPS-ALTA-1, statistically significant measurements of formation probability 

distributions for natural gas hydrate systems under shear were presented, which are 

quantitatively compared with theoretical predictions. The use of gas consumption to infer 

hydrate formation means the minimum amount of hydrate formation detectable can be 

quantitatively estimated at around 1 μmol (or 17 μg), corresponding to a maximum delay of 

∼3 s from the actual nucleation event to experimental detection. Distributions with over 100 
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points were generated using low-mass, Peltier-cooled pressure cells, cycled in temperature 

between 40 and −5 °C at up to 2 K·min−1 and analysed with robust algorithms that 

automatically identify hydrate formation and initial growth rates from dynamic pressure data. 

The application of shear had a significant influence on the measured distributions: at 700 rpm 

mass-transfer limitations were minimal, as demonstrated by the kinetic growth rates observed. 

The formation probability distributions measured at this shear rate had thermodynamic 

parameter B’ consistent with theoretical predictions and steel−hydrate−water contact angles of 

14−26°. However, the experimental values of kinetic parameter A differ significantly predicted 

by theory, such that distributions were substantially wider than predicted. The observation of 

these stochastic process is the result of phenomena acting over macroscopic length scales, 

rather than on the basis of microscopic processes. 

Performance tests of a KHI provided new insights into how such chemicals can reduce the risk 

of hydrate blockage in flowlines. The data obtained demonstrate that the KHI not only reduces 

the probability of formation (by both shifting and sharpening the distribution) but also reduces 

hydrate growth rates by a factor of 2. 

The effect of various guest (or gas) molecules was also investigated using the HPS-ALTA cells. 

The formation of hydrates from a gas mixture required slightly higher subcooling compared to 

methane hydrate, whereas CO2 hydrate can form with subcooling as low as 2 K. The 

experimental datasets were also fitted with CNT-based equations and found that the 3-fold 

reduction of mean subcooling for CO2 hydrate compared to CH4 hydrate could be due CO2 gas 

is more soluble, as well as the wetting angle of CO2 gas is lower, reducing the barrier of 

nucleation work. 
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5 Induction Time Distributions 
 

In contrast to the subcooling distributions measured via constant cooling experiments discussed 

in Chapter 4, the detail of a HPS-ALTA-2 cell is given for studies of induction times of hydrate 

formation at fixed temperature and pressure in this chapter. The mononuclear nucleation 

mechanism of Classical Nucleation Theory (CNT) [83] predicts that, under such conditions, 

induction times are exponentially distributed with the cumulative probability, given in equation 

(2.9). This relatively simple functional form for probability has been shown to apply to 

nucleation phenomena in a number of physical systems (e.g. [79, 132-134]) including 

nucleation-controlled hydrate formation [103, 131, 135-137]. 

By fitting the subcooling-dependence of the observed formation rates using a theoretical model 

developed by Kashchiev and Firoozabadi through the application of CNT to gas hydrates [56], 

it is possible to extract estimates of the kinetic and thermodynamic (A and B’) nucleation 

parameters. The robust measurements of formation probability as a function of induction time 

at various fixed subcoolings achieved in this work provides the opportunity to test the 

applicability of the CNT framework to the description of hydrate nucleation. 

 

5.1 Methodology 
The use of a 2nd generation HPS-ALTA (HPS-ALTA-2) is demonstrated in this chapter. The 

2nd generation apparatus has a higher volume, enabling larger liquid loadings (5 mL versus 

1 mL). More importantly, however, the use of multiple thermoelectric elements (Figure 3.4) 

enables faster and more uniform heating and cooling than the 1st generation apparatus. These 

fast temperature ramp rates enable target subcoolings as well as the high temperature 

regeneration conditions (used to dissociate hydrates between measurement runs; e.g. see Figure 

2.5) to be reached faster in comparison with previous experiments (distributions obtained with 

HPS-ALTA-1). The total time needed to measure hydrate formation probability distributions 

is thus reduced significantly, thereby removing barriers that tend to prevent the collection of 

such datasets in practical time frames [145]. Fast ramping is particularly important to studies 

at high subcooling where induction times are short and thus comparable to or smaller than the 

time it would take to cool the system from the regeneration temperature using a conventional 

apparatus.  
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Details of experimental apparatus HPS-ALTA-2 can be found in section 3.2. Similar to the 

previous chapter and as detailed in section 3.3, an HPS-ALTA-2 cell was filled with 5mL 

degassed, DI water and charged with either pure methane or the gas mixture at initial condition 

of 13MPa and 20 °C for methane or 22 °C for gas mixture. The experiment consists of four 

main stages: (1) constant cooling (3 K⋅min-1 used here), (2) hold temperature/isothermal period 

at target subcooling/ formation temperature, (3) onset of hydrate nucleation at tf followed by 

growth and (4) heating to regeneration temperature, Tregen after a pressure drop of 0.4 MPa is 

detected. The target formation temperature was chosen in a specific range, such that it is high 

enough to avoid formation during the cooling ramp, as well as low enough to avoid extremely 

long induction times. This is important to ensure that (1) the automated analysis (detailed in 

section 3.5) is accurate and more importantly (2) to avoid any truncated distribution. Induction 

time distributions can then be constructed for robust comparisons with those predicted by 

nucleation theory.  

Apart of nucleation, the pressure-based onset detection also made the quantification of hydrate 

growth rate possible. Histograms of the initial growth rate measured following tf in each 

formation-regeneration cycle were also constructed; here a constant bin width equivalent to a 

pressure reduction rate of 10−4 MPa·s−1 was used.  From previous experiments, the minimum 

amount of hydrate formation resolvable by the measurement of a statistically significant 

pressure drop (0.005 MPa) in a comparable gas volume (3.5 mL) was estimated to be about 1 

μmol or 20 μg. The amount of hydrate growth corresponding to the 0.4 MPa drop measured in 

each formation-regeneration cycle is 80 μmol or 1.6 mg, which is sufficiently small relative to 

the system size (5 g of water and 0.3 g of gas) that no suppression of the growth rate is likely 

to have occurred due to heat or mass transfer limitations.  

5.2 Effect of Subcooling on Induction Time Distributions 
Four induction time probability distributions with between 75 and 300 hydrate formation 

events were measured at subcoolings of (6.0, 6.9, 7.9 and 9.8) K. Table 5.1 shows the mean 

induction times and standard deviations for each distribution together with the maximum and 

minimum induction times and the number of measurements at each particular subcooling. 

Increasing the driving force for hydrate formation via an increase in the subcooling leads to 

decreased induction times. The mean and standard deviations match closely, a characteristic of 

exponentially distributed values (e.g. [146]). This is a first indication of the data’s consistency 
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with the predictions of equation (2.9). The cumulative probability distribution functions 

(CDFs) for the induction time at the four subcooling values are shown in Figure 5.1. Fits to the 

data with equation (2.9) (solid curves in Figure 5.1), using J as the only adjustable parameter, 

indicate that the functional form suggested by the mononuclear nucleation mechanism in CNT 

applies well to the data obtained here, with no need to include a lag time parameter as has been 

applied previously by some others analysing induction time data. 

Table 5.1: Statistics of the induction time (ti) distributions measured at each subcooling value, 
ΔT (mean ti, standard deviation, σ ti, maximum ti, minimum ti and number of measured 
formation events, (N) together with the extracted nucleation rate, J. Values of the pressure, p, 
and absolute temperature, T at which the formation was measured are also listed. To facilitate 
comparison with other laboratory measurements where only normalised nucleation rates are 
given, the rates normalised to the wetted area of the cell’s steel internal surfaces, Awetted 
(approximately 20 cm2) was also given, which is the interface where nucleation is most likely 
to occur in a well-stirred system. However, making assumptions about which interface in a 
given system is responsible for nucleation can be problematic (see text).  

ΔT / K 𝒕𝒕𝒊𝒊� /  

s 

σ ti / s Max ti / 

s 

Min ti / 

s 

N 104 J /  

s-1 

(J/Awetted) / 

m-2s-1 

T /  

°C 

p / 

MPa 

6.0 11249 9858 45382 326 75 0.80 ± 0.09 0.040 ± 0.005 14.0 12.5 

6.9 6596 8447 57754 422 130 1.53 ± 0.02 0.077 ± 0.001 13.0 12.3 

7.9 2203 1882 10873 97 300 3.85 ± 0.06 0.193 ± 0.003 12.0 12.3 

9.8 947 968 5874 26 131 9.15 ± 0.19 0.458 ± 0.010 10.0 12.1 
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Figure 5.1: Cumulative probability of hydrate formation versus time for four subcooling values. 
Grey transparent lines are fits of equation (2.9) to the data, with J being the only adjustable 
parameter. 

Fitting equation (2.9) to the data in Figure 5.1 enables an extraction of J as a function of T, the 

results of which are plotted in Figure 5.2. The extracted nucleation rate increases with 

subcooling, varying from 8.0×10-5 s-1 at 6 K to 9.2×10-4 s-1 at 9.8 K. Figure 5.2a shows a 

comparison of the nucleation rates determined in this work with those measured independently 

by Ke et al. [147] via induction time measurements using a titanium autoclave for sII hydrates 

at comparable pressures. Considering the stochasticity of hydrate formation and the challenges 

normally associated with reproducible experimental characterisation, the consistency between 

these two independent data sets (within a factor of three or better) suggests that the nucleation 

rates being measured may have some broader generality. 

Nucleation rates depend on either system volume for homogenous nucleation in the bulk (rarely 

observed in practice) or on the size of the interfacial area where heterogeneous nucleation 

occurs. Identifying which interfacial area is responsible for the nucleation is difficult and this 

often presents a barrier to meaningful comparisons between nucleation rates measured in 

different experiments. Table 5.1 also lists nucleation rates normalised by the wetted area of the 

cells’ steel internal surfaces, Awetted, which is the interface suggested by theory to be most likely 

responsible for nucleation in a well-stirred system [15]. This said, any such choice of interface 

can be problematic because it is often non-trivial to determine (i) which interface is actually 

relevant; and (ii) if nucleation is occurring on a finite number of sites (e.g. corresponding to 

major surface imperfections), the number of which may not necessarily scale in proportion to 

the area of the selected interface. The quiescent experiments of Maeda [119, 148], where quasi-
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free water droplets were suspended in perfluorodecalin and squalane without contacting a solid 

surface, are notable exceptions in that there was only one type of interface with known area 

available for nucleation. The interface was between two liquids and, therefore, the driving force 

for nucleation was contingent upon the solubility of methane and propane within the non-

aqueous liquid. 

One objective of this work is to encourage quantitative comparisons between different 

measurements of nucleation rates without undue reliance on assumptions about the interfaces 

responsible. This can be achieved by interpreting the absolute nucleation rates (i.e. those 

plotted Figure 5.2a) observed in different experiments using a framework based on Classical 

Nucleation Theory. As shown below, such an approach reveals an unexpected but noteworthy 

similarity (factor on the order of 10) in absolute nucleation rates measured in several 

experiments with different apparatus, despite their different sizes and without definitive 

information from the experiments about which interface was responsible for the nucleation.     

 

Figure 5.2: (a) Nucleation rate, J, versus subcooling as extracted from fits of equation (2.9) to 
the cumulative hydrate formation probability distributions in Figure 5.1, together with 
nucleation rates measured independently by Ke et al. [147]. (b) Nucleation rate as a function 
of subcooling including both a fit of equation (2.6) using a value of A = 2 x 1022 s-1 based on 
predictions from Classical Nucleation Theory [15] (dashed line). The latter was plotted 
assuming a nucleation area of 20 cm2 which is approximately that of the wetted area of the 
interior of the cell.  
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5.3 Comparisons to Classical Nucleation Theory 
Kashchiev and Firoozabadi used CNT to make predictions specific to gas hydrate nucleation 

for the subcooling-dependence of J [15]. Their model for the nucleation rate, which defines the 

rate of appearance of critically-sized hydrate nuclei and is dependent on both absolute 

temperature and subcooling, can be written in terms of a kinetic parameter, A, and a 

thermodynamic parameter, B′, shown in equation (2.6). 

Here Δse is the entropy of hydrate dissociation per hydrate building unit at Te and kB is the 

Boltzmann constant: for an isobaric process the driving force for hydrate formation is given by 

∆µ ≈ ∆se∆T [15]. For the hydrate-water-gas equilibrium at 12 MPa, as considered in this work, 

the enthalpy of hydrate dissociation was calculated to be ∆se = 20 kB using the CPA EOS in 

Multiflash 6.2 [136]. Using this value of ∆se, the experimentally observed subcooling-

dependence of J, as extracted above from the induction time measurements, is regressed to 

equation (2.6) by treating A and B′ as adjustable parameters. As discussed in Chapter 4, the 

orthogonality of these parameters is reasonable and good fits of the data are achieved (red line 

in Figure 5.2b). This enables the extraction of A = (2.1 ± 0.4) × 10-3 s-1 and B′ = (4.1 ± 0.5) × 

104 K3, where the error bounds denote the statistical uncertainty of the fit. Similar values of A 

and B′ are extracted by regression of the nucleation rates measured by Ke et al. [139].  

The value of B′ measured in this work is consistent within its statistical uncertainty with values 

obtained for the same gas mixture via constant cooling measurements using the HPS-ALTA-

1. However, the kinetic parameter, A, as measured using the HPS-ALTA-1 via constant cooling 

experiments is about a factor of 10 larger than the value obtained here. This difference is likely 

due in part to the dynamic effects inherent in ramped temperature experiments. For example, 

Kulkarni et al. demonstrated that fitted values of A obtained from measurements of crystal 

nucleation via ramped temperature experiments exhibit a clear dependence on cooling rate [91]. 

Fortunately, given the degree of orthogonality between B′ and A, consistent values of the 

nucleation work (parametrized by B′) are obtainable by regression to datasets from both 

isothermal and ramped temperature experiments, even when the corresponding A values vary 

by an order of magnitude.  

Experimental values of A and B′ can be compared directly with values expected from the theory 

underlying equation (2.6). According to the CNT-based model, the kinetic parameter, A = z f 

N0, is dependent on the attachment frequency, f, of hydrate building units to the hydrate 

nucleus, the number of nucleation sites, N0, and the Zeldovich factor, z ≈ 0.01 to 1. Often, N0 
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is written as the product of the areal density of nucleation sites and the interfacial area where 

heterogeneous nucleation occurs on the assumption that the nucleation sites are distributed 

uniformly across that interface. The thermodynamic parameter or nucleation work is 

parameterized by equation (2.8), where c is a geometric shape factor for the critical nucleus 

(equal to (36π)1/3 for spherical, cap or lens-shaped hydrate clusters, the latter two relevant for 

nucleation on solid interfaces), and vh is the volume of a hydrate building unit containing one 

gas molecule and nw water molecules (0.647 nm3 with nw = 5.67 for sII hydrates). Kashchiev 

and Firoozabadi [15] took the free energy of the hydrate-water interface for homogenous 

nucleation as γef = 20 mJ·m−2, based upon estimates of the surface free energy of water−ice 

interfaces. For the (more likely observed) case of heterogeneous nucleation (HEN), this value 

is reduced by the cosine of the contact angle at the steel-hydrate-water interface [15]. The 

measured value of B′ is consistent with the theoretical prediction for a contact angle of 

approximately 15°.  

While it is preferable to avoid making assumptions about the interface responsible, the 

nucleation observed in this work could have potentially occurred on the PTFE-coated stirrer 

instead of the wetted steel walls. However, the latter interface is considered the more likely of 

the two for the following reasons: (a) it is plausible that the wetting angle of the hydrate on 

hydrophilic steel is smaller than the wetting angle of the hydrate on hydrophobic PTFE and (b) 

Tanaka et al. [149] found that hydrates preferentially nucleated on the water-gas interface 

rather than the water-gas-PTFE three phase line or the PTFE-water interface. This observation 

is also consistent with results from other studies of hydrate nucleation [121] and ice nucleation 

(e.g. [150]) in which reduced nucleation rates were observed as the hydrophobicity of the 

surface supporting or containing the water phase was increased. 

The value of B′ determined in this work can be used with another result from CNT to estimate 

the number of building units, n*, required to form a critical hydrate nucleus [15]: 

 

 
𝑙𝑙∗ =

2𝛥𝛥𝐵𝐵𝛥𝛥′
∆𝛥𝛥𝑒𝑒∆𝑇𝑇3

 (5.1) 

 

Application of equation (5.1) to the value of B′ determined in this work results in values of n* 

ranging from about 18 at ∆T = 6 K to 4 at ∆T = 10 K. While a precise definition of the building 

unit involved in hydrate nucleation remains outstanding, this result demonstrates the potential 
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power of applying the CNT-based model to the interpretation of robust hydrate nucleation 

measurements, particularly in terms of the thermodynamic barrier to nucleation.    

While the agreement between experiment and the CNT-based model is promising for the 

description of nucleation work, the inconsistency between the measured and theoretical values 

of A is extreme, at least upon first consideration. The CNT-based model [15] predicts that the 

areal concentration of nucleation sites is on the order of 1021 cm-2⋅s-1 (for reference, the bulk 

concentration of sites for homogeneous nucleation is estimated to be 1029 cm-3⋅s-1). Multiplying 

this value by the wetted area (approximately 20 cm2) of the internal steel surfaces of the HPS-

ALTA-2 (the interface where the hydrate nucleation work is lowest [15]) and inserting it into 

equation (2.6) yields a predicted nucleation rate that is shown by the dotted line in Figure 5.2b. 

One sees that with increasing subcooling, this predicted nucleation rate grows orders of 

magnitude faster than that observed in these experiments or in those of Ke et al. [147] (even if 

the increased dimensions of the autoclaves used in reference [147] are taken into 

consideration). The impact of such large values of A on the nucleation rate would be to make 

hydrate nucleation effectively indistinguishable from a deterministic process at subcoolings 

around 2 K.  

Kashchiev and Firoozabadi [15] used their model to fit the experimental data reported by 

Makogon [22] for methane (sI) hydrate nucleation. Hydrates were observed in those 

experiments on the water-gas interface but, as proposed by Maeda [119, 151], in such cases 

hydrates will likely nucleate on the steel surface in contact with that interface. Kashchiev and 

Firoozabadi [15] obtained a value of B′ = (1.59 ± 0.14) × 104 K3 consistent with theory 

(assuming a 20° wetting angle on the steel), in excellent agreement with the value obtained in 

section 4.3 for pure CH4 hydrates (2.1 × 104 K3), and within a factor of two with the value 

obtained here for the gas mixture. However, the area-normalised HEN kinetic parameter 

Kashchiev and Firoozabadi obtained from analysing Makogon’s experimental data was 1.56 × 

103 cm-2⋅s-1, some 24 orders of magnitude smaller than the prediction elaborated on in most of 

the paper. They reconciled this discrepancy by concluding that the observed nucleation rates 

were the result of HEN occurring on a very small number of sites with low nucleation work. 

In contrast, the theoretical value of A assumes the number of nucleation sites is of order 

1014 cm-2, based on the cross sectional area of a water molecule.  

The value of A obtained from the data in Table 5.1 corresponds to an area-normalised kinetic 

parameter for HEN of 0.11× 103 cm-2.s-1 based on the wetted area of the cell’s steel internal 
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surfaces. This is within a factor of 14 of the value obtained from the data of Makogon [22] by 

Kashchiev and Firoozabadi [15]; however such a comparison relies on assumptions about the 

interfaces responsible for nucleation in both cases. Kashchiev and Firoozabadi [15] excluded 

the data point measured at the lowest subcooling by Makogon [22] from their analysis: if it is 

included the agreement with the result obtained in this work improves to within a factor of 7. 

Maeda [152] used constant cooling ramps to measure nucleation rates for sII methane-propane 

gas hydrates in the presence of a stainless steel wall using a quiescent apparatus. While some 

clear differences exist between that experiment and the one described in the present work 

(quiescent vs stirred, constant cooling vs isothermal, cell diameter of 5 mm vs 24 mm), it is 

instructive to compare the observed nucleation rates, particularly in the context of rates of the 

very large differences observed with nucleation rates estimated from theory or simulation. 

From figure 4 of Maeda [152], the normalised nucleation rates at about 8 K and 10 K are 

approximately 0.001 m-1⋅s-1 and 0.002 m-1⋅s-1, respectively, with the normalisation length scale 

specified as the circumference of a 5 mm diameter circle. Reconstructing the observed 

nucleation rates gives 2 × 10-5 s-1 at 8 K subcooling and 3 × 10-5 s-1 at 10 K. Here, nucleation 

rates of 8.5 × 10-5 s-1 at 7.9 K subcooling and 91.5 × 10-5 s-1 at 9.8 K were observed (Table 5.1), 

which are between 20 and 30 times larger. These differences are still small compared to those 

found with theoretical predictions, and likely explained by the aforementioned differences 

between the experiments (particularly quiescent vs stirred). If the nucleation rates listed in 

Table 5.1 are normalised relative to the circumference of the HPS-ALTA gas-water-steel 

interfacial line, the agreement with the data of Maeda et al. [152] improves to within a factor 

of 5 to 6.   

The experimental comparisons of nucleation rate considered here suggest three key results. 

First, several different measurements of gas hydrate nucleation rate at industrially-accessible 

sub-cooling conditions are consistent within a factor of 30, independent of the interface 

selected (if one is chosen at all). This is noteworthy given the significant difference in 

experiment size, level of shear, and method of setting the driving force. For two experiments 

in well-sheared systems at constant subcooling the consistency was within a factor of three. 

Second, the CNT framework of Kashchiev and Firoozabadi [15] does a reasonable job 

describing these experimental data sets in terms of the model’s functional form and the 

thermodynamic parameter (nucleation work). Third, the kinetic parameter A is not currently 

representative of macroscopic systems with the theoretical values derived by Kashchiev & 
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Firoozabadi [15] differing by many (>20) orders of magnitude from the values needed to 

explain the comparatively consistent experimental observations. 

The problem with the CNT framework relating to A should not be the basis of dismissing the 

model, given the successes it has describing the data mentioned. Rather, the consistent 

experimental results should be used to constrain and improve theoretical estimates of the 

constituent factors that determine A. For example, if the number of low nucleation work sites 

in the HPS-ALTA-2 cell is set to the minimum possible value, i.e. N0 = 1, then the attachment 

frequency of the hydrate building units to the nucleus is (0.002 to 0.2) Hz. This is very different 

to the 0.5 GHz estimated from CNT by Kashchiev and Firoozabadi [15]. Given that the number 

of low nucleation work sites within the HPS-ALTA-2 cell is likely to be larger than 1, the 

attachment frequency of hydrate building units is probably smaller than 10-3 Hz at the low 

subcoolings (< 10 K) accessed in these experiments.       

This analysis also suggests future experiments in which the number of nucleation sites available 

within a given system is varied by adding a quantified amount of a seeding agent. Sowa et al. 

[153] investigated the use of AgI to promote hydrate nucleation using a quiescent HP-ALTA 

apparatus. Although (i) AgI is a known promoter of ice nucleation, (ii) ice is a known promoter 

of hydrate nucleation, and (iii) the average hydrate formation temperatures achieved in the 

quiescent HP-ALTA experiments of Sowa et al. [153] were well below 0 °C, no significant 

effect on the hydrate formation probability distribution was observed with AgI relative to the 

baseline experiments. However, this might reflect the direct nucleation of hydrate without ice 

forming first on the AgI. Alternatively, the extent of nucleation promotion by the AgI-ice 

mechanism may have been small in comparison with the contribution due to sites with low 

nucleation work on the apparatus walls responsible for the baseline nucleation rate. Further 

studies investigating the effect of AgI or other prospective nucleation promoters on hydrate 

formation are warranted but they should consider these factors as part of their experimental 

design.    

5.4 Hydrate Growth Rate 
The subcooling dependence of the hydrate growth rate immediately following formation was 

quantified by the rate of gas consumption. As can be seen in Figure 5.4a-d, the hydrate growth 

rates observed were a stochastic quantity with a mean that increased with subcooling. This 

stochasticity is likely to arise due to run-to-run variations in the nature of the growing hydrate 
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phase. These variations may be linked not only to the stochasticity of the nucleation event itself 

but also to variations in gas composition within the water during growth.  

 

Figure 5.3: Probabilities densities for initial hydrate growth rates for subcooling values of (a) 
6 K, (b) 6.9 K, (c) 7.9 K and (d) 9.8 K. 

Based on isothermal growth rate data from Bishnoi and co-workers [38, 115, 138], Turner et 

al. [137] proposed that the gas consumption rate, G, is proportional to the product of the gas-

water interfacial area, a, and the subcooling: 

 
𝐺𝐺 = −

𝑑𝑑𝑙𝑙
𝑑𝑑𝑡𝑡

∝ 𝑎𝑎 ∆𝑇𝑇  (5.2) 
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where n is the amount of gas present. Figure 5.4 show the mean gas consumption rate versus 

subcooling and observe a trend which, to a first approximation, is consistent with a linear 

dependence of G on ΔT. From a linear fit to the data where G is constrained as zero at ΔT = 0, 

growth rate per unit subcooling of dG/d(ΔT) can be extracted: (0.25 ± 0.03) µmol.s-1⋅K-1. 

Analogous to the analysis carried out by Turner et al. [137], the data of Englezos et al. for a 

75.02% methane / 24.98% ethane mixture [138] were reanalysed to give an estimated an areal 

growth rate value per unit subcooling of 0.03 µmol.s-1⋅K-1.cm-2. Combining this latter value 

with an estimate of the gas-water interfacial area in the HPS-ALTA-2 (10 cm2) yields a value 

of dG/d(ΔT) = 0.3 µmol.s-1⋅K-1, which is within 20 % of the value measured here.   

 

 

Figure 5.4: Mean growth rate plotted versus subcooling (error bars correspond to the standard 
deviations of the measured growth rates). The solid red line is a linear fit to the data where G 
was constrained to be zero at zero subcooling. The dashed line is the G-ΔT relationship 
expected from the growth rate determined from the data of Englezos et al. for a methane-ethane 
mixture [138]. 

 

5.5 Summary 
A second generation, high pressure, stirred ALTA cell (HPS-ALTA-2) was developed and used 

to measure hydrate formation probability distributions at a fixed subcooling which contain 

statistically significant numbers of induction time measurements. The induction times 

measured for a synthetic natural gas mixture hydrate at subcoolings ranging from 6.0 K to 9.8 

K were exponentially distributed and consistent with the mononucleation mechanism from 

Classical Nucleation Theory. The nucleation rates measured at each subcooling were consistent 
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within a factor of three with values measured in independent laboratories using much larger 

autoclaves. 

Hydrate growth rates, as measured by rates of gas consumption for a brief period after 

nucleation, were also measured and observed to be stochastic with mean values that increased 

approximately linearly with subcooling. The slope of the fitted data agreed well with that found 

previously for a methane-ethane gas mixture. These results establish that, while stochastic, 

nucleation and growth phenomena in natural gas hydrates can be reproducibly measured and 

compared quantitatively in a meaningful way with a clear prospect of generalised 

interpretation. 
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6 Effect of Kinetic Hydrate Inhibitors (KHIs) Concentrations on 

Subcooling and Growth Distributions 
 

Kinetic Hydrate Inhibitors, which generally are water-soluble polymers, have been used 

industrially for more than 20 years and shown to successfully mitigate hydrate blockage risk 

during production [48, 53, 54], with a typical strategy being to extend the induction time to a 

period longer than the residence time of the fluid within the hydrate stability zone [23, 49]. To 

suppress hydrate formation, a KHI increases the induction time required for a crystal to 

nucleate and/or reduces the subsequent growth rate of that hydrate crystal [48, 154]. For a given 

temperature, T, the induction time and growth rate depend upon the system’s subcooling, 

∆T ≡ Teq - Tf, where Teq is the hydrate equilibrium temperature corresponding to the system 

pressure p. However, while certain key attributes of the molecular structure associated with an 

effective KHI have been identified, there is still uncertainty about the precise mechanism(s) by 

which they delay nucleation and/or suppress growth [48, 55].  

One reason for the uncertainty regarding the mechanism by which KHIs function is the 

difficulty associated with studying gas hydrate formation experimentally. Obtaining datasets 

with statistically significant numbers of formation events at conditions relevant to production 

systems can be challenging because average induction times at modest subcoolings ((4 to 8) 

K) can be several thousand seconds. The time required to accurately quantify formation 

probability via such measurements can therefore be prohibitive [13, 155-157]. Alternatively, 

measurements of subcooling formation probability can be used to more rapidly characterize 

hydrate formation and characterize KHI performance [13, 23, 93, 158]. A method of assessing 

the relative improvement delivered by a given concentration of KHI is shown schematically in 

Figure 6.1, which depicts a fixed volume of gas and water (and possibly oil), with and without 

the KHI, being cooled into the hydrate stability region. The performance of the KHI may then 

be assessed by comparing the (distributions of) subcooling at which hydrate formation occurs 

with and without the additive present.   
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Figure 6.1: A pressure-temperature phase diagram showing the hydrate stability region and a 
method for assessing KHI performance. The dotted grey line depicts an isochoric cooling 
pathway (constant cooling) used to characterise the driving force needed for hydrate formation. 
A KHI delays nucleation, leading to formation occurring at a higher subcooling, ΔTKHI, than 
in a KHI-free experiment (formation at subcooling ΔT). 

One step beyond assessing whether a KHI can suppress hydrate formation sufficiently is 

determining the optimal amount of KHI to inject into a given production system. On a 

volumetric basis, KHIs are more costly than THIs and so it is important to avoid overdosing 

the KHI.  However, despite this economic incentive, only a few published studies have 

systematically measured the effect of KHI concentration on hydrate formation and these have 

not yielded universally applicable trends [57, 65, 98, 147, 159-161]. A monotonic relationship 

between PVCap concentration (up to 5 wt%) and the subcooling at which tetrahydrofuran 

(THF) hydrates form has been reported [57, 160]; however, these data may only have limited 

applicability to production systems given that such hydrates form at 1 bar and the miscible 

nature of THF with water. Abay et al. [161] found that concentrations of PVCap ranging from 

(1000 to 3000) ppm (equivalent to (0.1 to 0.3) wt%) reduced the nucleation rate of structure II 

hydrate but they did not assess the relative performance of higher KHI concentrations closer to 

the loadings typically used by industry of (0.5 to 2) wt% [48]. Kang et al. [65] observed that 

induction times for natural gas hydrates increased with concentration for both PVP and PVCap 

up to 2 wt%. However, for PVCap solutions, the derivative of induction time with 

concentration increased with inhibitor loading (i.e. an exponential-like dependence), while for 
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PVP solutions the derivative of induction time with concentration decreased with loading (i.e. 

a logarithmic-like dependence).  

Testing such predictions experimentally is difficult because to do so reliably requires the 

measurement of enough hydrate formation events to construct a probability distribution with 

sufficient resolution. The long times required to measure a single hydrate formation event, 

particularly in the presence of a KHI, using conventional high-pressure apparatus such as 

autoclaves and rocking cells (which have cooling rates on the order of 1 K per hour [98]) limits 

the ability to construct formation probability distributions even as a function of subcooling (c.f. 

induction time).  

To address the above limitations, multiple HPS-ALTA-2 cells were used to investigate the 

impact of a KHI on the subcooling formation probability distributions of methane hydrates and 

the subsequent initial growth rates. This is particularly useful for the study of KHI performance 

because it enables the suppression of nucleation and growth to be characterized independently 

[57-60, 66-68, 95, 160, 162-169]. In this chapter, multiple HPS-ALTA cells were used to 

produce high-resolution probability distributions for both hydrate nucleation and growth as a 

function of KHI concentration. The KHI tested in this work was the commercially available 

Luvicap55W, a 1:1 vinylpyrrolidone : vinylcaprolactam (VP:VCap) copolymer supplied by 

BASF, with a molecular weight in the range 2000 to 4000 Da [170]. Both functional groups 

(VP and VCap) are well known to inhibit and delay hydrate formation, and are essentially 

benchmark compounds for kinetic hydrate inhibition in the oil and gas industry. Several 

comparisons of this KHI’s performance have been reported [171, 172]. The results obtained in 

this work show how the KHI reduces the stochastic nature of hydrate formation and suppresses 

the subsequent growth rate. Both effects are important in the assessment of the risk associated 

with hydrate formation in production systems. The dependence on concentration observed for 

these two effects allows for a high-level cost-benefit ratio to be estimated for a given dosage 

of this KHI. In addition, the  statistically significant datasets obtained provide an opportunity 

to test the theory of KHI-adsorption onto nucleation sites proposed by Kashchiev and 

Firoozabadi [15].  

 

6.1 Methodology 

Seven of the HPS-ALTA-2 cells were also used to measure probability distributions for hydrate 

formation in the presence of Luvicap55W. All the measurements of Luvicap55W were tested 
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at five concentrations (0.05, 0.3, 1, 2 and 3) wt%. The details of the apparatus have been 

discussed in section 3.2, so only brief experimental procedure is provided here. To improve the 

repeatability of the measured formation distributions, the seven cells of HPS-ALTA-2 were all 

housed within a stirred air bath (I-500 incubator, Steridium) maintained at 32 °C, which 

provided constant and spatially uniform ambient temperature conditions.  

The experimental method used was also similar to that detailed in chapter 4. KHI was dosed 

into degassed, deionized water using a laboratory balance and then manually agitated for at 

least 30 s to ensure uniform dissolution. For each measurement, the cell was filled with 5 mL 

of degassed, de-ionised water or a KHI solution. After loading the liquid, the cells were purged 

three times with pure methane gas (purity of 99.995%) before being pressurized to 13 MPa at 

20 °C. Pure methane was used as the hydrate former because: (i) structure I hydrates are an 

increasing concern for the production of gas reserves with very high methane content, (ii) the 

aqueous phase solubility of the hydrate former is not excessively high (unlike, e.g. THF) so 

nucleation is more difficult, (iii) the data obtained with a single component hydrate guest is 

simpler to interpret than for a gas mixture, and (iv) both LuvicapEG and Luvicap55W is 

effective at kinetically inhibiting methane hydrates. The liquid was continuously mixed during 

the final pressurization to ensure dissolution of gas into the liquid. After ensuring a stable 

pressure had been reached, the valve was closed and the cell heated to 40 °C. 

Following system initialization, the cell temperature was cycled into and out of the hydrate 

equilibrium region along an isochoric pathway with cooling occurring at a rate of 1 K·min-1. 

During cooling, hydrate formation was detected when the variation in pressure with 

temperature deviated from the linear trend observed prior to formation (Figure 6.2a). The 

cooling ramp was terminated when the system temperature reached –5 °C (hydrate formation 

occurred before this temperature was reached). Each cell was held at this minimum ramp 

temperature for 5 minutes before being rapidly reheated to the regeneration temperature of 

40 °C (at an average heating rate of 22 K·min-1). The cell was then held at the regeneration 

temperature for 5 minutes, which allowed the system to equilibrate and the pressure to stabilize 

before the next cooling cycle began. This cooling-heating process was repeated typically in 

each cell until at least 100 hydrate formation events had been measured. To determine the 

subcooling ∆T at which detectable hydrate formation onset occurred, the cell pressure was used 

together with the Cubic Plus Association (CPA) model implemented in Multiflash 6.2 to 

determine Teq for the methane-water system.  
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Figure 6.2: (a) Example pressure-temperature trace (solid blue curve) showing the method used 
to determine hydrate formation onset during isochoric cooling. The linear p-T trend observed 
prior to formation is indicated by a red dotted line. (b) Example δp = pmeas - pisochor time series 
data where pmeas is the measured cell pressure and pisochor is the temperature- and thus time-
dependent pressure trend associated with isochoric cooling. The data within the intersection of 
the grey and pink shaded regions (0.3 bar hydrate-growth-induced pressure reduction) is used 
to calculate the initial gas consumption rate (pink dotted line is the linear fit to these data). 

The automated algorithm described in Chapter 3 was used to identify the formation event on 

each temperature ramp. The subcooling values calculated for each formation onset event were 

collated into bins of width 0.1 K to construct an equally-spaced histogram representing the 

probability density distribution. With the same spacing applied to all the subcooling datasets 

acquired in each experiment, subsequent numerical operations such as subtraction and 

integration can be applied in a straightforward fashion. The probability density distributions 

were numerically integrated (using the trapezoidal rule) to generate cumulative hydrate 

formation probability curves [114].  

The pressure detection-based technique for hydrate formation detection also enables an 

extraction of the gas consumption rate, (-dn/dt), following formation onset [123, 165], where 

n is the molar quantity of gas. This provides a measure of the initial hydrate growth rate, Gi = 

(-dn/dt), which is calculated from δp ≡ pmeas - pisochor, where pmeas is the measured cell pressure 

and pisochor is the temperature-pressure trend associated with isochoric cooling.  

 

 
𝐺𝐺𝑖𝑖 = (−

𝑑𝑑𝑙𝑙
𝑑𝑑𝑡𝑡

) =
𝑙𝑙𝑔𝑔
𝑒𝑒𝑒𝑒
𝑑𝑑(𝛿𝛿𝑒𝑒)
𝑑𝑑𝑡𝑡

 (6.1) 
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Here ng is the number of moles of methane in the gas phase and pf is the formation pressure. 

As illustrated in Figure 6.2b, the rate at which δp decreases following formation is extracted 

from a linear fit (red dotted line) to the time series data for values of δp up to 0.03 MPa. Growth 

rate histograms rate were constructed by evaluating equation (6.1) using the data acquired 

immediately after each formation event and allocating the resulting growth rates into bins of 

width 0.1 μmol·s-1. 

 

6.2 KHI concentration-dependent subcooling distribution 

A total of 3010 hydrate formation events were measured as a function of subcooling at six 

different KHI concentrations using seven different HPS-ALTA cells, labeled A through G. The 

hydrate formation probability density distribution functions (PDF) measured at each 

concentration, c, are shown in Figure 6.3. Figure 6.3a shows the cumulative probability 

distribution functions (CDF) for hydrate formation as a function of subcooling for each of the 

seven cells in the absence of KHI, while Figure 6.3b shows the CDFs measured for finite 

concentrations up to a maximum of c = 3 wt%. Table 6.1 lists the number of data points 

collected, together with the mean and standard deviation of the subcooling formation 

distributions measured for each concentration. 

The seven baseline (c = 0) distributions measured for methane hydrate (Figure 6.3a) had an 

average mean formation subcooling of (8.0 ± 0.9) K, where the uncertainty bound is the 

standard deviation of the distribution means. The average of the distribution standard 

deviations for the seven cells was (1.5 ± 0.4) K. While the variation in distributions measured 

using different cells was about (1 to 2) K, a repeat measurement of the same distribution using 

a single cell varied by about (0.1 to 0.5) K. This degree of repeatability in the baseline 

distributions, both across different cells and for repeat measurements using the same cell, is a 

significant improvement relative to the results shown in Chapter 4 on the subcooling formation 

probability distributions for methane hydrates using smaller HPS-ALTA-1 cells. In those 

experiments, the mean subcoolings obtained from distributions measured by the same cell 

under the same conditions fluctuated by (1 to 2) K. For two different cells, the degree of 

consistency between distribution means measured with the HPS-ALTA-1 cells was around 

3 K. The improved repeatability observed in the HPS-ALTA-2 cells can be attributed to (a) the 

more symmetric geometry of the Peltier cooling system and (b) the housing of all the cells 

within a stirred air bath, which provided a common and controlled thermal environment.  
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Table 6.1: Statistical data for hydrate formation in seven cells for the base case (no KHI) and 
at five different concentrations of Luvicap55W, indicating the number of formation events for 
each trial (N), mean formation temperature, mean formation pressure, mean subcooling (𝜟𝜟𝜟𝜟����), 
and the distribution standard deviation, σΔT. 

Luvicap55W 

Concentration  

/ wt% 

Cell Formation 

events, N 

Mean formation 

Temperature  

/ K 

Mean 

formation 

Pressure 

 / MPa 

Mean 

subcooling, 

𝜟𝜟𝜟𝜟���� / K 

Standard 

deviation, σΔT 
 / K 

 

0 

A 146 278.0 11.8 9.6 2.1 

B 153 279.4 11.4 7.9 2.2 

C 93 279.5 11.9 8.2 0.9 

D 95 279.3 11.9 8.7 1.8 

E 154 280.8 11.9 6.9 1.6 

F 102 280.4 11.8 7.1 1.1 

G 87 278.2 9.83 7.8 1.1 

0.05 
E 409 277.6 11.5 9.7 1.3 

F 46 277.5 11.5 9.8 0.9 

0.3 
B 154 276.2 11.7 11.3 0.8 

E 122 276.0 11.7 11.5 0.8 

1 
C 218 272.7 11.3 14.5 1.3 

D 89 272.5 11.3 14.8 0.9 

2 

E 218 271.3 11.1 15.8 0.7 

F 213 271.2 11.2 15.1 0.7 

G 215 270.9 11.2 16.2 0.5 

3 
A 297 269.6 11.1 17.4 0.7 

B 199 270.7 11.4 16.6 0.8 
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Figure 6.3: Probability Density Distribution Functions for methane hydrate formation with (a) 
0, (b) 0.05, (c) 0.3, (d) 1, (e) 2 and (f) 3 wt% of Luvicap55W. At least two repeats are shown 
(filled and unfilled bars) for each KHI concentration. The experimental conditions are 700 rpm, 
1 K.min-1 cooling rate and initial pressure of 13 MPa at 20 °C. 
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In contrast to the baseline experiments, the subcooling formation probability distributions 

shown in Figure 6.3b-f have (i) means at higher subcoolings; (ii) reduced standard deviations 

and; (iii) reduced cell-to-cell variability. The first two observations are consistent with those 

observed for the HPS-ALTA-1 with a sII-forming natural gas, and are discussed further below.  

However, the third observation is a result of using at least two cells to measure formation 

probability distributions at each KHI concentration. The means of the distributions measured 

using different cells with the same value of c ranged from (0.04 to 0.6) K. This reveals that not 

only do KHIs make hydrate formation more deterministic within a given cell, they also reduce 

the variation observed between cells.  

 

Figure 6.4: Cumulative formation probability of methane hydrate formation for the base case 
in seven different cells (top) and with varying KHI concentrations (bottom) for cells cooled 
along isochoric pathways. In all cases the initialisation condition was 13 MPa at 20 C. Each 
concentration was measured at least twice in different cells. Curves on the bottom figure show 
fits of equation (2.10) to the cumulative probability distributions.  
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When considering the differences between distributions measured for two cells at the same 

finite KHI concentrations shown in the lower panel of Figure 6.4, it is important to compare 

them with the differences obtained for the same two cells in the absence of any KHI, as shown 

in the upper panel. For example, the difference in the distribution medians of Cells A and B 

measured at a KHI concentration of 3 wt% (0.7 K) is significantly smaller than at 0 wt% (2.1 

K). The differences in distribution medians for all cell pairs decreased at finite KHI 

concentration relative to the baseline differences, with the single exception of Cell E, for which 

the distribution median (fortuitously) overlapped with that of Cell F in the absence of the KHI. 

This consistency of this result for pairs of the other six cells suggests that the addition of a KHI 

generally reduces the stochasticity of hydrate formation across different apparatus. 

The mean subcooling and standard deviation (calculated from all the cells used at a 

concentration) of the subcooling formation probability distributions are shown as a function of 

KHI concentration in Figure 6.5. At the highest concentration (3 wt%), the average mean 

subcooling ∆𝑇𝑇���� = (17.0 ± 0.6) K, which is 9 K higher than the baseline average. However, the 

increase in mean subcooling with KHI concentration is non-linear, with diminishing returns 

occurring for c > 1 wt%. For all concentrations, the distribution standard deviation decreased 

to a value in the range (0.6 to 1.1) K. 

 



99 
 

 

Figure 6.5: (a) Mean, ∆𝑇𝑇����, and (b) standard deviation, σ, of the subcooling formation probability 
distributions plotted against KHI concentration, c. The values plotted correspond to the average 
for all cells used at a given concentration, with the error bar indicating the standard deviation 
of the measured value across multiple cells (which in the case of ∆𝑇𝑇���� are often smaller than the 
symbol). 

The effectiveness, η, of the KHI per unit concentration in modifying the subcooling 

distribution, was characterized using the following equation: 

 

 
𝜂𝜂 ≡  

𝛥𝛥𝑇𝑇����𝑐𝑐 − 𝛥𝛥𝑇𝑇����𝑐𝑐=0
𝑐𝑐

     (6.2) 
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where  𝛥𝛥𝑇𝑇����c and 𝛥𝛥𝑇𝑇����c=0  are (the averages of) the mean subcoolings for systems with and without 

KHI, respectively. This definition provides a mechanism of quantitatively comparing studies 

of KHI concentration made using different apparatus, particularly those for which few 

formation events were measured, because variations associated with different apparatus 

baselines are, in principle, subtracted out to a first approximation [140]. Figure 6.6 shows 

values of η measured as a function of concentration both from this work and as calculated from 

results reported for similar KHIs in the literature measured using rocking cells [98, 173], and a 

high pressure sapphire cell [174] for Luvicap55W, and with the HPS-ALTA-1 [165] for 

Luvicap EG. The trend in the literature data is broadly consistent with the change in 

effectiveness observed in this work despite the different apparatus and cooling rates employed.  

Between (0.05 and 0.3) wt% a sharp decrease in η is observed from (33.9 to 11.1) K·wt%-1, 

with successive increases in concentration to 3 wt% reducing the KHI effectiveness down to 

3.0 K·wt%-1. 

 

Figure 6.6: Plot of KHI effectiveness per unit concentration, η, as a function of KHI mass 
fraction, c, derived from data measured in this work and the literature.  represents data for 
current work, literature data adapted from:   [174],  [98],  [173] and  Chapter 4. All 
the literature data obtained used Luvicap55W except for those measured in Chapter 4 where 
LuvicapEG was used. 
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6.3 Comparisons to Classical Nucleation Theory 
The subcooling distributions obtained from the HPS-ALTA data can be fitted with an 

expression stemming from the application of classical nucleation theory (CNT) to hydrate 

formation (also discussed in Chapter 4) [15]. This framework, developed by Kashchiev and 

Firoozabadi includes a prediction regarding the KHI inhibition mechanism, namely adsorption 

onto nucleation sites. After a fixed time, t, the probability, P, of hydrate formation at a fixed 

temperature and pressure is given by equation (2.9), and J is the nucleation rate which at 

constant pressure may be expressed as a function of subcooling, ΔT via equation (2.6). The 

thermodynamic parameter, B’ in equation (2.6) provides a measure of the nucleation work 

required to form a critical nucleus, while the kinetic parameter, A, is given by equation (2.7). 

In equation (2.7), f is the attachment frequency of building units that combine to form clusters, 

N0 is the number of sites in the system where the clusters form, and the z is the Zeldovich factor 

which quantifies the stochastic evolution of the clusters towards a critical size, which typically 

takes values between 0.01 and 1 [15]. It should be noted that N0 does not refer to the number 

of (subcritical) clusters but rather to the number of sites/defects in the system where the 

formation of a cluster would most likely lead to a critical nucleus. Kashchiev and Firoozabadi 

suggest in [15] that KHIs delay nucleation by adsorbing onto and decreasing the value of N0 

and hence the kinetic parameter A for a given system. Consequently, A is predicted to decrease 

with increasing KHI concentration, and may be described by a Langmuir-type function of c: 

 

 𝐴𝐴(𝑐𝑐) =
𝐴𝐴0

1 + 𝛥𝛥𝑐𝑐
      (6.3) 

 

Here, k is a Langmuir adsorption constant and A0 is the kinetic parameter characteristic of the 

KHI-free system. The cumulative formation probability distributions measured in this work 

were fit with equation (2.10) using non-linear least squares regression method to extract values 

of the adjustable parameters A and B’ for each cell at each KHI concentration [165]. The curves 

shown in Figure 6.4 correspond to the fits of equation (2.10) to the data while values of the 

best-fit parameters A and B’ averaged over the multiple cells used at each KHI concentration 

are shown in Figure 6.7 as a function of c. The fits to each of the measured distributions have 

root mean square deviations of 0.023 or less, which is similar to the fit quality obtained in 

Chapter 4. 
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According to equation (6.3), the kinetic parameter A should decrease with KHI loading if the 

inhibition mechanism proposed by Kashchiev and Firoozabadi [39] was applicable to these 

data. To illustrate the expected dependence, values for A calculated using equation (6.3) are 

shown for three exemplary values of k in the top panel of Figure 6.7. Clearly the increase in 

the best-fit value of A observed with increasing concentration is opposite to that predicted for 

an inhibition mechanism based on polymer adsorption to nucleation sites. 

 

 

Figure 6.7: (a) Kinetic, A, and (b) thermodynamic, B′, nucleation parameters as a function of c 
as extracted from fits of equation (2.10) to the cumulative formation probability curves in 
Figure 6.4 (A and B’ were both free fitting parameters). Values from separate experiments at 
the same concentration were averaged. Dotted curve in (a) shows the concentration dependence 
of the kinetic parameter trend expected from an adsorption model (equation (6.3), [15]) using 
an arbitrarily chosen Langmuir adsorption constant of k = (1, 10 and 100) wt%-1. 
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Potentially, correlation between the parameters A and B′ adjusted in the fit of equation (2.10) 

to the measured CDFs could explain why the variation of A with c apparent in the top panel of 

Figure 6.7 is inconsistent with the predictions of equation (6.3). To test this, the fits to the CDFs 

measured at finite KHI concentrations were repeated by holding the parameter B′ constant at 

the (average) value (3.4 × 104 K3) obtained for the base case (c = 0) measurements and allowing 

only A to vary. As shown in Figure 6.8 and Figure 6.9, constraining B′ in this way produces 

poor fits that are no longer representative of the measured distributions. The only way that the 

CNT-derived equation (2.8) can adequately represent the data is if both the A and B′ parameters 

are adjustable, with the latter increasing monotonically with concentration and the former 

increasing with concentration albeit not monotonically. 

 

Figure 6.8: Formation probability versus subcooling (data from Figure 6.4) together with fits 
of equation (2.10) using fixed B’ values taken from Figure 6.7b of 1.086 x 106 K3 (c = 3 wt%). 
The baseline distributions shown here are only for Cell E. 
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Figure 6.9: Formation probability versus subcooling (data from Figure 6.4) together with fits 
of equation (2.10) using fixed B′ values taken from Figure 6.7b of 3.4 x 104 K3, (c = 0 wt%). 
The baseline distributions shown here are only for Cell E. 

The derivation of equation (2.10) assumes that the induction time distribution remains 

exponential in the presence of a KHI (equation (2.9). Although exponentially distributed 

induction times have been demonstrated for gas hydrate formation in KHI free-systems in 

section 5.3, this has not been confirmed for systems containing KHIs above a concentration of 

0.01 wt% [147], which is five times lower than the minimum concentration used in this work. 

Experimental work investigating the nature of induction time distributions in the presence of 

industrially relevant KHI concentrations would help resolve this issue. 

 

6.4 Hydrate Growth Rate 
Kinetic hydrate inhibitors can also limit hydrate formation by retarding the growth of the 

crystal once it has nucleated. One feature of HPS-ALTA measurement systems is the ability to 

readily characterize initial hydrate growth rates in addition to the separate description of 

hydrate nucleation. The hydrate growth rates measured in this way are also distributed [152, 

160], in part due to stochastic nucleation (growth rate increases with subcooling) and other 

phenomena discussed recently by Jeong et al. [175]. Figure 6.7 shows growth rate distributions 

measured for each cell at each KHI concentration, while Figure 6.11 shows the average and 

standard deviation of the distribution means acquired for multiple cells as a function of KHI 

concentration.  



105 
 

 

Figure 6.10: Initial growth rate (Gi) distributions for methane hydrates at various KHI 
concentrations. (a) 0 wt%; (b) 0.05 wt%; (c) 0.3 wt%; (d) 1 wt%; (e) 2 wt% and (f) 3 wt%. 
Note that the scale of axes in panels (c-f) are different to those in panels (a,b) with the growth 
rate axis being reduced in range by a factor of 5. 

 

Figure 6.11: Mean methane hydrate growth rate, �̅�𝐺𝑖𝑖,  plotted against KHI loading, c, where 
error bounds represent the distribution’s standard deviation. The mean hydrate growth rate is 
8.5 µmol.s-1 in systems without KHI (horizontal line) with the shaded region representing the 
standard deviation in the baseline measurements (± 3.4 µmol.s-1). 
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At the lowest KHI concentration measured, the initial growth rate distribution observed was 

consistent with that obtained from the base line experiments, albeit somewhat narrower: at c = 

0, the mean initial growth rate, �̅�𝐺𝑖𝑖, was (8.5 ± 3.4) μmol·s-1 while at c = 0.05 wt%, �̅�𝐺𝑖𝑖 = (7.4 ± 

2.2) μmol·s-1 (Here the error bounds are the standard deviations of the growth rates measured 

for multiple cells). This is in stark contrast to the impact upon the subcooling formation 

probability observed for the lowest KHI concentration, which shifted from (8.0 ± 0.9) K to 

(9.7 ± 0.1) K, which suggests that there may be a difference in the mechanisms by which the 

KHI delays nucleation and suppresses growth. At c = 0.3 wt%, however, a significant change 

in the growth rate distribution was observed, with the mean growth rate reduced to 2.1 μmol·s-1 

and a significantly narrower distribution characterized by a standard deviation of 0.6 μmol·s-1 

, which correspond to reductions of approximately 3 and 4 times relative to the base case 

distribution, respectively. At KHI concentrations above 0.3 wt%, little further change in the 

initial growth rate distribution widths was observed (at the maximum concentration of 3 wt%, 

the mean growth rate was (1.4 ± 0.5) μmol·s-1) and the subsequent reductions in the average 

growth rates means were small compared with the distribution widths. For a given KHI loading, 

the cell-to-cell variation in growth rate distribution was generally small, with mean varying by 

0.7 μmol·s-1 or less. However, at concentrations above 0.05 wt% KHI, this cell-to-cell variation 

became comparable to the (much reduced) distribution widths, resulting in distributions from 

separate cells becoming distinguishable in Figure 6.10(c) to (f). 

The data in Figure 6.10 does not however provide a complete picture of KHI-driven growth 

inhibition since it neglects the subcooling-dependence of the growth rate [137]. In Figure 6.12 

each of the 3010 measured growth rates was plotted versus subcooling for each KHI 

concentration studied. While the hydrate growth rate is clearly a distributed property, the data 

obtained for each specific concentration are clearly correlated with, and roughly proportional 

to, subcooling; this is qualitatively consistent with the model described by Turner et al. [137]. 

The initial hydrate growth rates per unit subcooling, dGi/d(ΔT) for the base case and the five 

Luvicap55W concentrations were estimated by fitting a line to each of the concentration 

groupings shown in Figure 6.12. The resulting dGi/d(ΔT) are shown in Figure 6.13 as a function 

of c: for the base case the value of 1 μmol·s-1·K-1 obtained for pure methane is about three 

times larger than the value measured for sII forming methane-dominant gas mixtures measured 

in Section 5.2 using the same apparatus, which exhibited good consistency with growth rates 

measured for sII hydrates formed from methane + ethane binary mixtures by Englezos et al. 

using an autoclave [138]. Vysniauskas and Bishnoi [38] measured the growth rate of sI methane 
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hydrates at different subcoolings using an autoclave: a re-analysis of their data leads to an 

estimated areal growth rate per unit subcooling of 0.04 μmol·s-1·K-1·cm2. Combining this 

literature value with an estimate of the gas-water interfacial area in the 2nd Generation HPS-

ALTA (10 cm2) leads to dGi/d(ΔT) = 0.4 μmol·s-1·K-1. 

 

Figure 6.12: Initial hydrate growth rate, Gi, plotted against subcooling ∆T for various KHI 
concentrations: 0 (black), 0.05 wt% (red); 0.3 wt% (yellow); 1 wt% (green); 2 wt% (blue) and 
3 wt% (pink). Lines represents hydrate growth rates as a function of subcooling calculated from 
literature measurements and Chapter 5 made under near isothermal conditions [38, 123]. 

 

One possible reason for the higher initial growth rates for sI methane hydrates observed in this 

work relative to the measurements of Vysniauskas and Bishnoi [38] may be due to the cooling 

ramp used in the present experiments. They measured the growth rate for a given subcooling 

with the autoclave’s (exterior) temperature held constant, while in this work the initial growth 

rate was measured as the HPS-ALTA cell was cooled at a rate of 1 K.min-1. Given that the time 

required for δp = 0.3 bar was around 6 seconds, the additional subcooling driving force 

experienced as a result of the cooling ramp during this phase of the measurement would only 
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have been around 0.1 K, which would not in itself explain the difference. However, the local 

heat released inside the cell by the exothermic hydrate formation would have been more readily 

absorbed by the HPS-ALTA cell walls because they were already cooling and because the 

Peltier elements could increase the cooling power being applied to compensate for additional 

heat loads. Hence the local temperature rise inside the cell where hydrate was forming would 

likely have been reduced in comparison with experiments where the cell’s exterior temperature 

is held constant. Thus, ramped cooling experiments which inherently reduce heat transfer 

limitations, may be more robust for determining the kinetic rate of hydrate growth than 

measurements conducted under nominally isothermal conditions. 

At finite KHI concentrations, the variation in dGi/d(ΔT) with c appears to occur in two stages, 

as seen in Figure 6.13. At c = 0.3 wt%, the value of dGi/d(ΔT) is one fifth of its baseline value 

while at higher concentrations there is little further reduction in the value of dGi/d(ΔT). The 

rate at which dGi/d(ΔT) varies with KHI concentration differs by a factor of more than 70 in 

these two regions, and this strongly indicates a diminishing return in terms of growth rate 

suppression at dosing rates larger than 0.3 wt%. This point of diminishing return in KHI 

concentration appears to be slightly lower for growth rates than for nucleation delay, which 

appears to occur above c = 1 wt% (e.g. Figure 6.4). 
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Figure 6.13: Initial methane hydrate growth rate normalised by subcooling, dGi/d(ΔT) as a 
function of Luvicap55W concentration, c, in the system. The solid line represents a linear fit 
to the data in the range 0 to 0.3 wt% while the dashed line represents a linear fit to the data in 
the range 0.3 to 3.0 wt%. The triangle data point represent a literature measurement made under 
near isothermal condition [38]. 

 

6.5 Summary 
Seven HPS-ALTA-2 cells were used to study hydrate formation and growth in the presence of 

a commercial KHI, Luvicap55W, enabling the extraction of high resolution, subcooling and 

growth rate distributions for methane hydrates as a function of concentration. Over 3000 

hydrate formation events were measured around 12 MPa using seven independent HPS-ALTA 

cells with KHI concentrations of up to 3 wt% in water. At least two independent distributions 

were obtained at each KHI concentration to characterize the cell-to-cell reproducibility of the 

measured distributions. Increasing the Luvicap55W loading from 0 to 3 wt% increased the 

mean subcooling from (8 to 17) K; however the subcooling change per unit dosage decreased 

significantly above 1 wt%. The distributions of initial hydrate growth rate immediately after 

each nucleation event also narrowed and shifted to lower values with KHI concentration, even 

though the growth initiated at much higher subcoolings in the presence of KHI. This work 

suggests that a concentration of Luvicap55W in the range of (0.3 to 1) wt% would likely 
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correspond to the highest benefit-to-cost ratio, increasing the mean subcooling by nearly 7 K 

and suppressing the growth rate by a factor of 5. 

The high-resolution datasets obtained here also enable comparisons with classical nucleation 

theory. Kashchiev and Firoozabadi who developed the CNT framework for gas hydrates [15] 

suggested that the addition of KHI would decrease the kinetic nucleation parameter, A, as a 

result of polymer adsorption onto nucleation sites. However, regression of the measured 

subcooling formation probability distributions to a model equation based on the hydrate CNT 

framework produced values of A which increased with concentration. The model equation for 

the data regression was derived under the assumption that at a constant subcooling the 

induction time distribution is exponentially distributed. While this has been confirmed recently 

for KHI-free systems it needs to be investigated at finite KHI concentrations. The discussion 

of the impact of KHIs on induction time probability distributions where the subcooling is held 

constant is detailed in next chapter. Although such measurements take longer, the absence of 

rate-dependent thermal lags will allow more direct tests of nucleation theory and KHI 

functional mechanisms.  
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7 Effect of Kinetic Hydrate Inhibitors (KHIs) on Gas Hydrate 

Induction Time Distributions 
 

In Chapters 4 and 6, the addition of a KHI was seen to not only increase the mean subcooling, 

but also sharpen the subcooling distribution obtained. This translation and sharpening of the 

subcooling distribution suggests that the KHI causes a similar transformation to the underlying 

induction time distributions at each constant subcooling. If induction time distributions were 

to shift in the presence of a KHI to higher mean values with lower standard deviations, then 

they would no longer remain exponential distributions, which is in contrast to the standard 

predictions of CNT for the mononuclear mechanism [15] as described in equation (2.9).  

To investigate further, eight HPS-ALTA-2 cells were used to measure induction times at 

several constant subcoolings in the presence of the same KHI compound considered in Chapter 

6: Luvicap55W. The use of multiple cells to study various KHI concentrations at multiple 

subcoolings is essential if high resolution data are to be acquired in a reasonable time frame. 

However, as discussed in Chapter 6, the interpretation of distributions measured in the presence 

of KHI requires a robust determination of each cell’s baseline distribution, which in the case 

of induction time experiments is subcooling dependent. Accordingly, baseline induction time 

distributions for methane sI hydrates were obtained for each cell at two or three subcoolings. 

These experiments also enabled a comparison with the KHI-free induction time distributions 

measured for the gas mixture in Chapter 5 by one of the cells (cell IX), thus providing 

quantitative insight into the differences in formation between sI and sII hydrates. 

Table 7.1 shows an index of the cell labels used throughout this chapter. Since a subset of the 

cells are also common to the measurements made in Chapter 6, the labels used previously are 

cross referenced in Table 7.1. The new labelling scheme used in this chapter was adopted to 

minimise possible confusion between the old cell labels and the symbols used for the kinetic 

parameter, A, thermodynamic parameter, B’, and nucleation rate, J.  
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Table 7.1: Index of HPS-ALTA-2 cell labels used in this chapter (Roman Numerals), cross 
referenced with the cell labels (A to G) used in Chapter 6. Cell ix was not used in Chapter 6 
but was used for the (KHI-free) sII forming gas mixture experiments described in Chapter 5. 
Here it was only used for base case (no KHI) measurements of sI methane hydrates.  

 

 

 

 

 

 

 

 

7.1 Multiple cell baseline experiments and comparisons between sI and sII hydrates 
Constant subcooling experiments were carried out with pure methane using the same 

methodology as described in Section 5.1. The initial fill pressure was 13 MPa at 20 °C, with 

40 °C as the regeneration temperature. The subcoolings chosen for the experimental 

investigation were comparatively limited, ranging only from 2.3 K to 3.7 K. This range was 

constrained by the need to work within the practical operating limits of the HPS-ALTA and is 

an initial indication of the much faster nucleation rate of sI methane hydrates relative to that of 

sII hydrates formed from the gas mixture. Here the experimental constraints refer to (i) 

avoiding the occurrence of hydrate formation during the cooling pathway (< 102 seconds after 

entering the equilibrium region) and (ii) avoiding excessively long induction times (>104 

seconds on average). The former constraint was encountered for methane hydrates when 

subcoolings larger than 3.7 K were tested, while the latter constraint was encountered for target 

subcoolings less than 2.3 K. As indicated in Table 5.1, this viable operating window of 

induction times (102 to 104 seconds) occurred at subcoolings between 6 and 9.8 K for the sII 

forming gas mixture. 

The induction time CDFs measured for structure I hydrate from cell I at three fixed subcoolings 

are shown in Figure 7.1a. The statistical data which include mean, standard deviation, 

minimum and maximum induction time, number of formation events as well as the calculated 

Chapter 6  Chapter 7 (this chapter) 

A I  

B II  

- III  

C IV  

D V  

E VI  

F VII  

G VIII  

- IX 
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nucleation rate (from equation (7.1), same as equation (2.9)) for all cells are presented in Table 

7.2. 
 

 𝑃𝑃 = 1 − 𝛥𝛥𝑒𝑒𝑒𝑒(−𝑙𝑙𝑡𝑡) (7.1) 

   

 

Figure 7.1: (a) Induction time CDFs of methane hydrates at three different subcoolings (2.3, 
2.8 and 3.6) K obtained in cell I. Data points represent CDF extracted from experiment and 
curves represent the fit from equation (7.1). (b) Induction time CDFs at fixed a subcooling of 
(3.7 ± 0.1) K in nine cells. 

As expected, and similar to the case for structure II hydrates, shorter induction times were 

obtained with increased subcooling (lower set-point temperature). For Cell I, the statistical 

means of the induction time distributions obtained for subcoolings of (2.3, 2.8 and 3.6) K were 

(9064, 3078 and 1524) s, respectively. For all three subcoolings, the statistical mean and 

standard deviation of the induction time distributions are within 30 % of each other consistent  
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Table 7.2: Statistics of induction time distributions for methane hydrate baseline at each subcooling (ΔT). Data include experimental cell used, 
(mean (𝑡𝑡𝚤𝚤�), standard deviation (σ 𝑡𝑡𝑖𝑖), minimum and maximum) induction time measured, number of formation events, N, the formation onset 
temperature (Tf) and pressure (pf). For each dataset, the nucleation rate, J extracted by regression of equation (7.1) to the measured distribution, 
and its statistical uncertainty, u(J), are also given. 

 

Cell ΔT /  
K 

𝒕𝒕𝒊𝒊� / 
 s 

σ ti /  
s 

Min ti /  
s 

Max ti /  
s 

N 103 J /  
s-1 

103 u(J) / 
s-1 

Tf /  
°C 

pf / MPa 

I 
2.3 9604 10004 161 47629 43 0.101 0.005 12.5 12.4 
2.8 3078 4315 124 20595 102 0.374 0.004 12.0 12.4 
3.6 1524 1805 116 7229 37 0.716 0.013 11.0 12.0 

II 
2.3 20619 33691 169 125926 23 0.078 0.003 12.5 12.3 
2.7 5075 7978 153 49789 86 0.283 0.008 12.0 12.2 
3.7 2184 2544 143 11621 86 0.507 0.010 11.0 12.2 

III 
2.1 6700 11913 103 75814 94 0.207 0.004 12.5 12.0 
2.6 2676 2567 103 18295 160 0.335 0.004 12.0 12.0 
3.6 2222 3144 96 23011 117 0.537 0.009 11.0 12.0 

IV 2.3 6112 6102 166 31758 111 0.148 0.002 12.5 12.2 
3.7 3949 6660 75 42508 140 0.366 0.007 11.0 12.2 

V 
2.2 17203 21550 341 97237 94 0.068 0.001 12.5 12.2 
2.7 16764 22182 397 155722 72 0.090 0.008 12.0 12.2 
3.7 3620 5310 205 32093 114 0.351 0.001 11.0 12.2 

VI 2.7 9783 12629 263 58509 29 0.116 0.002 12.0 12.3 
3.7 3339 5997 162 41068 54 0.340 0.011 11.0 12.1 

VII 2.6 7187 7571 157 35581 68 0.132 0.002 12.0 12.1 
3.7 3110 3020 152 14642 71 0.294 0.005 11.0 12.0 

VIII 2.7 18685 38745 136 323248 108 0.100 0.003 12.0 12.3 
3.7 3794 5601 159 31610 113 0.328 0.005 11.0 12.2 

IX 2.7 3944 7557 145 49619 104 0.372 0.004 12.0 12.3 
3.7 2944 4855 161 31930 136 0.496 0.013 12.0 12.2 
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with the properties of an exponential distribution. Figure 7.1a also shows the results of fitting 

the three CDFs measured with Cell I with an exponential distribution as per equation (7.1). The 

fit quality indicates that the distributions obtained for pure methane hydrate are consistent with 

a “mononuclear” nucleation process in CNT. 

Figure 7.2b shows both experimental CDFs and the fitted distributions for all cells at 

(3.7 ± 0.1) K subcooling. The average of the mean induction time at this subcooling across the 

nine cells is (2965 ± 828) s, where the error bound is the standard deviation of the means. Note 

that the range of the mean induction time at this subcooling is between 1524 s (for cell I) and 

3949 s (for cell IV).  These results suggest that the cell-to-cell variation is more apparent for 

induction time distributions measured at the same subcooling than for the different subcooling 

distributions measured with each cell. Although the variation in values of the nucleation rate 

parameter reflected that seen for the mean induction times, the fit quality in all cases was good, 

with a maximum statistical uncertainty in the nucleation rate parameter of 4%. Figure 7.2 

shows the nucleation rates extracted for each cell as a function of subcooling. 

 

Figure 7.2: Measured nucleation rates, J, plotted against subcooling. Triangles represent data 
obtained for methane hydrates whereas the circles represent the nucleation rates measured with 
HPS-ALTA cell IX for the sII forming gas mixture (see Figure 5.2).  
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Cell IX was used in Chapter 5 to measure nucleation rates at fixed subcoolings for the sII 

forming gas mixture, providing an opportunity to compare that value with the nucleation rates 

measured for methane hydrates. From Figure 7.2, it is apparent that sI methane hydrates have 

similar nucleation rates to the sII-forming gas mixture hydrates when the subcooling is 2.5 to 

3 times smaller. This is consistent with the results obtained by comparing subcooling 

distributions measured via constant cooling experiments shown in Table 4.2 of Section 4.4 for 

sI methane and the sII-forming gas mixture hydrates, where the difference in the mean 

subcooling of the two distributions was 1.6 K. Both results indicate that at the same subcooling 

(driving force), methane sI hydrate will nucleate more readily than sII hydrates formed from a 

methane-dominant gas mixture.  

To further interpret the values of J extracted and investigate which of the nucleation rate 

parameters A and B’ is more consistent across different apparatus, it is convenient to re-arrange 

equation (7.2) as equation ((7.3): 

 
𝑙𝑙 = 𝐴𝐴 𝛥𝛥𝑒𝑒𝑒𝑒 �

𝛥𝛥𝛥𝛥𝑒𝑒𝛥𝛥𝑇𝑇
𝛥𝛥𝐵𝐵𝑇𝑇

� 𝛥𝛥𝑒𝑒𝑒𝑒 �−
𝛥𝛥′

𝑇𝑇𝛥𝛥𝑇𝑇2
�  (7.2) 

 

 
ln 𝑙𝑙 −

𝛥𝛥𝛥𝛥𝑒𝑒𝛥𝛥𝑇𝑇
𝛥𝛥𝐵𝐵𝑇𝑇

= ln𝐴𝐴 −
𝛥𝛥′

𝑇𝑇 𝛥𝛥𝑇𝑇2
  (7.3) 

 

By setting y = �ln 𝑙𝑙 − 𝛥𝛥𝛥𝛥𝑒𝑒𝛥𝛥𝐴𝐴
𝑘𝑘𝐵𝐵𝐴𝐴

� and x = 10
4

𝐴𝐴 𝛥𝛥𝐴𝐴2
 , equation (7.3) can be written in the linearized form 

 
𝑦𝑦 = ln𝐴𝐴 −

𝛥𝛥′
104

𝑒𝑒 (7.4) 

  

As shown in Figure 7.3, linear regression of the (x,y) data sets allows values of the kinetic and 

thermodynamic parameters A and B’ to be estimated, and thus the similarities and differences 

between measurements of various systems with multiple apparatus to be investigated. An 

advantage of using equation (7.3) to determine the A and B’ parameters, which are listed in 

Table 7.3, is that with only two nucleation rate measurements the regression parameters can be 

estimated with increased confidence through comparisons with the trends observed in other 

cells. In contrast a direct fit to equation (7.2) would be more difficult. The reasonable similarity 

is observed for the ln A intercept values for all the cells used to measure methane hydrates, and 
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the similarity observed for the same cell IX when it is used to measure both sI and sII hydrates 

even at quite different subcoolings. 

 

Figure 7.3: A plot of y = �𝑙𝑙𝑙𝑙 𝑙𝑙 − 𝛥𝛥𝛥𝛥𝑒𝑒𝛥𝛥𝐴𝐴
𝑘𝑘𝐵𝐵𝐴𝐴

� vs x = 104

𝐴𝐴 𝛥𝛥𝐴𝐴2
 to extract A (from the vertical intercept) 

and B’ (from the slope) to help analyse similarities and differences between various 
experiments. The data measured by Ke et al. (black triangle) for a sII-forming mixture is also 
shown here [147]. 
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Table 7.3: Extracted A and B’ parameters using the linearization method (equation (7.4) shown 
in Figure 7.3. The statistical uncertainties are also given if the linear regression involved more 
than two nucleation rates, otherwise they are denoted as n/a. Results from Ke et al. were derived 
from the data reported in [147]. 

 

Comparing the A values extracted from sII hydrate measurements (0.000171 s-1) with those 

measured for sI hydrates across nine cells (0.00044 to 0.00218 s-1), the results from Table 7.3 

indicate that A varies comparatively little for either the sI and sII hydrate experiments 

conducted in this work. For sI methane hydrate formed in different HPS-ALTA cells, the 

difference in A may be associated with different distributions of nucleation sites. In contrary, 

the attachment frequency, f, of the hydrate ‘monomer’ may vary slightly for methane vs a gas 

mixture, which could be responsible for the difference in A observed for the two experiments 

with Cell IX. On the other hand, the A value extracted from the data of Ke et al. is somewhat 

increased (approximately 4 times higher) when compared against the sII hydrate experiment in 

cell IX.). This could reflect the larger system size of the autoclaves used in that work having a 

larger number of nucleation sites. 

Meanwhile the B’ values obtained for sI hydrates across nine cells have an average of (4013 ± 

1747) K3, where the error bound denotes the standard deviation. This variation is comparatively 

small relative to the B’ obtained for sII hydrates in cell IX, which is six times larger than the 

value for sI methane hydrates measured in the same cell, indicating that the nucleation work 

Hydrate 

structure 

HPS-ALTA cell  103 𝑨𝑨 / 

 s-1 

103 u(A) /  

s-1 

10-3 B’ /  

K3 

10-3 u(B’) /  

K3 

 

sI 

I 2.18 0.13 4.80 0.74 

II 1.31 0.13 4.27 1.3 

III 0.63 0.01 1.60 0.01 

IV 0.40 n/a 1.93 n/a 

V 0.50 0.05 3.25 1.4 

VI 1.00 n/a 4.94 n/a 

VII 0.44 n/a 2.73 n/a 

VIII 0.74 n/a 6.40 n/a 

IX 0.46 n/a 0.94 n/a 

sII 
IX 1.71 n/a 37.0 n/a 

Ke et al., autoclave 7.27 0.52 53.5 6.3 



119 
 

required to form sII hydrate is significantly higher than to form sI hydrate. Ke et al. [147] also 

studied the formation of a sII-forming gas mixture that differed principally in the fractions of 

methane + propane from the gas mixture considered in this work. The nucleation work 

(thermodynamic parameter) obtained from their data for the sII forming mixture was of a 

comparable magnitude to the value obtained here with cell IX: the difference possibly reflects 

(i) the increased uncertainty in the nucleation work parameter given the fewer number of 

formation events used to construct the distribution and (ii) the use of a titanium autoclave rather 

than a stainless steel cell, which would affect the wetting angle term relevant to Heterogeneous 

Nucleation incorporated within B’, (see equation (2.8)). 

 

7.2 Methodology for measuring induction times at finite KHI concentration 
The inhibiting effects of KHIs shift the range of subcoolings that produce induction times 

within the accessible window of the HPS-ALTA. The accessible range of subcoolings was 2.3 

to 3.7 K for pure methane (referred to as the base case from this point onwards) while the 

addition of 0.3 wt% or 3 wt% KHI shifted the measurable subcooling range to above 5.3 K and 

6.5 K, respectively, (induction times approaching 104 s), with an upper limit of around 13 K 

for the higher concentration (induction times approaching 102 s). However, the presence of 

KHIs also complicated the measurement of inductions via the automated method described in 

Chapter 5. Unlike the base case experiments, often, no clear slope discontinuity in the pressure-

time series data was apparent when a KHI was present, which made the formation onset more 

challenging to detect.  

To this end, a manual analysis with a modified three-step detection protocol was applied. An 

example the modified analysis applied to a particular pressure-time series dataset is given in 

Figure 7.4. First, data from the initial 10% and final 40% of the constant temperature holding 

period were excised. This essentially eliminated data contaminated by the effects of the cooling 

ramp and the associated fluctuation in the pressure data before stabilisation for the former, as 

well as the effect on the pressure signal from the post-formation period for the latter. Second, 

the remaining pressure data (covering the period denoted as tp in Figure 7.4c) were then 

averaged and used as a reference value from which to detect the onset of hydrate formation. 

Finally, the formation onset condition was identified as the time when the pressure-time series 

data meet two conditions: (i) monotonic pressure decrease and (ii) pressure dropped more than 

the noise data (typically ±0.04 bar) of the reference period. An automated analysis algorithm 

implementing the protocol described above was developed but not deployed because it 
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consistently produced overestimates of the induction time relative to a manual implementation, 

especially with experiments of low subcooling ranges (5.3 K to 9.4 K). 

 

Figure 7.4: Examples of induction time analysis for systems (a) without KHI at ΔT = 3.6 K and 
(b) & (c) with 3 wt% KHI at ΔT = 6.4 K. (a) Clear hydrate formation is detected with significant 
change in the pressure-time slope (at 0.755 hr), with the analysis method described in Section 
3.5. (b) With KHI, hydrate formation is detected (at 3.49 hr) via the three step manual detection 
protocol discussed in text above. (c) Enlarged pressure scale for data obtained in the presence 
of the KHI. The yellow dotted line shown in panel (c) denotes the reference pressure, pf 
(calculated from pressure data over period tp) with a pressure noise of typically ± 0.04 bar. 
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After detecting each formation event, the induction time data points were used to construct 

probability distribution functions (PDFs). To account for the entire range of induction time data 

collected, which varies over two orders of magnitude, logarithmically varying bin widths were 

used (50 bins per decade of induction time). The PDFs were then numerically integrated to 

generate Cumulative Distribution Functions (CDFs), representing the distribution of induction 

times as a function of subcooling and/or KHI-concentration. 

 

7.3 Effect of KHI on Induction Time Distributions 
Multiple cells were used to investigate both the repeatability of hydrate formation distributions 

in the presence of a KHI and to reduce the time required to obtain the data. A total of 5677 

methane hydrate induction time measurements were collected at several subcoolings in the 

presence of four Luvicap55W concentrations: (0.3, 1.0, 2.0 and 3.0) wt%. Statistical data 

including the mean and standard deviation induction time are summarised in Table 7.4, with 

the resultant CDFs shown in Figure 7.5. The CDFs are grouped by subcooling (panel (a) to (d)) 

and KHI loading (panel (e) to (h)) in Figure 7.5 to illustrate the impact of both parameters on 

the hydrate induction time distributions.   
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Table 7.4: Statistics of induction time distributions for methane hydrates at four loadings (0.3, 1.0, 2.0 and 3.0 wt%) of Luvicap55W at various 
subcoolings (ΔT). Data include the experimental cell used, mean (𝑡𝑡𝚤𝚤�), standard deviation (σ 𝑡𝑡𝑖𝑖), minimum and maximum induction times measured 
for each distribution, the number of formation events, N, as well as the formation onset temperature (Tf) and pressure (pf).  

 

 

 

 

 

 

 

 

 

 

 

 

 

KHI loading/ 
wt% 

Cell ΔT / 
K 

𝒕𝒕𝒊𝒊� / 
s 

σ  ti / 
s 

Min ti / 
s 

Max ti / 
s 

N Tf / 
°C 

pf / MPa 

0.3 

VII 5.3 7533 2834 2483 30761 104 9.0 12.0 
VI 6.5 6999 1562 2752 11202 103 8.0 11.9 
VI 7.5 4745 2480 1207 15562 108 7.0 11.8 
VI 9.4 307 158 79 944 169 5.0 11.8 

1.0 

II 6.4 8573 4070 2476 20311 122 8.0 11.8 
III 6.4 11929 6250 3322 31190 78 8.0 11.8 
IV 9.4 2505 734 891 5139 60 5.0 11.7 
V 9.4 3268 1598 1323 7370 53 5.0 11.7 
IV 11.3 1194 661 126 4340 358 3.0 11.7 
V 11.3 650 396 143 5979 513 3.0 11.7 

2.0 

VIII 6.4 17514 6734 5778 51083 97 8.0 11.8 
VI 9.1 2689 832 1311 5223 120 5.0 11.3 

VIII 9.3 2158 866 887 8128 128 5.0 11.6 
VI 11.1 795 195 353 1634 368 3.0 11.3 
VII 11.2 728 154 425 1473 364 3.0 11.5 
VIII 11.2 722 483 327 4291 365 3.0 11.5 
VI 13.0 459 83 193 702 244 1.0 11.2 
VII 13.0 352 57 239 993 235 1.0 11.4 
VIII 13.1 484 186 199 1359 232 1.0 11.4 

3.0 

I 6.6 10068 2808 828 15803 91 1.0 12.1 
II 6.5 10360 2791 5081 16584 73 1.0 11.9 
I 7.4 4144 1239 1823 8609 103 3.0 11.9 
II 7.4 4616 1496 1802 13766 141 3.0 11.8 
I 8.4 2734 605 1335 5085 115 5.0 11.9 
II 8.4 3297 1031 1347 5981 81 5.0 11.8 
I 9.4 1395 331 92 2423 121 6.0 11.8 
II 9.4 1432 358 728 2796 104 6.0 11.7 
I 11.3 525 86 382 780 183 7.0 11.7 
II 11.3 478 69 342 752 167 7.0 11.6 
I 13.0 288 67 191 513 308 8.0 11.3 
II 13.0 256 54 188 508 369 8.0 11.2 
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Figure 7.5: Panels (a) to (d) show induction time CDFs grouped according to subcooling, where 
each colour represents different KHI loading in the experiments. Panels (e) to (g) show 
induction time CDFs grouped by KHI loading, where each colour represents a different 
subcooling applied across multiple cells. Curves shown in panel (e) to (h) represent the fits to 
the data (refer to section 7.5). 
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In Figure 7.5, panels (a) to (d) show that induction times increase with KHI concentration at 

the same subcooling, as expected. However, no pattern is apparent for different cells, 

particularly at longer induction times or higher subcooling conditions. For each KHI loading, 

at least two cells were used to measure the hydrate induction time for a given subcooling 

(within 0.2 K), except for the experiments at 0.3 wt%. In the constant subcooling representation 

shown in Figure 7.5 (a) to (d), the effect of the KHI concentration appears small relative to the 

differences that exist between cells. Panels (e) to (g) of Figure 7.5 show the CDFs grouped by 

common KHI concentrations: this representation shows an impressive and consistent ordering 

of the measured induction time distributions, even though multiple cells were used with very 

different base case behaviour. The induction time distributions measured at 3 wt% KHI 

illustrate the remarkable degree of consistency: the biggest difference in induction time 

distributions occurred at a subcooling of 8.4 K for cells I and II. Nevertheless neither of these 

distributions intersect with those measured at 7.4 K or 9.4 K, which is in stark contrast to the 

observations made from some base case experiments. For example, the mean induction time 

measured at 2.8 K subcooling in cell I (3078 s) was shorter than that measured at 3.7 K 

subcooling in cell IV (3949 s). This inconsistent ordering of the base case experiments with 

multiple cells was discussed in Section 7.1. Hence, the data obtained here further support an 

observation made in Chapter 6: KHIs reduce cell-to-cell variability.  

To better illustrate the effect of KHI loading on induction time, a plot of mean induction time 

at various subcoolings is shown in Figure 7.6. The addition of this KHI (Luvicap 55W, a 1:1 

vinylpyrrolidone:vinylcaprolactam copolymer) increases the mean induction time for loadings 

up to 2 wt% albeit, with diminishing effect at higher subcoolings (e.g. 9.3 and 11.2 K). This is 

consistent with the data reported by Kang et al. [65], who measured sII hydrate induction times 

in the presence of polyvinylpyrrolidone (PVP) at subcoolings of 4.7, 9.7 and 14.7 K. Figure 

7.6 shows a comparison of the data sets. Despite the differences in KHI (PVP vs Luvicap 55W) 

and hydrate structure (sI vs sII), the mean induction times measured in this work and by Kang 

et al. [65] are surprisingly consistent in terms of their magnitude and variation with subcooling.  
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Figure 7.6. Mean induction time data plotted against KHI loading for Luvicap55W with sI 
methane hydrates (this work, triangles), and for PVP with sII hydrates (Kang et al. [65], 
circles). For the results from this work the error bars represent the distribution’s standard 
deviation.  

For this experiment, the mean induction times obtained at 2 and 3 wt% KHI range from (10000 

to 20000) s at a subcooling of 6.4 K, (1000 to 3000) s at 9.3 K, and (400 to 800) s at 11.2 K. 

The similarity of the mean induction times observed for both these ‘high’ KHI concentrations 

across all the subcoolings considered in this work indicates that the inhibiting effect of the 

chemical has started to saturate. Such saturation could be due to steric hindrance between the 

polymers which limits their ability to adsorb onto the hydrate crystal nuclei.   

There is some indication from these new data that whatever is causing the saturation might 

even make the inhibition worse at 3 wt% than 2 wt%. One reason why this anomalous effect is 

not seen at < 2wt% concentration KHI-system is that this concentration is below some 

threshold associated with the number of adsorption sites in the system available to the polymer. 

At higher concentrations system (3 wt% in this work), the ratio of the number of KHI functional 

groups to adsorption sites that interfere with hydrate formation may exceed one. Under such 

conditions the polymers might begin interacting and even lower the likelihood of them being 

adequately distributed on the hydrate-water interface [55, 176, 177]. However, the resolution 

of the data needs to be improved through additional measurements before any definitive 

conclusions can be drawn. 

In contrast to Figure 7.6 which highlights the dependence of mean induction time on KHI 

concentration, Figure 7.7 shows the mean induction times plotted as a function of subcooling. 

For comparison, data from the KHI-free base case experiments are also shown in Figure 7.7a. 



126 
 

Here, two observations can be made for a given KHI loading relative to the base case 

distributions: (1) the variation of mean induction times between cells is lower and (2) the 

standard deviation of the distribution is lower. This further supports the hypothesis that the 

addition of KHI suppresses the stochastic nature of hydrate formation and makes it more 

deterministic.  

 

Figure 7.7: (a) Mean induction time plotted against subcooling, where the error bars represent 
the distribution’s standard deviation. (b) Means and standard deviations of the induction time 
distributions for all 2 wt% Luvicap55W experiments. 

The mean and standard deviations of the induction time distributions measured for all 

subcoolings with 2 wt% Luvicap55W are shown in Figure 7.7b. A consistent decrease in both 

statistical measures with increasing subcooling is apparent at constant KHI concentration. 

Importantly, the standard deviation of the induction time distribution is always at least a factor 

of 1.5 smaller than the mean. This indicates that the presence of a KHI modifies the nature of 

the induction time probability distribution away from the exponential form predicted by 

Classical Nucleation Theory for the mononuclear mechanism [14].  

To further explore the deviation from an exponential distribution of induction times when a 

KHI is present, a plot of the mean to standard deviation induction time ratio (μ/σ)t for all 

experiments in this work is shown in Figure 7.8. For comparison, the results from literature sII 

hydrates induction time data are also included in Figure 7.8 namely,  Ke et al. (Autoclave) 

[147], Metaxas et al. (HPS-ALTA-2) [123],  and Jeong et al. (Acoustic Levitator) [175]. All 

the KHI-free data measured in this work have (μ/σ)t values in the range of 0.5 to 1.1, indicated 

by the shaded region in Figure 7.8.  
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Figure 7.8: The ratio of induction time distribution mean to standard deviation for sI and sII 
hydrates in the absence (solid symbols) and presence of KHI (unfilled triangles). The dashed 
line indicates a ratio of one as would be expected for a perfectly exponential distribution. The 
shaded region indicates distributions for which the induction time distribution’s standard 
deviation is within a factor of 2 of the mean.  

As shown in Figure 7.7, the addition of KHI increases the mean induction time and decreases 

distribution’s spread. The combined effect leads to values of (μ/σ)t significantly higher than 

seen for base case, with a maximum value of 6.9 obtained in one of the experiments with 3 wt% 

Luvicap55W at 11.3 K subcooling. Hence, a different mathematical model needs to be 

identified to better describe the induction time distributions of hydrate formation in the 

presence of KHI. 

 

7.4 Testing the lag time parameter concept 
One modification to the exponential distribution that has been used to better fit measured 

induction time data involved introducing a second adjustable parameter known as the lag time, 

τ0. Ke et al. [147] and Abay et al. [161] used an exponential distribution translated by τ0 to 

describe induction time datasets measured in the presence of a KHI at concentrations of up to 

0.3 wt%. 
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 𝑃𝑃 = 1 − 𝛥𝛥𝑒𝑒𝑒𝑒(−𝑙𝑙(𝑡𝑡 − τ0)) (7.5) 

   

The lag time parameter is sometimes interpreted as the minimum time required for the 

nucleation rate to reach steady state [145]. To test whether this mathematical approach 

adequately describes the high-resolution induction time distributions measured for KHIs in this 

work it is helpful to re-arrange equation (7.5) to equation (7.6).  

 ln(1 − 𝑃𝑃) = −𝑙𝑙(𝑡𝑡 − τ0) (7.6) 

Figure 7.9 shows plots of ln (1- P) evaluated from the experimental data for the base case, 0.3 

wt% and 3 wt% Luvicap55W for a range of subcoolings. The base case results shown in Figure 

7.9(a) indicate that equation (7.6) provides a reasonable representation of the data for τ0 = 0.  

This simply reflects that the data are all exponentially distributed with no lag time parameter 

needed, with the slope of the fitted lines equal to the respective nucleation rates, J, extracted 

for cell I using equation (7.1) as listed in Table 7.2.  

In the presence of Luvicap55W, ln(1 – P), is zero for an appreciable period of time before 

beginning to decrease, with no hydrate nucleation occurring until this threshold is reached. To 

test whether the observed data are consistent with the lag time theory as expressed in equation 

(7.6) the data obtained with 0.3 and 3 wt% KHI were linearly regressed to –J (t - τ0)  by tuning 

one or both of the two parameters J and τ0. First, the nucleation rate parameter was constrained 

to be equal to the inverse of the distribution’s mean induction time, i.e. 𝑙𝑙 =  1 𝑡𝑡𝚤𝚤�⁄  . Such a 

constraint is consistent with the physical meaning of the nucleation rate. The lag time 

parameter, τ0, was then adjusted; however, as shown by the solid lines in Figure 7.9(b) to (d), 

the fit quality is poor. In particular, the constrained fit only describes the initial non-zero part 

of the distribution and deviates increasingly at longer induction times.  

As an alternative, both J and τ0 were treated to as free parameters with the fit being applied to 

the asymptotic part of the distribution, i.e. where the ln(1 – P) values exhibit a constant slope 

at longer induction times. These fits are shown as dashed lines in Figure 7.9(b) to (d). The best-

fit value of τ0 differs significantly from the value obtained previously and in all cases 

corresponds to a time at which there clearly is a finite probability of formation (ln (1 – P) < 0). 

The measured induction time data at all KHI concentrations exhibit clear regions of curvature, 

which is inconsistent with the linear form of equation (7.6). Hence, this analysis indicates that 
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the use of a lag time parameter to try and fit induction time data with a translated exponential 

distribution is too simplistic and ineffective. 

 

Figure 7.9: Hydrate formation probabilities, P, represented as ln (1-P) plotted against induction 
time for various KHI concentrations and subcoolings together with a comparison of equation 
(7.6). (a) Base case (KHI-free) data obtained with cell I and cell II at various subcoolings. Lines 
shown correspond to equation (7.6) with τ0  = 0 and J taken from Table 7.2 for cell I. Panels 
(b) to (d) show data for KHI-systems with two fits of equation (7.6): one with J constrained to 
be the inverse of the induction time distribution’s mean, 𝑡𝑡𝚤𝚤� , with only τ0 as the adjustable 
parameter (full lines); and one fit to the asymptotic region of the distribution with both τ0 and 
J as adjustable parameters. Note that the grey lines in panel (b) to (d) indicate ln(1-P) = 0. 
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7.5 Gamma Distribution for the Description of Induction Time Formation Probabilities 
The induction time datasets obtained in the presence of KHI are qualitatively different from an 

exponential distribution, with or without the use of a lag time parameter, because inherently 

their mean differs from their standard deviation. Hence a minimum requirement of any 

probability distribution function able to describe such data is for its functional form to contain 

two independent parameters that enable of both the mean and standard deviation of the 

measured induction times to be matched. The Gamma distribution, which is widely used in the 

description of many probabilistic phenomena, such as queuing times, the aggregate size of 

insurance claims, and the amount of rain fall accumulated in a reservoir [178], meets this 

criteria and was therefore used to fit and interpret the KHI induction time data. Mathematically, 

a random variable, t, (induction time in this work) is said to have a Gamma distribution with 

parameters κ and J when the cumulative density function is given by equation (7.7) [179]. 

 
𝐹𝐹(𝑡𝑡; 𝜅𝜅, 𝑙𝑙) = �

𝑙𝑙𝜅𝜅𝑡𝑡𝜅𝜅−1𝛥𝛥−𝐽𝐽𝑡𝑡

Γ(𝜅𝜅) 𝑑𝑑𝑒𝑒
𝑡𝑡

0
= 1 − 𝛥𝛥−𝐽𝐽𝑡𝑡 �

(𝑙𝑙𝑡𝑡)𝑛𝑛

𝑙𝑙!

𝜅𝜅−1

𝑛𝑛=0

 (7.7) 

Here Γ is the gamma function (generalisation of the factorial function to complex number), and 

the second equality holds if κ is a positive integer [179].In the probability theory, J is often 

referred to as the rate parameter, with its inverse being the mean of the distribution; hence in 

the context of hydrate formation induction times it will correspond to the nucleation rate. The 

general name for κ is the shape parameter as its value determines the Gamma distribution’s 

width. When the shape parameter κ = 1, the Gamma distribution reduces to an exponential 

distribution (equation ((2.9)). When κ is a positive integer and the second equality in equation 

(7.7) holds, the distribution is known as an Erlang distribution.  

In probability theory the Gamma distribution is used to predict the wait time required until κ 

events of a random process with a frequency of J have occurred. Toschev et al. [90] showed 

that the Erlang distribution follows from Classical Nucleation Theory and describes the 

probability of forming at least κ nuclei after a given period of time. Toschev et al. [90] then 

used the Erlang distribution to fit the probability distributions for the time required to form up 

to three Hg nuclei in electrodeposition experiments.  

Random variables described by the Gamma distribution are said to be memoryless, with any 

consecutive event independent of previous events [180, 181]. Some experimental studies of 
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hydrate formation have reported being influenced by a memory effect5 where the reformation 

of hydrate occurs more easily (faster or at a lower subcooling) than the original formation [115, 

116]. It is thus important when using Gamma distributions to interpret hydrate formation 

probabilities that the memory effect be avoided. This was achieved by setting the regeneration 

temperature to be sufficiently high (superheating > 20 K) and the regeneration period to be 

sufficiently long (hold time = 10 mins). Conversely, if the measured distribution cannot be fit 

by equation (7.7), then the influence of the memory effect could be one possible reason.  

The induction time distributions measured at finite KHI concentrations were non-linearly 

regressed to equation (7.7) using the NonLinearModelFit function implemented in the software 

package Mathematica 11 [182]. The resulting best-fit values of the parameters κ and J are listed 

in Table 7.5 and shown in Figure 7.10. In all cases the statistical uncertainties of the parameters 

are smaller than the symbols shown, with maximum statistical relative uncertainties of 2.6 % 

and 1.7 % for κ and J, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 
5 The memory effect is explained in section 2.4.2. 
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Table 7.5: κ and J extracted by regression of equation (7.7) to the measured distributions for 
all KHI experiments. For each dataset, the statistical of u(J) are also given. The statistical 
uncertainty in kappa, u(κ) is much less than 1 in all experiments. 

 

 

 

 

 

KHI loading/ 
wt% 

Cell ΔT / 
K 

κ 104 J / 
s-1 

104 u(J) / 
s-1 

0.3 

VII 5.3 18 0.24 0.03 
VI 6.5 18 0.25 0.03 
VI 7.5 4 8.68 0.09 
VI 9.4 4 114 1.4 

1.0 

II 6.4 3 2.75 0.08 
III 6.4 4 4.55 0.06 
IV 9.4 12 46.7 0.1 
V 9.4 7 22.6 0.1 
IV 11.3 4 36.3 0.6 
V 11.3 6 93.4 0.2 

2.0 

VIII 6.4 9 5.17 0.02 
VI 9.1 11 40.1 0.1 

VIII 9.3 11 51.4 0.1 
VI 11.1 16 197 1.0 
VII 11.2 18 244 1.0 
VIII 11.2 18 289 1.0 
VI 13.0 28 595 1.0 
VII 13.0 52 1450 1.0 
VIII 13.1 20 433 1.0 

3.0 

I 6.6 12 11.4 0.1 
II 6.5 12 11.2 0.1 
I 7.4 12 28.6 0.1 
II 7.4 11 23.3 0.1 
I 8.4 20 71.3 0.1 
II 8.4 10 29.7 0.1 
I 9.4 20 140 1.0 
II 9.4 19 132 1.0 
I 11.3 34 639 1.0 
II 11.3 45 921 1.0 
I 13.0 25 856 2.0 
II 13.0 25 975 3.0 
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Figure 7.10: Best-fit κ & J parameters extracted by the regression of equation (7.7) to the 
experimental datasets measured in the presence of KHI. The best-fit values are plotted as a 
function of subcooling in panels (a) & (b), and as a function of KHI loading in panels (c) & 
(d). Filled data are obtained in the same cell and unfilled data are obtained from the rest of the 
cells. 

When the two parameters are allowed to vary in the regression, the optimised values of both κ 

and J obtained generally increase with subcooling, albeit with some scatter. The degree of 

correlation with subcooling increases at higher KHI concentrations for both parameters, and 

particularly κ. Similarly, the best-fit values of κ and J both generally increase with KHI loading, 

with the correlation being strongest at higher subcoolings.  

To interpret the fits of the Erlang distribution to the KHI induction time data, the value of J 

obtained should be considered in terms of the nucleation rate expected for that particular cell 

at the same (high) subcooling in the absence of any KHI. This necessarily requires an 

extrapolation of the base case nucleation rates to much higher subcoolings; given these are 
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described by a rapidly varying exponential function (equation (7.2)), such extrapolations will 

inherently have appreciable uncertainty. The confidence in the result can be increased by using 

the log-linear formulation in equation (7.3). Figure 7.11(a) compares the J values for cell I and 

II, with panel (b) showing the ratios of the best-fit values of J obtained from the KHI data to 

the nucleation rates extrapolated to the same subcooling for all experiments. 

 

Figure 7.11: (a) Nucleation rates measured for Cells I and II in the absence of KHI (base case), 
J0, and extrapolated using equation (7.2) to higher subcoolings (dashed curves) together with 
nucleation rates, JKHI, measured with those same cells for 3 wt% KHI by regression of the 
equation (7.7) (Gamma distribution ) to the measured formation probability distributions. (b) 
Ratios   JKHI / J0 between nucleation rates obtained from Gamma distribution fits to 3 wt% KHI 
distributions and values estimated by extrapolating the base case nucleation rates to the 
equivalent subcooling, J0. Dashed line represents a value of 1 where JKHI = J0. 

Figure 7.11(b) shows that the ratios of nucleation rates for all KHI experiments relative to their 

extrapolated base case values are within a factor of 6, except for the KHI measurements made 

at 11.2 K subcooling. Even though multiple cells were used to obtain the induction time 

distributions, the agreement between the nucleation rates extracted from KHI systems and those 

extrapolated from the base case datasets is encouraging at moderate subcoolings (6.4 and 

7.4 K), which are more than twice as large as the subcoolings used to produce the base case 

data. However, the ratio of the nucleation rates increases with subcooling (especially at 9.3 and 

11.3 K) at all KHI concentrations (Figure 7.11(b)), with the nucleation rate observed in the 

presence of KHI becoming much higher than expected from base case extrapolations.  

To interpret this result within the framework of classical nucleation theory, the kinetic and 

thermodynamic parameters (A and B’) were extracted from the values of J measured in the 

presence of the KHI using the log-linear formulation of equation (7.3). Figure 7.12 shows a 

version of Figure 7.3 which now includes the best-fit values of J obtained from the KHI data 
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at various loadings, relative to the base case data for Cells I and II, and an extended baseline 

representing the average base case result for all the cells extrapolated to higher subcoolings.  

 

Figure 7.12: (a) A modified version of Figure 7.3 showing y = �𝑙𝑙𝑙𝑙 𝑙𝑙 − 𝛥𝛥𝛥𝛥𝑒𝑒𝛥𝛥𝐴𝐴
𝑘𝑘𝐵𝐵𝐴𝐴

� vs x = 10
4

𝐴𝐴 𝛥𝛥𝐴𝐴2
 with 

KHI datasets included (unfilled data points). For comparison, base case datasets from cell I and 
II are shown (filled circles) and the solid black line represent a fit of equation (7.3) to all the 
base case experiments. (b) Expanded view of the KHI data in panel (a), with dashed lines 
showing linear fits to the 1 and 3 wt% KHI datasets.  

The values of A and B’ extracted from the KHI data are given in Table 7.6 and shown in Figure 

7.13. Reasonable fits of KHI data are obtained for loadings of 1, 2 and 3 wt%, with maximum 

relative standard uncertainties of 16% and 18% obtained for A and B’, respectively. 

Unfortunately, the data measured at 0.3 wt% when x = 0.4 and 0.63 (corresponding to 

subcoolings of 7.5 and 9.4 K, respectively) contain appreciable scatter as shown in Figure 7.12. 

Nevertheless, the values both A and B’ obtained at 0.3 wt% are consistent with the trend 

observed in these parameters with increasing KHI concentration (as seen in Figure 7.13). 
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Figure 7.13: (a) Kinetic, A, and (b) thermodynamic, B’, nucleation parameters as a function of 
KHI loading. Black crossed data points represent the fits of data from all cells at each KHI 
loading to equation (7.4), whereas coloured data points show the results obtained from a fit to 
data from only one cell.  
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Table 7.6: Extracted A and B’ parameters obtained using the linearization method (equation 
(7.4) shown in Figure 7.12. For each KHI concentration, only the cells with at least 3 
experiments (subcooling) is given here. 

The nucleation rate data obtained for KHI systems has two clear qualitative differences from 

the base case data when transformed using equation (7.3) into the log-linear representation: 

namely an increase in slope (magnitude) and an increase in the vertical axis intercept. These 

changes are equivalent, respectively, to an increase in nucleation work, as quantified by the 

thermodynamic parameter B′, and an increase in the kinetic parameter A. Furthermore, these   

parameters both increase with increasing KHI concentration. This result provides a clear 

interpretation of the mechanism by which KHIs impact the heterogeneous nucleation (HEN) 

of hydrates. 

The increase in the thermodynamic parameter B′ indicates that the addition of the KHI polymer 

removes HEN sites at which a critical hydrate nuclei can form with low nucleation work.  This 

is the primary mechanism by which KHIs act to reduce nucleation rate. The increase in B′ 

achieved by the addition of 1 wt% of this KHI is comparable to the difference in nucleation 

work between sI and sII hydrates. However, other factors also contribute to the system’s 

KHI / 

wt% 

Cells No of 

Experiments 

 103 𝑨𝑨 / 

 s-1 

103 u(A) /  

s-1 

10-3 B’ /  

K3 

10-3 u(B’) 

/ K3 

0 

I - IX 22 0.58 0.02 2.66 0.65 

I 3 2.18 0.13 4.80 0.74 

II 3 1.31 0.13 4.27 1.3 

III 3 0.63 0.01 1.60 0.01 

V 3 0.50 0.05 3.25 1.4 

0.3 
VI, VII 4 2.8 0.7 7 19 

VI 3 10.8 7.2 31 46 

1 II, III, IV, V 6 7.9 0.7 41.5 7.4 

2 

VI, VII, VIII 9 72.8 9.5 66.7 7.3 

VI 3 205 21 107 5.0 

VIII 4 49.1 7.1 59.9 8.5 

3 

I, II 12 129 21 67.7 6.2 

I 6 123 14 65.8 4.6 

II 6 135 45 69 13 
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nucleation rate, namely the subcooling and the kinetic parameter. At sufficiently high 

subcoolings, the larger value of B′ produced by the addition of the KHI will not significantly 

reduce the nucleation rate. The actual impact will depend upon how the KHI affects the kinetic 

parameter. 

As KHI concentration increases, the value of A also increases monotonically. At 3 wt%, the 

value of A is approximately 200 times larger than that of the base case. Recalling that A = z f N0 

and assuming that both the Zeldovich factor, z,  and ‘building unit’ attachment frequency, f, 

are constant, this means that there are 200 times more nucleation sites, N0, available for critical 

nuclei formation in the 3 wt% KHI system. This must be interpreted together with the increase 

in the nucleation work parameter: the effect of the KHI is to remove access to sites in the system 

with low nucleation work. The remaining accessible sites have a higher nucleation work but 

are also more numerous than those made inaccessible by the KHI.  

This provides an interpretation for the trend observed in Figure 7.11(a) for the KHI data. At 

moderate subcoolings around (6 to 8) K, the increase in nucleation work (B′) of the accessible 

sites is essentially offset by the fact that more sites with that level of nucleation work are 

present. The resulting nucleation rate is then similar to the value extrapolated from the base 

case measurements. Extrapolating the trend in the KHI data to lower subcoolings, the effect of 

larger value of A would be substantially mitigated because the driving force for hydrate 

formation is small compared with the nucleation work required at those sites. The nucleation 

rate at these low subcoolings around (2 to 6) K in the presence of KHI would then be far below 

that of the base case system (making measurements of robust formation probability 

distributions difficult in practice). However, at high subcoolings like (9 to 12) K, the driving 

force is sufficient to render the larger requisite nucleation work irrelevant, with the increase in 

accessible nucleation site number acting to make JKHI much larger than the extrapolated base 

case estimate.     

This conceptual model of KHI inhibition mechanism also provides an explanation for the 

apparent independence of JKHI on concentration, at least at the subcoolings measured in this 

work. As shown in Figure 7.13 both A and B’ increase with KHI concentration because while 

introducing KHI molecules removes the relatively small number of HEN sites with low 

nucleation work, the number of accessible sites remaining with higher nucleation work 

increases. Finally, it is important to note in the context of future studies that the while values 

of A and B’ estimated from the constant cooling experiments described in Chapter 6 exhibit a 
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similar concentration dependence, they are about a factor of 1000 and 10 larger, respectively, 

than the values obtained from experiments conducted at constant temperature. This difference 

is likely due to several reasons, including the dynamic effects associated with ramped constant 

cooling experiments as explained in Chapter 5. However, the values of A and B’ extracted in 

Chapter 6 were obtained by assuming that the measured hydrate formation probability 

distributions were exponential in nature. The results in this Chapter reveal that this is clearly 

not the case for systems containing KHIs, and a more complex analysis is needed to reliably 

estimate values of A and B’ from subcooling formation probability distributions measured at 

finite KHI concentrations.  

7.6 Growth Rate Distributions 
The impact of KHI concentration on initial hydrate growth rate is also an important 

performance metric for industrial operations. Quantifying it could also potentially be useful to 

the characterisation of formation probability distributions and the interpretation of κ from 

gamma distribution fits. Using the method described in Chapter 5, growth rate histograms were 

generated based on the pressure drops observed immediately after the formation event. These 

are then converted to the amount of gas consumed, Gi, which is considered a proxy for the 

hydrate growth rate.  

 

 
𝐺𝐺𝑖𝑖 = (−

𝑑𝑑𝑙𝑙
𝑑𝑑𝑡𝑡

) =
𝑙𝑙𝑔𝑔
𝑒𝑒𝑒𝑒
𝑑𝑑(𝛿𝛿𝑒𝑒)
𝑑𝑑𝑡𝑡

 (7.8) 

 

First the growth rates measured during the base case experiments were analysed for all cells. 

The threshold value of δp chosen and the bin width used to construct the histogram at each 

subcooling were 0.5 bar and 0.1 μmol·s-1, respectively, as used in Chapter 6. Figure 7.14 shows 

that the hydrate growth rates observed are a stochastic quantity: in addition to the distribution 

of rates observed at constant subcooling for an individual cell (which was also observed for sII 

hydrates in Chapter 5), here some variation in growth rate distribution between cells at the 

same subcooling was also apparent. Overall, however, the mean of the initial growth rate 

distribution increases with subcooling. Table 7.7 lists the means and standard deviations of the 

measured methane hydrate initial growth rate distributions.  
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Figure 7.14: Initial growth rate (Gi) distributions for methane hydrates for (left panels) cell I 
and II and (right panels) all cells at (2.3, 2.7 and 3.7) ± 0.1 K subcooling. The bin size used is 
0.1 μmol·s-1. 
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Table 7.7: The mean (�̅�𝐺i) and standard deviation (σG ) of initial hydrate growth rate at 0, 0.3, 
1, 2 and 3 wt% KHI. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

KHI loading/ 
wt% 

Cell ΔT / 
K 

𝑮𝑮� i / 
  μmol·s-1 

σG / 
μmol·s-1 

0 

I 
2.3 2.35 0.17 
2.8 2.88 0.80 
3.6 2.49 0.51 

II 
2.3 1.51 0.18 
2.7 2.20 0.22 
3.7 2.65 0.28 

III 
2.1 2.41 0.84 
2.6 3.08 0.98 
3.6 2.92 0.43 

IV 2.3 2.05 0.14 
3.7 2.79 0.33 

V 
2.2 2.38 0.49 
2.7 1.97 0.36 
3.7 2.61 0.50 

VI 2.7 2.82 0.66 
3.7 3.04 0.25 

VII 2.6 2.07 0.14 
3.7 2.98 0.20 

VIII 3.7 3.20 0.47 

0.3 

VII 5.3 0.04 0.08 
VI 6.5 0.10 0.08 
VI 7.5 0.39 0.14 
VI 9.4 1.61 0.18 

1.0 

II 6.4 0.03 0.01 
III 6.4 0.04 0.03 
IV 9.4 0.42 0.55 
V 9.4 0.49 0.09 
IV 11.3 1.44 0.44 
V 11.3 1.86 0.46 

2.0 

VIII 6.4 0.04 0.02 
VI 9.1 0.13 0.02 

VIII 9.3 0.11 0.03 
VI 11.1 0.31 0.10 

VIII 11.2 0.43 0.14 
VI 13.0 1.13 0.15 
VII 13.0 1.45 0.27 
VIII 13.1 0.79 0.27 

3.0 

I 6.6 0.04 0.06 
II 6.5 0.02 0.01 
I 7.4 0.05 0.02 
II 7.4 0.05 0.04 
I 8.4 0.09 0.03 
II 8.4 0.06 0.02 
I 9.4 0.13 0.04 
II 9.4 0.13 0.02 
I 11.3 0.75 0.16 
II 11.3 0.46 0.09 
I 13.0 1.44 0.98 
II 13.0 1.10 0.31 
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To illustrate the dependence of growth rate on subcooling, the mean initial hydrate growth rate 

(G�i) obtained for each cell is shown in Figure 7.15. Similar to the datasets obtained for structure 

II hydrates, G�i for methane hydrate also shows a linear dependence on ΔT. A linear fit where 

G�i  is constrained to be zero at ΔT = 0 is shown (black dotted line) allows a growth rate per unit 

subcooling, dG�i /d(ΔT) of (0.84 ± 0.03) μmol·s-1·K-1 to be extracted. The blue line shown in 

Figure 7.15 is taken from the constant cooling measurements for methane hydrate described in 

Chapter 6 (refer to Figure 6.12), which had dG�i /d(ΔT) = (1.05 ± 0.01) μmol·s-1·K-1. This result 

is consistent with the hypothesis proposed in Chapter 6 that the G�i obtained from constant 

subcooling experiments are slightly lower than those measured by constant cooling 

experiments: namely that the localised heating inside the cell due to the exothermic hydrate 

formation is more readily absorbed by the HPS-ALTA cell walls in ramped cooling 

experiments because the Peltier elements are continuously increasing the cooling power being 

applied. In other words, the growth rates observed in constant temperature experiments are 

more likely to be retarded by heat transfer limitations. The likely influence of heat transfer 

limitations is further illustrated in Figure 7.15 by the pink line, which depicts the measurements 

of Vysniauskas and Bishnoi [38] with methane hydrates at constant subcooling using a 

significantly larger autoclave. Scaling their areal growth rate per unit subcooling down to the 

area of the gas-water interface in the 2nd generation HPS-ALTA leads to an equivalent dG�i 

/d(ΔT) of 0.4 μmol·s-1·K-1, which is about half of that measured here.  
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Figure 7.15: Mean growth rate (�̅�𝐺i) obtained from all cells in the absence of KHI, where the 
error bars represent the standard deviation of the distribution measured for each cell. The 
dashed black line represents a linear fit of the measured �̅�𝐺i against ΔT. The solid blue line 
represents the linear fit to the constant cooling datasets from Chapter 6 whereas the dotted pink 
line represents the methane hydrate growth rates calculated from constant temperature 
experiments with an autoclave by Vysniauskas & Bishnoi [38]. 
 

The growth rate histograms obtained at the four KHI concentrations across various subcoolings 

are shown in Figure 7.16. As indicated by Figure 7.4, the pressure drop measured in the 

presence of the KHI is much lower than observed for the base case data. Hence it was necessary 

to choose a δp = 0.2 bar in equation (7.8) to ensure a good linear fit of the pressure-time series 

data measured post-formation. Similarly to better capture the growth rate distributions located 

in this lower range, the bin size chosen to construct the histograms was 0.02 μmol·s-1, some 5 

times smaller than used for the base case data. Application of these changes to bin size and δp 

has no significant effect on the growth rate distributions constructed with the base case data. 
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Figure 7.16: Initial growth rate (Gi) distributions for methane hydrates in the presence of 0.3, 
1, 2 and 3 wt% at various subcoolings. The bin size used is 0.02 μmol·s-1. Different colours 
represent data obtained at different subcoolings. The growth rate axes shown here have scales 
2.6 times smaller than those shown in Figure 7.14. 

Figure 7.16 shows that the average hydrate initial growth rate increases with subcooling at all 

KHI concentrations, with the means and standard deviations of the distributions given in Table 

7.7. Figure 7.17 shows the initial growth rate data at fixed KHI concentration plotted against 

subcooling. Unlike the Gi measured in the base case experiments, the mean growth rates do not 

vary linearly with subcooling over the range (5.3 to 13.2 K). Instead, an exponential trend is 

observed for growth rates measured at finite KHI concentration.  
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Figure 7.17: Initial growth rates (Gi) vs subcooling, ΔT for each KHI concentration. The black 
crossed data points represent the average of the growth rate datasets, for all of the cells used to 
measure each particular KHI concentration and subcooling.  



146 
 

From an industrial perspective, the exponential relationship between growth rate and 

subcooling together with the relatively small dependence on concentration should influence the 

field-deployment of KHIs. Figure 7.18 compares the �̅�𝐺i observed for methane hydrates in this 

work with and without KHI. The dashed black line depicts the linear fit of the base case �̅�𝐺i 

which is then extrapolated to the much higher subcoolings required for the KHI data. .The 

extrapolation is appreciable and it is likely that the initial growth rates observed at these high 

subcoolings in the absence of any KHI would not follow the linear trend; however, given the 

exponential trends exhibited by the KHI data, the linear extrapolation could well be a 

conservative estimate. The minimum ratio of mean initial growth rates, (�̅�𝐺i,0 / �̅�𝐺i,KHI), for the 

linearly extrapolated base case data to those obtained at finite KHI concentrations is five. The 

results presented in Figure 7.6 and Figure 7.7 as well as Figure 7.18 also supports the 

underlying assumptions of the CGI method (refer to section 2.4.1), where KHI delay 

nucleation, as well as supresses growth rate.  

 

Figure 7.18: Mean initial growth rates (�̅�𝐺i) obtained from the base case data and measured in 
the presence of four KHI concentrations. Error bars represent the standard deviation of each 
initial growth rate distribution, while the dashed black line represents a linear fit to the base 
case data. 

The ratios �̅�𝐺i,0 / �̅�𝐺i,KHI, which range from 5 to 257, also provide an opportunity to further 

interpret the values of the κ parameters extracted from Erlang distribution fits to the induction 

time probability data. As shown in Figure 7.10, the majority of the κ values extracted from the 

Erlang distribution fits lie in the range 5 to 50, implying that this number of hydrate nucleation 

events had occurred before the formation was detected on the basis of pressure-drop due to gas 

consumption. A comparison of the ranges of κ and �̅�𝐺i,0 / �̅�𝐺i,KHI observed is not inconsistent this 
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interpretation, particularly given the stochastic nature of both quantities and the large 

extrapolation of the base case growth rates to the high subcoolings at which the KHI data were 

measured.  

7.7 Summary 
Multiple HPS-ALTA cells were used to measure induction time distributions of methane 

hydrates under constant subcooling conditions, both with and without KHIs. As with the sII 

hydrate datasets, the induction times measured for methane hydrates in the absence of any KHI 

were exponentially distributed. Across the nine cells used for the base case (KHI-free) 

measurements, CNT parameters had average values of A = (0.85 ± 0.58) × 10-3 s-1 and 

B′ = (3.4 ± 1.8) × 103 K3 based on the nucleation rates determined at subcoolings between (2.3 

and 3.7) K. Comparison of the induction time data measured for sI (methane) and sII (gas 

mixture) hydrates reveals that the kinetic parameter is mostly a property of the apparatus used 

(i.e. similar values of A for sI and sII hydrates measured in the same cell). In contrast the value 

of B′ measured for sI methane hydrates is much less dependent on the apparatus used and is 

approximately six times smaller than the nucleation work required to form sII hydrates.  

The induction time distributions increased significantly with KHI concentration and were no 

longer exponential in nature, as indicated by the ratio of the distribution mean to standard 

deviation. This ratio increased from an average of (0.77 ± 0.14) for 6 base case measurements 

in two cells across three subcoolings to an average of (4.3 ± 1.2) for 12 measurements with the 

same two cells at six subcoolings and a KHI loading of 3 wt%. Similarly at the same KHI 

concentration, a consistent ordering of induction time distributions with increasing subcooling 

emerges across multiple cells. No equivalent clear ordering is apparent between induction time 

distributions measured with different cells at the same subcooling. Adding KHI to the system 

(i) reduces the variation in mean induction times between cells and (ii) lowers each the 

distribution’s standard deviation. Collectively, these observations further support the heuristic 

proposed in Chapter 6: KHIs reduce the stochasticity of hydrate formation. 

The approach of attempting to fit induction times measured in the presence of a KHI with an 

exponential distribution and a ‘lag time’ parameter was tested and shown to be unsuitable. 

Instead, Gamma distributions were found to provide a suitable representation of the induction 

time datasets obtained when a KHI is present. Exponential distributions (as observed in the 

absence KHIs) indicate the probability that a single event will occur after a given period of 

time (i.e. mononuclear mechanism), whereas the more general Gamma distributions describe 
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the probability that a certain number of events, κ, will occur after a given period of time (i.e. 

polynuclear mechanism). Excellent fits of the KHI induction time distributions were obtained 

using the two parameter Gamma distributions, with both the number of nucleation events (κ) 

and nucleation rates (J) generally increasing with both subcooling and KHI concentration. For 

the 10 distributions measured at (0.3 and 1) wt% with six cells, κ = (8 ± 6), while for the 21 

distributions measured at (2 and 3) wt% with five cells, κ = (20 ± 11). The sharp induction time 

distributions observed in the presence of KHIs likely reflect the formation of multiple critical 

nuclei to consume the amount of gas needed to reach the measurement’s detection threshold.        

The nucleation rates obtained at the high subcoolings (6 to 12 K) in the KHI experiments were 

equal or up to 33 times larger than the estimated by extrapolating the base case rates to 

equivalent subcoolings. To help interpret these observations, the kinetic and thermodynamic 

parameters, A and B′ were extracted from the KHI datasets, and both were found to increase 

with concentration. One interpretation of this result is as follows: the introduction of KHI 

polymers makes the relatively small number of HEN sites with low nucleation work 

inaccessible, forcing nucleation to instead occur on the larger number of sites with higher 

nucleation work. Thus, at low subcoolings where the driving force is small compared with the 

nucleation work of the accessible sites, KHIs will substantially reduce nucleation rates. 

However, at high subcoolings with large driving forces, the large number of sites available for 

HEN make will make nucleation increasingly deterministic. 

The base case growth rates measured for methane hydrates varied linearly with subcooling with 

a slope twice that measured by Vysniauskas & Bishnoi [38] in a larger autoclave. The addition 

of KHI reduced the growth rates on average by an order of magnitude even though the 

subcooling increased by a factor of three. The dependence of growth rate on KHI concentration 

was relatively small while, in contrast to the base case dependence, KHI growth-rates varied 

exponentially with subcooling. Nevertheless, linearly extrapolating the base case growth rates 

to the same subcooling as the KHI data suggests a growth rate inhibition factor of between 5 

and 250.  

These results elucidate the principles governing hydrate formation and its measurement, as well 

as the mechanisms by which KHIs function. These are discussed further in Chapter 8 together 

with the other key outcomes from this research.   
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8 Conclusions and Future Work 

8.1 Conclusions 
The development of a novel apparatus, namely the HPS-ALTA, has enabled the efficient 

collection of hydrate nucleation and growth data. Specifically, this research has demonstrated 

how high-resolution subcooling, induction time and growth rate distributions can be generated 

with statistically significant datasets using HPS-ALTA cells. This has enabled rigorous 

quantitative investigations of the dependence of shear, gas compositions, and the effect of KHIs 

on both hydrate nucleation and growth.  

Induction time probability distributions were measured at subcoolings ranging from (2.3 to 

3.7) K and (6 to 9.8) K for water with pure methane and a synthetic natural gas mixture at 

pressures around 12 MPa, respectively. The induction time data measured at each subcooling 

were exponentially distributed and fitted to a model derived from Classical Nucleation Theory 

based on the mononuclear nucleation mechanism. Many aspects of the measured induction 

time distributions and nucleation rates are consistent with the predictions of this model, 

particularly for the nucleation work associated with critical nucleus formation. However, the 

discrepancy between the measured and predicted kinetic nucleation parameters has two 

implications for the CNT model framework: (i) the observed heterogeneous nucleation rates 

are due to the presence of a small number of sites with low nucleation work, and (ii) the 

attachment frequency of hydrate building units is much smaller than current CNT estimates. 

Consistency within a factor of three or better was seen when comparing the nucleation rates of 

sII hydrates obtained in this work with literature measurements made using a much larger 

Autoclave. The hydrate growth rates measured at fixed subcooling using the 2nd generation 

HPS-ALTA cells were also found to be stochastic but also consistent with previous 

measurements of the kinetic growth rate in a binary gas mixture. The results obtained here 

establish the need to improve theoretical models of hydrate formation to reconcile predicted 

nucleation rates with the much slower ones observed experimentally. 

The hydrate equilibrium curve is known to depend sensitively on the types of gas molecules; 

however, the effect the guest molecule on hydrate nucleation rate is not as well established. 

Using constant cooling experiments, subcooling distributions were obtained for three different 

gases: pure methane, a natural gas mixture and pure carbon dioxide. Based on the mean 

subcooling obtained the nucleation work required is ordered CO2 < CH4 < gas mixture, with 

the nucleation of carbon dioxide hydrate requiring a comparatively low subcooling (mean of 
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2 K for CO2 vs 7 K for CH4). This suggests that higher the concentration of the guest in aqueous 

phase, the faster the nucleation rate if the hydrate structure is the same (CH4 vs CO2). 

Meanwhile, the nucleation work to form sI hydrate is lower than that required to form sII 

hydrates, particularly if the guests are similar (e.g. methane vs methane + propane). Induction 

time data show that at the same subcooling, the extrapolated hydrate nucleation rate for 

methane is 23 times faster than for the system containing a gas mixture. On the other hand, the 

effective number of sites, as quantified by the kinetic nucleation parameter A, is essentially 

independent of the type of hydrate forming. 

Multiple HPS-ALTA-2 cells were used to investigate the impact of a KHI on the induction 

time formation probability distributions of methane hydrates and the subsequent initial growth 

rates. The induction times were obtained under isothermal conditions in the presence of four 

concentrations of Luvicap55W at various subcoolings. The KHI data acquired provided key 

measures of the chemical’s effects on hydrate formation: (i) increasing mean induction times, 

(ii) reducing the distribution’s width, and (iii) suppressing initial growth rate. Although one or 

all three of these factors may be central to the selection of a KHI for operational purposes, 

conventional performance tests with autoclaves or rocking cells typically provide insight into 

only one of these attributes or, at best, an amalgam of average delay and growth-rate 

suppression. Multiple KHI loadings were also investigated where datasets from both constant 

cooling and subcooling experimental mode show that the dependence of KHI effectiveness on 

concentration is weak. 

From the constant subcooling datasets, the ratios of mean to standard deviation induction time 

ranged from 1.4 to 7 in the presence of a KHI, which violates the characteristics of an 

exponential distribution. Instead, the data can be described well by a Gamma distribution, 

which is a functional form characteristic of the polynuclear nucleation mechanism. A CNT-

based analysis suggests that KHIs cause hydrate formation to be more deterministic: the small 

number of low nucleation work sites present in a given system are made inaccessible by the 

KHI, forcing heterogeneous nucleation to occur on sites with higher nucleation work which are 

far more numerous. In addition to nucleation, KHIs also reduce the initial hydrate growth rate. 

This observation is consistent with the values of the event number parameter κ extracted from 

the gamma distribution fits: the low growth rate means formation is only detectable after 

multiple nuclei (κ) have formed. Importantly, the impact of a KHI on the system nucleation 

rate depends very much on the subcooling: the nucleation rates measured here in the presence 

of the KHI were often higher than those estimated by extrapolating the base case data to high 
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subcoolings. For an industrial perspective, these results have clear operational implications for 

when to select a KHI as a hydrate blockage mitigation strategy. 

8.2 Future Work 
The ability to quantify hydrate formation probability under shear more efficiently and 

extensively, means there are plenty of fruitful research directions now available. First and 

foremost, to further improve the confidence in the relevance of the laboratory data to industrial 

applications, the scalability of the results obtained with the HPS-ALTA should be investigated. 

Importantly, no significant difference was observed when comparing subcooling distributions 

obtained with the HPS-ALTA-1 and HPS-ALTA-2 measured under the same conditions. 

However, given that the cell volumes for these systems are 3 mL and 10 mL, more extensive 

scale-up tests are needed to understand how to properly characterise the effect of systems size. 

Designing and using a 100 mL HPS-ALTA cell, similar to some of the autoclave cells 

available, should be feasible and may provide key insights into the appropriate scale-up metric. 

It was found that the attachment frequency, f, of ‘hydrate building units’ is much smaller than 

the current CNT estimates. In conjunction with the datasets collected using a larger HPS-ALTA 

cell, future work should attempt to reconcile this discrepancy between the measured and 

predicted attachment frequency, potentially through an improved definition of the nature of a 

‘hydrate building unit’. While central to the framework of CNT and clearly applicable to the 

description of nuclei formed from a pure substance, building units or monomers are 

incongruent with the multi-component nature of hydrates as well as their microscopic clathrate 

structure. Potentially this is an area where molecular dynamic simulations could augment 

robust experimental studies with the objective of extending the CNT framework sufficiently to 

provide engineering models of hydrate formation. 

Apart from the higher solubility of CO2 gas in water bulk phase (also indicated by a larger 

value for the kinetic parameter, A), the thermodynamic parameter, B’ was also found to be 

lower in constant cooling experiments with CO2. This suggests that there may be many more 

nucleation sites with lower nucleation work for hydrate nucleation to take place in the CO2 

system compared to the methane system. However, these preliminary interpretations need to 

be further verified via induction time measurements of CO2 hydrates at fixed temperature to 

eliminate possible experimental artefacts arising from temperature ramping. 

This thesis has shown that the addition of a single caprolactam-based KHI fundamentally alters 

hydrate nucleation and growth rates. Other types of KHIs used by industry (e.g. other 
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caprolactam- or amide- based KHIs), as well as antifreeze proteins (AFPs), tryptophan and 

pectin should be tested to explore whether they too produce data characteristic of the 

polynuclear nucleation mechanism. To further explore the effect of additives on both the 

kinetic and thermodynamic nucleation parameters, hydrate promoters such as sodium dodecyl 

sulphate (SDS) or silver iodide (AgI) might be added into systems containing KHIs to 

investigate if they will “neutralise” the inhibiting effect of the polymer. Moreover, impurities 

such as sand particles (e.g. Silicon dioxide) can be investigated in HPS-ALTA cells as this is 

one of the parameters of interest for industry applications. 

Relating the parameters obtained from Gamma distribution fits to those derived from the CNT-

based theory could be a useful exercise. The current conceptual interpretation suggests that κ 

might provide a measure of the number of sites that had produced a critical nuclei by the time 

hydrate formation was detected. If so there may be a link between κ and the number of 

nucleation sites responsible for the observed nucleation rate, N0, found in the kinetic parameter, 

A = zfN0. Accordingly, experiments designed to investigate the relationship between κ and A 

should be considered in future work. 

Kinetic inhibition is not the only or even most common operational method used by industry 

to avoid hydrate formation. Thermodynamic inhibitors (THIs) such as MEG, methanol and 

salts simply shift the hydrate phase boundary, whereas anti agglomerants (AAs) are surfactants 

which reduce the cohesion force between hydrate particles. The HPS-ALTA can also be used 

to investigate how THIs and AAs affect hydrate nucleation and identify the nucleation model 

best suited to describing the distributions obtained. A fully established baseline for the effect 

on nucleation rates for these major types of inhibitors would the operational hydrate risk matrix 

to be further expanded. Investigating any possible synergistic or antagonistic effects between 

these chemicals (THIs, KIs and AAs) could also reveal possible risk-based operational 

strategies with lower total cost.  

So far, deionised water is the only liquid phase studied. Operationally hydrate formation can 

take place in various multiphase systems, such dispersions or emulsions, when an additional 

liquid phase (e.g. crude oil or condensate) is present. In addition, liquid hydrocarbon samples 

from various fields should be tested with HPS-ALTA systems to help identify those that might 

be classified as non-plugging oils [183]. The dependence of various liquid loadings and 

watercuts on the resulting subcooling and induction time distributions should also be studied.  
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Finally, another improvement that might be considered is installation of a sapphire window on 

top of the high-pressure stainless steel HPS-ALTA cell. The formation of hydrates can then be 

visually observed and correlated with the detection inferred from the pressure signal. The 

formation of hydrates can also be measured in isolated water droplets using a high-pressure 

acoustic levitator as described by Jeong et al. [175]. This allows heterogeneous nucleation to 

be quantified and compared with the homogeneous nucleation and/or an analysis of the 

interface(s) principally responsible for hydrate formation to be conducted. 
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