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Abstract 

The formation of clathrate (gas) hydrates in the production of oil and gas has historically been 

managed with complete thermodynamic inhibition, avoiding any chance of solids formation 

throughout the production process. While this has been economically viable for on-shore and shallow 

water assets, increasing costs have led to a paradigm shift towards new methods of management 

rather than avoidance. This approach has taken the form of innovative operational techniques and 

chemical management strategies that are well in advance of our modelling capability. This thesis aims 

to offer a path forward on building a predictive capability that can be applied to hydrate management 

strategies, allowing for concrete assessments of hydrate management methods that are 

fundamentally rooted in economic metrics. Ultimately, the purpose of the approaches presented here 

is to assist and inform the decision-making process for handling hydrates in flow assurance, by 

coupling mechanistic models with a probabilistic framework to enable quantitative risk assessments. 

The key outcomes of this work are as follows: 

1. Probabilistic frameworks that account for stochastic effects can serve as the foundation 

of risk-based flow assurance models. The risk of hydrate formation is the product of its 

probability and severity, while the current state of hydrate simulation in flowlines is 

entirely deterministic. This conflicts with the inherently stochastic nature of hydrate 

nucleation and blockage formation mechanics. This has limited industry to the use of 

conservative empirical heuristics in design calculations, which may impose a substantial 

and unnecessary cost burden. This document presents a probabilistic framework that may 

account for aspects of the stochastic nature of hydrate nucleation in addition to 

uncertainties in field properties. The approach yields a quantitative estimate for 

probabilities in the risk equation, enabling, for the first time, the quantitative assessment 

of hydrate management concepts in terms of confidence thresholds and economic costs. 

 

2. Flow velocity thresholds rather than arbitrary limits on mixture viscosity should serve 

as the basis for the definition of a hydrate plugging event. That is, hydrate plugs occur 

due to exhaustion of the driving force for fluid to flow when the consequences of hydrate 

formation exhaust a system’s momentum. The mathematical construction of existing 

simulation methods is readily amenable to this approach, which can be implemented by 

considering viscosification of a flowing slurry and/or the narrowing of flowline annuli. This 

understanding marks a departure from traditional thinking around what constitutes a 

hydrate blockage, in furtherance of the above conclusion.  
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3. Three-phase simulators are a minimum requirement for accurately predicting hydrate 

blockages. While simulators that consider only a condensed phase may accurately predict 

global pressure drop in hydrate-forming systems under flow, plugs occur locally. 

Multiphase simulators are necessary to track the location of reactants accurately, and to 

decouple the effects of hydrate formation on each individual phase; without this, we lose 

predictive capabilities and must rely on heuristics to infer plug locations. This is of 

particular importance as it is not uncommon for simulation tools to couple the liquid 

phases with no-slip relationships. While this can work for flowing systems, hydrate 

formation and plugging potential during shut-in and restart are strongly dependent on the 

degree of phase separation that has occurred; this can only be simulated by modelling 

phases independently. 

 

4. Compositional tracking methods and property models must be integrated with flow 

simulators to accurately calculate hydrate formation. When hydrate forms, it is 

effectively a large-scale reaction in which a significant percentage of the material in the 

flowline participates. As such, knowledge of the location and quantity of hydrate formers 

is necessary if accurate assessments of subcooling, nucleation probability, growth rate 

and plugging risk are to be made. This technique offers an opportunity to reduce the 

conservatism of assumptions surrounding the risk and extent of hydrate formation by 

considering how preferential hydrate formers will denude the gas phase and shift the 

driving force for further formation. When coupled with dynamic calculations of phase 

boundary conditions, this should yield a thermodynamic prediction of reduced hydrate 

formation potential, particularly for lean gas systems. 

 

5. Experimental tuning of thermophysical property models is key to accurate hydrate 

simulations. It is common to tune multiphase flow simulators to the expected production 

rate. This can create large uncertainties in the pressure and temperature response of a 

system, if the viscosity and density are not well characterised using field samples and 

experimental verification. As hydrate formation is a function of how far the system is from 

the equilibrium condition, accurate P-T inputs are of the utmost importance; without 

these, predictions of hydrate holdup may differ by several orders of magnitude between 

equivalent simulation tools and field observations. 
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6. Steady-state tools can be useful in probabilistically assessing screening criteria for 

flowability. As the ability to predict hydrate formation and its effects improves, it may 

become possible to operate flowlines within the hydrate region at steady state, where 

their ability to flow is managed and monitored with the assistance of simulation tools. 

Steady state simulators can be used to perform a preliminary check of whether a given 

hydrate mitigation strategy is likely to work, based on whether the pressure drop increase 

from hydrate formation will exceed the available pressure drop for a given flow rate. 

Further, the algorithms are sufficiently efficient to enable probabilistic calculations, and 

can be used to help target subsequent investigations of critical production regimes that 

are more rigorous and computationally intensive. 

 

7. Thermal dissociation of hydrate plugs can be modelled using an equilibrium-based 

approach. In the limit that a hydrate blockage forms, a relatively simple approach to 

modelling plug dissociation based on thermodynamic equilibrium and the assumption of 

a porous plug was shown to be consistent with experimental results, within the 

uncertainty of the thermophysical property values used in the model. This approach could 

be integrated into a flow tool, and coupled to a velocity-based definition of hydrate 

plugging to allow an ‘all-in-one’ flow, plugging and remediation tool. 
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 1 

1. Introduction 

1.1 Motivation 

Clathrate hydrates of natural gas are crystalline ice-like inclusion compounds that form at low 

temperatures and high pressures in the presence of light hydrocarbons and water. They present a 

significant problem in oil and gas production, as their growth restricts, and may ultimately occlude, 

flow in production lines. Flow Assurance engineers, tasked with maintaining production by managing 

or preventing the formation of unwanted solids, have traditionally dealt with hydrates through an 

avoidance strategy; that is, absolutely preventing their formation through the use of chemical 

inhibitors. However, as production has moved to deeper offshore assets, the costs associated with 

this absolutist approach have increased significantly, leading to a paradigm shift from avoidance 

towards management. This refocussing of efforts entails new engineering design requirements, where 

allowing limited formation effectively creates a risk management problem, which must be informed 

by a quantitative understanding of hydrate nucleation, growth and aggregation. 

Over the past thirty years, significant efforts have been invested into the investigation of the 

mechanics of hydrate formation, leading to several conceptual models for how nucleation, growth 

and aggregation proceed in the presence of different dominant carrier fluids; gas, oil or water. These 

conceptual models play host to deeper, specific models describing, in particular, the growth and 

aggregation of hydrate in some systems, allowing for deterministic calculations that have been 

incorporated into industry standard simulation tools such as Schlumberger’s OLGA®. While these 

existing tools have assisted in engineering design on existing projects, they rely on purely deterministic 

calculations, and are currently incapable of presenting a probabilistic risk management assessment 

for a given system.  

The gap between these computational tools with deterministic predictive capabilities, and the 

requirements engendered by a comprehensive risk management approach to hydrates in engineering 

design, represents a significant opportunity for ongoing research and development. Using the results 

of recently developed experimental means for probing hydrate formation probabilities, this thesis 

aims to contribute to bridging the current gap by introducing a probabilistic element to simulations of 

hydrate nucleation, growth and aggregation in multiphase systems. Ultimately, this should serve to 

enhance the ability of engineers to produce reliable simulations as a basis for assessing hydrate risk 

from an economic standpoint in the context of the suite of potentially lower cost management tools. 

Furthermore, such simulation work will act as a basis informing new sets of required experiments, to 

probe behaviour that is poorly predicted by existing hydrate models. 
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1.2 How to Read this Document 

This thesis is divided primarily into three themes: flow modelling, risk assessment, and plug 

remediation. Within each category, the chapters are arranged chronologically as a progression of 

understanding from early work towards a more holistic view of the challenges posed by hydrates in 

flow assurance. Chapters 3-5 are devoted to integrating the mechanics of hydrate formation into a set 

of flow tools which share similar hydrate formation and thermophysical models, with the primary 

differences being their implementation of flow mechanics. The initial model produced as part of this 

thesis is described in Chapter 3, and is a multi-node spatially discrete time dependent model, which 

does not incorporate a rigorous momentum balance. The model described in Chapter 4 is a steady 

state model, which retains the spatially discrete elements and adds a fully realised mass, momentum 

and energy balance at the cost of its time dependence. The final model presented in Chapter 5 is a 

synthesis of those presented previously: it is a spatially discretised dynamic model with a full mass 

momentum and energy balance, which couples the effects of hydrate formation to changing boundary 

conditions in a time dependent solution. Chapters 6-8 explore the concept of distributed properties 

in hydrate formation mechanics, and how these can be used to construct probabilistic simulators. A 

framework is presented which may be used to evaluate hydrate formation from the perspective of 

risk as a product of probability and severity. Further, an industrial application is presented 

demonstrating a way of retro-fitting current online pipeline management tools to begin to evaluate 

hydrate risk. Chapter 9 explores a simple model that can be used to conservatively estimate the local 

pressure increase from a thermally dissociated plug, ensuring safety and reliability in the operation. 

Finally, the key outcomes of the thesis are described in Chapter 10, and possible paths forward are 

explored in Chapter 11. 

 

Chapter 3 represents an early attempt to produce a spatially discretised flow model that incorporates 

a mechanism for compositional tracking of hydrate forming species, expanding on previous work by 

Aman et al. (2015). The updated work has been published (Norris et al. 2016), and details the 

construction of a simple flow model which makes use of an integrated set of thermodynamic models. 

These provide a set of inputs required to track the formation and transport of hydrate using a kinetic 

or mass-transfer limited model, where hydrate aggregation then affects the thermophysical 

properties of the flow. The chapter explains the integration of the Camargo and Palermo (2002) 

aggregation model for hydrates and, in particular, offers a simple method which may speed up its 

computation by two orders of magnitude for typical simulations. The model is compared to an 

industrial simulation tool and data from flowloop and autoclave experiments; this highlights the 

success of the approach for small scale applications but suggests more complex flow mechanics are 
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required to accurately simulate large scale flows. Conceptually, the chapter sets the tone for better 

integrating hydrate mechanics within flow models. 

 

Chapter 4 details an algorithm that does away with the pseudo-time dependent mechanics of the 

modelling approaches presented in Chapter 3, in favour of a more robust approach to steady-state 

mass, momentum, and energy balances that allows for rapid assessment of system behaviour. The 

premise behind the approach is simple, but its integration with hydrate mechanics enables an 

assessment of the change in global pressure drop as a result of allowing an uninhibited hydrate slurry 

to flow at steady-state. When this increased pressure drop exceeds the available driving force for the 

system, a more fundamental definition of plugging can be applied, where the line as a whole is 

‘plugged’ and unable to flow. Such a simulator can act as a preliminary check of whether a design that 

incorporates steady-state hydrate slurry flow may be viable from an energetics perspective; the work 

was published as part of the 18th International Conference on Multiphase Production Technology 

(Norris et al. 2017). 

 

Chapter 5 is the final flow modelling chapter in this thesis, and details the integration of a fully 

transient model considering mass, momentum and energy balances combined with hydrate 

formation. The work presented here extends the more comprehensive method for identifying hydrate 

blockages; simply put, a hydrate plug has formed if the presence of hydrate causes the flow to stop. 

By integrating the mechanics for hydrate viscosification and/or annular film growth directly within a 

flow engine, we can assess the extent to which flow is retarded by hydrate formation. The model does 

not contain a definition for hydrate dynamic yield stress, which would allow for localisation of the 

hydrate plug; however, it does assess changes in the bulk flow velocity. This is a key point, because it 

allows for a direct estimate of the partial reduction of flow due to hydrate formation. For a case where 

this is caused by an uninhibited hydrate slurry, the result is a direct estimate of the production rate 

reduction cost, which can be compared to the cost of inhibiting hydrate formation; that is a direct 

economic indicator of potential costs savings on management rather than prevention (Norris et al. 

2017). 

 

Chapter 6 explores the impact of distributed phenomena in hydrate formation using the algorithm 

described in Chapter 3, and forms the second half of that paper (Norris et al. 2016). Previous work 

(May et al. 2014) reported quantitative measurements of the distributed nature of hydrate nucleation 

for a quiescent system; this is used to construct an empirical fit for nucleation probabilities, which is 

then deployed within the described flow engine. In turn, this allows for the first probabilistic – rather 
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than purely deterministic – outputs to be generated, allowing, with the use of qualitative metrics for 

the severity of hydrate formation, the first true risk assessment of hydrate blockage in a flowline. This 

risk assessment follows the accepted definition as the product of severity and probability, it represents 

a new framework that flow assurance engineers may use in assessing management strategies. 

 

Chapter 7 details an update of this framework, which makes use of the algorithm described in Chapter 

4 and moves beyond distributed nucleation temperatures to a more general Monte-Carlo approach 

(Norris et al. 2017; Norris et al. 2018). With the use of the steady-state algorithm, thousands of cases 

can be run for distributions of inputs representing uncertainties in physical parameters and 

constituent models, be these for individual thermophysical properties or entire reservoir simulations. 

Beyond sensitivity analysis, the framework can be applied to understanding the physical ageing of 

developments to study water breakthrough, and the use of low dosage chemical management 

strategies. This framework is general in that it simply requires a sufficiently fast model and a 

representative choice for input distributions, these are not set in stone and the applications go well 

beyond the examples presented here. When combined with metrics of flow reduction and economic 

severity per Chapter 5, this constitutes a complete definition of risk assessment. 

 

Chapter 8 explores methods by which to retrofit an existing industrial Pipeline Management System 

with a Hydrate Blockage Likelihood Plug-In for hydrate forming systems. The Plug-In was paired with 

the outputs from an online transient simulator tuned in real-time to data from the field, with the 

purpose of predicting when, where and how much hydrate would form; in turn informing operators 

with a ‘traffic light’ system for blockage likelihood. Such a “Plug-In” approach helps to build confidence 

in the concept of modelling for the management of hydrates. While it may ultimately give way to 

methods directly integrated with the flow engine, the work presents an interesting avenue for 

understanding the requirements and relevant outputs for any system integrated with a production 

platform. Further, the work highlights how experimental programs can be integrated with such tools, 

and the necessity of accurately tuning thermophysical property models for these simulators. This work 

shows that it is the system P-T curves, rather than production rate, that are the most important 

parameters to tune for in the context of evaluating hydrate formation blockage likelihood. 

 

Chapter 9 details the modelling work performed for understanding hydrate plug remediation by direct 

electrical heating, which was conducted to simulate the results from an experimental campaign using 

a model hydrate plug cell (Boxall et al. 2016). This model assumes thermodynamic equilibrium and 

pressure communication throughout the plug, and was found to predict the ultimate pressure 
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increase from dissociation within the uncertainties of the thermophysical property models used. 

Ultimately this demonstrates a first step in the modelling of plug remediation by direct heating, and 

can be used as a conservative check of whether it is safe to thermally dissociate an industrial plug. 

 

Chapter 10 and 11 provide a synthesis of the key points throughout the thesis, and point to several 

paths forward in the modelling space based on the lessons identified as a result of the work presented 

in this thesis. 
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2. Fundamentals & Literature Review 

Natural gas hydrates, also known as clathrate hydrates due to their inclusion-type lattice structure, 

are crystalline compounds formed by water cages that surround guest molecules such as methane, 

ethane and propane (Sloan and Koh 2008). These ice-like structures, once formed, may grow to the 

point of occluding pipelines, leading to costly downtime; as a result, significant efforts have been 

devoted to their study. The appearance of hydrates was first noted in natural gas transmission lines 

over 80 years ago (Hammerschmidt 1934). They have since been managed with various strategies, 

including the addition of thermodynamic or kinetic chemical inhibitors that prevent or delay their 

formation (Kelland 2006). However, an increased move towards deep water and cold, high ambient-

pressure environments has meant that the cost of providing sufficient inhibitor to completely prevent 

hydrate formation may be on the order of tens of millions of dollars per year (Sloan and Koh 2008). 

Therefore, the engineering and science communities have turned toward the management of hydrate 

risk instead of complete prevention (Sloan 2005), which requires a comprehensive understanding of, 

and ability to predict, the nucleation, growth, and transportation of hydrate particles in subsea oil and 

gas pipelines. 

2.1 Hydrate Structures 

Hydrates are crystalline cage structures, consisting of a shell of water molecules containing an interior 

‘guest’ species that affects the overall crystal configuration (Sloan, Koh and Sum 2011). There are three 

common hydrate structures, known as I, II and H, of which sII dominates in oil and gas production 

(Sloan, Koh and Sum 2011). The notation of these structures of the form XY relates to the number of 

vertices on a particular face, X, and the number of faces, Y, that comprise the water cage. Hydrate 

cage structures are determined by their guest molecule, meaning that the particular type of hydrate 

formed is heavily dependent upon the composition of the gas phase in a given system. This behaviour 

duly implies that the formation and dissociation conditions for a given hydrate are closely associated 

to the guest molecule, as the ratio of sizes between the cage and guest molecule determines the 

chemical stability, with large void fractions leading to unstable hydrates (Ripmeester, Ratcliffe and Tse 

1988). Once the critical hydrate nucleus has formed, growing hydrate particles may interact with one 

another, agglomerating into larger structures and ultimately forming a large ice-like water structure.  

2.2 Hydrate Formation in Oil, Water and Gas Systems 

The pathway from hydrate nucleation to the formation of large scale, pipeline occluding agglomerated 

structures is heavily dependent upon the relative quantities and specific chemical properties of gas, 

oil and water in a given system. This has given rise to unique conceptual models for fluids which are 

gas-, oil- or water-dominated, that is, where one of these three phases represents the continuous 
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phase (Zerpa et al. 2012). Of these models, the conceptual description of oil- and water- continuous 

systems has shown extensive correlation to the results of flowloop experiments (Joshi et al. 2011; 

Zerpa et al. 2012) and form the core upon which detailed models of specific stages are built. At 

present, gas-dominated systems are less well understood, and as yet detailed modelling algorithms 

describing the behaviour of these systems are not available (Di-Lorenzo, Seo and Soto 2011), but 

recent work has been done to better understand the mechanisms for growth (Di-Lorenzo et al. 2014b) 

and deposition (Di-Lorenzo et al. 2014a) in these systems. 

 

Figure 2.1 – Hydrate cage configurations and structures  (Sloan, Koh and Sum 2011) 

 

2.2.1 Hydrate Blockage Formation in Oil-Continuous Systems 

The most studied and well-understood systems for hydrate formation are those where the oil phase 

dominates flow (“oil-continuous systems”). Attempts to characterise the formation of blockages that 

prevent hydrocarbon flow and require remedial action have been a primary concern to researchers 

and industry. A conceptual model explaining the formation, growth and accumulation of hydrate in 

these systems was proposed by Turner, Miller and Sloan (2009) and has been validated extensively 

against both field and experimental observations. This conceptual model (Figure 2.2) is composed of 

four stages: i) entrainment of water droplets in the oil phase under shear (Boxall et al. 2012) and the 

effect of chemical surfactants (Zerpa et al. 2011a); ii) nucleation (Walsh et al. 2009) and growth of 

hydrate shells at the water-oil interface (Taylor et al. 2007); iii) aggregation of hydrate particles via 

capillary attraction (Aman et al. 2011); and iv) hydrate plugging through a combination of film growth 
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from the wall, particle deposition, and jamming (Lafond et al. 2013). The development of constituent 

models for each of the stages of this conceptual description has been ongoing for the past thirty years, 

and, when combined, yield an algorithmic description of hydrate formation in oil-continuous systems 

that has been applied to multiple industrial and research tools (Boxall et al. 2008; Aman et al. 2015). 

It should be noted that, in the context of all these models, the complex multi-phase system that is an 

oil-water-gas-hydrate mixture may be treated in two ways: i) by treating the gas and each liquid phase 

individually in terms of both its thermodynamic properties and transport; or ii) as a pseudo two-phase 

system, which consists of a ‘condensed’ phase that is volumetrically averaged by its constituent oil, 

water and hydrate and a separate gas phase. While the former method is a better physical model, it 

entails the use of additional tuning parameters, which for hydrates are a subject of ongoing research 

(Di-Lorenzo et al. 2014b; Charlton et al. 2018). In practice a condensed phase model can give 

reasonable pressure drop predictions for well mixed turbulent systems as this is essentially a function 

of the average liquid density and velocity, where appropriate mixing rules are applied to describe the 

mixed viscosity. 

 

Figure 2.2 – Conceptual model for hydrate formation in oil-dominant flow, originally developed by Turner in collaboration 
with J. Abrahamson (U. Canterbury)  (Zerpa et al. 2011b; Turner 2005) 

These two phases may exhibit slip between them, that is, they do not travel at a single bulk velocity, 

but rather, the phases may move past each other. Such behavior is typically modelled in oil systems 

on the basis of a drift-flux model (Zuber and Findlay 1965; Hill 1992) according to the following set of 

equations: 
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This linear relationship between the gas and mixed phase velocities has been observed 

experimentally, where the constant Codf has been determined to have a value of 1.2 for oil dominant 

systems (Danielson 2011). It should be noted, however, that this relationship will predict unphysical 

liquid velocities when Φgas approaches 1 and as such it is not broadly applicable to, for example, gas 

dominant systems. 

Within the condensed phase, as a first approximation it is typically assumed that water droplets are 

mono-dispersed throughout the oil, with the size of droplets depending principally upon the physical 

properties of a given oil – in particular, viscosity and interfacial-tension – and the distribution of 

applied shear stress. The work of Boxall et al. (2012) showed that in oil systems, the defining factor in 

determining emulsion droplet sizes was related to the distribution of turbulent eddies, and in 

particular whether the smallest eddies were comparable to the Kolmogorov length scale for that 

system. On this scale, viscosity dominates droplet breakup, with the turbulent kinetic energy of the 

system dissipated thermally (Landahl and Mollo-Christensen 1986). As a result, we see the following 

dependence of particle sizes on the Reynolds number (Equation 2.4). 
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Above the Kolmogorov length scale, the relationship between inertia and interfacial tension 

dominates, with the result that droplet sizes depend upon the Weber Number (Equation 2.5). A 

decision criterion developed by Boxall et al. (Equation 2.6) is used to determine whether the system 

resides in the viscous or inertial subrange, where if  We* > We Equation 2.5 is used, else Equation 2.4 

holds. 
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With the assumption of mono-dispersed droplets of known diameter, and a known water volume, the 

interfacial area available for hydrate formation and shell growth can be determined. Studies of the 

kinetics of hydrate formation in oil systems were first reported in 1983 (Vysniauskas and Bishnoi 1983; 

Vysniauskas and Bishnoi 1985) using an autoclave system, leading to a description of hydrate growth 
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in terms of fugacities, this was later refined based on a temperature driving force by  Turner et al. 

(2005) as seen in Equation 2.7. 
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Here, C1 and C2 are kinetic constants with values determined by Bishnoi et al. as 37.77 and 13600 K-1 

respectively (Vysniauskas and Bishnoi 1983; Vysniauskas and Bishnoi 1985). The factor u is an 

empirical fitting factor introduced as a result of fitting the intrinsic kinetic equation to flowloop data 

(Davies et al. 2009), accounting for heat and mass transfer limitations in flowloop systems. It should 

be noted that the lumped ueC1 effectively represents a single mathematical fitting parameter for this 

kinetic equation, where the difference between an autoclave and flowloop geometry is reported to 

give rise to a factor of 500 difference in its overall value (Davies et al. 2009). This may suggest that 

approaching hydrate formation from the perspective of intrinsic kinetics alone is insufficient, where 

heat and mass transfer limitations, as well as the chemistry of a particular oil will potentially render 

inaccurate any calculation based solely on the base kinetics described by Bishnoi et al. Regardless, this 

approach to the hydrate growth may, when coupled with experimental studies to determine an 

appropriate empirical correction factor, fairly represent how a bulk hydrate phase begins to form in 

oil systems. 

The agglomeration of individual hydrate particles into larger aggregates is a key conceptual step in oil 

systems, where models have been developed to describe the interparticle forces that bind hydrate 

aggregates together as a function of both capillary action in the short term and sintering action that 

dominates at longer contact times (Aman et al. 2011) (Equations 2.8, 2.9). 
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Where the capillary cohesive force depends upon the water-oil interfacial tension γWO, the water 

wetting angle with the hydrate surface θC; α, χ, H and d are geometric parameters describing the 

capillary bridge between hydrate particles (Figure 2.3). Aman et al. reported that typically capillary 

interaction is important during the initial 30 seconds of contact, after which sintering forces began to 

more tightly bind individual particles. These relations were developed for cyclopentane hydrates at 
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ambient pressures and temperatures above the ice point using a micro-mechanical force (MMF) 

apparatus; however, recent measurements using a high pressure MMF report interparticle forces 

between methane-ethane hydrates to be of similar magnitude (Lee, Koh and Sum 2014). 

 

Figure 2.3 – Schematic of adhesion (a) and cohesion (b) for hydrate particle-surface and particle-particle interactions.  
Shown are the embracing angle 𝛼, capillary bridge width 𝜒, contact angle 𝜃𝑃, external contact angle 𝜃𝑠, liquid bridge 
immersion depth d and particle separation H for a bridge curvature of r about a symmetry plane Z (Aman et al. 2011). 

To estimate the size of agglomerates in hydrate forming systems, a fundamental mechanical force 

balance was developed by Camargo and Palermo (2002) (Equation 2.10). This effectively balances 

mechanical shear against a cohesive force, which may be taken as some fixed value, or evaluated 

dynamically, as described by Aman et al.: 
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Here fd is the fractal dimension, typically assumed to be 2.5, Φmax is the maximum packing fraction 

assuming hard spheres, with a value of 5/7. The diameter of hydrate aggregates DA in the presence of 

a given hydrate fraction ΦHyd relative to the condensed phase is typically calculated based on a known 

Dparticle, shear rate �̇� and base oil viscosity μ0. The presence of large solid particles, hydrate aggregates, 

in the condensed phase, leads to viscosifying effects which are commonly described using Mills’ model 

(Mills 1985; Davies et al. 2009) (Equations 2.11, 2.12). This yields a ‘relative viscosity’, that is effectively 

a multiplying factor to determine the viscosity of the system as a result of hydrate formation, relative 

to the initial oil viscosity (Equation 2.13). 
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The mechanisms for plugging failure in oil-dominant systems have thus far incorporated the degree 

to which hydrate particles in a system results in viscosification, wall deposition, or jamming. While 

recent studies have explored the role of jamming (Lafond et al. 2013) and suggested viscosification 

conditions that present a severe risk of plugging (Zerpa et al. 2011b), research is ongoing to develop 

and validate specific models in this application. 

2.2.2 Hydrate Blockage Formation in Water-Continuous Systems 

In systems with an increasing water cut (the volume fraction of water relative to the total liquid 

volume fraction), water-in-oil emulsions may invert (Moradpour, Chapoy and Tohidi 2011) until the 

ultimate limit that, at 100% water cut, a purely water-gas system exists. These systems are typically 

characterised by a combined suspension of gas bubbles, hydrate particles and oil droplets which flow 

in a water-continuous phase. Such water systems were observed by Joshi (2011) using a flowloop 

system at varying liquid loading and velocity conditions, where the pressure drop over the loop was 

measured. It was observed that three distinct regions of pressure drop existed where it was: i) largely 

independent of hydrate fraction; ii) increasing directly dependent upon increasing hydrate fraction; 

and iii) significantly variable with changes in hydrate fraction (Figure 2.4). It was observed that the 

transition between region I and II occurred at a repeatable hydrate volume fraction Φtransition which 
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exhibited a linear dependence upon the mixed phase velocity, and that once this transition had 

occurred, plugging type behaviour became inevitable. 

 

Figure 2.4 – Pressure drop changes in a 4” flowloop for water-continuous systems, where three distinct regions of pressure 
drop dependence upon hydrate fraction exist (Joshi et al. 2013) . 

This observed behaviour in pressure drop has been related to a three stage process for hydrate 

formation in water-continuous systems corresponding to changes in the distribution of hydrate 

particles: i) hydrate nucleation and growth at the gas bubble-water interface, supported by dissolved 

methane in the water phase (Sun et al. 2007; Sakemoto et al. 2010), where hydrate remains 

homogeneously distributed through the bulk liquid; ii) formation of a heterogeneous distribution of 

hydrate particles leading to a moving bed accumulation (Hernandez 2006); and iii) stationary bed 

formation entailing significantly increased risk of plugging (Joshi 2011). This three-stage conceptual 

picture can be visualised in Figure 2.5. It should be noted that while the conceptual picture of water-

continuous systems is well formed and has been validated by both flowloop (Joshi et al. 2011; Joshi et 

al. 2013) and autoclave (Akhfash et al. 2013) systems, the models beneath this core structure are in 

general less well developed than for oil-dominant systems. The key discriminator between the first 

and second stages of the water continuous model is the Φtransition point, which was described by Joshi 

et al. as having a linear dependence upon velocity (Joshi et al. 2013) for flowloop systems, but a 

different dependence upon Reynolds number in autoclave studies conducted by Akhfash et al. (2013). 



 14 

As a result, efforts to resolve this apparently different behaviour in a relationship independent of 

system geometry are ongoing. 

 

Figure 2.5 – Conceptual picture of hydrate plug formation for high water-cut systems  (Joshi et al. 2013) 

Considering the formation of hydrate in water systems, the presence of dissolved methane in water 

allows for continued growth at and across the gas bubble-water interface. In the case of water systems 

then, hydrate growth is typically described through the use of a mass transfer limited model proposed 

by Skovborg and Rasmussen (1994) where the concentration difference of methane in water with and 

without the presence of hydrate is the driving force for formation (Equation 2.14). Here the area term 

requires an estimate of particle size independent of that for oil-continuous systems, where the model 

developed by Boxall et al. (2012) is applicable only to oils, typically a value of 10 microns is assumed 

(Vysniauskas and Bishnoi 1985). Akhfash et al. (2013) showed in an autoclave study that this mass 

transfer model proved accurate at high shear rates, but, at low shear, the model initially overpredicted 

– and then underpredicted – hydrate growth rates as a function of time after hydrate formation. The 

authors suggest that methane limited saturation in water below Φtransition presented an additional mass 

transfer impediment, while above Φtransition, particle beds near the gas-liquid interface increase the 

effective surface area for reaction.  
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The transition from initial growth in a homogeneous dispersion of hydrate particles to continued 

growth in a heterogeneous system as characterised by the Φtransition is a critically important point in 

water systems as it has been shown that after this point plugging becomes inevitable (Joshi et al. 

2013). Aman et al. (2012a) reported that hydrate interparticle forces were three to four times lower 

in water than oil, due primarily to the inability of aqueous capillary bridges to form in a water-

continuous system. As a result, flowing hydrate particles are unlikely to begin aggregating under shear, 

and will only begin to sinter at the wall in the absence of agitation (Aman et al. 2011). The primary 

failure mechanism of plug formation in water-continuous systems, then, cannot be directly conflated 
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with a viscosification model due to aggregate formation as for oil systems, and research to understand 

the pathway from Φtransition to blockage formation represents an ongoing area of study. 

2.2.3 Hydrate Blockage Formation in Gas-Continuous Systems 

Gas dominant systems are those characterised by a high gas fraction, with small quantities of liquid 

hydrocarbons and condensate. While Hammerschmidt (1934) was the first to recognise that gas 

hydrate was forming and plugging in natural gas transmission lines above the ice point in 1934, the 

first pilot-scale flowloop experiment on gas systems was published in 1994 (Dorstewitz and Mewes). 

A four stage model, seen in Figure 2.6, was proposed for the formation and eventual failure due to 

hydrate formation of gas lines: i) gas hydrate forms on the pipe wall at the gas-liquid interface, typically 

associated with annular flow; ii) inward annular growth of hydrate deposits (Dorstewitz and Mewes 

1994; Hatton and Kruka 2002); iii) sloughing of hydrate deposits from the wall due to increased shear 

stress resulting from increased flow velocity through a narrowed flow path (Hatton and Kruka 2002); 

and iv) plug formation due to the accumulation of detached wall deposits and aggregates large enough 

to occlude flow partially or fully, constituting a jamming-type failure (Guariguata et al. 2012). 

 

Figure 2.6 – Conceptual picture for hydrate formation in gas dominant flow, where typically hydrate will grow as an annulus 
from the wall inwards (Lingelem, Majeed and Stange 1994; Zerpa et al. 2012). 

Flowloop experiments (Nicholas 2008) have shown that this conceptual picture of formation in gas 

systems is valid, with various attempts to measure growth and deposition of hydrates both at the 

laboratory (Rao et al. 2011) and flowloop (Nicholas et al. 2009) scales, leading to the development of 

several models based on heat and mass balances around crystallisation type growth –  similar to those 

developed for wax deposition (Singh et al. 2000; Zerpa et al. 2012). Zerpa et al. (2012) reported a 

model for gas-dominant growth where the inward, stenosis-type growth of a hydrate layer at the 

pipeline wall was used to predict pressure drop increase as a result of increased velocity in a 
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decreasing flow channel; however, no comparable pilot-scale results were available to validate this 

approach.  

Di-Lorenzo et al. (2014b) have reported the use of a single-pass gas-dominant flowloop to test 

predictions of stenosis-type growth in conjunction with well-established pressure drop models for 

annular flow (Mukherjee and Brill 1985). In this work, both the kinetic (Equation 2.7) and mass transfer 

limited (Equation 2.14) models were employed; with the ultimate result that the latter is more 

appropriate for film growth at the wall, while the former is best used to describe growth in the bulk 

of the line. Di-Lorenzo et al. (2014a) devoted significant effort to accurately estimating the area term 

in these equations, which has been difficult to decouple from fitting factors for the kinetics and 

transport limitations. They described the area as a sum of film growth (Af) and conversion of entrained 

droplets (Ad): 
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This area is a function of the Sauter mean droplet diameter: 
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Furthermore, the entrainment (E) is calculated using the Pan and Hanratty (2002) equation: 
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where EM is the maximum entrainment which depends on the properties and velocity of the liquid 

film, while the value A1 was taken from the work of Mantilla et al. (2012) for high-pressure systems. 

This method for predicting hydrate growth was coupled to a pressure drop model based on work by 

Beggs and Brill (1973); where the hydraulic diameter was reduced as a function of time: 

 

2
1

( )2

m m

h

fd

x t

P

D

v

d


=   2.18 

This work was later updated to use the pressure drop model of Mukherjee and Brill (1985) for annular 

flow (Equation 2.40). They found that, with no adjustable parameters, and assuming uniform hydrate 

growth calculated by an equilibrium pressure difference before and after the experimental run, 

existing models accurately predicted pressure drop at low subcoolings. However, they found 
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significant errors (71%) at subcoolings up to 10 K (18°F), suggesting that additional deposition or 

sloughing phenomenon may be required to explain these deviations. Figure 2.7 shows an example of 

this, where the sudden peaks and troughs are indicative of behaviour beyond simple film growth. 

 

Figure 2.7. Trace of pressure drop with time for the Hytra flowloop at 20 wt% MEG (Di-Lorenzo et al. 2014a) 

Subsequent work that fit rates of deposition to pressure drop increase, under the assumption of 

annular growth in the absence of sloughing, was used to show that not all hydrate formed is deposited 

as a film, but may transit along the line (Figure 2.8). This work empirically fit an overall film growth 

rate based on pressure drop increase, and, given the presence of entrained hydrate particles in flow, 

it is unclear whether this represents only direct growth of an annulus, or a combined effect with 

particle deposition from the bulk.  

 

Figure 2.8. Difference in overall hydrate growth and deposition rate as a function of subcooling for the Hytra flowloop (Di-
Lorenzo et al. 2014a) 
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While the conceptual picture associated with gas-dominant systems has been shown valid through 

numerous studies, specific models explaining constituent parts are currently lacking, in particular non-

existent models of sloughing represent an on-going area of study. 

2.2.4 Distributed Hydrate Phenomenon 

Discussed above are the conceptual steps for hydrate formation in three main categories of oil-, water- 

and gas-dominant flow, including where applicable specific correlations developed to model their 

behaviour. However, all of these correlations are deterministic in nature, while key aspects of hydrate 

formation are known to be probabilistic. 

Sloan, Koh and Sum (2011) have discussed the nucleation of hydrate as being a distributed 

phenomenon, where the probability of an event occurring increases with increasing pressure and 

decreasing temperature as a system moves to higher subcoolings. Currently however, in the absence 

of experimental data, it is common modelling practice to assume that hydrate will deterministically 

nucleate above a threshold subcooling of 3.6 K (6.5°F). Measurements of hydrate nucleation are 

important when considering the effect of certain hydrate management techniques, in particular 

Kinetic Hydrate Inhibitors (KHIs, discussed further in Section 2.3), which effectively increase the 

nucleation subcooling for hydrate formation (Sloan, Koh and Sum 2011). High-pressure rocking cells 

are typically used to evaluate the degree to which KHIs shift the nucleation subcooling (Lederhos et 

al. 1996), where the rocking motion of the cell allows a rolling ball to traverse a flow channel . Such 

devices suffer two major problems in their application to the problem of determining the probability 

of nucleation: i) each test is slow, taking on the order of hours to days, meaning that the time to 

produce a statistically significant sample for a single set of conditions is prohibitive; and ii) they do not 

actually measure nucleation, but instead the time required to cease the ball motion that represents a 

small-scale hydrate blockage. Recent experimental studies by May et al. (2014) have deployed a High 

Pressure Automated Lag-Time Apparatus (HP-ALTA), making use of an optical method to detect 

hydrate formation in a rapidly cooled autonomous system. This apparatus effectively solves the first 

problem associated with rocking cells, in that its fast thermal response allows for large, statistically 

significant data sets to be generated. It should be noted though, that the HP-ALTA suffers from several 

drawbacks: i) it is a quiescent system, where, in the absence of agitation, subcoolings on the order 20-

30K are routinely reported to be required for hydrate formation; ii) such high subcoolings place the 

system below the ice point, where ice co-nucleation may affect results; and iii) it does not measure 

nucleation, but rather formation as defined by optical occlusion of a normally transparent cell, 

although the speed of growth and occlusion relative to the cooling rate may alleviate this problem. 

Despite these drawbacks, the advent of an apparatus capable of making a statistically significant 
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estimate of nucleation probabilities represents a significant advance in understanding this 

phenomenon, and improving the description of nucleation in future models. 

While the initial nucleation of hydrate is a stochastic phenomenon, the same can be said of several 

failure mechanisms, in particular, experimental studies by Lafond et al. (2013) have been conducted 

on jamming failures. Such failure mechanisms may occur probabilistically when a large number of 

particles and aggregates with diameter significantly smaller than that of the pipe form a blockage 

(Aman et al. 2011), potentially assisted by a narrowed orifice resulting from deposition and film 

growth. Furthermore, as reported in particular for gas systems (Di-Lorenzo et al. 2014b), the breakage 

and sloughing of wall deposits to form large-scale blockages represents a primary path for plug 

formation. This can be seen as a rapid pressure increase corresponding to stenosis followed by a near 

instantaneous pressure drop as the annular hydrate growth sloughs from the wall. The triggering 

mechanism and exact conditions of sloughing are not currently well understood, and represent 

another significant area of ongoing research. 

While the processes governing hydrate formation and ultimate failure mechanisms vary between 

systems, the structure of individual hydrate cages themselves remains a constant, where guest 

molecules may be concentrated by a factor of more than 160 times the density of gas at standard 

temperature and pressure. This means hydrate dissociation may result in a rapid pressure increase 

within a system (Sloan, Koh and Sum 2011). Given the increasing emphasis on hydrate risk 

management over prevention, careful thought must therefore be given to remediation efforts and 

methods in hydrate forming systems.  

2.3 Preventing and Managing Hydrates 

While the conceptual mechanisms for hydrate formation in specific system types has been examined, 

consideration has not yet been given to common scenarios for hydrate formation, where typically it 

will aggregate at locations as seen in Figure 2.9 (Sloan, Koh and Sum 2011), where transport lines in 

offshore assets are susceptible to hydrate formation prior to the separation of gas and liquid phases. 

The blockage points shown are of great importance, as they represent typical locations for hydrate 

plug formation that cannot be avoided by topsides processes such as surface phase separation. 

Instead, hydrate formation in this initial transportation line must be either prevented completely or 

managed to allow limited formation while preventing plug blockages (Di-Lorenzo, Seo and Soto 2011). 
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Figure 2.9 – Common locations for hydrate plug formation (Sloan, Koh and Sum 2011) 

Traditionally, a strategy of avoidance has been pursued in relation to hydrate formation, and remains 

the dominant method of mitigation today. These avoidance strategies are typically based on the 

concept of ensuring that hydrate formation is thermodynamically unfavourable, by performing 

steady-state operations outside of the hydrate stability region. Where the normal steady-state 

operation of a flowline would fall within the hydrate region – that is, where reservoir heat retention 

is insufficient along the line, or during start-up operations where the hydrate region is entered – 

chemical injection may be used to avoid hydrate formation. These chemicals, termed Thermodynamic 

Hydrate Inhibitors (THIs), typically being methanol or monoethylene glycol (MEG), interfere with the 

formation of stable hydrate cages, where their polar moieties preferentially form hydrogen bonds 

with water molecules (Sloan and Koh 2008). This has the effect of shifting the equilibrium curve 

towards higher pressures and lower temperatures, as demonstrated in Figure 2.10. Typically THIs are 

dosed at 10 to 40 wt% of the aqueous phase, the cost of which may jeopardise the feasibility of 

marginal reservoirs (Creek, Subramanian and Estanga 2011). As a result, there is increased interest in 

moving from avoidance towards a solids management strategy (Sloan 2005; Kinnari et al. 2014) 

through the use of Low Dosage Hydrate Inhibitors (LDHIs), which include anti-agglomerants (AAs) and 

KHIs, or novel thermodynamic means, such as active heating (Urdahl, Børnes and Kinnari 2003). Kinetic 

inhibitors aim to increase the time required for hydrate to plug beyond the residence time of free 

water in the line, where dissolved polymers bond to the surface of hydrate crystals, preventing growth 

and interaction until they can be removed in topsides facilities (Sloan and Koh 2008). Anti-

Agglomerants allow for the formation of hydrate particles, and aim to interfere with the plug 

formation process by preventing aggregation into large structures associated with plugging. Typically, 
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these AAs may take the form of a water soluble quaternary ammonium salt with two to three short 

branches that interact with the hydrate and one to two long branches that maintain solubility in the 

carrier phase (Sloan and Koh 2008). These surfactant molecules may significantly decrease the ability 

of capillaries to bind hydrate aggregates through affecting interfacial tension and contact angle 

(Equation 2.8). 

 

Figure 2.10 – Thermodynamic inhibition and remediation mechanisms 

Where hydrates do form and plug, various remediation strategies exist, where significant costs are 

associated with lost production due to downtime. These solutions are typically situational, depending 

on the location, age and number of plugs, and the availability of injection ports and other 

infrastructure (Sloan, Koh and Sum 2011). Thermodynamic means, where the system is moved out of 

the hydrate stability region resulting in hydrate dissociation, include one- and two-sided 

depressuration,  thermal stimulation to melt the plug (Boxall, Hughes and May 2011; Davies et al. 

2006) and/or flooding with THIs when plug permeability and porosity permit. Various mechanical 

means may also be used where the plug is sufficiently close to an access port (Sloan, Koh and Sum 

2011). To successfully apply these avoidance, management and remediation techniques, an 

understanding of the underlying behaviour of hydrate systems is required, which may be explored 

through the development of hydrate modelling.  

2.4 Empirical and Thermodynamic Predictions of Phase Equilibria 

The appropriate application of modelling techniques to determine the location and severity of hydrate 

plug formation must incorporate historical knowledge from both the engineering and science 

communities. The most common method to minimise hydrate risk has historically been the use of THIs 
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that completely prevent formation, which is reflected in the evolution of modelling tools. In order to 

employ THIs, information about: i) the system P-T path; and ii) the hydrate equilibrium curve are 

required; this information determines the quantity of MEG or MeOH required to prevent hydrate 

formation in the system. This information may be determined experimentally based on correlations 

by Hammerschmidt (1934), the gas gravity method (Katz 1945), or the distribution coefficient method 

(Kvsi-value). The latter method was first conceived by Wilcox, Carson and Katz (1941) and finalised by 

Carson and Katz (1942); further updates to the approach now account for CO2 (Unruh and Katz 1949) 

H2S (Noaker and Katz 1954), N2 (Jhaveri and Robinson 1965), i-C4 (Wu, Robinson and Ng 1976), n-

butane (Poettmann 1984) and differing hydrate structures (Mann et al. 1989) (Sloan and Koh 2008). 

The clear disadvantage of these methods is the empirical basis for their hydrate equilibrium curves. 

With the advent of computing technology, it became possible to automate the calculation of a Gibbs 

energy minimisation calculation, which quickly and more accurately provided information on phase 

equilibria (Sloan and Koh 2008). This innovation has resulted in a range of commercial and academic 

software for predicting thermodynamic properties of hydrates, including CSMGem (Colorado School 

of Mines), PVTSim (Calsep), MultiFlash (Infochem) and DBRHydrate (Schlumberger-DBR). It should be 

noted that the accuracy of these algorithms for complex multicomponent systems may be on the 

order of 1 K (Sloan and Koh 2008); furthermore, they give information only on the thermodynamic 

properties of hydrate, thus more complex and modern efforts have focussed on predicting the rate of 

hydrate growth and particle transportability (how hydrates are distributed and moved, and their 

effects on rheological properties such as viscosity) in flowing systems. However, before considering 

how hydrate affects flowing systems, it is first necessary to examine the evolution of multi-phase fluid 

modelling. 

2.5 Modelling Multi-Phase Flow 

In oil and gas production, the ability to predict the behaviour of fluids is of the utmost importance in 

creating accurate and useful designs. These predictions rely on an understanding of the phase 

behaviour of the fluid, which, when exiting the wellhead is typically multi-phase (Brill and Mukherjee 

1999). This flow in general consists of at least a gas and liquid phase, though, depending on 

composition, may include additional phases such as free water. While ideally, all of these phases 

should be modelled to give an accurate representation of reality, the inability to determine exact 

mathematical relationships in fluid flow has acted as a significant impediment. Modelling of single 

phase flow is a relatively simple and well known process, making use of equations which can be 

derived from first principles (Brill and Mukherjee 1999) as a result, efforts have largely focussed on 

extending these results to be applicable to multiple phases. In particular, given the importance of 

being able to model dominant liquid and gas phases in hydrodynamic transport (Mamaev 1965), early 
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works focussed on empirical correlations to give two-phase results that were acceptably accurate for 

engineering design. Work on the basic equations for two-phase flow began in the late 1940s with the 

publishing of correlations for frictional pressure loss in two-phase flow by Lockhart and Martinelli 

(1949) (Equations 2.19 to 2.26), which show results sufficiently accurate to be used in calculations 

today (Balasubramaniam et al. 2006). The Lockhart-Martinelli correlation is designed for stratified 

flow, and is based on computing a two-phase multiplier, which is the ratio of the single phase pressure 

drops for the liquid and gas phases: 
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The phase-wise pressure drops are computed using the superficial velocities of each phase: 
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where, for laminar flow: 
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for turbulent flow, two correlations are used depending on the Reynolds number: 
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The two-phase multiplier then allows phase-wise multipliers for the gas: 

 
2 21G CX X = + +   2.24 

and liquid phase: 

 
2 21 / 1/L C X X = + +   2.25 

In these equations, the value of C depends upon the regime (laminar/turbulent) for each of the phases, 

seen in Table 2.1. 
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Table 2.1. Coefficient values for the Lockhart-Martinelli two-phase pressure drop relationship. 

Liquid Gas C 

Turbulent Turbulent 20 

Laminar Turbulent 12 

Turbulent Laminar 10 

Laminar Laminar 5 

 

This finally yields an overall frictional pressure loss, which can be calculated from either phase 

multiplier: 
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Throughout the 1950s and 60s, progress was made on determining the effects of parameters such as 

viscosity on flow behaviour (Zukoski 1966). Importantly, throughout this period a significant effort was 

made to characterise the different forms of two-phase flow, and to develop regime-specific 

correlations beyond stratified flow. 

2.5.1 Predicting Multi-Phase Flow Regimes 

In single phase flow, a mixture may be inhomogeneous based on concentration differences arising due 

to laminar or turbulent flow regimes, although the major bulk properties such as density do not vary 

significantly (Brennen 2005). In multi-phase flow, significant differences in densities, viscosities and 

other key flow parameters mean that the bulk is extremely inhomogeneous, due to the difference in 

the properties of the gas and liquid phases (Brennen 2005). Furthermore, it is possible for this 

inhomogeneity to be expressed in more than one way depending on the relative quantities of gas and 

liquid comprising the fluid, and the difference in speed at which each phase moves, known as slip (Hill 

1992).  

The different forms of two-phase flow began to be characterised in detail during the 1950s, with 

particular interest in defining distinct patterns of flow and transition regions between them, leading 

to the construction of flow pattern maps such as that in Figure 2.11. Such flow maps have been 

developed for both horizontal and vertical flow, which depended on the relative flow rates of liquid 

and gas in a system, with gas flow represented on the ordinate, liquid on the abscissa. Together with 

the conceptual cross sections of pipelines below in Figure 2.12, the various regimes above show in 

general that with increased flow velocity, the gas-liquid interface becomes more turbulent, resulting 

in transitions from smooth stratified flow to slug flow. When increasing the volume fraction of liquid 
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in the pipeline (referred to as “liquid loading”), a transition from distinct stratified layers to liquid 

dominated bubbly flow results. 

 

Figure 2.11 – Two phase horizontal flow map (Baker 1954) 

 

Figure 2.12 – Conceptual diagram of commonly identified flow regimes, where G and L respectively represent the gas- and 
liquid-dominant phases  (Weisman 1983). 

Significant effort during the 1960s was devoted to the study of the basic properties of slug flow 

(Griffith and Wallis 1961) as it, along with stratified flow, dominated in early oil production systems 

(Danielson 2011). Predicting slugging is a key outcome for flow regime determination, as it is generally 

considered undesirable due to: i) higher pressure gradients depleting the energy for flow; ii) 

mechanical effects on the pipeline causing stresses or line movement on the seafloor and; iii) causing 

an uneven input into topsides processing, necessitating the use of slug-catchers that require a 
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significant site footprint. These predictions are complicated when considering flow within inclined 

pipes, as gravity effects due to pipe orientation show a significant effect on the flow patterns (Guzhov, 

Mamaev and Odishariya 1967), this can be seen in Figure 2.13. Here, Mukherjee and Brill (1985) show 

the clear evolution of horizontal stratified/slug flow to a vertical slug/plug regime.  In the horizontal 

plane, gas may flow freely in stratified flow, or in pockets trapped between slugs, moving at a speed 

characteristic with the bulk liquid. As the line is inclined, the continuous gas phase may be reduced to 

pockets trapped against the top of the line, these pockets begin to elongate under further inclination. 

Finally, in a vertical slug/plug flow regime Taylor bubbles of gas dominate, where the flow of gas 

becomes a function of both the bulk velocity and buoyancy effects. 

 

Figure 2.13 – Bubble-slug transition for inclined flow (Mukherjee and Brill 1985) 

This highlights the importance of geometry in flow regime determination and management; while 

hydro-dynamic slugs can be avoided in horizontal flow by managing flowrate and liquid inventory, 

inclination of the line inevitably results in terrain induced slugs (Figure 2.14). 

 

Figure 2.14. Low-points in the line may induce slugging due to a local build-up of liquid inventory. 



 27 

2.5.2 Empirical Flow Regime Classification Methods 

The study of the effect of pipe inclination on properties such as pressure drop (Flanigan 1958) was an 

important step in the application of multi-phase flow studies as industrial situations invariably involve 

non-horizontal pipes. Initially, pipe inclination was simply treated as if it were occurring in the vertical 

case (Orkiszewski 1967), this was then refined somewhat to include pressure drops over inclinations 

of up to 10° (Singh and Griffith 1970). Beggs and Brill (1973) expanded the work on inclined pipe flow 

to clarify key variables in flow regime changes over a broader inclination range. While fluid properties 

were being studied in different situations, no robust method of determining which flow regime a fluid 

was operating in existed, which is an essential requirement of industry in making predictions of system 

behaviour (Barnea, Ovadia and Yehuda 1980). The 1980s saw an increasing level of study in creating 

automated methods of determining flow regime, with studies of the transition conditions conducted 

extensively (Barnea, Ovadia and Yehuda 1982). This led to the development of selection algorithms to 

determine which flow regime was appropriate for given flow velocities and pipe inclinations 

(Mukherjee and Brill 1985) (Figure 2.15), which still form the major basis for determining flow regime 

(Cazarez-Candia and Vásquez-Cruz 2005; Lips and Meyer 2011). 

 

Figure 2.15 -  The Mukherjee-Brill flow regime model;  the decision tree begins at the top middle diamond, discriminating 
between ‘annular mist’ and ‘others’ (Brill and Mukherjee 1999; Mukherjee and Brill 1985).  
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The Mukherjee-Brill model is formed in two parts: i) classification of the flow regime by use of the flow 

chart in Figure 2.15; and ii) calculation of the pressure drop using correlations specific to each flow 

regime. The flow chart is assessed using Equations 2.27 to 2.37, where initially the bubble/slug 

transition for up-flow in a pipe inclined at angle ϑ is computed as a function of several dimensionless 

numbers composed of the superficial velocities (v), densities (ρ), viscosities (µ) and surface tension (σ) 

of the phases, plus gravity (g): 
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Next the slug/annular/mist transition for all flow angles is computed: 
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This is followed by the transition for bubble/slug flow in horizontal or down-flow: 
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Finally, a check is made for the stratified flow boundary, applicable to horizontal and down-flow: 
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This set of checks allows for the flow regime to be determined, which is followed by specific 

relationships for the pressure drop in each regime. Mukherjee and Brill found that the same pressure 

gradient model could be fit for both bubble and slug flow: 
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where the friction factor is computed from a Moody diagram, ρs is the slip density for which a variety 

of correlations exist, and the factor Ek is calculated: 

 s m Sg

k

v v
E

P


=   2.39 

The pressure gradient for annular flow (Equation 2.40) is similar in form, but makes use of both the 

non-slip (ρn) and slip (ρs) densities; it also uses a different method to compute friction factor. 
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In this case, the friction factor was fit using an empirical expression developed by Mukherjee and Brill 

based on a correlation between the nominal input liquid holdup (λL) and a correlation based on the 

dimensionless numbers (Equations 2.27 to 2.29). First, this correlation is computed: 
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The parameters C1 to C6 are given in Table 2.2. 



 30 

Table 2.2. Correlation coefficients for the Mukherjee-Brill two-phase pressure drop model. 

Parameter Uphill Flow Downhill Stratified Downhill Other 

C1 -0.380113 -1.330282 -0.516644 

C2 0.129875 4.848139 0.789805 

C3 -0.119788 4.171584 0.551627 

C4 2.343227 56.262268 15.519214 

C5 0.475686 0.079951 0.371771 

C6 0.288657 0.504887 0.393952 

 

The holdup ratio is then calculated: 
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This allows for the overall friction factor f to be calculated as a function of the non-slip friction factor 

fn obtained from a Moody diagram, and a friction factor ratio fR related to the holdup ratio by 

interpolating from Table 2.3.  

 n Rf f f=   2.44 

Table 2.3. Friction factor ratio coefficients for the Mukherjee-Brill two-phase pressure drop model. 

fR HR 

1 0.01 

0.98 0.2 

1.2 0.3 

1.25 0.4 

1.3 0.5 

1.25 0.7 

1 1 

1 10 

 

Stratified flow pressure drop can be calculated in two ways, first, for large diameter pipes: 
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For smaller-diameter pipes this can be reduced to: 
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The constituent terms are solved by first evaluating Equation 2.41 to determine the holdup, then 

iteratively solving for the wetted chord angle of the pipe δ; the liquid wetted pipe area (AL) then 

follows: 
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The wetted perimeter for the gas phase can then be computed as a function of the pipe perimeter P: 
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where the gas and liquid wetted perimeters sum to the total perimeter: 

 g LP P P= +   2.49 

The ratio of the liquid height (hL) to the pipe diameter is then solved: 
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In turn this gives the hydraulic diameter of the gas phase: 
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and the liquid: 
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The wall shear stress for the gas and liquid can then be calculated, where the friction factor is 

calculated from a Moody diagram using the phase Reynolds number; a function of the phase 

properties and the appropriate hydraulic diameter: 
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similarly for the gas phase, where the phase velocities are given by: 
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for the liquid and gas respectively. 

2.5.3 Mechanistic Models for Two or More Phases 

While empirical models for flow regimes accurately select the appropriate flow behaviour, their 

empirical nature makes it difficult to predict accurate holdup profiles. As a result, proposals have been 

made for an alternative approach focussing on first principles mechanics based on fluid dynamics and 

two phase fundamentals (Aziz and Ouyang 2000) to model individual flow regimes.  

More recent attempts have been made to further these mechanistic models to treat specific problems, 

such as the transient behaviour of slug flow in oil wells (Cazarez-Candia, Benitez-Centeno and 

Espinosa-Paredes 2011). This particular model makes use of coupled mass, energy and momentum 

equations to extract velocity, pressure, volume fraction and temperature profiles for both the gas and 

liquid phase. While a great deal of focus is directed towards finding solutions to the study of two-

phase flow, recent efforts have also been made to consider extra phases in systems where it is 

appropriate to do so. This is particularly the case in the consideration of hydrate formation in natural 

gas systems, where hydrate is commonly treated as a homogeneous component of the liquid phase 

(Hernandez 2006). Specifically, there is no consideration of slip between hydrates and liquid, leading 

to poor prediction of the location of hydrate plug formation (Davies et al. 2009). Efforts have been 

made to include separate phases representing both fluid flow layers and hydrates, as seen in Figure 

2.16 below. While this considers separate liquid-solid phases, it makes use of a no-slip condition and 

was applied only to stratified flow (Hernandez 2006). Therefore it can be said that models such as 

these deal with specific flow regimes and do not purport to show more generalised solutions usable 

over an industrially useful set of conditions where regime transitions commonly occur (Beggs and Brill 

1973), though Hernandez notes the possibility of expanding the 4-layer model to slug flow.  

Hernandez’s model is interesting in that it considers a mechanical balance on the particle population 

to determine the existence and extent of moving and stationary beds, allowing for applicability to a 

wide range of conditions. Comparison of the model to experimental results focussed on its ability to 

make accurate predictions of pressure drop and to infer information about particle beds from this 

signal. Several salient points from the analysis were: i) the model allows for bedding behaviour to be 

included in flow regime maps; ii) particle aggregation models may need to consider particle cluster 
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behaviour in addition to particle pair interactions and; iii) deposition on the pipe wall and a narrowing 

annulus may be important contributors to pressure drop that are not commonly considered. 

 

Figure 2.16 – A four phase flow model including hydrate formation presented by Hernandez (Hernandez 2006), where this 
conceptual picture considers the formation of moving beds and stationary deposits at the pipe wall for stratified-type flow. 

2.5.4 First Principles Flow Regime Classification 

A significant impediment to models which both give realistic predictions of fluid profiles, and do so 

over a multitude of flow regimes, lies in combining the mechanistic style approaches taken by Cazarez-

Candia and Hernandez, with a first principles approach to determining flow regime. Such a method of 

determining flow regime through semi-empirical means did not, until recently, exist, with no model 

able to provide comprehensive first principles descriptions of slug flow (Danielson 2011). However, by 

constructing a model based on finding solutions to a fluid hold-up equation for the treatment of two 

phase flow with slip, Danielson was able to demonstrate a method that claims to both predict fluid 

profiles for slugging flow, and, importantly, predict transitions between stratified, slugging and bubble 

flow. The method was based on constructing a cubic equation to solve system holdup, where the 

lower root represents stratified flow, the upper bubble flow, and intermediate solutions represent a 

slugging regime. This method showed a good fit to field data and therefore represents a potentially 

powerful tool as a first principles method of making accurate predictions in hydrodynamic flow. While 

the method demonstrates a way forward beyond pseudo-steady-state ‘slug tracking’ it does not 

describe how its predictions of slug frequency should be integrated with a flow engine; the method is 

an enhancement but does not provide a description to treat frictional pressure loss, so must be 

coupled with a secondary model. 

Nonetheless, if a similar method is applied to the hydrodynamics of the transport of gas hydrates, it 

may allow for predictions of regime transition from stratified to slug flow, and a subsequent return to 

stratified flow, as is observed experimentally (Aman 2012).  
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2.6 Summary of Key Knowledge Gaps 

As the impetus for a move toward hydrate management strategies grows, a number of key gaps in the 

knowledge base remain. This thesis aims to identify and address several of these points, providing a 

framework for incorporating the mechanics of mitigation within predictive tools. 

Currently hydrate formation is kept separate from flow simulation in that it is not fully integrated with 

mechanistic approaches to flow modelling. Industrial tools such as CSMHyK-OLGA® track the 

formation of hydrate and include it within the mass/energy balance, but do not account for effects 

that would retard flow. In this work, a simple method of including hydrate within the momentum 

balance is explored using a technique which is readily applicable to existing flow simulators. This 

represents a first step in a fully integrated hydrate and flow tool that can be used to predict how 

hydrate formation will affect flowline fluids. 

As a corollary to the above, hydrate plugging is largely ignored in current flow assurance modelling. 

While conceptual models for plugging exist, there has been little development of these ideas, and they 

are not, in general, incorporated into software tools. Limited attempts have been made to equate 

quantities such as the ‘relative viscosity’ to plugging, but this is done without reference to how slurry 

viscosification affects flow; similarly, proposed models for jamming are not currently amenable to 

physically meaningful conditions. With the integration of mechanistic hydrate formation affecting 

fluid flow in this thesis, it is possible to begin the process of identifying hydrate plugs from a first 

principles physics perspective; this is a core outcome of the thesis. 

The peripheral incorporation of hydrate within flow modelling at present has led to its treatment as a 

simple phase; this is in contrast to the reality of a dynamic ‘reactive’ phase which interacts with 

individual species within the hydrocarbon phases. By modelling hydrates with respect to individual 

reactant species, there is a significant opportunity to reduce the conservatism of predictions, where, 

as more reactive components are depleted, the thermodynamics of the system will shift, particularly 

where they exist only at low concentrations. 

The treatment of risk in present flow assurance simulation is not rigorous, due to the inability to 

adequately model either the probability or severity of hydrate formation. The work presented here 

introduces a framework and class of tools that can be used to probabilistically assess cases of hydrate 

formation. When coupled to a definition of severity based on advancements in including mechanistic 

hydrate formation within flow models, it becomes possible to perform a true risk assessment as the 

product of the probability and severity of hydrate formation. In the intermediate, a process for 

integrating limited blockage likelihood assessment within current industrial work flows is explored. 
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Finally, in the case that hydrate does form, a wide range of remediation techniques exist. These have 

been modelled to varying degrees in the past, but direct heating of the plug remains a largely unknown 

quantity. Here, a simple thermodynamic model to assess the hazard of locally increased pressure due 

to dissociation is presented; it shows good agreement with experimental results.  
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3. A Spatially Resolved Model for Kinetic Hydrate Formation 

3.1 Extending a Single Control Volume Approach 

Previous work by Aman et al. (2015) produced a tool called the Hydrate Flow Assurance Simulation 

Tool (HyFAST), an algorithm package designed to estimate hydrate formation in oil-continuous cases, 

using many of the methods outlined in Section 2.2.1. This algorithm was validated against a set of 24 

recirculating flowloop experiments and showed good agreement in terms of pressure drop predictions 

at water cuts below 70% and Reynolds numbers below 75,000 (Figure 3.1). The original HyFAST 

algorithm was designed using a single control volume to simulate hydrate formation and was designed 

for use in flowloops and autoclaves, effectively a batch reactor with pressure drop correlations 

relevant to these two geometries inserted. This chapter focusses on expanding the HyFAST algorithm 

by introducing multiple control volumes to the simulation, producing a 1-D spatially discretised 

description of hydrate formation coupled by a simple mass balance. This spatially discrete model was 

intended to assist in understanding hydrate formation mechanics, particularly the coupling of an 

active thermodynamic solver to a discretised architecture. The un-tuned algorithm was compared to 

bench-top laboratory data to test predictions of hydrate formation, and an industrial simulation tool 

to understand the limits of the transport engine. 

 

Figure 3.1 – A map of the HyFAST algorithm’s performance in terms of pressure drop predictions for a set of 24 flowloop 
experiments, where high water cuts and Reynolds numbers resulted in increasing deviation between model and experiment. 
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3.2 Model Construction 

The structure of the algorithm used by this extended version of the Hydrate Flow Assurance Simulation 

Tool, which is referred to below as HyFAST 2, is outlined in Figure 3.2. The algorithm requires user 

inputs to specify the inlet P-T condition, composition and oil phase viscosity; following this the main 

calculation procedure consists of a nested spatial loop (along the flowline) within a temporal loop (the 

period of time to simulate). Within each spatial loop: i) an explicit mass balance is conducted, and 

hydrate equilibrium and system temperatures are computed; ii) these temperatures determine 

whether hydrate is stable and, if so, a kinetic formation model determines the quantity formed; iii) 

two-phase vapor-liquid equilibrium calculations re-partition the hydrocarbon phase accounting for gas 

consumption; iv) the size of hydrate aggregates are determined based on a mechanical force balance; 

and v) the resultant slurry viscosity is computed. This allows phase fractions, pressure drop and a 

measure of plugging risk to be computed, which feed into computing the next spatial and temporal 

steps. The algorithm aims to describe intermediate-to-high liquid loading systems (35-85%) with 

hydrate formation, particle aggregation and resultant slurry-viscosification in oil-continuous systems. 

A formation model for water-continuous systems is also incorporated for estimating hydrate growth 

(only) under those conditions. 

 

Figure 3.2. Simplified algorithm structure for spatially resolved predictions of hydrate formation in water- and oil-
continuous systems. 

In this first implementation, the algorithm was aimed primarily at capturing the kinetics of hydrate 

formation; the model assumes the fluid mixture velocity along the pipeline is constant. This implies an 

inlet boundary condition of constant molar flow at a fixed pressure and temperature defined by the 

wellhead conditions. The user-specified mixture velocity (vmix) representative of these fixed inlet 

conditions is partitioned according to a drift flux relationship (Hill 1992) shown in Equations  2.1-2.3, 

which is in turn a function of the phase densities ρ, line diameter DP, gas fraction Φgas and an empirical 

gradient parameter Codf, typically set as 1.2 (Hill 1992). The flow rate for each separate phase (h = gas, 
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condensed) is determined from Equation 3.1, by considering only two composite phases: gas and a 

pseudo-single condensed phase incorporating any oil, water and hydrate, which are assumed to travel 

at the same speed, vdispersion.  It should be noted that drift flux velocity splitting models are typically fit 

to data measured for stratified flow, which has implications for systems operating either at high 

production rates, where the volumetric flowrate of gas may significantly exceed that of the condensed 

phase, or at higher holdups, where slugging may occur. Within this algorithm, the drift flux relationship 

has been used to predict phase velocities in all flow regimes to avoid discontinuities in the solution. In 

reality we would expect that at high liquid loadings for slug/bubble flow, the gas velocity would reduce 

to that of the liquid, rather than to between 1.1 to 1.5 times the liquid velocity, as predicted by the 

drift flux relationship. Material is transported from the  inlet boundary to an arbitrary number of nodes 

(denoted j) where the molar conservation relations during a time step Δt at time i are shown in 

Equations 3.1-3.3. 
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To transition from an individual phase molar flowrate (�̇�𝑘) - computed from the phase density ρ, 

cross-sectional area A, velocity v and molar mass M- to an individual component or species flowrate 

(�̇�𝑘), we consider a compositional average on a molar basis (Equation 3.2). This relationship applies 

in the first instance to the oil, water and hydrate pseudo-components that make up the condensed 

phase, and secondly to the individual hydrocarbon species that are contained within the gas and oil 

phases. The split in each species’ material flowrate is based on the molar ratio of that species k to the 

total number of moles in phase h, such that the overall number of moles transported per Equation 3.1 

is conserved. Specifically, the flowrate for an individual phase is first calculated using Equation 3.1, 

and this phase flowrate must be equal to the sum of the flowrates of all the phase’s constituents. For 

example, the molar flow rates of water, oil and hydrate must sum to the condensed phase flowrate. 

Equation 3.2 is used to ensure that this conservation of molar flow is maintained. 
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With knowledge of the species flowrates, we consider molar balances on each component that 

account for, in the order displayed in Equation 3.3, accumulation, inflow, and outflow during each 

time step, with a further consumption term included for species that can be incorporated within the 

hydrate solid. Note here that the algorithm assumes hydrate is transported through the system; that 

is, it makes no statement about the long-term accumulation or deposition of hydrates in the flowline. 
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This treatment allows for a description of species transport within a given phase along the length of 

the flowline. To consider the transport of species between different phases along the flowline, we 

make use of simplified two-phase thermodynamic flash calculations. Each hydrocarbon component is 

treated using the Peng-Robinson equation of state (1976) to perform a two-phase flash and establish 

a baseline for overall system pressure, while water is assumed to be completely emulsified in the liquid 

hydrocarbon phase. Emulsified water droplet sizes are calculated through the use of the model 

proposed by Boxall et al. (2012), which balances interfacial tension restorative forces against viscous 

and/or inertial destructive forces. We iteratively solve for the fugacity coefficients of each species 

using the Peng-Robinson correlation and a successive substitution algorithm, until the partial 

fugacities of each specie in each phase are equal (Assael, Trusler and Tsolakis 1996; Nghiem, Aziz and 

Li 1983). 
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   3.5 

This approach to flash calculations allows us to explicitly determine the light ends saturation of the oil 

phase over the range of expected pressure and temperature conditions, while maintaining a 

computationally efficient solution. The accuracy of these thermodynamic flash calculations could be 

improved by considering three (or even four) phases – water, oil, gas (and hydrate); however, to do 

so with sufficient computational speed remains a significant challenge. 

The system temperature is determined by considering heat transport from the bulk pipeline fluid to 

an external ambient heat sink, where an overall heat transfer coefficient is used to represent the 

resistance to energy flow from the flowline to the environment (Aman et al. 2015). As the system 

evolves from its initial conditions, gas hydrate will form and grow when the system temperature falls 

below the equilibrium temperature and a positive subcooling is produced. Hydrate formation is 

assumed to occur at the hydrocarbon-water interface in the condensed phase, where individual 

emulsified droplets are used to estimate the surface area available for reaction. The amount of 

hydrate formed in each time step further informs the magnitude of the exothermic source term 

included in the heat balance. The rate of gas consumption from hydrate growth (dn/dt) is calculated 

at each node according to the continuous phase in which the reaction is taking place: oil-continuous 
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systems are described by a temperature driven kinetic-type model (Vysniauskas and Bishnoi 1983; 

Turner 2005) as seen in Equation 2.7, where the kinetic constants have values of 37.77 and 13,600 K 

for C1 and C2 respectively, the prefactor u may take values between 1/500 and 1 (Davies et al. 2009) 

and the driving force is the difference between the hydrate equilibrium temperature (Teq) and the 

system temperature (T). Hydrate growth in water-continuous systems is described in terms of the 

diffusional limitation of methane in water, (Equation 2.14), and is proportional to a species mass 

transfer coefficient (ki) and the difference in that specie’s concentration (Ci) with and without the 

presence of hydrate (Skovborg and Rasmussen 1994). The presence of hydrate typically increases 

methane solubility in the aqueous phase. The area term in Equation 2.7 (Asurface) is estimated based on 

the work of Boxall et al. (2012) for water-in-oil droplets in turbulent systems (typically less than 100 

μm), while in Equation 2.14, an oil droplet size of 10 μm is assumed based on the work of Vysniauskas 

and Bishnoi (1983) for water-continuous systems. It is assumed that these dispersed systems of 

droplets provide the interfacial area for hydrate formation. 

This algorithm does not allow for the description of simultaneous oil and water continuous phases, 

where hydrate may form and grow in one or both; such non-dispersing systems are common in gas-

condensate fields. Integrated over the flowline, Equations 2.7 and 2.14 allow for the direct estimation 

of both hydrate volume fraction and pressure losses due to consumption of volatile species into the 

hydrate phase, which provide the required inputs to the particle transportability models described 

below. 

To determine the degree to which these discrete hydrate particles form aggregates, the radius-

normalized interparticle cohesive force (FIP) must first be calculated (Israelachivili 1992; Camargo and 

Palermo 2002) This quantity represents the cohesive force between hydrate particles divided by the 

harmonic mean diameter of the hydrate particle pair, and can be estimated from laboratory 

experiments (Aman et al. 2012a; Morrissy et al. 2015; Dieker et al. 2009; Taylor et al. 2007; Brown and 

Koh 2015; Yang et al. 2004); the normalization to the particle radius allows scaling of the cohesive 

force between hydrate particles of varying sizes. This cohesive force which acts to bind hydrate 

particles into aggregates is countered by the shear stress applied by the fluid which acts to break 

aggregates up. When oil is the continuous phase, this force balance is calculated with a dynamic 

cohesion algorithm that accounts for both capillary water bridges – which is generally dominant on 

the order of minutes – and interparticle growth or sintering, which dominates on the order of hours 

(Aman et al. 2011). The inter-particle force depends on the oil-water wetting angle (θc) and interfacial 

tension (γWO) as well as several geometric parameters; the effect of free water is currently only 

accounted in the capillary bridge component of the model (Equation 2.8, upper).  



 41 

With estimates of the cohesive and disruptive forces, we can make use of the aggregation model 

proposed by Camargo and Palermo (2002; Sinquin, Palermo and Peysson 2004) (Equation 2.10) to 

estimate the mean aggregate diameter at mechanical equilibrium. This model determines the 

aggregate diameter (DA) as a function of the particle diameter (Dparticle), hydrate fraction relative to the 

condensed phase (Φhyd), base oil viscosity (μ0) and shear rate (�̇�). 

In Equation 2.10, the fractal dimension (fD) is estimated at 2.5, while the maximum packing volume 

fraction (Φmax) is assumed to be 4/7 (Mills 1985). The particle diameter is the same value used in 

determining interfacial area as described above (i.e. that of dispersed droplets), which is typically less 

than 60 µm. Ohmura, Kashiwazaki and Mori (2000) used laser interferometry to determine that 

hydrate film thickness was typically between 10 and 80 µm, these estimates were refined by Brown 

and Koh (2015) using cantilevers to measure the puncture strength of hydrate shells, suggesting they 

were on the order of 20 to 50 μm.  Haber et al. (2015) made the first non-destructive measurements 

of shell thickness using NMR, showing that typically, hydrate particle shells will rapidly convert to a 

depth of approximately 50 μm before mass transport limitations become significant. As such, within 

the model, it is assumed that individual droplets fully convert to solid hydrate particles. This is a 

conservative estimate for an industrial system where the water is likely to be a brine – in this case, 

conversion will be limited by the thermodynamic effects of salt concentrating in the remaining water 

phase. 

The computational load for solving Equation 2.10 is significantly greater than all other computations 

in this algorithm combined, as it is a multi-root system that has no exact solution and must be solved 

numerically. This is true both in the algorithm presented here and in similar implementations for 

commercial software where the solution is computed using a secant solver. However, the equation 

can be reframed, as we are primarily interested in solving the ratio of aggregate to particle diameter, 

where all other inputs are known. Further, the values of the fractal dimension and maximum packing 

fraction are typically considered fixed fitting factors, so can be treated as constants; allowing for 

Equation 2.10 to be re-written per Equation 3.6. 
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This yields a simple result where the output can be determined in terms of only two parameters: a 

combined value representing the properties of the bulk fluid and particle interactions, and the volume 

fraction of particles present. Typical ranges for these parameters and their combined result are listed 

in Table 3.1, with the combined parameter spanning 14 orders of magnitude. 
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Table 3.1. Typical value ranges for inputs to the Camargo & Palermo force balance 

Parameter Expected Range Combined Value Unit 

Interparticle Force 1 to 800 - mN/m 

Carrier Fluid Viscosity 1 to 1000 - cP  

Disruptive Shear Rate 1 to 4000 - s-1 

Particle Diameter 1 to 300 - μm 

Hydrate Volume Fraction 0.01 to 0.55 - - 

Combined Parameter 
Range 

- 2.8 to 8x1014 - 

 

This ‘Combination of Variables’ (κ) is relatively well-behaved when dealt with logarithmically, so when 

solving for the aggregate diameter at any given hydrate fraction, the resulting curve is smooth, per 

Figure 3.3. It is then simple to implement a two-dimensional lookup for aggregate diameter where the 

hydrate fraction is spaced linearly, the values of κ logarithmically and the interpolation performed 

linearly. This decreases compute time for the overall algorithm by at least two orders of magnitude 

for typical simulations, with no loss in accuracy in computing aggregate diameters. This can be seen in 

the inset of Figure 3.3, where two simulation results using the exact solution and a 100-point lookup 

table are displayed; there is no visible difference in the predicted value of the aggregate diameter. If 

future experimental and theoretical work leads to a description of fractal dimension changing as a 

function of other system parameters, an additional third dimension to the lookup table to account for 

this would still yield a substantial gain over solving the force balance numerically.  

 

Figure 3.3 – The ratio of aggregate to particle diameter as a function of the combined fluid / particle interaction parameter. 
Inset figure shows a comparison of aggregate diameter for simulations using the exact solution and a 100 point lookup table. 
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After determining the result of Equation 2.10, the algorithm calculates the overall viscosity increase 

of the hydrate-in-liquid slurry. In this calculation step, the viscosity of the emulsion in the absence of 

hydrate formation is estimated using a method proposed by Phan-Thien and Pham (1997), which is a 

function of the viscosities of the dispersed and continuous phases (μdispersed, μcontinuous) and the phase 

fraction of the dispersed phase (φ). 
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This method (Equations 3.7 to 3.9) accounts for viscosification on a phase fraction basis, but it does 

not account for viscosity change as a function of temperature. After the base emulsion viscosity is 

calculated, the algorithm determines the particle/aggregate apparent slurry viscosity according to 

Mills’ model (1985) per Equations 2.11-2.13. 

The overall slurry viscosity is defined as the product of its relative viscosity (μrelative) and the base 

emulsion viscosity (μemulsion). This treatment of the water-in-oil and hydrate-in-oil viscosity does not 

address the rate dependence of these dispersions, which is a significant approximation. However, this 

is also the case in current state-of-the-art multi-phase flow simulators such as OLGA® and LedaFlow®, 

which do not yet incorporate such a rate dependent description of dispersion viscosity. The overall 

slurry viscosity is used in conjunction with either the Lockhart-Martinelli (1949) (Equations 2.19 to 

2.26) or Mukherjee-Brill (1985) (Equations 2.27 to 2.55) two-phase pressure drop models to determine 

the frictional component of system pressure loss; in the examples presented here, the Mukherjee-

Brill model has been used exclusively. 

This process is iterated through each spatial and temporal step, based on user-specified wellhead and 

riser base conditions. The model outputs the pressure-temperature evolution along the pipeline 

inclusive of hydrate formation, which may be compared against field data or used to inform whether 

a scenario warrants further investigation with another simulation tool.  
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3.3 Testing and Validation 

Two approaches were taken to assess the results produced using the algorithm in terms of both 

benchmarking and experimental validation. First, a hypothetical flow line scenario was defined and 

simulated using both the algorithm and a more rigorous hydrodynamic model implemented within a 

commercially-available software package. Second, the algorithm was used to predict the results of 

laboratory experiments conducted with flowloops and autoclaves, both in terms of the hydrate 

growth rates and, in the case of the flowloop experiments, pressure drop increase. The latter 

comparison includes re-running the benchmark for the original form of the algorithm presented by 

Aman et al. (2015). 

3.3.1 Comparison with a Rigorous Hydrodynamic Simulator 

Figure 3.4 shows the pressure and subcooling ‘evolution’ of an example system containing a water-in-

oil emulsion with a watercut of 70% to avoid any limitations on hydrate formation associated with 

water consumption; while this is close to the inversion point for this particular oil, there are many 

documented examples of emulsions, from both industrial and experimental studies (Moradpour, 

Chapoy and Tohidi 2011; Sjöblom et al. 2010) that are stable with this – and higher – watercuts. Other 

parameters for this base case simulation are outlined in Table 3.2. The initial condition for this 

evolution was obtained by simulating steady-state flow with hydrate formation deactivated; once this 

artificial, hydrate-free initial state was established hydrate formation in the algorithm was activated, 

allowing the iterative solution path to be followed until it converged to a steady-state condition 

inclusive of hydrate formation. This convergence is not indicative of any physical transients in the 

system, but instead represents the mathematical progression to a solution dictated by the algorithm’s 

assumptions, occurring approximately over the (simulated) fluid residence time. The results presented 

in Figure 3.4 and Figure 3.5 represent example outputs obtained using the default (un-tuned) 

algorithm. 

Table 3.2. Simulation parameters for base case example. 

Parameter Value Unit 

Wellhead Pressure 150 bar 

Line Length 40 km  

Volume Element Length 500 m 

Line Diameter 25.4 (10) cm (inches) 

Overall Heat Transfer Coefficient 25 W/m2/K 

Wellhead Temperature 30 °C 

Ambient Temperature 4 °C 

Water Cut 70 % 
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Parameter Value Unit 

Average Mixed Phase Velocity 1 m/s 

 

 

Figure 3.4. HyFAST 2 calculations of (a) pressure and (b) subcooling for the base case flowline (Table 3.2) from its initial (no-
hydrate at 0 min) steady-state condition to a steady-state flow (1000 min) with active hydrate formation, where a 

subcooling of 3.6 K is required for hydrate nucleation. 

The driving force for hydrate growth is typically represented as the difference between hydrate 

equilibrium temperature and system temperature (i.e. subcooling), as shown in Equation 2.7 for oil-

continuous systems. The decrease in overall pressure shown in Figure 3.4 can be attributed to the 

combined effects of three physical phenomena: i) hydrate growth; ii) frictional pressure drop due to 

slurry flow; and iii) thermal contraction of the liquid phase. The latter contribution can be explicitly 

identified from the initial pressure-temperature profile, where no hydrate was present. As hydrate 

begins to form, gas consumption further decreases the system pressure by approximately 55 bar. As 

the hydrate slurry forms, the frictional contribution to pressure loss along the line increases to 48 bar 

due to changing viscosity, while the thermal contraction term remains unchanged. While gas 

consumption and frictional losses are an expected phenomenon, the thermal contraction of the fluid 

is an artefact resulting from the assumption of constant velocity in the flowline. This assumption 
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prevents a given control volume of fluid from increasing or decreasing its velocity in response to 

changes in pressure driving force. Importantly, without a momentum balance structure, the algorithm 

is unable to model the bathymetry of subsea systems, instead assuming a perfectly horizontal flowline. 

Relaxation of these assumptions requires the development of a comprehensive multiphase 

momentum balance, which was beyond the scope of this algorithm as a conceptual tool and is 

explored in Chapters 4, 5. 

As a first means of validation, the algorithm’s results were compared to the steady-state solution, 

without hydrate formation, produced using a multiphase flow simulator in which momentum balance 

is considered. The steady-state solutions calculated for the base case parameters listed in Table 3.2 

using the algorithm and a rigorous hydrodynamic simulator (OLGA® 7.2) are compared in Figure 3.5.  

 

Figure 3.5. Subsea flowline pressure (black) and temperature (red) at steady-state as predicted by the algorithm (pressure: 
dashed, temperature: solid) and OLGA® 7.2 (pressure: solid points, temperature: hollow points). 

The artificial effect of thermal compression in the algorithm’s solution can be clearly observed in the 

pressure trace of Figure 3.5, which diverges from the values predicted with the more rigorous 

hydrodynamic simulator (OLGA® 7.2). At approximately 5 km into the flowline, this divergence reaches 

a maximum, which corresponds to the location where the fluid has nearly reached thermal equilbirium 

with the environment. This indicates that the divergence in pressure is a direct result of cooling from 

the inlet temperature, coupled with a constant velocity assumption. This comparison further suggests 

that, due to the reduced pressure, the calculated hydrate growth rate will be lower in the algorithm 

than OLGA® 7.2 for the region of 5 to 25 km; however, this effect is mitigated with distance.  
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3.3.2 Comparison to Experimental Data 

Aman et al. (2015) presented a comparison of the first-generation HyFAST algorithm to 24 sets of 

experimental flowloop data gathered at the ExxonMobil facility in Friendswood, TX to estimate 

confidence in its predictive capabilities. These experiments were performed with both a heavy bio-

degraded crude oil and a condensate, with liquid loadings ranging from 50 to 90 vol%, watercuts from 

15 to 90 vol%, and velocities of 1-3 m/s. Further details of the specific apparatus and fluid are provided 

by Joshi et al. (2013) and Grasso et al. (2014; 2015), respectively. In addition, the second generation 

HyFAST algorithm was compared to a subset of the data measured by Akhfash et al. (2013; 2016), for 

water-in-oil emulsions consisting of between 10 to 70% watercut, mixed at stirring speeds of 500 or 

900 RPM in a 1 inch ID sapphire autoclave apparatus. The comparison displayed in Figure 3.6b 

considers only the experiments conducted by Akhfash et al. in which the water was fully dispersed 

within the oil phase; this subset excludes all experiments performed at 300 rpm, which were partially 

dispersed systems (i.e. a bulk water phase existed); these systems were outside the algorithm’s 

domain. These comparisons to experimental data show the accuracy of the algorithm in predicting: i) 

the hydrate growth rate, which was within 17% of the autoclave data; and ii) the impact of hydrate-

in-oil slurry viscosification on the frictional pressure drop, which was within 0.3 bar (4.3 psi) of the 

flowloop data. These are predictions in the sense that no parameters in the models were adjusted to 

improve agreement with the data. 

The comparison of the updated algorithm’s predictions with the flowloop data for oil-dominant flows 

produces similar results to those previously reported by Aman et al. (2015). The predicted pressure 

drop due to hydrate formation has an average deviation of 0.13 bar (1.9 psi) from the values measured 

in experiments with watercuts below 75% and liquid phase Reynolds numbers below 75000. The 

average deviation between model predictions of pressure drop increase and all flowloop experiments 

was 0.3 bar (4.3 psi). The magnitude of the deviations increases with both increasing water-cut and 

liquid-phase Reynolds numbers, where the former is due to the co-existence of a liquid water phase, 

and the latter is due to the onset of complex flow regimes (e.g. slug flow) that extend beyond the 

model’s simplistic description of water-oil interfacial area (Lockhart and Martinelli 1949; Mukherjee 

and Brill 1985). 

The comparison to autoclave data in Figure 3.6b shows the deviation between the observed and 

predicted absolute hydrate volume fraction, time-averaged across the experiment’s duration and 

normalised to the maximum hydrate volume fraction observed in the experiment. When applying the 

algorithm to an autoclave, the cell volume is sufficiently small that a single control volume is used. The 

comparison illustrates that the model accuracy increases with the shear rate of the system; low shear 
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rates were previously established to introduce mass transfer limitations in the stirred cell (Akhfash et 

al. 2013; Akhfash et al. 2016), which are not considered in the oil-continuous growth model. The 

average deviation in hydrate growth rate for the fully-dispersed experiments was 17%; if the six 

partially dispersed systems measured by Akhfash et al. were included in the analysis, the average 

deviation increased to 21%. 

 

Figure 3.6.Validation of the HyFAST algorithm using flowloop and autoclave data. (a) Average absolute deviation in 
pressure drop increase for 24 flowloop experiments as a function of both watercut and liquid phase Reynolds number, 

where the diameter of each data point corresponds to the magnitude of deviation. (b) Deviation in hydrate volume fraction 
normalised to the maximum hydrate volume fraction for 11 autoclave experiments, as a function of watercut. 
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Figure 3.7 shows the time trace of a flowloop experiment run using a bio-degraded crude oil with a 

75% water cut and liquid velocity of 1 m/s. The upper pane demonstrates the method used in 

evaluating how well the algorithm predicted the behaviour for flowloop data; the hydrate fraction was 

fit by adjusting the C1 parameter in Equation 2.7, where the test of the algorithm is its prediction of 

the resulting pressure drop increase from liquid phase viscosification (lower pane). While The 

algorithm adequately captures the average behaviour of the system, the following features must be 

noted: i) the model overpredicts the initial pressure drop increase, this may indicate that the oil 

dispersed hydrate particles at low volume fractions; ii) the model underpredicts the ultimate pressure 

drop increase, suggesting it is insufficiently sensitive to high volume fractions; and iii) the model does 

not capture the spread of data, this is indicative of transients within the flowloop from (for example) 

slugging or the non-smooth movement of a hydrate bed. 

 

Figure 3.7. Hydrate fraction and pressure drop increase as a function of time for a biodegraded crude flowloop experiment 
run at 1 m/s and 75% water cut (Aman 2012). 

Figure 3.8 shows a pair of traces for pressure drop increase in a condensate. Comparing the top pane 

with the previous crude oil data, it is first clear that the magnitude of pressure drop increase is 

substantially smaller. This is due to the physical properties of the liquid phase; the interfacial tension 
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of the condensate is approximately twice that of the crude, which leads to droplets with a diameter 

three times larger. The resulting reduction in surface area means that less hydrate is able to form over 

a similar timeframe, thus less viscosification occurs. This is offset by the case presented in the lower 

pane, where the increased shear from the faster moving flow mean the mean droplet size is similar 

between this condensate and the crude presented previously, resulting in a similar pressure drop 

increase. The discrepancies between the model and the data are similar for Figure 3.8b as those for 

the bio-degraded crude oil; the algorithm performs better for the lower velocity condensate case, 

where the hydrate fraction does not exceed 5 vol%. In general, this comparison suggests that the 

algorithm’s aggregation model for hydrate may require re-examination; it performs well at low 

hydrate fraction, but it overpredicts viscosification at intermediate particle concentrations, and is 

insufficiently sensitive when hydrate dominates the flow. This suggests a re-tuning or replacement for 

the Camargo and Palermo (2002) model may be required, which should be supported by focussed 

rheological studies. 

 

Figure 3.8. Comparison of pressure drop as a function of time for two experiments using a condensate, conducted at 75% 
water cut with a velocity of 1 m/s and 2.5 m/s  (Aman 2012). 
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3.4 Predictions and Implications for Hydrate Management Strategies 

This algorithm is not intended as a replacement for rigorous hydrodynamic simulators, but rather as 

a conceptual tool to investigate and screen risk scenarios in hydrate-forming systems and estimate 

the efficacy of hydrate management strategies. Critical scenarios might then be treated in more detail 

using rigorous hydrodynamic simulators that require significantly longer computational time. From 

the base case values provided in Table 3.2, three hydrate management strategies are considered 

below: i) application of thermal insulation along the flowline to retain heat within the system; ii) the 

injection of monoethylene glycol to shift the hydrate curve; and iii) the injection of a model anti-

agglomerant to minimize aggregation between hydrate particles.  

Thermal insulation is a common hydrate prevention strategy, which relies on the retention of reservoir 

fluids’ heat to keep the flowline outside of the hydrate stability zone. The efficacy of the insulation 

depends on the subsea environment conditions, the insulation thickness and type, and the degree to 

which the pipeline has been buried. For these purposes, we consider a case where ‘standard’ thermal 

insulation has reduced the overall heat transfer coefficient from an uninsulated value of 25 W/m2/K 

to 2 W/m2/K (4.4 to 0.35 BTU/ft2/°F). The resulting hydrate volume fraction and relative slurry 

viscosity, calculated for both the base (uninsulated) and insulated cases, are shown in Figure 3.9. The 

results illustrate that the effect of the insulation is to shift the hydrate nucleation location in the 

tieback from 2.5 km to 31.5 km, which decreases the subsequent residence time available for hydrate 

growth and agglomeration. The uninsulated case reaches a maximum hydrate volume fraction of 50% 

(of the condensed phase) after 15 km, corresponding to a peak in the slurry’s relative viscosity of 500, 

where the system becomes limited by gas availability. Zerpa et al. (2011b) have qualitatively 

characterized hydrate plug formation risk in terms of the relative viscosity, where values below 10 are 

considered ‘low-risk’, while a relative viscosity in excess of 100 is ‘high-risk’ (Table 3.3).  

Table 3.3. Qualitative metrics for hydrate plugging risk described by Zerpa et al. (2011b). 

Hydrate Plugging Risk Relative Viscosity Range 

Low 1 to 10 

Intermediate 10 to 100 

High > 100 

 

Application of the insulation delays the nucleation point. When insulation is applied, the hydrate 

growth rate typically decreases rapidly after nucleation, because the exothermic heat of hydrate 

fusion is more easily retained in the flowline. However, for this 40 km flowline simulation, the results 

suggest that this degree of insulation is still insufficient to prevent a high-risk of plugging at steady-

state; the hydrate fraction reaches 36 vol% corresponding to a peak relative slurry viscosity of 300. 
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From results such as these, the likely effectiveness of an insulating layer as a mitigation strategy can 

be quickly assessed; in this case, a significant delay in nucleation does not correspond to a significant 

decrease in the hydrate plugging risk. 

 

Figure 3.9. Steady-state hydrate volume fraction and relative viscosity as a function of flowline length; the base case is 
compared to an insulated case, where the overall heat transfer coefficient is reduced to (2 W/m2/K) on hydrate formation.   

Traditionally, industry has applied thermodynamic hydrate inhibitors (THIs), including methanol and 

MEG, to fully suppress hydrate formation in oil and gas flowlines. If sufficient quantities are injected 

at the wellhead, flowlines may cool to seabed temperatures without any risk of hydrate formation. 

Alternatively, subsea systems may be designed with insulation to avoid hydrate risk during 

steady-state, and THIs may be injected during transient operations (Sloan, Koh and Sum 2011). The 

amount of THI required for complete hydrate avoidance is usually calculated with the use of a 

pressure-temperature diagram, where the flowline conditions are plotted alongside hydrate 

equilibrium curves calculated for a range of THI dosages. In some operations, the THI fraction may not 

be evenly distributed through the flowline, leading to an under-inhibited condition. To enable 

consideration of these types of under-inhibited scenarios, a three-dimensional lookup matrix for 

hydrate equilibrium temperature as a function of: i) operating pressure; ii) ethane fraction; and iii) 

MEG fraction, was implemented together within the algorithm. Variations in kinetic formation rates 

were not considered with the effect of under-inhibition estimated purely from the change in aqueous 

phase MEG concentration as a result of water consumption to form hydrates. Combined with the 

compositional tracking component of the algorithm, dynamic hydrate equilibrium curves can be 

calculated as MEG is concentrated in the aqueous phase during hydrate growth. 
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Figure 3.10. (a) Hydrate volume fraction and (b) MEG mass fraction in water at steady-state, at four initial MEG dosage 
rates in the flowline.  

Figure 3.10 illustrates an example calculation, where the steady-state hydrate volume fraction is 

determined for four mass fractions of MEG in the aqueous phase, demonstrating the tendency for 

under-dosed systems to experience ‘self-inhibition’. The 10 wt% MEG case shows hydrate nucleation 

at approximately 6 km into the flowline, with the aqueous MEG fraction reaching a maximum of 20 

wt% due to water consumption. In considering the severity of hydrate plug formation, the results in 

Figure 3.10 correspond to a reduction in the maximum relative viscosity from 500 at 0 wt% MEG, to 

28 with the addition of 20 wt% MEG, which may be considered ‘low-plugging risk’ according to the 

criteria of Zerpa et al. (2011b) (Table 3.3). 

Under-dosing of THI represents one possible risk-based strategy to improve the viability of deep-water 

production scenarios for which complete inhibition may jeopardize the economic viability of the asset 

(Sloan and Koh 2008). To alleviate this cost burden, the industry has supported development of new 

hydrate management strategies over the past decade, where a limited amount of hydrate is allowed 

to form and the slurry viscosity is minimized through the use of anti-agglomerant (AA) chemicals. 
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These AAs are functionally ionic surfactants, which are thought to reduce both water-oil and hydrate-

oil interfacial tension; they prevent the formation of large hydrate aggregates, enabling a 

transportable and finely dispersed hydrate particle slurry. The effect of AA injection may be 

considered by setting FIP to 1 mN/m in Equation 2.10, which corresponds to the minimum cohesive 

force value measured by Aman et al. (2012b) in the presence of surfactants.  This is comparable to a 

dry (< 0.1 vol% water) cohesive force as predicted by model proposed by Aman et al. (2011); 

conversely a wet interparticle force may be as high as 2-400 mN/m for a mixture with high interfacial 

tension, while a typical value is on the order of 50 mN/m. An example of the effect resulting from the 

injection of such an AA is shown in Figure 3.11. 

 

Figure 3.11. Hydrate volume fraction (left axis) and slurry relative viscosity (right axis) at steady-state in the flowline, where 
the injection of a model anti-agglomerant enables a flowable slurry with a comparable hydrate volume but a greatly 

reduced relative viscosity.  

The results of the calculations shown in Figure 3.11 indicate a somewhat surprising result in that the 

application of AAs is predicted to slightly increase the steady-state hydrate fraction from 48 to 52 

vol%. This is because addition of the AA reduces both the extent of hydrate aggregation and the 

slurry’s relative viscosity and thereby the frictional pressure drop experienced inside the flowline. 

Consequently, most internal nodes within the AA simulation are at a higher pressure than they would 

be in the absence of the AA, resulting in a larger local driving force for continued hydrate growth. This 

behavior is only applicable to systems where hydrate growth is limited by gas availability. 

3.5 Summary and Lessons Learned 

This update to the HyFAST algorithm serves primarily as a testbed framework to treat hydrate 

formation as an integrated part of the engine, coupling in both a more rigorous treatment of system 
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thermodynamics and linking hydrate formation directly to transport phenomenon. Integrating a 

compositional tracking method into the solution allows for a more thorough treatment of the 

denuding effects of hydrate formation, where the preferential consumption of sII formers such as 

propane may shift the equilibrium curve to a more favorable condition in fields where these species 

exist at lower concentrations. This effect is similar to that of THI self-inhibition in terms of the 

thermodynamic driving forces, and represents a potential pathway for reducing costs while 

maintaining safe operations in methane rich production reservoirs. 

The algorithm performs well against benchtop and intermediate scale experimental apparatus, with 

hydrate formation predictions within 20%; further its predictions of system behavior under insulation 

and LDHI injection are qualitatively sensible. However, its ability to make predictions remains 

qualitative due to several key limiting assumptions: 

a. The transport equations are not treated in full, where the constant velocity assumption will 

render predictions of pressure drop unreliable for a non iso-thermal simulation, as the 

solution becomes dominated by thermal effects rather than gas consumption and friction.  

b. Where thermal gradients exist in simulations, hydrate formation will be underpredicted by an 

extent that is directly proportional to the magnitude of temperature differential between the 

inlet and ambient condition. In practice, this means that to ensure hydrate formation, 

simulated pressures were typically high enough that they would cause severe hydrate 

formation in real systems. 

c. By computing the effect of hydrate formation on viscosity, the algorithm introduces the 

concept of directly simulating the interaction of hydrates and fluid transport properties. 

However, as the simulation runs at a fixed velocity, this means that with increased viscosity, 

we simply see an increase in pressure drop. More realistically we would expect to see a 

relatively constant (linear) pressure drop over the flowline, as defined by the bounding 

conditions at the wellhead and topsides. Instead the effect of hydrate formation should be to 

reduce the accessible flowrate, thereby imposing an economic cost from lost production. 

These core points led to a reprioritization of calculations in an updated steady-state algorithm, which 

aimed to operate orders of magnitude faster while incorporating a steady-state mass, momentum, 

energy balance.  
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4. Rapid Steady-State Calculations with Hydrate Formation 

In the previous chapter we identified several key limitations and points for improvement. This chapter 

focusses primarily on: i) correctly constructing the fluid equations for a fully discretized solver; and ii) 

improving the speed of the algorithm such that it becomes useful as a rapid screening tool.  

To achieve these aims, the algorithm described here is solved on a ‘once through’ steady-state basis; 

this removes the time dependent simulation of hydrate kinetics in favour of a residence time 

approach. To facilitate this, the inlet conditions are fully specified; as such, similarly to the previous 

chapter, the algorithm then predicts the effect of hydrate formation in terms of an overall pressure 

drop along the line. By fully treating the mass, momentum and energy balances, this pressure drop 

can be accurately determined and decoupled from a more complex geometry that accounts for 

variable flowline bathymetry. This model retains the compositional mass and energy balance linked 

to an integrated thermodynamic engine, which is updated in terms of thermophysical property 

calculations. 

4.1 Boundary Conditions for the Steady State Algorithm 

The easiest boundary condition to implement for a steady-state solver is a mass source where we fully 

specify the inlet in terms of pressure, temperature, composition and flowrate, with the outlet 

conditions left free. With a definition of the flowline geometry and ambient conditions, this then 

allows for each section to be solved sequentially, without the need to ‘jump’ backwards along the line 

as part of an iterative solution.  

The alternative is a pressure-bounded simulation, where we specify pressures and temperatures at 

both the inlet and outlet, then guess a resultant flowrate. This simulation then proceeds from the 

inlet, with the computed outlet pressure compared to the boundary condition, which informs 

adjustment of the flowrate and iteration until the boundary conditions are met within some tolerance. 

This works in normal situations because the change in pressure drop is monotonic with flowrate inside 

of the same flow regime; that is, increasing flowrate will always decrease the outlet pressure as more 

energy is lost to interfacial friction, which is highly amenable to iterative methods such as a Newton-

Raphson solver.  

The implementation of hydrate-specific calculations in steady-state simulations can introduce severe 

complications, as the monotonic relationship no longer necessarily holds. Instead, pressure loss 

becomes a complex function of gas consumption and viscous aggregating slurry frictional losses. If the 

computed end line pressure is below the boundary condition, we would generally be inclined to 

decrease flowrate. In the presence of hydrate formation, this decrease will correspond to a longer 
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residence time, which will: i) allow for greater gas consumption; and ii) decrease shear leading to 

greater particle aggregation and higher frictional pressure losses. By reducing the flowrate, we may 

end up lowering the predicted end line pressure, rather than increasing it; it is therefore exceptionally 

difficult to build a robust algorithm to account for this behaviour.  

A possible way forward in bounding simulations lies in simplifying the problem by assuming a non-

aggregating flowable hydrate slurry, as may be achieved by applying an anti-agglomerant. In this case 

it can be assumed that the ratio of aggregate to particle diameter is reduced to unity, which eliminates 

the non-linearities of the Camargo and Palermo (2002) equation from the problem. Mills’ (1985) 

model (Equation 2.11) then reduces to a well behaved function of the hydrate volume fraction only, 

with an asymptote at the maximum packing fraction. This can then be substituted into the Reynolds 

number and any choice of expression for the friction factor, to determine the average pressure drop 

over the flowline, which then informs the iterative loop on whether boundary flow should be 

increased or decreased. The approach works when the frictional pressure loss dominates any effects 

from gas consumption, which should be the case for a flowing system; as there is already an effect of 

gas evolution from the bulk hydrocarbon liquid which is easily handled by thermodynamic flash 

calculations. 

Within this algorithm (Figure 4.1), a simple once through inlet boundary condition has been 

implemented, as our primary goal is speed, which is a necessary requirement for its use in screening 

cases for analysis with more rigorous tools. 

 

Figure 4.1. Steady State Algorithm block diagram, calculations within the green box are performed for each section 
sequentially. 
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4.2 Steady-State Model Construction 

The steady-state algorithm makes use of many of the same fundamentals, in terms of hydrate 

formation, as the algorithm presented in Chapter 3, as such, only the differences will be elucidated on 

in detail. The flow equations are treated similarly, but include a change in reference frame that can be 

used to simplify the solution, where the properties of a constant fluid mass flux in space are tracked, 

which is coupled to its temporal evolution by way of residence time at steady-state. As such, the 

construction of the model is explained in terms of computing changes between the first and second 

sections (control volumes) of the flowline, where the process is simply repeated until the final section 

is reached. 

The boundary conditions define the values of pressure, temperature, composition and flow rate at the 

inlet. This means that the system is fully defined, enabling computation of the density (Equation 4.1) 

and velocity (Equation 4.2) associated with this condition; in turn this yields the inlet momentum 

boundary condition. 
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This value of momentum is of course conserved along the entire flowline, which allows us to compute 

how the pressure profile will vary as fluid enters the flowline. Over a given section, a simple 

momentum balance is used to determine how much energy (pressure) must be expended to maintain 

the fluid’s momentum (Equation 4.3): 
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In solving this initially, we assume that the inlet conditions are representative of the volumetric 

average of the first section, whether this is true or not depends on the gridding chosen, but the 

estimate is refined later through an iterative process. As such, all volumetric properties in the first 

section are known. Thermophysical properties such as density are computed by way of equations of 

state (Chapter 3), and additionally make use of compositional models for viscosity: Lohrenz-Bray-

Clarke (1964) is applied for light hydrocarbons, and the Pedersen (2007) corresponding states method 

is used for heavier components, where a simple crossover function is implemented to ensure 

continuity. Reynolds number, friction factor and ultimately pressure drop then follow from the 
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fundamental properties; this yields the pressure at the inlet to the next section. As the composition is 

conserved over the line at steady-state, this leaves only temperature to define the inlet conditions for 

the next section. This is determined by simply considering thermal loss on the mass flow through the 

flowline, with heat capacities calculated using the inbuilt equation of state: 

 
LM pT cUA m T =    4.4 

Where the exchange area is the area of the pipe exposed to ambient seawater, and the log-mean 

temperature difference is calculated over the section length: 
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Further, the overall heat transfer coefficient may account for stenosis at the wall when hydrate film 

growth is active: 
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Where the thickness of the deposit dx is assumed to be low, such that the exchange area does not 

differ significantly through the pipe wall. The thermal conductivity k of hydrate crystals has been 

measured in several studies, where we use a representative value of 0.6 W/m/K for the compact 

crystal structures expected to form by film growth (Huang and Fan 2004; Rosenbaum et al. 2007). 

The algorithm does not then immediately move to the next section and repeat this process. Rather, 

the computed values of P and T are taken together with the inlet boundary to make a more 

representative estimate of the bulk conditions within the section. This directly affects the density, thus 

to conserve momentum, the velocity is also updated. The momentum and energy balances are then 

recomputed and the process repeated until the outlet from the current cell has converged within its 

tolerance limits. This is not a difficult process in general, but care must be taken if the system is close 

to the hydrate boundary, to ensure that the system thermally limits correctly, and that the 

temperature does not begin to oscillate due to the heat of hydrate formation. 

The process described above can then be repeated down the flowline with the previous outputs 

serving as a new set of local inlet conditions, until the property profiles along the entire flowline are 

computed. Primarily, we are interested in the phase fractions and P-T response of the system, with 

the pressure drop over the system directly a function of how much hydrate has formed.  
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A model (idealised) case provides an example of the outputs for a long tie-back producing a black oil 

along a bathymetry that may be typical of fields in Brazil’s Campos Basin. The simulation encompasses 

the flowline from the manifold to its termination at an on-shore facility, as shown in Figure 4.2. The 

total length of the 12-inch flowline is approximately 90 km, with a steep rise representing transition 

from deep water to the continental shelf 35 km from the manifold. A simple thermocline is 

implemented to account for variations in ambient temperature, with heat transfer to the environment 

modelled using a uniform overall heat transfer coefficient of 25 W/m2/K (4.4 BTU/ft2/°F). The pressure 

at the manifold is 115 bar, with an inlet temperature 90 ⁰C, and a production rate of 20,000 STB/d.  

 

Figure 4.2 – Bathymetry and thermocline for a model case. The simulation section runs from a deep water manifold up the 
continental shelf before terminating at an on-shore facility. 

In this case, the algorithm was initially employed in the steady-state configuration to estimate the 

magnitude of hydrate formation that may be expected; all simulation results shown are calculated at 

a 100 m resolution. This single simulation provides a snapshot of how the system may be expected to 

behave at a single set of conditions. 

Figure 4.3 indicates that the region of hydrate formation lies on the manifold side of the continental 

shelf, when the flowline temperature is less than the equilibrium temperature, and after the 

subcooling (ΔTsub = Teq - Tline) has exceeded 3.6 K. Further, the system is heat transfer-limited as the 

line temperature increases and tracks the hydrate equilibrium temperature. As in Chapter 3, the 

equilibrium temperature is computed within the algorithm by referencing a lookup table which 
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accounts for methane concentration, ethane concentration and the concentration of monoethylene 

glycol (injected as a THI). These equilibrium curves predict the existence of SI hydrate near pure (98+ 

mol%) methane or ethane mixtures, and SII for the remaining available compositions. This approach 

is intended to capture the effect of the bulk hydrate formers. While a more rigorous method could be 

implemented incorporating heavier hydrocarbon species and water phase chemistry within the 

equilibrium temperature calculation, it would involve the use of a more complicated thermodynamic 

toolkit which would substantially increase computation times. As the primary purpose of this 

steady-state approach is speed and screening, the rigorous method is left for follow up studies of more 

nuanced behavior. 

The volume fractions of oil, gas, water and hydrate are shown in Figure 4.4, in addition to the relative 

viscosity of the fluid. This shows that the viscosification peak lies at the continental shelf, and, while 

the line segment on the continental shelf is outside the hydrate forming region, a limited amount of 

hydrate remains stable at exit of the flowline despite ongoing dissociation due to the thermocline. 

 

Figure 4.3 – Pressure (black), temperature (blue) and hydrate equilibrium temperature (red) as a function of distance from 
the manifold. The loss in pressure at the continental shelf, and the associated Joule-Thompson cooling effect, are visible in 

the temperature trace. Further, when hydrate first forms at a subcooling of 3.6 K, the system becomes heat transport-
limited. 
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Figure 4.4 – Absolute phase fractions of oil (green), gas (black), water (blue) and hydrate (red) in addition to the relative 
viscosity (dashed red) as a function of distance from the manifold. Even though the section of flowline on the continental 
shelf is outside the hydrate equilibrium region, without additional inhibition, hydrate will still be present at the end of the 

line at steady-state. 

The algorithm described in this chapter runs a calculation on the order of 500 ms on a modern 

computer for the listed simulation parameters. In terms of screening, several points are immediately 

obvious: 

a. The ‘danger zone’ for hydrate formation exists off the continental shelf, where pressures are 

sufficiently high to form hydrate, and monitoring or management strategies must therefore 

be considered. On the shelf itself the shallow water is above the hydrate equilibrium 

temperature. 

b. This scenario results in thermal self-limitation from hydrate formation, as the deeper section 

of the flowline dips relatively briefly into the hydrate equilibrium region before the flowline 

climbs the continental shelf. 

c. There is therefore only a low fraction of hydrate which forms, and limited viscosification of 

the slurry. 

In light of this, the steady-state tool could be used to investigate the effects of, for example, increasing 

the insulation of the flowline in deep water. This therefore represents an interesting case which would 
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benefit from a follow up study in a more rigorous simulation environment, where more dynamic 

effects, such as hydrate formation during a shut-in, can be modelled. 

4.3 Limitations of this Approach 

There is a temptation in simulation work to implement a high degree of complex physics to obtain the 

‘best’ possible representation of reality. A more appropriate approach is to ask what level of 

complexity is necessary to attain the required information on system behavior, with consideration of 

the fidelity of constituent models that comprise the overall algorithm. Currently, there are several 

industrial multiphase tools that can perform calculations that track hydrate formation, but this is a 

secondary objective in what are much more general simulators. These tools are furthermore highly 

complex and require extensive computational resources, lacking the ability to map overall system 

behavior rapidly. As such, the approach outlined in this chapter may be of use in generating a class of 

screening tools to assist and target more rigorous simulators towards cases of interest. These tools 

should work in synergy with more rigorous simulators, as the steady-state approach suffers from 

several limitations: 

a. It is appropriate only for flowable hydrate slurries and very specific cases where deposition 

occurs. The entire simulation essentially rests on a residence time argument for a constant 

mass flux; while deposition is a time-dependent phenomenon, the two are only compatible 

when deposition becomes physically limited. This may occur when the deposit serves as a 

sufficient insulator to thermally limit the formation of additional hydrate, leading to a deposit 

that is stable at steady-state, but does not occlude the flowline. Such cases are vanishingly 

rare, and represent a theoretical mathematical limitation of hydrate formation, not a norm in 

real operations, where the deposit may slough and plug the line; though it may be possible 

for short tie-backs in shallow water. If the deposit does not self-limit, then the section where 

it grows to fully occlude the flowline will cause the calculation to fail. This could in principle 

be used to estimate the time to failure in event of a deposition, but is not as reliable or robust 

a method as the use of a more rigorous dynamic algorithm. 

b. The use of a fully-defined inlet boundary condition rather than a pressure-bounded simulation 

does allow for a more efficient and robust calculation engine, but skews the metric used for 

evaluating the effect of hydrate formation. Rather than reduced flow, the result of 

viscosification is instead a reduction in the outlet boundary pressure; while the flow can be 

manually reduced to maintain outlet pressure, the complex behavior of aggregating hydrate 

means that this result is not guaranteed. 
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c. As the algorithm is run under the assumptions of steady-state, it is unable to determine how 

a system will behave during transient events. Given these are of critical importance when 

determining the severity of hydrate formation, a transient or dynamic simulation tool must 

be used; it nonetheless is useful as a screening tool to identify which cases merit more 

extensive simulation. 

The algorithm presented in this chapter is robust and computationally efficient, its applications are 

further explored in Chapter 7, where a method for large scale screening is described. This purpose as 

a screening tool serves to inform the use of more rigorous approaches and should be considered 

inseparable from their use. In the next chapter, a dynamic algorithm is presented, which highlights a 

path forward for linking hydrate formation directly to economic indicators. 
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5. Dynamic Multiphase Flow Simulation with Hydrates 

Chapter 4 examined the use of a rapid steady-state algorithm to predict how hydrate forming systems 

may operate under full flowing conditions. While this introduced a more complete view of fluid flow 

compared to the approach in Chapter 3, it suffers from several limitations that are inherent in steady 

state simulation: 

a. There was no dynamic link between flow and hydrate formation, so we can only see whether 

a system is going to flow within some variable applied pressure drop over the line. 

b. If deposition doesn’t thermally limit hydrate formation, we see a ‘failure’ in our simulation as 

pressure drop exceeds the absolute pressure at the inlet. 

c. As the flow condition doesn’t dynamically change, we lose a key point in assessing the severity 

of hydrate formation: we can’t see how a plug actually forms. While we can rewrite the 

steady-state approach to work for a constant pressure drop, this does not allow us to identify 

any early warning signs that would be useful information for an operator. 

In this chapter, we construct an algorithm which couples hydrate formation to a fully transient mass, 

momentum and energy balance backed by a thermodynamic engine. This allows us to address the 

gaps identified in steady state simulation tools by modelling how hydrate affects fluid flow during 

transient operations. The approach is more computationally intensive than those previously shown, 

and is best used in conjunction with rapid steady-state methods to target interesting cases. 

 

Figure 5.1. Block diagram showing key steps in the transient flow algorithm presented in this chapter. 
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Figure 5.1 presents a simplified block diagram for reference throughout this chapter. The algorithm 

can be thought of as three sub loops: i) a temporal iteration which tracks how the system evolves over 

time; ii) a sub-step loop to perform time integration and; iii) a spatial iteration which takes advantage 

of parallel computing. Within the spatial and temporal sub-loop, primary input variables (density, 

momentum and energy) are used to compute secondary quantities (pressure, temperature, and 

compositional properties X(P,T)). In conjunction with a transient mass, momentum and energy 

balance, this enables the algorithm to compute how the system will evolve with time. 

5.1 An Explicit Dynamic Scheme for Hydrate Formation in Multiphase Flow 

5.1.1 Spatial Discretization and Time Integration  

The purpose of this algorithm is primarily to show how hydrate will affect flow conditions where 

hydrate formation is fully coupled to the flow engine and supported by a compositionally based 

thermodynamic scheme. To do this, we a solve time dependent system, which we assume is well 

mixed, and can therefore be treated by collapsing the phase wise equations to a single set of mass 

(Equation 5.1), momentum (Equation 5.2), and energy (Equation 5.3) relations as follows: 
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These can be written in matrix form (Equation 5.4), with vector notation (Equation 5.5): 
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In general, each of the terms in this equation are as follows: 

( , )u x t − the conservation term 
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( )( , )F u x t − the flux term 

D − the source term 

That is, by solving these equations, we compute the ‘primary’ variable (density, momentum or energy) 

that is contained in the conservation term. The change over a unit length is denoted by the flux term 

along the flowline, and the source term represents a source/sink affecting the flux. These are 

hyperbolic conservation equations, and lack an exact solution. Instead, numerical methods are 

necessary, with the particular focus in this work on the Monotonic Upwind Scheme for Conservation 

Laws (MUSCL) method (van-Leer 1979). The scheme chosen is known as the Kurganov Tadmor 2nd 

Order (KT2) method (2000), which is explained in some detail by Bratland (2009), with the method 

rather than the derivation elucidated below. In this case, the method is modified further to allow for 

hydrate formation, as described. 

We seek to apply the above conservation equations to a spatial/temporal mesh describing fluid flow 

in a pipeline; they will be solved using a central differencing scheme which converts the equations to 

a set of ordinary differential equations. The general approach here is to sub-divide the desired solution 

mesh, solving the primary variables at intermediate locations which allow for the flux component to 

be computed. This then gives an estimate for how the primary variables are projected forwards in 

time, these are then time integrated using a fourth order Runge-Kutta method (Runge 1895; Kutta 

1901), after which secondary values (pressure, temperature, velocity) can be determined. A central 

differencing scheme requires a solution grid with coupling (in one dimension) between the spatial and 

temporal components as described by the Courant, Friedrichs and Lewy (1928) (CFL) condition: 
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Here n refers to the time co-ordinate, and the statement effectively says that the time step must be 

smaller than the residence time calculated using the largest propagation velocity in the system. For a 

pipeline, there are two possible characteristic speeds: i) the advection speed of bulk matter through 

the flowline, which governs thermal propagation; and ii) the speed of sound at which pressure waves 

propagate, which governs how fast information about, for example, valve opening, is communicated 

along the line. We take the second of these characteristic speeds (the sum of the fluid velocity and 

speed of sound, or approximately the speed of sound as c » v), as explicit schemes require a timestep 

that limits the propagation of information to the adjacent cells. 



 68 

With a grid that satisfies the CFL condition, we can make use of the KT2 scheme to solve the 

conservation equations. The KT2 scheme requires a choice of flux limiter, in this case the Superbee 

function (Roe 1986), which serves to limit oscillatory behavior: 
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Here ui is one of our conserved parameters (ρ, ρv, E) at spatial co-ordinate ‘i' in the current time step; 

these values are known through a combination of boundary and initial conditions. This allows us to 

define the Superbee function Φ(ri) : note that we compute ri-1, ri, and ri+1 to approach the solution from 

the left and right hand sides.  

First we compute the conserved variables u at their intermediate cell locations as follows for the right 

(Equations 5.9) and left-hand (Equations 5.10) sides: 
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These are then used to evaluate the secondary variables at the intermediate grid points;  velocity from 

the momentum and density: 

 v
v


=   5.11 

With the coupled values of pressure and temperature determined by iterating on the definition of 

system energy (Equation 5.12), using the procedure described below. This is effectively the method 

for performing a density, enthalpy flash calculation, so in the case that a lookup table was substituted 

for more rigorous thermodynamic calculations, this step could be transformed to a direct algebraic 

solution, reducing compute times: 
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with the following solution approach:  
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1. Guess T by taking the value at the previous time step 

2. Compute P = f(T, ρ) given that ρ is a known conserved parameter 

3. Compute h = f(T, P)  

4. Compute Ecalc and compare this to the known value of E as a conserved parameter. Note; 

this value of Ecalc is the energy per unit volume [J/m3] 

5. Adjust T and return to step 2 until convergence is achieved 

We now need to determine the characteristic local propagation speed of the solution which is done 

from first principles by computing the eigenvalues of the Jacobian of F(u(x, t)): 
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Where we would compute the characteristic speed as the spectral radius for the Jacobian of the flux: 
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However, as noted in determining the solution grid, the speed at which each of our conserved 

variables should propagate will be as follows: 

/ P − speed of sound 

v− speed of sound 

/E T − fluid velocity 

Therefore, we can compute the appropriate propagation speeds by considering the largest value at 

the boundaries or center of the current cell as follows: 

 ( ) ( ) ( )1/2 1/2 1/2 1/2
| | , | | , | |i i i i i

a max c v c v va c− + − −
 = = + + +    5.15 

When considering the propagation of energy we would set c = 0, reducing to the velocity of the fluid, 

neglecting natural conduction in the axial direction and assuming only heat transport by advection. 

Here we can compute the speed of sound, where the derivative is computed for either the Peng-

Robinson or Soave-Redlich-Kwong cubic equations of states (Equation 5.16). Both methods are 
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programmed within the algorithm, where the user may select their preferred option before running a 

simulation. 
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This now allows for the flux values from the left (Equation 5.17) and right (Equation 5.18) to be 

computed for each conserved variable using: 
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It is then possible to define the time derivative in terms of these fluxes and their corresponding source 

terms: 
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The integral term on the right-hand side accounts for the source term for the ith conserved parameter. 

We can evaluate this for each component by considering out four sources: friction, elevation, radial 

heat loss, and generation from hydrate formation; note that the first two apply to the momentum 

equation, while the latter two apply to the energy equation. The particular treatment of the heat of 

hydrate formation must be done with care; by including a specific formation heat we are indicating 

that it would not be accounted for in the overall energy definition via the enthalpy term (Equation 

5.12), similarly to accounting for the heats of fusion and vaporization for other species. The source 

term is computed as follows, effectively integrating the constituent terms (Equations 5.20 to 5.24) 

over the control volume using Simpson’s rule and a knowledge of the values at each boundary and the 

center: 
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Note that property values at cell boundaries are the simple arithmetic average: 

 

1
1/2

1
1/2

2

2

i i
i

i i
i

v

v

v v

v v

−
−

+
+

+
=

+
=

  5.24 

These averaged quantities are then used to form the source matrix D as follows: 
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This allows for the calculation of the time derivative of the conserved parameters ui. To advance the 

solution in time we now make use of a 4th order Runge-Kutta algorithm (Equations 5.26 to 5.28) which 

states in general the following calculation path for some ODE with a known initial condition: 

For: 
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where 
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In this case, the KT2 procedure above describes the method for determining the derivative of ui, that 

is, the method to determine k1 = f(tn, yn). To determine the parameters k2, k3, k4, we must successively 

substitute the newly determined value of ui into the algorithm until we can determine the time shifted 

value un+1. This then serves as the initial condition for the following time step for the matrix interior. 

However, information about the boundary conditions is required to solve the cells at the inlet and 

outlet of the line, these must be treated with some finesse. 

5.1.2 Boundary Conditions 

Boundary conditions are defined at the inlet and outlet of the pipeline, where it is assumed that 

pressure sources exist at both ends of the pipeline; that is, the inlet pressure is set according to the 

reservoir pressure, and the outlet pressure is determined by operational procedures. To implement 

these boundary conditions within the KT2 scheme we note that the scheme at any point requires 

information about two cells either side of it. We therefore create ‘ghost’ cells at each end of the 

flowline which are populated based on our boundary conditions. Bratland (2009) suggests the 

following set of boundary conditions (Equations 5.29 to 5.34): 

At the inlet boundary, for a pressure source (Equations 5.29 to 5.31): 
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Here Pi is the pressure in the first calculation cell and this is not equal to the specified inlet pressure 

Pinlet as the inlet pressure is defined at the boundary of the control volume Pi-1/2. Similarly, the 

temperature may be defined; note that this should be thought of as an extrapolation of the 

temperature in the ghost cells that would be required to yield the defined inlet temperature, but not 

a statement that the downstream temperature will affect the inlet temperature. 
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Finally, extrapolate the velocity at the inlet as: 
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Conversely, at the outlet the temperature becomes a function of the fluid’s history as it traverses the 

flowline, therefore the outlet boundary conditions (Equations 5.32 to 5.34) are as follows for 

temperature: 
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A similar approach is deployed to calculate velocity: 
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Finally, the pressure of the outlet as a controlled variable, its value in the ghost cells is given as: 
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In practice it was found that this choice of conditions led to several numerical discrepancies from 

expected physical behavior. On inspection, it becomes evident that the behavior of the boundary 

conditions completely dominates the predicted P-T behavior of the algorithm along the flowline. In 

particular, allowing pressure to ‘turn over’ (where the value of pressure in the inner ghost cell is a local 

turning point bracketed by the outer ghost cell and an adjacent ‘real’ pipe section) per Equations 5.29

, 5.34, let to unphysical oscillations in temperature at the flow outlet. Rather, it is better to extrapolate 

pressure linearly at each end, as this mirrors the physical behavior within the flowline, therefore we 

use Equation 5.35 at the flow inlet, with an equivalent for the outlet: 
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Furthermore, to ensure that the solution relaxed to steady-state as expected, it was preferable to set 

the overall momentum at the inlet equal to that calculated in the first real cell, similarly the outlet. 

That is, when the system reaches steady-state, we expect momentum to be constant along the 

flowline, thus the velocity boundary conditions are computed as follows: 
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This is not the same as setting the velocities equal in the ghost cells and first real cell, as we account 

for density fluctuations in the ghost cells from differing P-T conditions. It was found that extrapolating 

temperature in the ghost cells as recommended by Bratland (2009) led to a sensible result, so this was 

not modified. The set of boundary conditions listed here is sufficient to fully define in- and out-flow at 

either end of the pipe, where for in-flow the conditions listed for the ‘inlet’ are used; in the case of 

outflow, the ‘outlet’ conditions are used. 

Whichever set of boundary conditions is used, it is necessary to convert the set of secondary variables 

(P, T, v) to the primary variables (ρ, ρv, E) for the ghost cells, therefore we must determine how our 

specified choice of boundary conditions determines these values as follows: 

1. Determine ρ = f(P, T) to give the first conserved parameter for known P, T at the boundary 

2. v is known as part of our boundary condition; compute ρv 

3. Determine E by Equation 5.12 where we can compute h = f(P, T) and P is a boundary condition 

Finally note that in addition to computing the boundary condition post time step for each temporal 

iteration, we also required an initial condition for the bulk pipeline. This may be formulated in several 

ways; the method in this algorithm assumes that the line is in equilibrium with the outlet boundary of 

pressure and the ambient temperature. Given this, we then determine the vector (ρ, ρv, E) as 

described for the boundary conditions above, realizing that when the line is in closed equilibrium, the 

initial velocity is given by v = 0 everywhere. 
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5.1.3 Extension to a Drift Flux Model 

The transient approach described above can be extended to a dynamic two-phase model by making 

use of a drift flux approach. In this case we start with a fully transient set of equations for two-phase 

flow consisting of one mass, momentum and energy balance per phase (denoted k) (Equations 5.37 

to 5.41) for the mass (Equations 5.37 to 5.39): 
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which may be reformulated as: 
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where: 
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The momentum Equations (5.40) are then solved: 
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Similarly, the energy Equations (5.41) may be solved: 
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Both conservation equations are subject to several constraints. First, the mass transfer between 

phases (Equation 5.42) is constrained: 
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That the total volume / wetted area fractions must sum to unity: 
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That the transfer of forces between phases must be conserved: 
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That heat transferred from all phases to the wall must be equal to the total heat loss: 
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Finally, that enthalpy transferred between phases must be conserved: 
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This becomes the drift flux model, when we couple the velocities of the gas and liquid phases through 

some closure relationship and sum both the momentum (Equation 5.47) and energy (Equation 5.48) 

balances: 

 
( ) ( )

( ) ( ) ( )
2 2

G G G L L LG G G L L L

GW LW G G L L

v v P
R R

v v
gsin

t x

      
    

+ ++
+ −=


+


+


  5.47 

 
( ) ( ) ( )( )G G LG G L L

h

G L

yd

Lv E P v E PE
S

t
q

E

x

    ++
+

+ +
+ =

 
  5.48 

We can express this as done previously (Equation 5.5), where the terms are expanded as shown in 

Equations 5.49 to 5.51. 
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We can then solve this equation set using the same algorithm as outlined previously with minor 

modifications. Note that the drift flux model has reduced the number of two -phase equations to solve 

from 6 to 4 at the price of coupling the movement of these phases directly to one another. There are 

some advantages to treating the system this way, but from a hydrates perspective the solution 

remains limited, this is discussed further in Section 5.4. 

5.2 A Better Definition of Hydrate Plugging 

In existing analysis tools, hydrate plugs are ill-defined. This stems primarily from a lack of integration 

between the mechanics of hydrate formation and fluid transport. In Chapter 3, an algorithm was 

presented which conceptually linked these two phenomena. It was posed in terms of a constant mass 

flow at the inlet, with the result that as hydrate formed, the pressure drop over the system increased 

while maintaining constant flow; a ‘plug’ in that algorithm would occur when ΔP exceeded the 

absolute pressure in the line. This is a mathematical artefact, rather than a useful physical definition 

of plugging. Other software tools may similarly impose limits on parameters such as the relative 

viscosity, where CSMHyK OLGA® (Davies et al. 2009) limits the value to 4000, at which point the user 

is to decide whether the system has plugged. This is a qualitative definition, as the viscosity is not fed 

back into the core flow engine – that is, the viscosity increases without increasing resistance to flow 

in the engine. 

Using the algorithm described in this chapter, a quantitative definition of a hydrate plug can be used, 

based on the physical characteristics of fluid flow rather than a singular mathematical construct. That 

is: a hydrate plug occurs when flow stops. By linking hydrate formation directly to the flow algorithm, 

we allow for hydrate formation to directly affect the driving force for fluid flow – when this momentum 

sink is greater than the source provided by the available ΔP over the line, a hydrate plug has formed. 

This acts by two methods, both of which affect the source term of the momentum (Equation 5.2). 

More specifically, in the standard definition of pressure drop (Equation 5.52) hydrate formation may: 
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a. Increase the viscosity of the slurry, thereby leading to a decrease in the Reynolds number 

of the liquid phase. In turn this increases the friction factor of the system, which tends to 

infinity as Reynolds number tends to zero. 

b. Decrease the diameter of the flowline due to deposition.  This directly increases the 

overall pressure drop term. 

In both cases, the momentum sink (frictional pressure loss) tends to infinity, and flowrate tends to 

zero, resulting in a physically well-posed hydrate plug, given sufficient formation. This definition is 

readily applicable to any algorithm devised for use in a transient configuration, where the full set of 

time-dependent mass, momentum and energy balance equations are solved. Furthermore, the 

method easily incorporates alternate descriptions of the non-newtonian behaviour of hydrate slurries. 

5.3 Visualising Flow Reduction in a Transient Algorithm 

The effect of hydrate plugging in this algorithm is best visualised by comparing two systems; one 

where no hydrate formation occurs and the system restarts fully, and the other where viscosification 

leads to flow stagnation. Figure 5.2 shows the example of a 10 km tieback with a model composition 

C1:C2C10 of 75:10:15 mol% and in-situ water cut of 30%; the system is shut-in at 105 bar where it 

thermalises with the sea floor at 4°C. The inlet of the system is then ramped to 115 bar to simulate 

restart, where the profiles shown are 90 minutes after restart; the inlet temperature boundary 

condition is 90°C. In the dashed case, the hydrate module has been switched off and the system 

restarts normally, establishing a roughly linear pressure drop, while the fluid cools to 48°C at the 

outlet. In contrast, where hydrate formation is switched on, the bulk fluid viscosifies rapidly and flow 

stagnates; in the flowing case the average velocity reaches approximately 5 m/s while for the 

stagnated case it oscillates around 0 m/s. 

 

Figure 5.2. P-T response for a line which restarts correctly (dashed) and which stagnates due to viscosification (solid). 
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It is easiest to visualise this cessation of flow in the temperature signal, where in the flowing case 

warm fluids have advected along the entire line, while in the stagnant case they reached 

approximately 1 km before the flow failed. However, this simulation was run using a drift flux model, 

and it demonstrates a limitation of models with lumped phases. While we expect the liquid phase to 

stop moving, the gas does not viscosify, so should not experience the same flow stoppage; in a fully 

condensed or drift-flux model, the gas phase velocity is inextricably linked to the liquid. Physically, we 

would expect that the gas in this line continue to flow, establishing a sensible pressure profile over 

the system and warming the line to a limited degree. This behaviour will only be seen when simulating 

a minimum of two fully independent (gas and liquid) phases. To accurately model how water 

distributes itself would require a third independent phase; this is of key importance in cases where 

the hydrate disperses itself preferentially in only one of the liquid phases. 

This second example presents the effect of hydrate formation on velocity using the example of a short 

25 km tieback with a flat bathymetry, simulated during a cold restart. A black oil (with a dead-oil 

density of 830 kg/m3) initially equilibrated with the sea floor at 4°C is restarted by ramping the inlet 

pressure to simulate a valve opening schedule. To estimate the effect of hydrate formation, two sets 

of results are shown: with and without the hydrate module active. Figure 5.3 shows a trend plot of 

the transient response of the velocity as the inlet valve is opened. The simulation result illustrates that 

hydrate formation in this flowline may reduce the oil flowrate by approximately half. Similarly, Figure 

5.4 shows the final velocity profile after the transient calculations have reached a steady-state.  

 

Figure 5.3 – Velocity without (black) and with (red) hydrate formation during a cold restart at the middle of the 25 km long 
tieback. In the case where hydrate forms the flow potential peaks sooner and plateaus at a lower level than without 

hydrate. This allows for a quantitative estimate of how hydrates will reduce production rates. 
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Figure 5.4 – Steady-state velocity profile without (black) and with (red) hydrate formation. When hydrate forms, the 
transient model predicts that the flow velocity is approximately halved. In practice this would translate to a halving of 

production before considering the hazards of deposition and plugging. 

 Fluctuations in the velocity along the line are primarily a function of changes in the fluid density, which 

changes as a function of pressure and temperature along the line. That is, near the inlet the velocity 

decreases as fluids cool and contracts, conversely towards the end of the line, gas expansion increases 

the velocity to maintain a constant momentum. The effects are exacerbated in the case of hydrate 

formation as there are larger gradients in the system, and greater pressure losses are required to 

maintain flow. This simulation does not show a hydrate plug; while it is reduced, the velocity remains 

positive along the flowline. Rather, we something more interesting, namely a partial reduction of flow 

in the presence of flowing hydrate. That is, these transient calculations allow a direct quantitative 

estimate of the severity of hydrate formation in terms of key economic indicators – as the production 

rate is halved. If these two simulations then correspond to a pair of design cases in which hydrate 

formation is fully inhibited with a THI, we can directly compare the CAPEX / OPEX required for chemical 

injection with the revenue loss associated with a flowing hydrate slurry. The approach then empowers 

engineers to make decisions backed by quantitative economic estimates; perhaps by pursuing a 

management rather than avoidance strategy, substantial savings can be made, enabling previously 

unviable fields to be produced. 

5.4 Dynamic vs. Transient Modelling: Expanding on this Approach 

While the algorithm presented here describes the implementation of the mechanics for viscous 

hydrate plugging, it does not deal with deposition and sloughing, which are key plugging mechanisms 

for gas dominant systems. For this latter point to be implemented satisfactorily, models for film 

growth, transported hydrate particle adhesion, particle bedding and sloughing are required. By 
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evaluating the shear stress on a deposit against its static yield stress determine if a portion of the 

deposit may slough, we could potentially incorporate a Lafond et al. (2013) style jamming model. In 

this case, the system would model a reduced orifice and a large mobile deposit, which better fits the 

description in his work, and presents a better plugging description than the flowable orifice tending 

to zero. Furthermore, incorporating deposition would yield a more nuanced velocity profile, 

demonstrating how pinch points affect the flow rate locally, rather than, in the current case, the effect 

of viscosification being distributed uniformly over the whole line due to rapid pressure 

communication, which occurs at the speed of sound. 

This concept of introducing a yield stress to models is vital not only for gas dominant sloughing / 

jamming, but for a more nuanced extension of the description of viscous hydrate plugging presented 

here. In this algorithm, fluid velocity goes to zero as the viscosity goes to infinity (when the slurry 

becomes a ‘solid’). While this is sensible, a better definition would incorporate the concept of a 

minimum shear requirement, or a dynamic yield stress, for hydrate aggregates to flow: that is, a 

minimum stress applied to avoid complete stoppage (Coussot 2014). In this description, a plug is still 

defined as velocity going to zero, but this would occur at a finite value of the relative viscosity, where 

a flowing slurry would drop below the threshold and suddenly plug rather than simply tending towards 

a non-flowing condition. 

The approach presented here at last offers a physically meaningful interpretation of what it means for 

hydrates to “plug a line.” Correctly coupling the mechanics of hydrate formation to thermodynamic 

and flow engines naturally yields a sensible response where increased quantities of hydrate lead to a 

reduction in flowrate, and ultimately a plug. This approach is general, could be implemented for any 

transient simulation package with relative ease, and would in fact benefit from a more rigorous 

treatment of the fluid mechanics than was used here.  

The initial approach of this algorithm was to implement a mixed phase transient algorithm, to reduce 

the problem to a single phase where the individual terms are calculated using more complicated 

mechanics. This is extended to make use of a two-phase drift flux type solution, but becomes a 

dynamic, rather than transient approach, as the phases are no longer completely independent. That 

is, if hydrate viscosification affects the flowability of the liquid phase, the drift flux model exerts a 

substantial drag on the gas phase, whereas in principle we could have a fast-moving gas on top of a 

stationary slurry. The implementation presented here is further limited as hydrate formation is 

primarily a function of the location of its constituents; that is, hydrate forms where the water is. 

Coupling the water-oil-hydrate condensed phase together may be acceptable for well mixed flow 

during normal operations, but when the system is allowed to settle out, or when hydrate formation 
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reduces the liquid flow rate, we would expect the phases to separate out to some degree. Ultimately 

then, the principles described here require implementation within at least a three phase fully transient 

algorithm before they can be used industrially. 

This chapter describes a first step towards a physically realized mechanistic description of hydrate 

plugging using transient tools, demonstrating that such an architecture can yield a quantitative 

description of the economic cost imposed by allowing limited hydrate formation. These costs can be 

directly compared with strategies for management or prevention of hydrate formation, and give an 

economic description of hydrate formation severity to assist flow assurance engineers in designing 

safe and affordable production systems.  
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6. Distributed Properties in Hydrate Simulations 

6.1 Distributed Properties as an Argument for Non-Deterministic Simulations 

At its core, flow assurance engineering is a discipline that relies on the ability to assess and manage 

the risks of pipeline blockage. Risk assessment is traditionally approached by considering a matrix of 

failure modes, based on the probability of occurrence and severity of failure. However, these 

assessments are often based on simulations which rely on a deterministic series of calculations, where 

each set of input conditions yield a specific output, such as slurry viscosity profile, which are then used 

to estimate the associated risk. In contrast, recent studies have suggested that at least three of the 

physical phenomena most critical to the assessment of plugging risk are probabilistic in nature, in that 

their occurrence and magnitude are a stochastic property for any single set of input conditions.  

First, hydrate nucleation is a stochastic property (Sloan, Koh and Sum 2011) with the chance of its 

occurrence at a given pressure-temperature condition being proportional to the chemical potential 

driving force, which may be reduced to a system’s subcooling to be more tractable with hand 

calculations. Conventional simulations of hydrate nucleation in flow assurance models typically utilize 

an assumption that hydrate will always (and only) nucleate above a threshold subcooling of 3.6 K 

(6.5°F) (Sloan, Koh and Sum 2011). May et al. (2014) have measured hydrate formation probability 

distributions as a function of temperature using a High-Pressure Automated Lag Time Apparatus (HP-

ALTA), which recorded hundreds of hydrate formation events during continuous cooling of (methane 

+ propane) gas-water systems at high pressure. While the mean values of the formation distributions 

measured using a quiescent system in the laboratory differ from that found in the field, as shown 

below it is relatively straightforward to couple a nucleation probability distribution function with a 

flowline simulation. 

The other two phenomena relevant to hydrate plug formation that should be treated stochastically 

are jamming (Lafond et al. 2013) and, in gas dominant systems, sloughing (Di-Lorenzo et al. 2014b). 

Experimental studies by Lafond et al. (2013) have resulted in a statistical description of jamming, which 

in principle could be incorporated into a sufficiently fast simulation algorithm. However, the 

experiments of Lafond et al. utilized large spherical ‘particles’ where the ratio of the particle-to-

pipeline diameter was 100 times larger than is the case for hydrate aggregates in production flowlines 

(Aman et al. 2011).  

This chapter examines the use of the algorithm described in Chapter 3 in conjunction with a framework 

that takes advantage of the probabilistic nature of hydrate nucleation based on the data collected by 

May et al. (2014). The probabilistic description of jamming presented by Lafond et al. was not 
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implemented in this work due to the limitations described above. Similarly, sloughing was not 

considered here because: i) it is applicable primarily in gas-dominant flows (Di-Lorenzo et al. 2014b), 

which are not within the algorithm’s domain; and ii) no quantitative statistical description of this 

phenomenon is available yet. 

6.2 Interpretation of Distributed Nucleation Data 

As a first step towards quantitative risk assessment of plugging, a probabilistic description of hydrate 

nucleation was combined with deterministic plugging mechanics. This method represents a new 

method of framing the hydrate management question in terms of stochastic phenomenon, where the 

particular probabilistic approach may be moulded based on emerging experimental techniques to 

quantify individual variables. The algorithm described in Chapter 3 and shown in Figure 3.2 was first 

used to generate a map for the base case described in Table 3.2 of maximum relative viscosity as a 

function of the subcooling threshold required to nucleate hydrate, which was varied from 0 to 12 K. 

At a subcooling threshold 0 K, the algorithm assumes hydrate grows immediately after the system 

crosses into the hydrate stability zone. At a subcooling threshold of 12 K, the location of hydrate 

formation in the flowline is delayed significantly and thus its impact on the flow is decreased. 

Next, a probability distribution for hydrate formation as a function of subcooling was adapted from 

the HP-ALTA data (Figure 6.1b). To overcome the artefact of very large subcoolings characteristic of 

experiments conducted in quiescent systems, the mean of the measured probability distributed was 

translated to a lower subcooling, such that the cumulative probability of formation increased above 

zero for subcoolings equal or greater than 0 K. This corresponds to a conservative assumption that 

hydrate has a finite probability of formation at the hydrate equilibrium boundary.  Using this 

translated distribution, the cumulative formation probability at a subcooling of 3.6 K (6.5°F), which is 

the heuristic value for certain nucleation used in industry-standard simulations, is approximately one 

in three. As a final assumption, the translated probability distribution was truncated at 20 K 

subcooling; systems that achieve higher subcooling are treated deterministically to increase the 

efficiency of the calculations. Under these assumptions, a modified extreme value probability density 

function was regressed to the translated experimental data of May et al. (2014) to enable a description 

of nucleation at any subcooling, ΔT: 
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Here, we define ξ = ξ1 for T < μ0 and ξ = ξ2 in all other cases, resulting in a piece-wise definition about 

the value of μ0. Several parameters are used to describe this distribution: i) σ is a scaling factor related 

to the standard deviation that controls the distribution width (fit as 0.19 K to the data of May et al. 

(2014)); ii) ξ1, ξ2 are shape parameters controlling the left- and right-hand sides of the distribution, 

respectively (fit as ξ1 = -2.3 and ξ2 = 0.9); iii) μ0 is the median of the translated data set, which was 

specified to be 4 K for the present work; and iv) N0 is the overall normalization constant of the 

distribution (this is purely a function of μ0, ξ1, ξ2 and has a value of 5.33 in the present case). A 

comparison of this probability density function to the translated experimental data is shown in Figure 

6.1b. 

The dependence of the hydrate slurry’s maximum relative viscosity (Figure 6.1a) on nucleation 

temperature can be combined with the probability of hydrate formation at a given subcooling (Figure 

6.1b) to give the cumulative probability of observing a maximum relative viscosity (Figure 6.2) in 

systems where the subcooling is known along the flowline’s length. The algorithm predictions shown 

in Figure 6.2 were produced by running about 100 simulations for the set of conditions listed in Table 

3.2. Note that the boundaries of ‘high’ and ‘low’ risk are qualitative metrics based solely on the relative 

viscosity of the slurry as described in the work of Zerpa et al. (2011b) (Table 3.3) and may be associated 

with severe plugging, as such, this is a statistical representation of how likely it is to operate in a given 

deterministic valuation of severity. 

 

Figure 6.1. Application of distributed hydrate nucleation data to a simulation tool. Calculated worst-case hydrate slurry 
viscosity for the base case simulation, as a function of the subcooling required for hydrate formation; (b) experimentally 

translated probability of forming gas hydrate as a function of sub-cooling, based on HP-ALTA data described by May et al. 
(2014). 
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Figure 6.2. The cumulative probability of observing a maximum relative viscosity, which is calculated by this algorithm for 
the base case scenario. 

6.3 Application with a Simulation Tool 

An example application of the risk assessment framework developed here is shown in Figure 6.3, 

where the evolution of watercut in Russia’s Romashkino crude oil field (Liuli et al. 2013) is considered 

over the 45 years of operation for which watercut data are available. The HyFAST2 algorithm was used 

to run a set of calculations at each watercut condition, while varying the subcooling required to 

nucleate hydrate, as was done for Figure 6.1a. This was combined with the nucleation probability 

distribution function (Equations 6.1, 6.2) to produce the equivalent of Figure 6.2 for the Romashkino 

field for each given watercut. The probability that the system risk profile curve was equal to the low- 

or high-risk slurry relative viscosities (Table 3.3) for that watercut was then recorded, with the results 

plotted as a function of time in Figure 6.3. As such, the boundary lines represent the point where the 

water cut has increased to such a degree that the system will likely breach the next threshold of 

plugging severity in terms of a relative viscosity. 

While an increase in watercut could be expected qualitatively to increase the risk of a hydrate blockage 

(Sjöblom et al. 2010), the approach developed here provides a method for quantifying that increase 

in risk over the lifetime of the field. The accuracy of this quantitative assessment will depend on the 

validity of the probability distributions used to describe the stochastic phenomena (e.g. nucleation) 

relevant to hydrate blockage formation, and the appropriateness of the quantitative thresholds used 

to categorize risk (e.g. slurry relative viscosity). It is likely that with additional research and operational 

experience the reliability and/or generality of the probability distributions and plugging-risk 

thresholds available for use with the method presented here will improve. The impact of other 
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parameters, such as reservoir pressure depletion, on operating risk could also be assessed in a similar 

way over the lifetime of the field, as could the efficacy of different steady-state hydrate mitigation 

strategies which may be phased in according to the time-dependent plugging risk. 

Another method by which this framework can be applied to the quantitative assessment of risk and 

viability of an operating strategy involves the specification of a tolerable threshold probability for 

hydrate nucleation. For example, if a formation probability threshold of 70 % is chosen, the cumulative 

distribution being used can be to determine the corresponding subcooling threshold, which in the case 

of this work is 3.6 K (6.5°F). The resulting maximum relative viscosity in the flowline calculated for this 

threshold as a function of the system’s operating conditions, can be used to assess quantitatively the 

viability or desirability of a particular production strategy. Figure 6.4 shows an example calculation for 

the flow rate and peak relative viscosity in a 12.8 km tie-back as a function of wellhead choke opening. 

Three distinct regions are apparent in Figure 6.4: i) an ideal (low risk) region of high production and 

low plugging probability; ii) a potentially manageable (intermediate risk) region, where operational 

risk and economic return must be optimized; and iii) an unviable (high risk) region where both the high 

risk of plug formation and the reduced benefits of low production mean that the case would be 

uneconomic. The specific thresholds that are used to define viability may be modified based on 

transient modelling methods such as those described in Chapter 5. Such a design approach could be 

utilized in other scenarios to assess the competing effects of various hydrate management or 

prevention strategies.       

 

Figure 6.3. Quantitative risk assessment as a function of operating life for the Romashkino crude oil field, based on 
knowledge of the increasing watercut (Liuli et al. 2013). Here the low, intermediate and high risk zones are defined by the 
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boundaries in relative viscosity set out by Zerpa et al. (2011b). That is, with increasing water cut, and thus potential for 
hydrate formation, the slurry relative viscosity is initially less than 10, reaches a value of 10 after approximately 15 years 

operation, and a value greater than 100 after 24 years. 

 

Figure 6.4. Production rate and maximum relative viscosity in a 12.8 km tie-back as a function of choke opening at the 
wellhead, based on a threshold cumulative hydrate formation probability of 70 %.  

6.4 A Way Forward for Analysis with Distributed Properties 

This chapter presents a general framework for treating risk for hydrates in flow assurance, with the 

use of several examples demonstrating how this could be applied to assist economic decision making. 

The strength of this framework is that it can be easily adapted to advances in our understanding of 

both stochastic phenomenon affecting hydrate formation and the severity it poses in specific 

situations. That is, the examples given above are not set in stone, and should be viewed in the context 

of incorporating advances in the hydrate modelling space going forward. This conceptual framework 

may be useful in probing different development or operational concepts in terms of the probability of 

severe hydrate operations, thus linking quantitative economic evaluation to engineering design and 

decision-making. 

With sufficient experimental data, the framework may also be used in the analysis of various hydrate 

management techniques. May et al. (2018) have recently published an update to their (2014) work 

using a new High Pressure Stirred Automated Lag Time Apparatus (HPS-ALTA), which removed the 

mass transport limitations that had led to measurement of high required subcoolings previously. This 

new work provides nucleation distributions produced from large data sets under realistic conditions. 

Further, the technique opens the possibility of measuring nucleation rates and incorporating a 

concept of extinction probability for hydrate nucleation, which is not currently addressed in this thesis. 



 89 

May et al. (2018) explores the effect of KHIs, concluding that they both increase the mean required 

subcooling and decrease the standard deviation (i.e. shifting and sharpening the distributions).  

The technique developed by May et al. (2018) is further useful as it relies on in-situ pressure 

measurements to detect hydrate formation. As a result, it can both detect nucleation as a function of 

subcooling or induction time (which is not treated in the examples above), and also the growth rate 

of hydrate after this event. This is important as KHIs may exhibit one or both of the following 

properties: i) an increase in the required subcooling for hydrate formation (nucleation inhibition); and 

ii) a decrease in the growth rate of hydrate (crystal growth inhibition). To produce large data sets, it 

has been seen as preferable to pre-seed a sample with a template to encourage hydrate formation, 

measuring only the crystal growth effect as a proxy for overall KHI performance. While these 

phenomena may be linked, they are not necessarily proxies for each other; a chemical that presents 

as a poor crystal growth inhibitor may perform well for nucleation inhibition. As such, approaches that 

aim to rank KHIs based on crystal growth such as those presented by Tohidi et al. (2015) and Maeda 

et al. (2016) risk missing an entire class of chemical behaviour. By making use of a new and novel 

apparatus, May et al. (2018) instead measure both phenomena independently, where they have 

shown the apparatus is capable of expunging the hydrate ‘memory effect’ between data point 

collection. Such an approach will be useful going forward as it allows for a more granular approach to 

design, where the data collected may be used in conjunction with the framework presented here 

based on the particular requirements (nucleation inhibition, crystal growth inhibition, or both) for a 

particular application. 

Thus far we have examined only stochastic properties of hydrate formation itself (namely, nucleation). 

Future work may expand this more broadly, to consider variations in: i) reservoir conditions such as 

distributions in pressure, temperature and composition from geophysical and reservoir modelling; ii) 

secondary flow assurance effects such as corrosion, scale and asphaltene deposition, the effect of 

hydrate particle size distribution, or a distribution in the fractal dimension of hydrate aggregates as 

system properties change; and iii) multiphase flow behaviours such as distributions in slug lengths, a 

variable droplet size distribution; or variation in how droplets and bubbles are distributed within the 

line. Such phenomena may be treated using the framework presented here, which itself may offer a 

sensitivity analysis approach to determining what is important for a particular system, assisting in 

ranking the economic efficacy of targeting each particular aspect of hydrate formation as part of an 

overall management strategy. Finally, we may extend the use of this framework beyond the direct 

stochastic nature of hydrate formation. By considering the combined distribution inputs to oil and gas 

simulations – for example, how the pressures, temperatures and compositions at the inlet vary 
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according to reservoir modelling – we can arrive at a more nuanced view of how a development may 

behave. This may assist both in an overall analysis of field production through its lifetime, and also 

inform contingency planning against low probability, high severity disruptions, such as severe early 

life water breakthrough. The next chapter examines several examples of how the framework 

described here may be extended and applied using the updated algorithm presented in Chapter 4.  
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7. Probabilistic Approaches to Hydrate Forming Systems 

7.1 A Monte-Carlo Approach for Probability in Risk Assessment 

A general framework for delivering probabilistic assessments of system behavior was described in 

Chapter 6, coupling the relatively simple simulation architecture described in Chapter 3 to a 

description of hydrate nucleation derived from quiescent nucleation experiments. This chapter 

expands on the approach by replacing the simulation tool with the updated steady-state algorithm 

described in Chapter 4; furthermore, we consider several distributed property descriptions.  

Similarly to the previous approach, distributed parameters are treated using a probabilistic 

distribution to randomly generate a single set of input parameters for a single simulation using the 

steady-state solver. The particular distributions used are flexible; for the examples shown here, we 

consider normally distributed parameters where the nominal value may be perturbed by a given 

standard deviation. By performing thousands of these simulations, the collection of deterministic 

simulations yield a probabilistic output where we can track how several key parameters change, this 

effectively becomes a Monte-Carlo style approach to addressing the probabilistic component of risk 

assessment (Figure 7.1). 

 

Figure 7.1. Coupling a deterministic tool to probabilistic inputs, probabilistic outputs are generated. 



 92 

We are primarily interested in considering the metrics of hydrate volume fraction and relative viscosity 

that have been discussed previously. These may be given bounds labelled as ‘high’ or ‘low’ risk as 

defined previously (Table 3.3) (Zerpa et al. 2011b); it is important to note that these bounds are 

flexible. For a comprehensive assessment, they could be determined by using a rigorous transient 

approach such as that presented in Chapter 5, which may utilise blockage or economic viability criteria. 

In this case, a velocity-based blocking criterion may be related to a relative viscosity value relevant to 

a particular system. By considering how these parameters change as a function of other system 

conditions, we can create a map of how the system will behave for a more extensive parameter space 

than is typical of flow assurance assessments. The objective is to demonstrate the general architecture 

where both the probabilistic description for individual parameters and the simulation tool used to 

assess the system can be considered “plug and play” components. Figure 7.2 demonstrates how this 

can be further integrated into an overall flow assurance workflow with transient tools to assess 

hydrate formation severity; this is a framework for risk assessment as the product of probability and 

severity. 

 

Figure 7.2. Conceptual diagram explaining the integration of probabilistic and transient tools to assess risk in flow 
assurance design over the lifetime of a development. 

7.2 Applications for Flow Assurance Design 

7.2.1 Sensitivity Analysis to Identify Key Parameters 

It is typical in flow assurance design to consider “worst case” scenarios, where a small number of 

deterministic simulations are run for input parameters that are considered to be severe. The approach 

described here allows for a more nuanced investigation of how a system will behave by mapping the 

overall parameter space. In terms of hydrate formation in flow assurance, we are interested primarily 

in how the key parameters of hydrate fraction and relative viscosity will behave as a function of other 

parameters. These ‘control’ variables may be defined directly, for example by varying the 
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concentration of chemical additives or changing choke or topsides valve openings. Alternately, we can 

assess the impact of natural variation, such as the hydrate nucleation examples given previously; 

finally, we can investigate the effect of uncertainty in, for example, reservoir modelling for the 

pressure, temperature and composition of fluids entering the flowline. 

In this case, we take a simple flat bathymetry with the simulation parameters described in Table 7.1 

and perturb the pressure, temperature and required nucleation subcooling with respective standard 

deviations of 15 bar, 10°C and 1°C. The perturbation in nucleation temperature represents natural 

variability, while those in pressure and temperature may be thought of as either natural variability 

from the reservoir and/or uncertainty introduced from mechanical operations (e.g. changes in choke 

conditions, either at the wellhead or platform). A typical output in terms of phase fractions for this 

system can be seen in Figure 7.1, where we see that the majority of hydrate formation occurs in the 

first 20 km of the flowline, after which water is fully converted to hydrate. Note that Figure 7.1 

represents a “late life” case, where the water cut is substantially higher, and the system parameters 

are otherwise similar. 

Table 7.1. Nominal simulation parameters for sensitivity analysis base case. 

Parameter Value Unit 

Wellhead Pressure 100 bar 

Line Length 90 km  

Section Length 250 m 

Line Diameter 25.4 (10) cm (inches) 

Overall Heat Transfer Coefficient 25 W/m2/K 

Wellhead Temperature 110 °C 

Ambient Temperature 4 °C 

Water Cut 10 % 

Composition 70/10/20 mol% (c1/c2/c10) 

 

Values for these normally distributed parameters are chosen randomly for 10,000 simulations, and 

the maximum values of the hydrate fraction (Figure 7.3) and relative viscosity (Figure 7.4) recorded 

for each simulation. This is performed for each variable individually and convolutions of multiple 

variables. The results are binned, yielding a probability of observing a peak value in hydrate fraction 

and viscosity when each parameter or convolved set is perturbed. This is effectively a sensitivity 

analysis mapping the effects on hydrate formation of the input parameters, we can glean several 

important insights from this example and relate these to the physical properties of the system. 
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First, this form of analysis can tell us how ‘important’ each parameter is in terms of hydrate formation 

for this system. We can define the importance in terms of: i) the nominal values of how much hydrate 

will form, and what the corresponding viscosity will be; and ii) the width of the distribution, that is, 

how much variability is observed in the degree of formation. The former allows for a probability to be 

assigned to a “worst case” scenario as determined by more rigorous simulation methods (Chapter 5). 

The latter helps inform how many rigorous simulations would be necessary to accurately map out 

system behavior; a wide distribution (here: pressure variation) will vary more than a narrow one (here: 

nucleation subcooling), indicating greater care should be taken when considering its importance. 

Second, we gain information on where resources may be best targeted to manage or mitigate hydrate 

formation for the development. In this case, if the pressure distribution is a function of choke opening 

and uncertainties in the reservoir model, it may indicate a need for tighter operational constraints or 

more detailed modelling work backed by additional data, if feasible. Conversely, the prediction would 

suggest that natural variation in the nucleation subcooling yield a relatively deterministic result; this 

does not speak to the efficacy of adding a KHI in this situation, which we would expect to shift both 

the mean and standard deviation of the input distribution. We can also see that, importantly, the non-

linear nature of the algorithm’s constituent models, particularly for hydrate aggregation, mean that 

the hydrate fraction does not map one-to-one with relative viscosity; the pressure response in terms 

of relative viscosity is skewed rather than normal. 

Finally, we can attempt to explain these trends in terms of the particular system we are simulating. In 

this case, the bulk fluid thermalizes with the sea floor after approximately 10 km, giving rise to the 

inflection point in oil / gas fraction seen in Figure 7.1. At this point, the system moves deep into the 

hydrate stability region and hydrate nucleates at essentially the same distance along the line 

regardless of the required nucleation subcooling – this gives rise to the narrow distributions in Figure 

7.3 and Figure 7.4. Similarly, the temperature at the inlet is a relatively insensitive parameter, as the 

tieback is long enough that it thermalizes with the environment. The system pressure, conversely, 

gives rise to a wide range of predicted hydrate fractions, indicating that it is the key parameter for this 

example, where higher wellhead pressures give rise to substantially more hydrate formation that 

lower ones. Intuitively this makes sense, as with the line thermalized, the extent of hydrate formation 

will be heavily controlled by the pressure of the system. However, there is a secondary factor which is 

an artefact of how the water cut was defined in these simulations, as the relative water fraction of the 

liquid phase at the wellhead (an in-situ watercut), rather than at standard conditions. This gives rise 

to an artificial increase in the water available for hydrate formation at higher pressures, as for a 

constant hydrocarbon composition, higher pressure equates to a greater oil fraction at the inlet, and 
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thus more water. A correct approach to defining water cut as the ratio of water to oil produced would 

yield to a narrower distribution when varying pressure, as this system tends to convert fully. 

 

Figure 7.3. Distribution in maximum observed hydrate fraction for uncertainties in pressure, temperature and nucleation 
point. 

 

Figure 7.4. Distribution of maximum relative viscosity for uncertainties in pressure, temperature and nucleation point. 
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The example presented here shows, in an abstract sense, how it is possible to use the probabilistic 

framework as a form of sensitivity analysis for a system. This can allow for targeting of management 

resources towards controlling or improving our understanding of system conditions and more abstract 

quantities such as nucleation subcooling. Ultimately the method can make use of any description of 

distributed parameters coupled to a sufficiently fast algorithm, and can inform the targeted use of 

more rigorous transient tools to examine cases of interest. We can also examine specific scenarios, 

such as the evolution of a field over time and possible strategies to manage it, this is the focus of the 

remainder of the applications presented in this chapter. 

7.2.2 Simulating Water Breakthrough 

Chapter 4 introduced the algorithm used for probabilistic analysis in this chapter, giving an example 

of the algorithm’s outputs for a 90 km subsea tieback based on conditions typical of the Brazil’s 

Campos Basin. This example serves as the basis for the applications discussed in Sections 7.2.2 and 

7.2.3, where we examine the use of the probabilistic framework to analyze how the system will behave 

as it ages, and simulating the effects of a low dosage hydrate inhibitor. 

This example showed that there was a region of limited hydrate formation in deep water before the 

tie-back rose up the continental shelf into warmer water, shedding pressure in the process. Simulation 

of an ageing effect was limited to decreasing the inlet pressure while increasing the quantity of 

produced water. In general, this could be considered a tradeoff, in that while the driving force for 

hydrate formation is decreased, the available reactant increases substantially. Figure 7.5 shows that, 

despite an increase in the absolute quantity of water in the system as water breakthrough occurs, 

there is not a significant increase in the quantity of hydrate formed, due to the heat transfer limitation 

seen in Figure 4.3. To generate this result, inlet conditions were distributed about the mean values, 

where the temperature, pressure, and hydrate nucleation subcooling distributions had standard 

deviations of ± 2 K, ± 3 bar and ± 2 K, respectively (May et al. 2018). Figure 7.6 illustrates that the 

relative viscosity remains within the same order of magnitude as the field ages, although the effect of 

higher watercut (corresponding to later field life) is readily identified. The bi-modal nature of the 

distributions, particularly for the 10 % watercut case, is a tail effect from the input nucleation 

subcooling distribution. At the upper end of this tail, hydrate nucleation does not occur until the fluid 

encounters rapid expansion cooling at the continental shelf. This limits the hydrate forming region 

and thus the maximum stable volume fraction; the impact on relative viscosity is less pronounced, due 

to the relative ease of hydrate packing at low relative volume fractions. 
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Figure 7.5 – The evolution of the field during water breakthrough at water cuts of 10 (green), 20 (blue) and 40 (red) %. By 
normally distributing the inputs of temperature (standard deviation ± 2 K), pressure (standard deviation ± 3 bar) and 

nucleation subcooling (standard deviation ± 2 K) from their nominal values, the algorithm can generate a probabilistic 
output of the maximum hydrate fraction in the system. Each curve represents the result of approximately 10,000 

simulations, where the reported probability is obtained by binning results in 0.25 % hydrate volume fraction intervals. 

 

Figure 7.6 – The maximum relative viscosity in the system can similarly be mapped in probabilistic terms for 10 (green), 20 
(blue) and 40 (red) % water cut. One simulation set can generate probabilistic curves for several output variables specified 

by the user. 
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Further simulations using the inbuilt hydrate equilibrium curve functionality can be used to estimate 

the dosing of THI that would be required to fully inhibit this system over its lifetime; these results can 

be seen in Table 7.2. For these simulations, the pressure was decreased linearly with time, while water 

cut increased geometrically. We note that as the MEG dose for full inhibition is dependent upon the 

coldest point in the flowline, in this case set by gas expansion cooling at the continental shelf, the 

effect of decreased wellhead pressure is minor. As the quantity of produced water increases, the 

absolute volume of MEG required to fully inhibit the system increases in direct proportion, while the 

fraction relative to the aqueous phase remains constant. This represents a significant increase in cost 

burden over the lifetime of the project, particularly given the relatively small quantity of hydrate 

formed. 

Table 7.2 - Algorithm predictions of required thermodynamic inhibitor dosing for full inhibition at varying water cuts. This 
simulates the requirements for full inhibition to be maintained throughout the life of the asset when water breakthrough 

occurs. While the dose required as a percentage of the aqueous phase is dictated by the coldest point and does not change 
significantly, the absolute volume of MEG handled by the system increases in direct proportion to the volume of produced 

water. 

Wellhead Pressure 
[bar] 

Water Cut 
[vol. %] 

MEG Requirement  
[aq. wt. %] 

MEG Fraction 
[abs. vol. %] 

115 10 ≈35 ≈3 

110 20 ≈35 ≈6 

105 40 ≈35 ≈12 

In this case the probabilistic framework has been used to identify long term trends in field behaviour, 

and importantly to map the range of behaviours expected from unmanaged hydrate formation. This 

general map has been supported by further use of the rapid steady-state algorithm to clarify what a 

prevention strategy would entail in terms of chemical dosing, from which cost trends can be directly 

identified. These cases could then inform the use of a more rigorous toolset to evaluate the effect of 

operating with hydrates at steady-state; in the case of hydrate prevention with MEG, a transient tool 

would be used to evaluate other flow assurance concerns. 

7.2.3 Hydrate Management Using Anti-Agglomerants 

The previous case identified that unmanaged hydrate formation would be limited over the lifetime of 

the development by the thermodynamics of the system. A traditional approach to hydrates would call 

for complete prevention using a THI such as MEG. However, in this case, that would entail substantially 

increased costs over the lifetime of the development to meet dosing requirements. As such, we can 

use the probabilistic framework to investigate the use of an alternate strategy to manage limited 

hydrate formation using a low dosage inhibitor such as an anti-agglomerant.  

To evaluate these cases, we may consider a late field life example, where high watercut increases 

hydrate formation potential and maximum obtainable slurry viscosity. Hydrate anti-agglomerants 
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(AAs) can be simulated within the algorithm by suppressing the cohesive force between hydrate 

particles (Equation 2.10); this reduces the average aggregate diameter allowing for more efficient 

packing at a given hydrate fraction, mathematically, this is a direct result from the work of Camargo 

and Palermo (2002), as discussed in Section 2.2.1. Consequently, the ‘drag’ effect of flowing hydrate 

particles on slurry viscosity is reduced. A more rigorous treatment of AAs may involve affecting the 

interfacial tension and wetting angles, but these are more difficult to relate than a cohesive force 

reduction, which can be directly measured in bench-top experiments (Aman et al. 2012a).  

Future iterations of modelling methods may seek to incorporate the effects of surface-active 

chemistries at a more fundamental level. Within the existing model framework, changes in the IFT will 

primarily be simulated through their emulsifying effect by way of the model presented by Boxall et al. 

(2012). That is, a lower IFT will produce a fine emulsion, in turn allowing greater surface area for 

hydrate formation, this then increases the rate of hydrate formation, while preventing aggregation. 

At low hydrate volume fractions this is advantageous. However, if the increased formation rate allows 

the system to access hydrate volume fractions in excess of 30 vol%, the particle density may lead to 

an increase in the overall viscosity. This simple modelling prediction shows the importance of 

understanding the emulsifying properties of any anti-agglomerant additive, as these are typically 

strong surfactants. 

For this case the probabilistic framework is again used, distributing the pressure, temperature and 

nucleation sub-cooling for the case of 40% watercut. Non-dispersing AAs are simulated by reducing 

the interparticle force without significantly affecting the water-oil interfacial tension. The output 

probability distributions of hydrate volume fraction and slurry viscosity are generated and may be 

compared to those in the previous section. 

Figure 7.7 shows the probability of forming a given quantity of hydrate, where no significant reduction 

is observed, as the AA is designed to manage the risk of hydrate formation at the third stage 

(aggregation) of hydrate plug formation. This is seen in Figure 7.8, where the AA reduces the relative 

viscosity to a value close to unity; in this limit, the slurry is not significantly more viscous than the 

continuous oil phase. Further, the narrowing of the output distribution in Figure 7.8 suggests that the 

uncertainty associated with fluctuations at the inlet is small. 

In conjunction with the predictions from the previous section, the probabilistic framework provides a 

number of quantitative conclusions when applied to this design case:  

a) The development is heat transfer limited throughout the life cycle of the asset. 
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b) The expense of preventative THIs will increase directly with watercut, and may warrant an 

alternate approach. 

c) Due to the above factors, a management approach using a non-dispersing AA may provide a 

more cost-effective solution. 

 

Figure 7.7 – Probabilistic result using a non-dispersing AA (green) compared to the base case (red) to manage hydrate 
formation during late field life. There is no significant effect on the volume of hydrate that forms in the system when 

introducing the AA. 

 

Figure 7.8 – When adding a non-dispersing AA (green), the predicted relative viscosity is significantly reduced relative to the 
base case (red). In this case, the slurry viscosity is approximately the same as that of the oil continuous phase, indicating a 

significant reduction in the resistance to flow when using this management strategy. 
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Given the small increase in slurry viscosity shown in Figure 7.8, use of a transient simulator using the 

methods outlined in Chapter 5 would show little difference between the production rate with and 

without hydrate formation. From an economic perspective this corresponds to a flowable hydrate 

slurry with no loss of production, where the use of an AA can be directly compared to the cost of a 

MEG injection and recovery system. As such, we can begin to assign quantitative cost metrics to the 

use of management rather than prevention strategies for hydrate in flow assurance. 

7.2.4 Blowdown and Nucleation Inhibition with Kinetic Hydrate Inhibitors 

The previous cases have considered the behaviour of oil-dominant systems where the mechanism of 

slurry viscosification and the metric of relative slurry viscosity are of primary importance. In these 

cases, anti-agglomerants may be used as they disrupt this viscosification step in hydrate plug 

formation, leading to a viable, flowable slurry. Conversely, the mechanisms for gas condensates are 

quite different; in terms of our algorithm, it is the absolute hydrate fraction that is important. The case 

considered here is based on a real-world gas condensate development off the coast of Western 

Australia in relatively shallow water. 

We simulate a production system from a manifold which aggregates several production wells, through 

a 14” tieback to a topsides platform, the bathymetry of the system is shown in Figure 7.9. The 

simulation is discretized into sections 50 m in length, with ambient temperatures specified to account 

for the thermocline across the system. At the manifold, the pressure is 105 bar, and the temperature 

has fallen to 20°C. The absolute water volume fraction entering the system is 21%, with 1.5% 

condensate, and the balance gas. 

A single prediction from the steady-state algorithm can be seen in Figure 7.10, which shows two 

regions of hydrate formation. The first occurs shortly after the manifold, as pipeline fluids cool to 

ambient temperature within the hydrate formation region before warming as the line reaches 

shallower water, while the second is a result of JT cooling in the riser. While the PT trace suggests this 

second region of formation is more severe in terms of the subcooling, and therefore driving force, for 

hydrate formation, this is only true for the final 200 m of the flowline, in fact the majority of hydrate 

formation occurs in the first 2.8 km section prior to the plateau. 
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Figure 7.9. Production system bathymetry modelled in this work, based on a typical offshore Australian field. 

 

 
Figure 7.10. PT trace of the flowline path and hydrate equilibrium curve. Two zones of hydrate formation are present in this 

system, where the inlet initially cools to ambient temperature along the initial slope from the manifold, and due to JT 
cooling effects in the riser. 

A possible management, rather than prevention, approach to hydrate formation for this development 

is to operate within the hydrate region at steady-state, and use a combination of insulation and 

blowdown to minimize hydrate formation during downtime. In this case, an important consideration 

is the degree to which blowdown is conducted – if the line can be shut in closer to full production 

pressure, then the restart time is minimized. To explore the implications of operating without a 

hydrate prevention strategy in place, the steady-state algorithm was used for Monte-Carlo type 

analysis. 
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This was achieved by running multiple iterations of the steady-state model using a distributed set of 

inputs and simulating the stochasticity of hydrate formation. In particular, inlet pressures to the 

pipeline were varied to simulate restart after different degrees of blowdown, ranging from 60 bar (full 

blowdown) to 105 bar (no blowdown). In addition, the stochasticity of hydrate formation was 

modelled based on the data of May et al. (2018) who suggested that methane hydrate nucleation is 

normally distributed with a mean of 5.6 K and a standard deviation 1.9 K. For each simulation, a single 

blowdown pressure was paired with a single value of the sub-cooling required for nucleation as 

determined by a random number generator mimicking the distribution described by May et al. (2018). 

In all, 10,000 simulations were run, the overall results of which are displayed in Figure 7.11. This shows 

the maximum hydrate fraction attained in the flowline for a given blowdown pressure, with three 

main populations clearly visible. First, the cluster that show a direct proportionality of maximum 

hydrate fraction to the blowdown pressure – this is the expected result as a higher pressure equates 

to a greater driving force for hydrate formation, the distribution in values is a result of the distributed 

nucleation subcooling. Second, simulations in which no hydrate was present, as the maximum 

subcooling in the system was less than that required for hydrate formation over the residence time of 

the fluid. That is, with sufficient nucleation inhibition, fluids pass through the system without a 

nucleation event occurring. Finally, a small population of simulations predict between 0-2 % hydrate 

formation, this represents those systems where the subcooling in the first region of hydrate formation 

was insufficient for nucleation (Figure 7.10), but where hydrate nucleated in the riser, resulting in a 

small window for formation before reaching topsides. 

 

Figure 7.11. The maximum hydrate fraction with respect to the liquid phase, as a function of the blowdown pressure, each 
point represents one of the 10,000 simulations performed. There are three clear populations: i) the expected direct 

correlation between increased pressure (driving force) and maximum hydrate fraction, ii) simulations in which no hydrate 
formation was predicted, iii) a small cluster of simulations showing limited hydrate formation between 0-2% relative 

volume fraction. 
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The three coloued bands in Figure 7.11 indicate subsets of data for blowdown pressures of [60, 70], 

[80, 90] and [95, 105] bar, which can be used to further investigate the specific distribution of 

predicted hydrate formation in these ranges. Figure 7.12 shows histograms of maximum hydrate 

fraction distribution for these three shaded regions, demonstrating quantitatively the size of the three 

different populations for each of these blowdown bands. 

 

Figure 7.12. Histograms indicating the probability that a simulation would predict a certain maximum hydrate volume 
fraction. These fractions are binned in increments of 2.5%, where each bar represents the fraction of simulations between 

itself and the previously listed bound. A clear trend is visible that a higher degree of blowdown results in a higher probability 
of forming less or no hydrate. 
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Two clear trends are seen in Figure 7.12: i) lower blowdown pressures result in a lower upper bound 

on the observed maximum hydrate fraction, that is, less hydrate is formed; and ii) increasing the 

blowdown pressure results in a lower probability that fluids will transit the flowline without nucleating 

hydrate. Further, we can see that that a plurality of simulations for each blowdown pressure indicate 

no hydrate formation, this is not obvious from Figure 7.11, but has profound implications in 

considering overall hydrate management strategies. 

 The essential result of these simulations is that there is a significant probability that hydrate will not 

form in this system, regardless of blowdown pressure. An important corollary is that if the nucleation 

of hydrate can be further inhibited, this may prove a viable management strategy. Specifically, the 

results of May et al. (2018) have shown that the addition of a kinetic hydrate inhibitor (KHI) to a 

methane hydrate system may increase the average nucleation subcooling by 4 K (to 10-12 K) and 

decrease the standard deviation of the distribution by a factor of three. 

7.3 Supporting Simulations with Laboratory Studies 

Several classes of chemicals are available which purport to act as low dosage inhibitors, and these 

have seen active industrial deployment; at present, modelling capabilities lag these developments. 

Here, we introduce a class of simulation tools that may be of use in evaluating industrial methods of 

hydrate management, providing a platform to evaluate their efficacy as part of the design process. 

However, research on the exact mechanisms by which these chemicals act is ongoing, as such any 

modelling must be performed with caution. In particular, it is important that simulations of design 

cases that allow for hydrate management be supported by experimental evidence. 

In the context of the applications presented here, a range of bench-top apparatus may be employed 

to give confidence to the simulated predictions. In particular, for the use of anti-agglomerants, low 

pressure micro-mechanical force apparatus may be used to screen the efficacy of chemicals and rank 

them qualitatively (Morrissy et al. 2015; Aman et al. 2012a). These low-pressure apparatus typically 

make use of cyclopentane hydrates to perform large numbers of experiments at ambient pressure, 

where the reported values of interparticle force scale proportionally to high pressure methane 

systems (Lee, Koh and Sum 2014). High pressure versions of the equipment may yield a quantitative 

input for the interparticle force reduction achieved by use of an anti-agglomerant. However, as the 

system is quiescent, these experiments have a far lower data throughout than their low-pressure 

analogs. These provide a first-step in validating AA performance in a highly controlled environment, 

which may be supported by the use of autoclaves.  
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These larger scale constructions allow for the chemical to be tested under flowing conditions, 

increasing the confidence level in chemical performance; this is particularly true for visual cells where 

phenomenon such as deposition can be directly observed. This detection of deposition is of key 

importance when validating the use of an anti-agglomerant, as adequate modelling for the mechanism 

does not yet exist. In the context of the applications presented here, the AA result from Figure 7.8 

requires experimental validation to check for deposit formation, as this may result in a systemic 

plugging problem. Autoclaves hold an advantage over intermediate scale apparatus such as flowloops 

in understanding the behavior of AAs in several respects: i) a greater testing throughput and lower 

cost; ii) greater control over the experimental conditions tested; and iii) an autoclave will not be 

permanently contaminated by the addition of a surfactant chemical, as may be the case when 

introducing an AA to a flowloop. Furthermore, recent computational fluid dynamic simulations have 

suggested that the shear field present in autoclaves can be translated to a reasonable approximation 

of pipe flow (Booth, Leggoe and Aman 2019), broadening the applicability of experimental results at 

the industrial scale. Finally, autoclaves can with relative ease identify and characterize the behavior of 

a special class of flowable hydrocarbons, so-called ‘magic oils’, where a combination of interfacial and 

transport properties (high viscosity and density) may allow for flowable hydrate slurries without any 

chemical addition. This class of oils in particular is perfectly suited to analysis with the algorithms 

described here, as their behavior matches the base assumptions made within the model. 

Nucleation inhibitors have commonly been tested using collections of rocking cells, where the transit 

of a metal ball along a rocking cylinder may eventually be stopped by hydrate growth on the walls, 

labelled as a ‘plug’. These constructions, while popular, suffer from problems in terms of unrealistic 

flow patterns, the dubious definition of plugging they employ, and the low throughput of data when 

applied to stochastic phenomenon. The new class of high pressure stirred automated lag time 

apparatus described previously (May et al. 2018) are an improvement in terms of flow pattern and 

data throughput. Rather than (at most) a few tens of results, the HPS-ALTA systems can generate 

hundreds to thousands of data points, rendering a statistically significant definition of nucleation 

inhibitor performance while also measuring crystal growth inhibition in the event of hydrate 

formation. The final application discussed in this chapter would benefit significantly from the use of 

such an apparatus to quantify the performance of any selected KHI. 

Finally, while the algorithm presented here has demonstrated interesting results, a key question 

remains surrounding the validation of the overall integrated models. At present, the constituent 

models have been validated, for example: Boxall et al. (2012) tuned his droplet size model to 

experimental data; Camargo and Palermo (2002) based their aggregation model on rheological data; 
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and the formation rate equations are typically tuned to experimental results (Vysniauskas and Bishnoi 

1985; Vysniauskas and Bishnoi 1983). Furthermore, the algorithm we present has been favourably 

compared to flowloop data in terms of both growth rates and resulting pressure drop predictions, 

seen in Chapter 3, with the latter validating the integration of the constituent models. However, 

although a comprehensive validation against field data is currently lacking for the algorithm presented 

in this work; this does not preclude the use of the framework presented here, which is designed to 

accept evolving improvements in the quality of models that describe both the probability and severity 

of hydrate formation. 

This chapter has presented several applications of a quantitative, probabilistic framework to address 

one half of the risk equation. The framework is general, where the input distributions and flow models 

may be substituted or improved as the field advances. Further, the quantitative nature means that, 

when coupled to targeted transient simulations, robust economic estimates of the costs associated 

with hydrate management or prevention can be made. In the next chapter, the focus will shift from 

this new class of tools to examine how it may be possible to retro-fit existing, field deployed analysis 

software to make estimates of the likelihood of hydrate blockage.  
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8. Hydrate Blockage Likelihood Using a Transient Simulator 

8.1 Application and Limitations of a Plug-In Tool 

Previous chapters have detailed a framework for risk analysis for hydrate formation composed of 

probabilistic and deterministic tools to assess the likelihood and severity of hydrate formation. These 

methods have been ‘standalone’ in the sense that they focus on building a mechanism for assessing 

hydrates first and foremost; that is, they are hydrate tools which incorporate elements of multiphase 

flow necessary to describe hydrate formation. In this chapter, an industrial application for assessing 

the likelihood of hydrate blockage in an offshore flowline network is explored. The work presented 

here takes the form of a Hydrate Blockage Likelihood (HBL) Plug-In for the Pipeline Management 

System (PMS) of this network. As the name suggests, the HBL Plug-In is secondary in functionality to 

the overall PMS, as such, this chapter focusses on exploring how hydrate blockage may be assessed 

as one aspect of a larger system. 

As the overall PMS is based on an industrial rigorous transient simulation tool, this limited integration 

allows the HBL Plug-In to make use of key outputs related to bulk fluid flow. It is therefore possible to 

estimate how quickly hydrate will form, how much will form, and how it will be transported and 

distributed throughout the system. These remain estimates, as the HBL Plug-In does not integrate 

directly with the flow engine of the transient tool. As such, any hydrate formation analysis is limited, 

as hydrate must be tracked independently, and does not affect fluid flow predictions, as would be true 

for a fully integrated solution described in Chapter 5; primarily the method should be used to give 

operators within the hydrate region confidence that they can predict where and how much hydrate 

forms. Whether the method described here provides sufficiently accurate estimates of how the 

system behaves depends on the properties of that system. In general, if the system is shown 

experimentally to behave ideally, then the method is appropriate; that is, if hydrate forms a 

transportable slurry that does not significantly affect the base fluid properties (such as the viscosity) 

up to the expected limit of hydrate formation, then the HBL Plug-In described here may provide a 

reasonable estimate for the hydrate blockage likelihood. Furthermore, the method for tracking 

hydrate transport within the network is most robust under steady-state conditions, where we can 

make reasonable assumptions as to how material will distribute itself under ideal conditions. Transient 

phenomenon are more difficult to handle, where we must rely on heuristics and error checking 

methods to track more nuanced local transport phenomena. 

8.2 Plug-In Construction for a Pipeline Management System 

The subsea network considered in this chapter consists of 6 wells in three clusters, where clusters A 

and B are gathered and their pressure boosted by a multiphase pump (MPP) before joining cluster C 
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and being produced to an offshore platform (Figure 8.1). The system is modelled with 11 branches 

that are broken into sections with lengths on the order of 50 m, the total length of the system along 

the contiguous path from cluster A to the platform is on the order of tens of kilometres. The maximum 

pressure attained at the wellheads and after the MPP is approximately 105 bar, while the field may 

thermalize with the ambient conditions as cool as 6°C. It has been predicted that hydrates may form 

for this system at steady-state during late life, and are likely to form during transient operations (i.e. 

shut-in and restart). As such, some capability to predict the magnitude and location of this formation 

is necessary, in addition to online monitoring of fluid flow using a predictive model.  

 

Figure 8.1. Representative diagram of the subsea network described in this chapter. 

This predictive model forms the core of the overall PMS designed to track produced fluids throughout 

the subsea production network. It consists of a commercial rigorous multiphase transient software 

package tuned to field data, which may feed predictions to operators in real-time or be used to 

investigate model cases as part of a “look ahead” mode. The core flow model is tuned such that for 

expected production rates and with given thermophysical property models of density and viscosity the simulated 

pressure and temperature profiles match those experienced in the field as closely as practical. This is typical of 

such predictive models where production rate is the primary variable used to assess performance with the 

prediction accuracy of pressure and temperature profiles secondary. However, in the context of hydrate 

formation, tuning this algorithm to production rate is not ideal. The pressure and temperature of the 

system constitute directly the driving force for hydrate formation; as such it is critical for accurate 

predictions that they match reality as closely as possible. If this is not done, and particularly for 

systems which operate close to the hydrate equilibrium boundary, significant uncertainty can be 

expected in terms of the magnitude of hydrate formation, where different implementations of the 

flow model can lead to orders of magnitude difference in formation rates. In principle, it should be 
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possible to achieve accurate tuning of production rate while retaining pressure and temperature 

profiles that closely match the reality of the field; this should be accomplished by calibrating the 

thermophysical property models used against representative sampling data for the development. For 

example, an ‘off the shelf’ implementation of common cubic equations of state will yield liquid phase 

densities with a typical error of 10-15%; while compositional viscosity models perform well for 

alkanes, their performance rapidly decreases for oils that are heavy, biodegraded or that contain high 

fractions of more complex aromatics. Further, while attempts to lump heavy components into a 

pseudo-fraction may be necessary from a computational standpoint, they also introduce significant 

uncertainties into property predictions. If the density and viscosity models can be calibrated against 

experimentally measured data for the particular oil that is to be produced, then it becomes possible 

to more accurately predict pressure drop for a well-behaved flow regime. In turn, the production rate 

associated with this pressure drop should prove accurate, allowing for higher confidence hydrate 

predictions at the cost of extra investment at the planning stage. 

Within the PMS, these fluid predictions are made available to a Real Time Framework (RTF) which 

interacts with a data historian and scripting engine, from which other tools may be called, of which 

the HBL Plug-In is one (Figure 8.2). Internally, the Plug-In communicates with property lookup 

functions which are used to assess hydrate equilibria, droplet size distributions and modified relative 

viscosity data. The hydrate equilibria are based on modelling predictions, while droplet size inputs and 

viscosity data were measured as part of an extensive experimental program. Figure 8.2 shows that the 

transient engine is separated from the HBL Plug-In, such that the Plug-In and internally calculated fluid 

properties (property lookup) do not affect the transient flow engine, and may only use the outputs of 

the flow engine as passed via the RTF. 

When the PMS is running, the transient engine rapidly communicates with the RTF, where calls may 

be made several times per second. These outputs are not available at the same rate to the HBL Plug-In, 

which instead communicates with the scripting engine approximately once every 5 seconds (Figure 

8.3), during which time the Plug-In must update its predictions.  
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Figure 8.2. Structure of the Pipeline Management System, where the Real Time Framework acts as a central core to 
integrate other modules. 

 

Figure 8.3. Separation of communication between the transient engine and HBL Plug-In via the Real Time Framework. 
Dashed lines indicate that returned data is not fed to the transient engine. 
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The HBL Plug-In performs a series of calculations for hydrate formation, transport, and blockage 

assessment in that order for each section (control volume) of each branch within the overall model 

(Figure 8.4). Predictions of hydrate formation are handled using a deterministic nucleation subcooling, 

while growth rate is predicted by the kinetic Equation 2.7. The constants in this equation were tuned 

to the experimental data from autoclave experiments conducted using fluid samples from exploratory 

wells in the field. 

 

Figure 8.4. Block diagram showing the order in which operations are performed for a single section. 

As hydrate is not tracked by the transient engine, transport calculations must be performed by the 

Plug-In based on data available for the other flowing phases. Experimental studies using benchtop 

autoclaves showed that for the oil produced in this field, hydrate formed a transportable slurry that 

moved with the oil phase. This implies that in the field, the hydrate phase can be assumed to be well-

dispersed within and transported by the oil phase – that is, we assumed no slip between the oil and 

hydrate phases. The approach taken to determine the quantity of hydrate in a section is based on a 

residence time method, in which the instantaneous velocity of the oil phase is tracked in conjunction 

with growth rates along the flowline to determine how much hydrate has built up in the current 

section.  
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Specifically, the algorithm will first compute the rate of hydrate formation for each section and all 

branches. Unique equilibrium curves are programmed for each branch based on the expected 

composition of fluid under normal steady-state operations; with an input of the section pressure and 

temperature, a kinetic driving force is determined. The local shear rate predicted by the transient 

engine is fed to the model described by Boxall et al. (2012) to determine the surface area for reaction; 

the droplet size predictions used for the surface area calculations were validated experimentally a 

Nuclear Magnetic Resonance apparatus (Johns and Gladden 2002; Fridjonsson et al. 2014). In 

conjunction with the tuned kinetic equation parameters, this fully determines a formation rate profile 

for the system. 

After the rates of formation are calculated, it is possible to compute the quantity of hydrate that has 

been transported to each section for all branches. The time that the system has been operating within 

the hydrate region is tracked for each section. This yields an available time for hydrate formation, 

where contiguous sections may begin to communicate with each other for sufficiently large velocities 

and times. For any given section, the local fluid residence time (dx/v) is computed: when the available 

time is less than this residence time, hydrate formation is modelled as occurring locally, multiplying 

the growth rate by the actual time to determine the local quantity of hydrate. This is typically on the 

order of 1 minute, after which, the algorithm begins to include the cumulative contributions of hydrate 

from upstream sections using the same process, where the ‘available time’ for hydrate being 

transported from an upstream section becomes the total time spent in the hydrate region less the 

residence time of all downstream sections until the target section is reached. When the actual time 

becomes equal to the sum of all residence times from inlet to outlet, the system reaches a 

steady-state, where we would expect to see a monotonic increase in the mass of hydrate along the 

flow path. 

Once the physical quantity of hydrate has been computed for all sections, the blockage likelihood is 

assessed in terms of three criteria: 

1. What is the fraction of hydrate in this system? 

2. What is the predicted viscosity of the hydrate slurry? 

3. What is the velocity of the flow, and is the system in the hydrate equilibrium region? 

These criteria can raise three flags indicating low, intermediate and high likelihood of blockage 

occurring in the development depending on their relative values. The thresholds for the first two 

criteria were determined based on experimental results which showed that a flowable hydrate slurry 

could be transported without deposition and with a relatively small increase in the relative viscosity 
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up to a 20 vol% hydrate fraction. The final criterion is raised if the flow is static and the system has 

been in the hydrate equilibrium region for an extended period of time, where it is possible that hydrate 

formation may result in limited deposition or bed formation. These flags are reported to the operator 

and are viewable on the graphical interface of the PMS, while more technical outputs are stored for 

evaluation by engineering staff if necessary. 

8.3 Plug-In Architecture Validation 

The formation models and blockage likelihood criteria used in the HBL Plug-In are based on 

experimental work which thoroughly characterized the physical properties of the oil and its hydrate 

formation potential. Thus, it can reasonably be expected that these models are representative of the 

physical behavior of the system in the field. However, the transport model is based on a pseudo-

steady-state residence time implementation that uses instantaneous velocity profiles from the 

rigorous transient model, assuming well mixed slurry transport with the oil phase, as observed 

experimentally. Before testing this approach with a representative model of the subsea development, 

it was necessary to run validation cases on this architecture to ensure it performs as we would expect, 

particularly where conditions deviate from ideality – during transience. These validations checked 

primarily for conservation of mass at steady-state, and when large gradients are introduced through 

changes in flow direction or equilibrium conditions (which could physically correspond to rapid 

blowdown). 

For this validation, an artificial configuration of the system was used, where the physical geometry of 

the flowlines was retained in terms of diameter, connectivity and number of sections. The section 

length was set to a constant 50 m and the bathymetry was assumed to be flat to simplify the test 

scenario; flowline length is reported throughout as a percentage where, for the artificial configuration, 

0% indicates the first well in Cluster A, and 100% indicates the termination of the flowline at the 

offshore platform. Pressure and temperature throughout the flowline network were set to a constant 

60 bar and 3°C to ensure a constant kinetic driving force for hydrate formation; relevant 

thermophysical properties were computed at these conditions. The oil and water phase velocities 

were manipulated independently of the pressure, as the driving forces for flow are separated from 

flowrate itself in the HBL Plug-In. These velocities were set to a constant 1 m/s initially, with further 

cases of instantaneous flow reversal and stoppage run to interrogate the handling of transient events. 

It should be stressed that these condition sets are artificial, and serve only as a simplified means to 

test the core transport approach before running the HBL Plug-In using representative data. 

Figure 8.5 shows how the hydrate mass evolves along the network from the Cluster A set of wells to 

the platform. Two sudden increases in the hydrate mass per section are shown, these correspond to: 
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i) the node at the Multiphase Pump where Clusters A and B are joined; and ii) the entry of Cluster C 

into the main production line. The red line representing the hydrate mass after six hours is the 

steady-state profile, which is reached after approximately four and a half hours. Therefore, the basic 

predictions of the transport model seem to be valid, as mass is conserved and the system comes to 

steady-state over the expected time scale. Furthermore, the shape of the curves is qualitatively 

sensible, in that they indicate formation rates are lower further down the flow path – this is expected 

as depleted reactants lead to a lower surface area, and thus reduced formation rate. 

 

Figure 8.5. Evolution of hydrate transport from Cluster A to the platform. The origin represents the first well in Cluster A, 
flow is in the positive direction. 

Figure 8.6 shows a continuation of this model case, where the flow is reversed instantaneously by 

changing the velocity from 1 m/s to -1 m/s: all other parameters are maintained and the steady-state 

forward flow case serves as the initial condition. In this case, hydrate begins to drain from the platform 

back into the flowline network; it is assumed that there is no inflowing hydrate from the platform for 

the purposes of this simulation. The evolution of the system occurs over the same time scale as seen 

in Figure 8.5, giving confidence that flow predictions are not biased by the direction of transport. 

Furthermore, mass remains conserved, where rather than collecting into the main flow path at the 

MPP and Cluster C junction, hydrate drains into other lines in proportion to their relative flowrates. 

Importantly, we can see that when flow is reversed, the hydrate mass exceeds its value from the 

forward flow case, as hydrate continues to grow in addition to the material previously collected. The 

one- and two-hour traces further show that the hydrate mass plateaus when the value exceeds the 

expected local limit of hydrate formation, based on the stoichiometric limit imposed by limited water 

in this case. This is artificial, as we may expect that the limit be exceeded by a reversal of flow; if such 

a plateau signal were detected in actual operations, particularly in late life, it may be cause for 
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concern. Finally, the system returns to a qualitatively sensible steady-state reverse flow condition in 

terms of the test case: that is, while a constant reversed flow over a period of 6 hours is not physically 

likely, the algorithm performs as we would expect it to. Overall, this case demonstrates that the limits 

used to ensure continuity of the solution are performing as expected, namely, there are no sudden 

numerical changes in the hydrate mass, and the algorithm can handle flow shocks. 

 

Figure 8.6. Evolution of hydrate transport along the Cluster A to platform flowline. The origin represents the first well in 
Cluster A, flow is reversed instantaneously from the forward flowing steady-state condition. 

The last test we can perform to qualitatively test the transport method is to stop the flow and observe 

how the hydrate in the system behaves (Figure 8.7). By stopping flow, the system is effectively reduced 

to a series of spatially independent CSTR type reactors with a starting conversion that varies along the 

flowline. In this case we expect that hydrate will continue to grow until the thermodynamic limit is 

reached, where the difference in flowline diameter means that the mass values differ for different 

branches. Note that for the final test case, the growth rate is artificially large, as the aim is to test this 

functionality, therefore the input value for the shear rate was kept constant between the forward, 

reverse, and stopped flow cases. In the field, a quiescent system would experience significant mass 

transport limitations that reduce the growth rate, which would occur if a real shear rate were used. 

This means that while this test case example predicts full conversion for 20% water holdup to occur 

over three days, the process may be significantly slower in the field. 

This set of cases serves to qualitatively test the behaviour of the residence time method for hydrate 

transport employed within the HBL Plug-In. The checks and balances used result in a final solution that 

correctly conserves mass, and shows transport occurring over the correct timescales. Further, flow 

reversal and quiescent systems behave as expected, with hydrate flushing back through the system 
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and building to the correct thermodynamic limit. If the system is operated at hydrate slurry fractions 

close to the thermodynamic limit, and flow is reversed, it is possible that the method will under-

predict the hydrate fraction in some sections for a limited time. This may be an important 

consideration if such behaviour is observed in a real system; however in these cases a high hydrate 

blockage likelihood flag will be raised, and it is likely that mitigation strategies will already be deployed. 

 

Figure 8.7. Equilibration of hydrate along the Cluster A to platform flowline. The origin represents the first well in Cluster A, 
flow is stopped instantaneously from its back flowing steady-state condition. 

8.4 Predictions with the Pipeline Management System 

With the conceptual framework used to construct the HBL Plug-In qualitatively tested, it was 

necessary to check its performance by running a series of model cases with inputs coming directly 

from a transient engine. As a further test of the Plug-In’s integration with the PMS, it was run using 

both the online PMS transient engine and an independently developed model using an offline version 

of the same transient software. The Plug-In was fed inputs from this offline model and the data 

compared to the outputs of the PMS with the Plug-In enabled (Figure 8.8). 

 

Figure 8.8. Validation process for Plug-In implementation within the PMS. 
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 The three cases presented here examined variations of shutdown and restart for early and late field 

life (to capture the impact of changing gas to oil ratio and water cut), with possible complications during 

this process. The common factors for all cases were as follows: 

1. The system was run to a steady-state configuration, in which no hydrate forms due to the 

elevated temperature along the flowline (30°C+). 

2. The various well clusters A, B and C were closed and the system shut-in. During this stage 

hydrate does not form as the line still contains warm fluids. 

3. Cool down towards ambient conditions, in general no significant quantities of hydrate form at 

this stage, as when approaching the equilibrium curve, Step 4 occurs. 

4. Depressurization occurs when the field approaches the equilibrium curve, ensuring that the 

field remains outside the equilibrium region for an extended period. Hydrate may form in 

limited quantities at the end of this process if the system thermalizes with the ocean. 

5. Cold restart where well clusters A, B and C are opened sequentially and the MPP restarted, 

this stage represents the greatest potential for hydrate formation. 

The predictions shown here focus on the final cold restart stage of operations, as this is the most 

interesting from a hydrates perspective. We are primarily interested in tracking the pressure, 

temperature, hydrate fraction and hydrate blockage likelihood flag predicted for the system; further, 

the results shown are from the HBL Plug-In run using the offline transient model unless otherwise 

stated. The length for these simulations is reported as a percentage, where 0% indicates the MPP, and 

100% indicates the exit of the flowline to the offshore platform. 

The first case is an early life cold restart following a controlled shutdown, where the system is shut-in 

over a period of 3.25 hours, after which it cools for 72 hours and is then restarted. No significant 

hydrate formation (greater than the ppm level) occurs until the restart, where limited formation (< 3 

vol%) occurs in the main production line from the MPP to platform.  

Figure 8.9 shows the pressure and temperature in the main production flowline before and during the 

cold restart: the path shown has its datum at the MPP and Cluster C enters at approximately 51%. It 

is obvious that, shortly after the system restarts, the steady-state pressure profile is approximately 

restored. This occurs at the speed of sound and ensures that the fluid begins to advect along the line 

shortly after the wells are opened. Also visible is the temperature wave traversing the system at the 

rate of fluid advection, where the difference between the two waves results in a period of low 

temperature and high pressure. This is well known to be the ‘danger zone’ for hydrate formation, 

which is reflected in Figure 8.10; hydrate is melted out as warm fluids establish their steady-state 
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temperature profile. This early life scenario has a relatively low water holdup of approximately 3%, so 

we can see that approximately 60% of this converts during the restart, which is flagged as an 

‘intermediate’ blockage likelihood; this threshold is highly conservative and subject to change as 

operational experience with the development is gained. This case was not expected to present a 

significant problem in terms of hydrate formation, and the HBL Plug-In supports that hypothesis.  

 

Figure 8.9. Pressure and temperature immediately before and during the cold restart. 

 

Figure 8.10. Hydrate volume fraction and the overall Hydrate Blockage Likelihood flag during the cold restart. 

The second case is an early life uncontrolled shutdown, with the complication of a production system 

trip during the restart. The complete sequence assumes that all wells are shut in over a period of 

approximately 1 minute, after which the system cools for 48 hours, at which point it is depressurized 

and allowed to cool for a further 24 hours. Following this, the field is restarted; 6 hours into the restart 
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the production system experiences another trip with all wells shut-in and the system allowed to cool 

for a further 12 hours. 

Figure 8.11 shows the pressure and temperature of the main flowline (as in the previous case) during 

the restart, immediately before the second production system trip, and at the end of the simulation, 

after the system has cooled for 12 hours. Figure 8.12 shows the corresponding hydrate fractions, 

which interestingly indicate that more hydrate forms in the line immediately prior to the MPP trip. 

This occurs because the higher pressure due to settle out is offset by a corresponding temperature 

increase, which pushes the majority of the line out of the equilibrium region. As the simulation was 

truncated before reaching a steady-state, no judgement can be made on a longer timescale. However, 

this limited formation is unlikely to pose a problem in early field life, as there is predicted to be 

insufficient hydrate to present a significant likelihood of blockage. 

 

Figure 8.11. Pressure and temperature before the MPP trips and after the system has shut down 

 

Figure 8.12. Hydrate fraction before the MPP trips and after the system has shut down 
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Figure 8.13 shows a comparison between the HBL Plug-In’s predictions when run against the online 

and offline versions of the transient model. Note that the hydrate mass in this case has been 

normalized per unit length to account for differences in the discretization of the two models. While 

the outputs of the two transient models are qualitatively similar in terms of formation location and 

the melt out time for hydrate (a function of the advection of warm fluids), there are several orders of 

magnitude difference in the quantity of hydrate predicted to form. This is due to differences in the 

pressure and temperature response of the two models, stemming from differences in their treatment 

of thermophysical properties, namely density and viscosity. As alluded to in Section 8.2, both models 

were tuned to the same estimate of production rate, with the result being that the predicted 

temperature difference along the line averaged 1 K, with a standard deviation of 2.7 K, with an average 

pressure deviation of 1.2 bar and standard deviation of 0.7 bar for this case. While these are relatively 

similar, the system is operating close to the boundary of the hydrate equilibrium region, which implies 

a high degree of uncertainty in terms of the driving force and rate of formation. While the magnitude 

of hydrate formation in either case is not problematic, given the relatively good agreement otherwise 

between the two models, the result is indicative that accurate predictions of the system’s P-T profiles 

are crucial for developments operating near the hydrate equilibrium boundary. 

 

Figure 8.13. Temperature and hydrate mass per unit length for the online and offline implementations of the transient 
model. 

The third case is a late life cold restart that follows a controlled shutdown, the system was shut-in over 

a period of 3.25 hours, after which it cooled for 72 hours. Due to the higher late life water cut the 

system cannot be completely depressured outside the hydrate region during the shutdown. After the 

cooldown the system is then restarted over 6 hours before returning to steady state.  Despite greater 

availability of water for hydrate formation in this late life case, significant hydrate formation was not 

expected due to thermodynamic constraints on the system.  
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Figure 8.14 shows the system and equilibrium temperatures for the main flowline during restart as 

computed using the offline transient model data. This confirms the hypothesis that hydrate formation 

is thermodynamically limited for this case; prior to the entry of well Cluster C, the thermalized 

temperature remains above the hydrate equilibrium temperature, preventing hydrate formation 

during the restart. Further, the sharp jump in hydrate equilibrium temperature with the connection 

of Cluster C is due to the fact that the hydrate equilibrium curves used were independent of the local 

composition; the equilibrium curve after Cluster C assumes that fluid from these wells is present even 

if they have not yet been activated. Given Cluster C is gas rich, this is a conservative estimate of the 

equilibrium temperature. If the field is restarted piecewise, such that hot fluids from Clusters A and B 

are circulated until the advection wave moves through the main flowline past the entry point of 

Cluster C, the system can likely be maintained outside the hydrate zone during restart. 

 

Figure 8.14. Temperature and equilibrium temperature during restart for the offline model. 

 

Figure 8.15. Temperature and hydrate fraction during restart for both the online and offline models. 
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Figure 8.15 shows a comparison of the temperature and hydrate fractions for both the offline and 

online transient models, where there is a consistently higher temperature predicted in the online 

model on the order of 5°C. As a result, no hydrate is predicted to form when using the online model’s 

predictions, while up to 8 vol% of the line is predicted to be filled with hydrate when using the offline 

predictions. This is a significant difference and again highlights the importance of understanding how 

the models are tuned; for this late life case, differences in the thermophysical property models lead 

to a 15 bar difference in the predicted settle out pressure and substantial temperature deviations. As 

the system moves into production, updating the transient model’s tuning will be of key importance if 

accurate predictions of hydrate fraction are to be expected. 

8.5 A Way Forward on Integrated Blockage Assessment 

The HBL Plug-In presented in this chapter represents a first step toward incorporating the themes of 

hydrate management discussed in previous chapters within an industrially deployed tool. It represents 

the first known application of an online hydrate risk assessment tool which has been tuned as part of 

an extensive experimental program, and can be re-tuned in the field based on operational 

experiences. This can begin to give operators a degree of experience in planning developments with 

such a capability, and an insight into how they perform or can be improved. The tool described here 

has been shown to make qualitatively sensible predictions despite its limitations, and its use will be 

informed by further experimental work and validation in the field. 

However, it is important to recognize the limitations of this work, stemming from its position outside 

the transient flow network of the PMS; this is a global problem for hydrate simulation that must be 

addressed, as described in previous chapters. Due to this, a transport framework was implemented 

based on instantaneous velocity profiles and a residence time method to estimate the local quantity 

of hydrate, which, while computing qualitatively sensible outputs, is not a substitute for the proper 

mass, momentum and energy balances. Furthermore, the approach is limited in that hydrate 

formation cannot affect fluid flow within the line, since not only does the bulk density of the fluid not 

change, but the viscosity of the slurry is unaffected, discounting the possibility of mechanistically 

predicting plug formation. 

Comparison of the HBL Plug-In’s predictions between an online and offline version of the same 

transient model highlighted the importance of how these models are tuned. When assessing hydrate 

risks there will need to be a greater weight added to matching system pressure and temperature 

performance as well as or as an alternative to accurate matching of production rates. When we consider 

hydrate formation, its magnitude is primarily a function of the distance from the equilibrium curve, 

and therefore replicating the observed P-T profiles may be more important, especially as industrial 
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systems which allow a flowing hydrate slurry are likely to operate close to the hydrate boundary. It 

may be possible to achieve a good fit for flowrate and the P-T profiles by paying careful attention to 

the tuning of thermophysical property models, as informed by experimental work using samples of 

the oil to be produced. In particular, if the density and viscosity models can be fit accurately, a more 

robust flow model should result; these properties are relatively straight forward to measure using 

benchtop laboratory apparatus. 

Overall, the approach outlined here is adequate for this production system because of the favourable 

physical properties of the fluid; that is, if the oil is ‘magic’ in that it has a reduced plugging potential 

due to its high density and viscosity, it satisfies the assumption of transportable non-slipping slurry 

flow with a relatively low impact on the base fluid viscosity. Further, the expected thermodynamic 

limits on hydrate formation for this system mean that it is unlikely to reach a condition of ‘high’ 

blockage likelihood, and the transportability of the produced hydrate slurry has been confirmed 

experimentally up to this limit. Systems which mimic this behavior may be amenable to a similar HBL 

Plug-In approach to blockage likelihood assessment, and may also be applicable to systems which can 

be made plugging resistant by, for example, the addition of an anti-agglomerant that is shown 

experimentally to monodisperse the formed hydrate slurry for a given oil. Ultimately though, the 

approach should be considered a bridging step between simply advocating for the prevention of 

hydrate, and treating it within the flow model per the framework outlined in Chapter 5.   
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9. Remediation of Hydrate Blockages by Thermal Stimulation 

9.1 Motivation for Modelling Direct Electrical Heating 

Previous chapters have discussed a path for transforming the assessment of hydrate formation and 

blockage modelling from isolated methods towards integrated mechanics. In this chapter, we explore 

a simple model to address the question of how to remediate hydrate blockages should they form; this 

model is at present isolated from flow architectures, but could be integrated with a little work.  

Whenever hydrates form in a system, there is a possibility that blockage will occur, and a number of 

well-known techniques have been developed for dealing with this in the field. These can include any 

combination of thermodynamic inhibitor injection (including alcohols, glycols, dead oil, and/or inert 

gasses), mechanical methods, direct heating, and, most commonly, depressurization, preferably on 

both sides of the plug to avoid creating a projectile. Direct electrical heating has been treated with 

caution, due to the possibility that a local high-pressure gas pocket will be formed by dissociating 

hydrate and cause a mechanical failure of the line. To better understand the mechanics of dissociating 

hydrate plugs by heating, an experimental campaign was undertaken using laboratory scale apparatus 

to form and dissociate plugs under various heating regimes; this chapter details the accompanying 

simulation work using a newly developed model. 

9.2 A Simple Thermodynamic Model for Plug Remediation 

The Hydrate Plug Remediation and Intrinsic Safety Model (HyPRISM) was developed to simulate the 

dissociation of model hydrate plugs formed in a 0.57 m, 3.4 cm ID cylindrical plug cell (Boxall et al. 

2016). Due to the convenience and ease of constructing modelling tools, HyPRISM has extra 

functionality beyond this, allowing for different ways of defining a plug that are more relevant to the 

industrial, rather than laboratory inputs. Before exploring how the dissociation calculation is 

performed, it is important to understand specifically what is being simulated including the underlying 

assumptions and treatment of the hydrate phase. 

The physical basis for treatment of initial hydrate plugs is that they are formed under isobaric 

conditions, such as may result from the slow build-up of hydrate in an active flowline, where the 

reservoir of hydrate forming gas is large relative to the amount of gas that is enclathrated. In this case 

it would be expected that as hydrate forms, both its composition and that of the gas phase are 

constant. Typically, the composition of hydrate is not identical to the composition of hydrate formers 

in a system, and three phase flash calculations are required to determine what the hydrate’s 

composition will be when multiple hydrate formers are present. When the software is used 

independently, a simple two-phase flash with assumptions about the composition of the hydrate 
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phase is employed; however, it may be paired with Infochem’s MultiFlash™ (or a comparably rigorous 

tool) to dynamically compute the ratio of hydrate formers present. The degree of phase behaviour 

physics captured varies between these tools. While MultiFlash™ can capture a shift in the equilibrium 

curve when coupled to an external mass balance, it does not account for phenomena such as dynamic 

cage occupancy, for which a dedicated hydrates tool such as CSMGEM is required. 

The method of calculating hydrate composition is important when considering the dissociation 

process, as, typically, when hydrate composition differs from fluid composition, dissociating hydrate 

will alter the composition of the fluid. This is important as it in turn means that the hydrate equilibrium 

curve will shift as hydrate dissociates. If potent hydrate formers are present in the plug, their 

concentration in the dissociated fluid phase will increase, potentially shifting the equilibrium curve to 

higher temperatures and lower pressures, inhibiting the further dissociation of the bulk hydrate plug. 

This behavior can be simulated in HyPRISM only when pairing with Infochem’s MultiFlash™, which 

allows for dynamic equilibrium curve calculation, rather than a user defined static curve. 

There are several ways to meet the degrees of freedom required to define a hydrate plug; these differ 

between an industrial case, where it is more likely that an overall representative fluid composition is 

known, and the laboratory where individual phase compositions may be controlled. In general, for a 

known pressure, temperature, hydrocarbon composition, water and hydrate fraction, it is possible to 

fully define the initial conditions of a hydrate plug which has formed. The degree to which water has 

converted into hydrate can be determined by computing gas consumption in the laboratory, but must 

be estimated for field cases, based on, for example, densimetry measurements of pipe sections where 

the plug is believed to have formed. This set of inputs can be rationalised to estimate how the 

hydrocarbon phases have distributed themselves within the plug itself for both the industrial (Figure 

9.1) and laboratory (Figure 9.2) cases. In either case, the result is a well-defined set of initial conditions 

for the hydrate plug, and it is possible to simulate the dissociation process, where the hydrate plug is 

enclosed in a fixed permeable volume. That is, the system is considered to be isochoric and can be 

treated as a single control volume within which the state properties and relative phase fractions 

change as a function of increasing temperature (applied heat). 
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Figure 9.1. HyPRISM fluid definition for an industrial type specification method using the overall composition. 

 

 

Figure 9.2. HyPRISM fluid definition for a laboratory type definition, where individual phase compositions are known. 

The initial pressure and temperature defined for the hydrate plug are typically inside the equilibrium 

region, as some driving force is necessary to actualise hydrate formation within the system. As such, 

there are three distinct stages in terms of the system’s pressure response to applied heating. Initial 

sensible heating inside the hydrate region yields a small pressure increase resulting from thermal 

expansion of the gas phase in the void space. Upon reaching the hydrate equilibrium boundary, 

hydrate dissociation begins, and the system’s pressure response traces the hydrate equilibrium curve 

until the plug is fully dissociated, and a final pressure is reached (Figure 9.3). Once the plug is fully 

dissociated, the system returns to a sensible heating regime due to thermal expansion. 

 

Figure 9.3. The three stages of pressure response, heating to the equilibrium curve, dissociation, and sensible heating at full 
dissociation. 
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The computation method is relatively simple, and relies on the assumption that the system maintains 

thermodynamic equilibrium, which is true if heat is applied at a sufficiently low rate. In this case, the 

temperature is directly controlled, where a time dependence of the solution could be determined as 

a function of the heating rate and thermal mass of the system. When the temperature is increased, 

the total volume of the cell must be conserved; the phases present in the cell will redistribute 

themselves in order to ensure that Equation 9.1 remains true. 
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Figure 9.4 shows the implementation of the HyPRISM algorithm. From its initial condition, the 

algorithm controls the temperature stepwise; when temperature is stepped up, Equation 9.1 is 

iterated on until the computed total volume matches the true value determined as part of the initial 

conditions. This leads to the characteristic stepping behaviour seen in the three-stage heating process 

(Figure 9.3), which is typical of systems with a moderate void space that acts as a compressing spring, 

able to absorb the evolved gas from dissociating hydrate.  

 

Figure 9.4. Flow diagram for the HyPRISM hydrate plug dissociation algorithm. 

The algorithm makes several key predictions which may be useful for both industrial and experimental 

cases, these are: 
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1. The final pressure at which the heating curve departs the equilibrium curve. This is a safety 

indicator for performing the dissociation; if the final pressure exceeds the mechanical strength 

of the line, heating is not an appropriate solution to dissociation for that case. Experimentally, 

the final pressure is indicative of the accuracy with which the hydrate volume fraction was 

estimated. 

2. The slope of the initial and final sensible heating. This is indicative of the true void space 

available, and may be used as a check on what were the expected laboratory parameters; if 

the void space is lower than was estimated, the heating slope will be steeper. Initial conditions 

can be adjusted to estimate what the true composition of the system was. 

3. In principle, the shape of the dissociation curve could be compared to experimental data, and 

when used with a compositional model for the equilibrium curve, allow for estimation of the 

hydrate plug’s composition for a well-defined gas phase. 

As such, while there are limitations, the algorithm is a useful tool in beginning to assess thermal 

dissociation of hydrate plugs. 

9.3 Comparison to Experimental Work 

The experimental work (Boxall et al. 2016) which this model was designed to capture identified a 

number of key cases that were of interest. These followed an order of increasing complexity, where 

initially a hydrate-gas plug was considered, where no liquid hydrocarbon phase was present. Following 

this, liquid filled plugs with oil and water were tested, adding a semi-compressible and (effectively) 

incompressible phase. Finally, a full four-phase plug was investigated, which was designed to be an 

industrially representative case, this was extended to investigate both a low and moderate void 

fraction case. 

Table 9.1. Experimental parameters for the cases modelled using HyPRISM (Boxall et al. 2016) 

Experiment Pinitial [bar] Tinitial  [°C] Φhydrate [%] Φgas [%] Φaqueous [%] Φoil [%] 

1 60.0 4.0 47 53 0 0 

2 65.3 1.6 51 1.5 0 47.5 

3 30.9 1.0 28 20 52 0 

4 46.6 3.1 25 14 23 38 

5 63.3 4.1 22 1.4 28.4 48.2 

 

Preparation of the hydrate plugs followed a similar process in all five cases. The dissociation cell was 

initially filled with crushed ice to act as a template for hydrate formation in this quiescent system, any 

ice that was not ultimately converted to hydrate would constitute a free water phase. The ice filled 

cell was then pressurized to 80-100 bar, and cycled between 1°C to -5°C to encourage ice conversion 
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to hydrate while remaining within the equilibrium region. During cycling, the volume of consumed gas 

was monitored, allowing for an estimate of the amount of gas that had been enclathrated; this yields 

an estimate of the initial hydrate volume fraction. For experiments where oil was present, or 

additional water was added, it was injected at a constant rate using an ISCO pump, giving an estimate 

for the water / oil fractions; the gas filled void space is then the remainder after computing the water, 

hydrate and oil fractions. 

The first comparison case is a fully converted gas plug, where full conversion of the ice / water to 

hydrate was confirmed by checking that the pressure signal remained constant after an extended 

period of cycling. Figure 9.5 shows a comparison in P-T space of the HyPRISM prediction and 

experimental data, where the nominal initial conditions are shown in dark grey, and uncertainty of 

±2% in the initial hydrate volume fraction is represented by the light grey lines. The values reported 

are an average over the three pressure transducers, which agreed within 0.4 bar of one another. The 

prediction in this case shown agreement in terms of the final pressure of dissociation within 1 bar; the 

average deviation between the model and experimental data overall with within 0.9 bar. It is clear 

from the trace that dynamic effects exist within the experimental system, particularly post 

dissociation; these are not captured by the HyPRISM model. However, there is good agreement overall 

which demonstrates for this system that the approach of assuming a porous plug which does not limit 

gas transport (a single control volume) is valid. 

 

Figure 9.5. Dissociation curves for experiment 1. Experimental data is in black, model predictions are shown for the nominal 
conditions (dark grey) and at ±2% initial hydrate volume fraction (light grey). 
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The next step in complexity was to introduce an oil phase to the system. To achieve this, after hydrate 

had been converted completely, oil was injected into the plug such that the void space was almost 

filled. This resulted in a plug with a 1.5 vol% void fraction, 47.5 vol% oil fraction, and the balance a 

hydrate phase. Figure 9.6 shows the resulting dissociation curves, from which several important 

observations can be made. First, the plug could not be fully dissociated; the maximum operating 

pressure of the apparatus was 250 bar, when this was reached the experiment was abandoned and 

the cell depressured to dissociate the plug. This is predicted by the HyPRISM tool, indicating that it 

could be applied industrially, to determine whether safe dissociation of a plug is possible from a 

thermodynamics perspective; this represents a ‘necessary but not sufficient’ condition to attempt 

thermal dissociation, as operational constraints may still prevent the process. Second, the initial 

sensible heating curves do not match between the experiment and model, this could be due to several 

factors: 

a. An incorrect estimate of the initial conditions. If the void space was larger than anticipated, it 

would explain the flatter experimental curve. 

b. Leaks or similar problems with the apparatus. This is unlikely in this case, as the apparatus had 

been leak tested to high pressure, but it provides a potential tool for diagnosing problems. 

c. Discrepancies in the solubility of methane, which was considered for a two-phase system 

rather than the more complex environment that exists here. 

 

Figure 9.6. Dissociation curves for experiment 2. Experimental data is in black, model prediction is dark grey. 
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Finally, dynamic lag effects are visible in this case in terms of the PT response during dissociation. This 

could be due in particular to the endothermic nature of hydrate formation, which will tend to mean 

that the actual temperature within the cell is lower than the measured bath temperature that is 

reported; this accounts for points where the P-T curve seems to cross the equilibrium curve when 

hydrate is still present. Nominally, the oil phase acts as a stiffer spring than the gas phase for absorbing 

dissociated gas, as it may solubilise additional methane and swell as a result, the next experiment 

instead considered a free water phase, where the solubility of methane is minimal making it effectively 

incompressible in this scenario. 

 

Figure 9.7. Dissociation curves for experiment 3. Experimental data is in black, model predictions are shown for the nominal 
conditions (dark grey) and at ±2% initial hydrate volume fraction (light grey). 

The water filled plug dissociation shown in Figure 9.7 was conducted with a substantially larger void 

space (20 vol%), where the free water phase was injected similarly to the oil phase from the previous 

experiment. The additional reactant did increase the uncertainty in the initial hydrate volume fraction, 

this is clear as there is a constant offset in the ultimate pressure of approximately 15 bar, which 

indicates that the initial hydrate volume fraction was probably closer to 26 vol%. Further, it is 

interesting to note that the uncertainty curves do not correspond linearly between a change in hydrate 

volume fraction and the resultant pressure response. This is because the compressible phase densities 
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are modelled non-linearly, using equations of state that are cubic with compressibility; additional 

hydrate will have a magnifying effect on the pressure response, as such the uncertainty in terms of 

pressure is (-19, +24) bar corresponding to ±2 vol% hydrate. 

Two final sets of experimental data are shown in Figure 9.8 and Figure 9.9, both of which are four 

phase plugs. In these cases, the initial ice was partially converted (47 vol% and 38 vol% respectively), 

with the remaining ice assumed to be trapped in hydrate covered shells, where it melted as the 

temperature was raised to the initial condition. Following this, methane saturated oil was injected and 

the system dissociated. For a moderate void fraction (14 vol%), complete dissociation was possible, as 

noted in Figure 9.8, as such it is clear that the mere presence of liquid within a plug is not an 

impediment to safe dissociation, rather it is the value of the void fraction and initial hydrate fraction 

that are of key importance. 

 

Figure 9.8. Dissociation curves for experiment 4. Experimental data is in black, model predictions are shown for the nominal 
conditions (dark grey) and at ±2% initial hydrate volume fraction (light grey). 

This is particularly well demonstrated for the final four phase plug, which once again was formed with 

a low (1.4 vol%) void fraction. Figure 9.9 shows that the experiment did not achieve full dissociation 

before reaching the limit of the apparatus. This case is interesting as, once again, the initial heating 
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curve did not match between the model and experimental work. To investigate this further, alternate 

initial conditions were chosen and the model re-run, represented by the coloured lines in Figure 9.9, 

where the difference in void fraction has been added to the oil phase. These would suggest that the 

void fraction may have been as low as 0.2 vol%, where a 20 bar pressure rise is expected due to 

sensible heating, before any hydrate has begun to dissociate. The model further predicts that while a 

plug with void fraction of 1.4 vol% would complete its dissociation at 945 bar, and a full liquid plug 

may lift the pressure to 2650 bar, well in excess of any mechanical limits for any typical system. As 

such, the software demonstrates again its potential usefulness in identifying cases where thermal 

dissociation may be safely applied. This is backed by the excellent agreement between the model and 

experimental data in predicting the final pressure value, with the result that, for void fractions above 

5-8 vol%, full dissociation is generally possible. 

 

Figure 9.9. Dissociation curves for experiment 5. Experimental data is in black, nominal model prediction is shown in dark 
grey. Alternate initial sensible heating curves are shown for void fractions of 0.3% (black dashed), 0.2% (red dashed), and no 

void space (blue dashed); the difference was added to the initial oil fraction. 

The results are synthesised in the deviation plots shown in Figure 9.10, which show deviations in 

absolute and percentage terms between the HyPRISM model and the experimental campaign 

performed. In general, the average deviation is approximately 5 bar (2%) for the gas, water and first 
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of the industrial plugs over the 0-80% dissociation range, which is within the uncertainty of the 

associated thermodynamic models used to make the predictions. The worst predictions occurred for 

the two plugs which exhibited void fractions below 2 vol%, and which did not fully dissociate. These 

cases demonstrated the effects of thermal lags through the system and represent cases which the 

model can identify as inappropriate for thermal dissociation due to the resulting pressure increase. 

In general, the results show that the assumption of a connected pore space is appropriate for plugs 

on the laboratory scale, regardless of their composition. This is a key point, as it indicates that, if an 

industrial plug on the scale of several meters is characterised, a similar approach may yield an 

acceptable prediction of the maximum pressure attained as a result of thermal dissociation within 

that volume. This will be a conservative estimate, as it discounts the possibility of gas leaking through 

either end of the porous plug into the bulk line. 

 

Figure 9.10. Deviations between the HyPRISM model and the five experiments in terms of i) absolute pressure and ii) 
percentage difference. 

9.4 Improvements and Integration with Transient Tools 

The one-dimensional model described here works well as benchmarked against a set of laboratory 

scale experiments which included idealised and industrially relevant plug compositions. The model 
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itself could potentially be improved in terms of its predictive capabilities by the addition of a dynamic 

aspect which properly accounts for heat transfer through the plug. This is particularly important for 

larger diameter systems, and would require the incorporation of a radial dimension to track 

temperature through the plug, rather than treating it as a single control volume. This may allow for 

better characterised of the dynamic effects observed in some experimental work, and will give 

additional confidence for larger geometries typical of flowlines. 

The concept may be further integrated with flow simulation tools, where, if a plug is formed according 

to the metrics outlined in Chapter 5, the effects of thermal dissociation could be simulated directly; 

this would be enhanced by the use of a dynamic yield stress model to determine the extent of the 

plugged region, particularly in the limit that the system may not yet be depressurised (in part or 

whole). In particular, the plug would act as a mid-line pressure source, inducing a low flow of gas away 

from it and reducing the ultimate dissociation pressure below the value predicted in the current 

version of HyPRISM. However, this would likely require the introduction of diffusion, in addition to the 

existing advection equations within the flowline simulator to model the balance between gas removed 

by advection versus trapped material creating a hazard. This would represent a less conservative but 

more accurate estimate of how readily the gas could be transported away, and may require further 

experimental work.  
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10. Conclusions 

The modelling approaches explored in this thesis have at their core the concept of building a 

framework that will allow flow assurance engineers to simulate the management, rather than 

prevention of hydrate formation using quantitative risk assessment metrics. Throughout the process, 

shortfalls in the techniques used have been uncovered, leading to a better understanding of the 

minimum requirements for the flow modelling of hydrates, which should inform future efforts. 

Furthermore, key elements for integrating these new approaches into the existing set of flow 

assurance tools and design strategies have been identified. The key conclusions of the work are 

elucidated on below. 

1. Probabilistic frameworks that account for stochastic effects can serve as the foundation of risk-

based flow assurance models.  

This thesis presents a new approach for risk analysis in flow assurance engineering design rooted 

in coupling simulations that take advantage of the probabilistic nature of hydrate formation with 

transient algorithms to evaluate its severity. The current state of hydrate simulation in flowlines 

is entirely deterministic, which is inconsistent with the inherently stochastic nature of hydrate 

nucleation. This has limited industry to the use of conservative empirical heuristics in their design 

calculations which may impose a substantial cost burden.  

 

The core of this thesis is found in a synthesis of the work in Chapters 5 and 7, where the latter 

presents a probabilistic framework which can be used to account for aspects of the stochastic 

nature of hydrate nucleation in addition to uncertainties in field properties. The approach yields 

a quantitative estimate for probabilities via the risk equation, meaning that hydrate management 

strategies can be assessed in terms of confidence levels. This can be coupled with the approach 

detailed in Chapter 5, which allows for direct estimates of the costs associated with the loss of 

production when operating with limited hydrate formation.  

 

Together, the probabilistic framework can yield a likelihood for how a system will behave, coupled 

to a direct prediction of the associated costs, resulting in a true risk assessment given that both 

probability and severity are computed. Ultimately this approach should allow for greater 

confidence when exploring and selecting a hydrate management or prevention strategy, as these 

can be ranked directly in terms of cost. 
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2. Flow velocity thresholds rather than arbitrary limits on mixture viscosity should serve as the 

basis for the definition of a hydrate plugging event. 

 The work presented here represents a shift in how hydrate plugs should be defined, moving it 

away from qualitative heuristics and towards mechanistic simulation. Chapter 5 introduced a 

unique coupling between the mechanics of hydrate formation and a transient flow model that 

allows for a direct effect on production to be estimated. An example was given where a viscous 

slurry of flowing hydrate reduced the overall production rate of a system, allowing for a direct 

economic estimate of cost due to production reduction. If this were associated with an 

unmitigated production strategy, where the hydrate had been shown experimentally to be 

amenable to non-plugging flow, then it could be directly compared with the cost of inhibiting 

hydrate formation to determine economic viability.  

 

Furthermore, the concept of hydrate directly affecting flow offers a new approach to the 

definition of hydrate plugging. That is, a flowline will plug when the consequences of hydrate 

formation exhaust the flowing system’s available momentum. The mathematical construction of 

existing simulation methods is readily amenable to this approach, which can be implemented by 

considering viscosification of a flowing slurry and/or the narrowing of flowline annuli. While 

further work may be required to refine the particular approach, in general this offers a better 

metric than arbitrary qualitative metrics based on hydrate fraction or relative viscosity. Rather, 

“safe” levels of hydrate and viscosity should be defined in terms of how they affect flow for a 

particular system. 

 

3. Three-phase simulators are a minimum requirement for accurately predicting hydrate plugging. 

The simulation algorithms presented here are largely simulators that consider only a condensed 

phase, with the exception of the dynamic tool presented in Chapter 5. These simulators are 

generally accurate for predicting global pressure drops for hydrate forming systems under flowing 

conditions; however, hydrate plugs occur locally. This is a key point with respect to flow simulation 

as contemporary approaches will often couple the condensed phases (oil, water, hydrate) 

together; this is not appropriate for modelling hydrate formation. 

 

When the material transport equations don’t differentiate between phases, it becomes 

impossible to accurately determine how they will partition along the flowline, particularly during 

transient events. In this case, true multiphase simulators are necessary to track the location of 

reactants accurately, and to decouple the effects of hydrate formation on each individual phase. 
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Gas, water and oil must be allowed to slip independently of one another to correctly determine 

how a system will settle out. Beyond this, viscous plugs need to treat the phases differently to 

make accurate predictions. For example, in a simulator that considers only the flow of the 

condensed phases, a slurry that is stationary due to extreme hydrate formation would apparently 

also cause the gas to stop flowing, whereas physically we may expect the gas to continue to flow 

over this slurry until the flowline becomes fully occluded. Clearly, without thorough treatment of 

the multiphase physics, we lose predictive capabilities and must rely on heuristics to infer plug 

locations and phase behaviour. 

 

4. Compositional tracking methods and property models must be integrated with flow simulators 

to accurately calculate hydrate formation.  

More detailed simulation of system thermodynamics becomes possible when modelling fluids 

compositionally; this represents an opportunity to reduce the conservatism in design while 

improving the accuracy of software tools. When hydrate forms, it is effectively a large-scale 

reaction in which a significant percentage of the material in the flowline participates. This may 

lead to significant redistribution of material between phases, and importantly to significant 

changes in the thermophysical properties of each phase.  

 

Models which assume a constant composition for the oil, gas and hydrate phases generate 

property data based on the nominal ratios of the components in each phase at a given pressure 

and temperature. However, when hydrate forms, and particularly if it experiences significant slip, 

these property predictions are no longer necessarily appropriate. This is similarly the case for 

transient processes and flow stoppage: when a line is shut in and liquid pools in the low spots, the 

overall composition is in no way representative of the local value. This has significant implications 

for quantities such as the hydrate equilibrium temperature, where locally the increased volume 

of liquid hydrocarbon will compete with the hydrate phase for the limited supply of guest 

molecules. 

 

As such, knowledge of the location and quantity of hydrate formers is necessary if accurate 

assessments of equilibrium conditions, nucleation, growth and plugging are to be made. This must 

be performed by compositional tracking and could have significant implications in terms of 

targeting hydrate mitigation. 

 



 140 

5. Experimental tuning of thermophysical property models is key to accurate hydrate simulations. 

Chapter 8 introduced the development and integration of the Hydrate Blockage Likelihood Plug-In 

within an industrial Pipeline Management System; this is the first such integration with an online 

monitoring system reported in the literature. The assessment process for this HBL Plug-In involved 

its use with data generated by online and offline versions of the same industrial rigorous transient 

flow tool, with the results demonstrating an important point: tuning multiphase flow simulators 

to the expected production rate does not necessarily provide reliable estimates of the pressure 

and temperature profiles within the flowline. Consequently, predictions of hydrate formation can 

be highly variable.  

 

The two simulations were constructed for the same field network; the difference in the scope of 

the models and the treatment of thermophysical properties led to large variations in the pressure 

and temperature profiles calculated. If the viscosity and density are not well characterised using 

samples and experimental verification, this outcome is to be expected. For example, liquid phase 

density models are typically considered accurate within 10-15% for commonly used cubic 

equations of state, while viscosity predictions are substantially worse for long chain and aromatic 

hydrocarbons. When tuning for production rate, these uncertainties in the thermophysical 

property models mean that the impact is seen most heavily in the P-T calculated for a system 

because flowrate is a product of density and velocity, and flowrate coupled with viscosity 

determines the pressure drop for a system. 

 

Given that hydrate formation rate is a function of how far the system is from the equilibrium 

condition, accurate P-T inputs are of the utmost importance, particularly for real systems which 

are likely to operate near the hydrate equilibrium boundary. In particular, for the cases considered 

in Chapter 8, it was found that the uncertainty in P-T inputs led to predictions of hydrate holdup 

that differed by several orders of magnitude. This demonstrates clearly that, as a move is made 

towards simulation tools for industry that include hydrate formation, the need for accurate 

production rate predictions and P-T profile predictions will need to be balanced. This may be 

achieved by thorough experimental campaigns to measure thermophysical properties, in principle 

allowing for the models to be tuned accurately from both perspectives. 

 

6. Steady-state tools can be useful in probabilistically assessing screening criteria for flowability. 

A new, comprehensive framework for the rapid screening of hydrate management strategies using 

a probabilistic approach has been introduced. Chapter 4 explored a steady-state, once through 
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algorithm for hydrate formation which incorporates flowable hydrate slurries, and, under the right 

circumstances, film growth leading to a narrowed annulus. This simulator can be used to perform 

a preliminary check of whether a given mitigation strategy for steady state flow in the hydrate 

region is likely to work, as it will predict whether a given production rate is flowable within the 

hydrate forming region; or if instead the flow will fail due to an insufficient driving force. 

 

 This failure can be computed in two modes: i) viscous slurry flow leading to pressure drops 

exceeding the available pressure differential; and ii) a narrowed annulus leading to either a 

complete blockage of the flowline or a pressure drop exceeding the available driving force. In both 

cases, the effects of flow reduction due to decreased driving force are not modelled, rather, the 

simulator predicts that for a given flowrate, there is no steady-state solution that would allow 

production; a different flowrate may then be chosen to investigate whether this will lead to a 

viable solution. However, hydrate formation means that pressure drop will no longer decrease 

monotonically with flowrate, due to the complex effects of formation and viscosification, making 

it difficult to automate the process of determining a valid steady-state solution. 

 

Steady-state algorithms are also sufficiently efficient to enable probabilistic calculations, and can 

be used to target more rigorous and computationally intensive investigations of interesting 

production regimes: examples of this were presented in Chapter 7. 

 

7. Thermal dissociation of hydrate plugs can be modelled using an equilibrium-based approach. 

Chapter 9 explored a relatively simple approach to modelling plug dissociation based on 

thermodynamic equilibrium and the assumption of a porous plug which showed agreement with 

experimental results within the uncertainty of the thermophysical property values used in the 

model. In general it was found that for plugs with more than 5-8% void fraction, thermal 

dissociation of hydrate would not lead to an unsafe pressure increase. 

 

The tool in its current state can be used for conservative estimates of the ultimate pressure 

increase resulting from thermal dissociation, hence is designation as an ‘intrinsically safe’ model. 

Experimental work conducted alongside the model development showed that the assumption of 

pressure communication throughout the plug was reasonable, though how well this scales to the 

field is currently unknown. 
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Overall, the approach could be advanced further in terms of the modelling complexity, and may 

ultimately be integrated into a flow tool. If this were coupled to a definition of hydrate plugging 

based on flow velocity, it may allow for an ‘all-in-one’ flow, plugging and remediation simulation 

tool. 
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11. Way Forward 

At the core of this project is the concept of flow assurance, and the contributing broader body of 

knowledge required in this field to understand the mechanisms behind hydrate nucleation, growth 

and plugging. Ultimately the purpose of this work must be to provide a robust input to the ongoing 

effort to produce frameworks for undertaking engineering design of hydrate management systems 

based on a sound risk management architecture. Here, some specific extensions to the work begun as 

part of this thesis are explained in terms of the approach and advantages that they will offer. 

11.1 Parallel Computing for Probabilistic Risk Assessment 

The risk assessment framework produced as part of this project is a step towards realising a long 

sought-after approach, and is a requirement for engineering design based on hydrate management, 

rather than avoidance. This framework is general, and may incorporate any model capable of 

performing hydrate calculations paired with an arbitrary description of probabilistic phenomenon to 

perform a quantitative estimate of how variations will affect key parameters such as hydrate fraction, 

pressure drop or, potentially, flow rates. 

The methods proposed in Chapter 7 outline the current capabilities of this approach, but these can be 

expanded substantially both in terms of the phenomena assessed and the speed of this assessment. 

Examples have been given for sensitivity analysis, integration with reservoir modelling, estimating the 

effect of water breakthrough and the addition of various chemical classes. This list is not exhaustive, 

but does provide interesting avenues for the advancement and interlinking of, for example, 

geotechnical and reservoir engineering with flow assurance. 

To map these myriad stochastic inputs with the current engine may take some time, as typically 

several simulations may solve per second, and thousands are required to map the distribution of 

outputs. The advantage of the approach taken, however, is that each of these simulations are 

independent, and as such, they are ideal candidates for massive parallel computing. A key 

advancement over this work would be to upgrade the algorithm and move it to a GPU based 

computing platform, which should in principle allow probabilistic predictions to be completed orders 

of magnitude faster than the current algorithm. Such tools will be useful not only for engineers in 

mapping system parameters, but as a learning tool for students seeking to understand the sensitivities 

of these systems. 

11.2 Integration of Plug-In Tools with Commercial Transient Solvers 

The algorithm presented in Chapter 5 represents a first step towards integrating hydrate mechanics 

with transient simulations in a way that will allow for concrete estimates of hydrate formation 
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severity. By allowing the mechanics of hydrate formation to affect fluid flow, a direct reduction in the 

overall flowrate, and therefore revenue, can be computed. In the present algorithm, neither a static 

nor dynamic yield stress model has been included: this must be a key goal going forward, as it would 

allow for the location of a hydrate plug to be mechanistically predicted for the first time. 

Significantly, it has been found throughout this thesis that while the algorithms presented allow for 

interesting and useful assessments, sufficient accuracy for commercial application requires a 

minimum three-phase simulator to account for the distribution of hydrate former; that is, hydrate 

forms where the water goes. Robust three phase simulation tools represent a significant challenge to 

construct, and are at present the domain of a small number of commercial tools. It therefore seems 

most efficient, moving forward, to design Plug-In structures for these existing flow simulators, 

representing a new generation of tools that build on the work of, for example, CSMHyK. An increased 

willingness of companies to incorporate Plug-In tools that directly affect the fundamental flow engine, 

such as OLGA®’s Extensibility Framework, offer a clear way forward in marrying the complex physics 

of fluid flow with hydrate formation. Furthermore, these commercial tools provide a wide set of useful 

correlations that may be useful in a new generation of hydrate models to predict, for example, 

bedding and hydrate deposition. 

11.3 Key Phenomena for Modelling and Experiments 

The method for estimating the severity of hydrate formation presented in Chapter 5 represents a new 

approach to explaining hydrate plugging. In the work presented as part of this thesis, the reduction of 

driving force leading to flow stoppage is handled through the mechanisms of viscosification or a 

narrowing annulus affecting the pressure drop term of the momentum balance. This description is 

incomplete. By only considering the pressure drop term, we are constrained by the flow equations, in 

that fluid will only ‘stop’ when viscosity goes to infinity or when the line is fully occluded. 

The starting point for a more complete description is the incorporation of static and dynamic yield 

stress models for hydrates. This can be thought of as an enhancement for defining plugging in both 

gas and liquid dominant systems. For liquid systems, dynamic yield stress should be incorporated with 

the bedding process; a viscosifying slurry leads to a reduction in flow rate, in turn, individual particles 

will exhibit an increasing tendency to form a bed. At a critical limit, defined by the dynamic yield stress, 

the aggregated moving bed stops, and when hydrate builds sufficiently to reduce the flowrate below 

some threshold, a plug has formed. 

In gas systems, an enhanced description of particle buildup, as described by Charlton et al. (2018) 

must be combined with a description of sloughing derived from experimental work (Di-Lorenzo et al. 
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2018), and linked to a description of the static yield stress of deposits. This should further be 

integrated with a model for jamming, such as that proposed by Lafond et al. (2013).  The key would 

be to apply that framework and jamming model to where the larger scale of hydrate “particles” 

produced by sloughing and the reduction in annulus diameter from film growth on the flowline walls 

are the key representative length scales to be considered. 

In each case, the use of appropriate yield stress models frees us from the constraints of purely fluid 

property based approaches to plugging. More importantly, this will allow for a predictive capability 

able to localise hydrate plugging from simulation results produced using a mechanistic approach. 

11.4 Expansion of Remediation Software and Integration with Flow Simulators 

HyPRISM is at present a relatively simple tool relying solely on a thermodynamic description of plug 

dissociation that was shown to be accurate for laboratory scale phenomenon. While initial results give 

confidence in the principle of thermal dissociation, and can be used to estimate where it is not safe, 

there are several paths forward to improving the approach to enable its application on an industrial 

scale. 

The current assumption of a porous, homogeneous plug represents an ideal case in terms of 

modelling, experiment and field plugging, which has been useful for understanding the fundamentals 

of how to simulate these systems. Within the current model, pressure communication is assumed 

throughout the plug with no regard paid to changes in morphology of the plug as it dissociates. While 

it has been shown experimentally that plugs tend to dissociate radially, allowing for pressure 

communication across the plug, the actual process of dissociation in industrial-scale plugs is likely to 

be more complex. In the case of larger or inhomogeneous plugs, the possibility exists for uneven 

dissociation, which cannot be modelled without incorporating a degree of spatial discretisation within 

the structure of the simulated plug. This expansion of the model represents a considerable increase 

in complexity, but will be necessary going forward. 

The introduction of a spatially resolved geometry will in turn allow for the relaxation of several other 

assumptions within the algorithm. First, heat transfer can be modelled correctly, where a heat source 

will propagate through the plug causing uneven heating in the radial direction. Conduction through 

layers of the plug should naturally yield the expected result of radial dissociation; if the simulation is 

further discretised in the axial direction, then the effects of inhomogeneity and dynamic heat loading 

may be modelled. Further, this will allow for a consideration of the kinetics of dissociation, where the 

driving force for hydrate to dissociate will decrease closer to the core, and may be further retarded by 

the endothermic nature of dissociation. 



 146 

Finally, it should be possible to incorporate thermal dissociation within the framework of a transient 

flow tool. In this case, we would expect that a dynamic yield stress model coupled with the approach 

detailed in Chapter 5 may give an estimate of the location and properties of a hydrate plug. A heat 

flux can then be applied to the affected sections and the dissociation model employed. In this case, as 

gas is liberated from the plug, it would act as a mid-line pressure source, adding a requirement for 

diffusion equations in addition to advection equations, to estimate the rate at which liberated gas is 

advected safely versus remaining trapped in the plug. In principle this could be used as part of an ‘all-

in-one’ flow, plugging and remediation simulation tool for hydrates, and could readily be extended to 

model other dissociation techniques from chemical injection to depressurization. 
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