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CHAPTER 1  

INTRODUCTION 

 

Despite significant advances in oil exploration technologies, the number of new discoveries 

reported by operators is continuously declining and those that are reported are 

predominantly associated with deep waters, which are both technically and economically 

challenging to develop. The importance of maintaining a favourable differential between 

the rate of increase in hydrocarbon reserves and the rate of decline due to energy 

consumption is paramount for the well-being of the global economy. However, the paucity 

of easily-recoverable reserves means that energy security in the foreseeable future will be 

predominantly based on the exploitation of unconventional (largely heavy) oil and gas 

sources. In addition, attention will continue to be focussed upon recovery optimisation from 

existing conventional fields. 

 

Pressure depletion is a recovery process that has great potential both for extending the life 

of mature fields and facilitating heavy oil recovery. As an example of the former, 

depressurisation below bubble point pressure has successfully been applied to improve 

recovery and significantly extend the life of fields that have undergone extended 

waterflooding (Goodfield et al., 2003; Naylor et al., 2001). The economics of 

depressurisation for such fields has also been improved by the re-use of existing facilities. 

In the context of heavy oil reservoirs, depressurisation of heavy oil reservoirs (also referred 

to as cold production in the literature) has exhibited some fascinating and counter intuitive 

trends, including: a higher recovery rate than that predicted based on conventional oil 

models, low critical gas saturation, low produced gas-oil ratio and low pressure decline 

rate. In order to better understand the details of solution gas drive processes and the reasons 

for these intriguing observations, a number of core scale and pore scale studies have been 

reported in the literature.   

 

At the core-scale, a number of depletion experiments have been carried out in recent years 

using both horizontally and vertically orientated samples. These studies have been used to 

investigate the impact of viscous and gravitational forces on gas. Although some 
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experimental core results suggest the occurrence of gravitational gas migration, especially 

at slow depletion rates, such behaviour can only be inferred ─ by means of heterogeneity in 

measured gas saturation profiles ─ and not observed explicitly. The difficulty of observing 

gas distributions within opaque rock samples motivated a number of experimental studies 

using both transparent glass micromodels and shallow sandpacks (Tang et al., 2005; 

Dumoré, 1970). Results from these experiments demonstrated a range of different 

migratory behaviours as gas evolved during depressurisation. As an example, Dumoré 

explored the effect of permeability on the pattern of gas migration using transparent packs 

of crushed glass and observed that gas evolution could be predominantly discontinuous and 

dispersive in high permeability systems, while gas migrated via fingered channels through a 

restricted number of paths in low permeability media. Pore scale studies using transparent 

micromodels to represent the porous medium (McDougall and Mackay, 1998) revealed 

further details of pore level displacements and highlighted how gas evolution is influenced 

by the balance of forces, its time variant nature and its dependence on length scale. 

Observations of important pore level events governing spontaneous gas ganglion 

mobilisation and fragmentation in the presence of large buoyancy forces were also manifest 

in these micromodel studies. 

 

As described above, gas evolution during solution gas drive can be dominated by 

discontinuous bubble migration, and this is especially true under conditions of strong 

viscous forces (pertinent to high depressurisation rates) or strong gravity forces (significant 

under conditions of high permeability, low depressurisation rate and/or large length scale). 

This consequently limits the applicability of the continuum Darcy approach for modelling 

depressurisation and necessitates the development of alternative modelling approaches. 

Although a number of authors (Tsimpanogiannis and Yortsos, 2004; McDougall and 

Mackay, 1998) have previously presented depressurisation network models that 

incorporated spontaneous gravity-driven migration, a common feature of these models is 

that they are unable to reproduce the full range of buoyancy-driven instabilities observed in 

experiments, particularly those associated with dispersive flow. 
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Consequently, the first objective of this thesis is to develop both a qualitative and 

quantitative understanding of the pore scale mechanisms responsible for flow regime 

transitions observed during depressurisation. The influence of capillary, viscous and 

gravitational forces have all been examined using both small scale (1cm) and large scale 

(100cm) network models. The model accounts for all of the key pore level events affecting 

the process, such as: bubble nucleation; multiphase gaseous diffusion; bubble growth, 

fragmentation, and coalescence; oil shrinkage; a range of outlet boundary conditions to 

reflect variations in laboratory practise; time-dependent pore-scale meniscus tracking, 

incorporating partial filling of multiple pores during gas ganglion mobilisation; and 

variations in the direction of viscous pressure gradient (viscous gradient transverse to 

gravity, viscous gradient opposing gravity, and viscous gradient complementing gravity). 

The latter two features have resulted in this being the first model capable of highlighting 

the physical mechanisms underpinning the “dispersive” and “non-dispersive” flow regimes 

first discussed in Dumoré (1970). 

 

As early as the 1920s, repressurisation had been suggested as a possible means of 

improving oil recovery from conventional oil systems following primary depletion 

(Beecher, 1929), although very little research into this idea had subsequently been 

undertaken. Interestingly, over the past 5 years, experimental investigations using core 

samples and transparent micromodels have shown some positive results when 

repressurising heavy oil systems (Dong et al., 2006; Nejad 2004). Although no pore level 

modelling work has ever been published in this area, the micromodel observations of Nejad 

presented an excellent overview of the governing pore level physics. In light of these data, 

it was decided to extend the existing modelling framework. Hence, the second main 

objective of the thesis is to use the network modelling approach to help improve 

understanding of repressurisation in general and to go on and suggest optimal 

repressurisation protocols for heavy oil recovery. This has been achieved by means of an 

extensive parametric study of hysteresis effects during depressurisation-repressurisation 

cycles using both two- and three-dimensional models. The foregoing discussion has 

described the broad themes of the research undertaken but a more detailed breakdown of 

the thesis is now presented. 
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Chapter 2 of this thesis introduces the reader to the relevant literature covering the subject 

of network modelling and its application to several specialised studies, with a particular 

focus on non-equilibrium and non-Darcy issues pertinent to depletion and repressurisation. 

First, a brief review of single and two-phase network modelling is presented and this is then 

followed by a chronological review addressing current research issues associated with 

three-phase modelling. A discussion of previous studies focusing on all aspects of 

depressurisation — experimental, theoretical and network modelling —is presented next. 

This is followed by a review focused specifically on heavy oil depressurisation, which 

highlights the need for further investigations in certain areas. The review of depletion-

related phenomena concludes with a detailed discussion of the literature pertaining to gas 

migration in porous media. Having covered the topic of depressurisation in some depth, a 

review of repressurisation studies is presented next — this section is necessarily briefer and 

narrower in scope in comparison to that describing depletion processes, as very little 

repressurisation research has been reported to date. Finally, attention turns away from the 

governing physics and towards the issue of quantitative prediction. This requires the 

construction of physically-realistic in silico porous media and a number of different 

approaches to this have been reported in the literature. An up-to-date discussion of pore 

space extraction and network construction techniques is therefore presented, highlighting 

the benefits and difficulties associated with several pore reconstruction methods. 

 

Chapter 3 describes details of the pore network simulator developed during this research 

and discusses a range of pore scale issues regarding fluid displacement (e.g. drainage and 

imbibition) together with non-equilibrium mass transfer phenomena (e.g. supersaturation 

and undersaturation). Important concepts and implementation details of key algorithms are 

presented including spontaneous gas mobilisation, phase clustering, and perturbations to 

interface entry conditions by both viscous and gravity forces. 

 

Pore network modelling of gas evolution and regime transition during depressurisation of 

gas oil systems is discussed in Chapter 4. Here, a wide range of experimentally observed 

gas evolution patterns is reproduced via the application of an advanced migration algorithm 

that includes multiple pore-filling events during gas bubble mobilisation (migration) in the 
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presence of gravitational and viscous forces. Simulations with the new model are also 

quantitatively validated against experimental results from the literature, with comparisons 

providing explanations for several poorly understood observations. Moreover, results from 

this section also form a basis for suggesting novel improved oil and gas recovery protocols.  

Discussions within this chapter are structured to progress from pore scale observations (i.e. 

full capillary dominance) to the centimetre scale and on to the larger core scale (~100cm). 

 

Chapter 5 presents an extensive parametric study of hysteresis effects during 

repressurisation using both two- and three-dimensional networks. To improve 

understanding of corresponding experimental observations, the pore network simulator 

described in Chapter 3 has been extensively modified to model gas dissolution, bubble 

fragmentation and collapse, and oil reinjection. In addition, the tracking of non-equilibrium 

PVT properties throughout the process has made it possible to investigate the implications 

of a number of different experimental protocols on recovery in gas/oil systems. More 

specifically, the recovery benefits of repressurisation followed by secondary depletion are 

discussed at length. 

 

Finally, Chapter 6 summarises the main findings from this thesis and presents some 

suggestions for future research in this area. The work here clearly demonstrates the value of 

developing in silico models of porous media, particularly those that are able to simulate 

processes and experimental protocols that are difficult and time-consuming to carry out in 

the laboratory. Here, such a model has been used to provide clear insights into both micro-

scale and core-scale depressurisation and repressurisation processes.   

 

 

 


