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CHAPTER 2  

LITERATURE REVIEW  
 

2.1 Overview of pore scale modelling of multiphase flow in porous media  

2.1.1 Introduction 

Pore network modelling of fluid flow in porous media involves incorporating a wide range 

of pore-scale mechanisms — based upon observations from laboratory experiments where 

available — to describe fluid occupancies/configurations and displacement processes. In 

principle, network modelling techniques can be applied to any process that can be described 

at the pore level and pore scale studies have been utilised by numerous researchers to 

evaluate disparate phenomena including; viscous fingering, diffusive mass transfer (e.g. 

from supersaturated liquid to gas bubble during depressurisation), dispersion, electrical 

properties, foam flow, and hysteresis in capillary pressure-saturation (Pc-S) and relative 

permeability-saturation (Kr-S) relationships during drainage and imbibition (Tsakiroglou et 

al., 1999a, 1999b; Zhou et at., 2000; Lenormand and Zarcone, 1984, 1988; Kharabaf et al., 

1998; Yortsos and Parlar, 1989, Øren et al., 1992, Øren and Pinczewski, 1994; Mackay et 

al., 1998, Sohrabi et al., 2004; Reeves and Celia, 1996, Ramstad and Hansen, 2008; 

Ramstad et al., 2009; Mahmud, and Nguyen, 2006; Joekar-Niasar et al., 2007). Unlike the 

traditional reservoir simulation approach, constitutive relationships are not assumed a 

priori for pore network models but emerge from averaging of relevant pore level physics.  

 

This chapter begins with a review covering general issues related to single- and multi-phase 

immiscible flow in porous media. It then proceeds to focus on previous studies covering 

experimental, theoretical and network modelling aspects of pressure depletion. Over the 

past few years, considerable effort has been invested in the study of heavy oil depletion, 

primarily because of the associated lower capital and operating costs as well as its potential 

for lower greenhouse gas emissions compared to those produced by thermal recovery 

options. Hence, a review of heavy oil depressurisation is presented next in order to 

highlight observations and mechanisms that are specific to heavy oil systems. Since one of 

the key aims of this thesis is to investigate the influence of measurable pore scale 
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parameters on gas evolution during depressurisation, a detailed review of gas 

evolution/migration behaviour is also presented. This literature shows that an extensive 

range of migration regimes can be obtained when system parameters are varied and this has 

major implications for hydrocarbon recovery during depressurisation. Recent experimental 

observations (Nejad, 2004) have indicated that repressurisation of gas/oil systems post 

depressurisation could hold potential for improving heavy oil recovery. As a second key 

aim of the research presented here relates to the development of a repressurisation network 

model, a literature review of laboratory and field investigations of repressurisation from the 

petroleum industry is described.   

 

Historically, the vast majority of network models have been used to gain qualitative 

insights into a particular process of interest. However, recent developments in 

computational efficacy and pore-scale visualisation techniques have spawned a new class 

of model that aspires to quantitative interpretation and prediction. These sample-specific 

predictions require a representative in silico network that captures the salient features of the 

physical pore-space. Since the pioneering work of Fatt (1956a, 1956b, 1956c), pore 

network modelling has become increasingly more predictive utilising pore networks 

extracted from reconstructions of “real” pore spaces (Silin et al., 2006, 2003; Gladkikh and 

Bryant, 2003; Øren et al., 1998; Al-Kharusi and Blunt , 2007; Blunt et al., 2002; Valvatne 

and Blunt, 2004). Predictive pore network models have also been constructed by acquiring 

experimental throat size distributions and pore-connectivity data, together with information 

concerning the distribution of pore volumes via mercury intrusion experiments (McDougall 

et al., 2001; 2002). In light of these developments, this chapter concludes with a review of 

current pore space reconstruction and network extraction techniques, which provides some 

background against which a new anchoring methodology proposed in this thesis can be 

compared.  
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2.1.2 Single- and two-phase network model applications 

Single Phase Flow 

In single phase flow, each pore is completely filled by one fluid phase and the absence of 

fluid-fluid interfaces eliminates the occurrence of complex phenomena such as fingering, 

phase trapping, and snap off, inter alia. Therefore, modelling of single phase flow problems 

usually adopts the continuum approach and details afforded by pore network models are not 

often required. Nevertheless, important parameters such as absolute permeability can be 

calculated a priori via single-phase pore network simulations and these are often used as 

preliminary benchmarks for testing against laboratory data before proceeding to more 

complex multi-phase simulations and predictions (Bryant et al., 1993). 

 

However, fluid flow in a petroleum reservoir context usually involves more than one phase 

and the existence of fluid-fluid interfaces during immiscible flow cannot be ignored. Since 

the issues addressed by this thesis relate primarily to immiscible flow problems (although 

gaseous diffusion through liquid phases touches upon certain aspects of miscible flow), this 

review (for brevity) addresses only immiscible processes.  

 

Two-Phase Flow 

Film Flow: In a two-phase system that is strongly wetted by one fluid, the nonwetting 

phase occupies the bulk of a pore while the wetting phase resides in pore corners and 

crevices (see for example the two-phase micromodel (i.e. physical model of etch pore 

patterns) experiments of Lenormand et al., 1984). Consequently, the continuity of wetting 

phase may be preserved throughout the system, resulting in very low wetting phase 

saturations post drainage. This aspect of network modelling has been the focus of a number 

of papers over the past 20 years or so. To account for the existence of wetting phase layers, 

some authors have implemented layers that are continuous but have zero conductivity (van 

Dijke and Sorbie, 2002a) while others have explicitly assigned simpler shapes (e.g., 

arbitrary triangles, squares, stars) to pore and throat cross-sections and calculated film 

transport explicitly (Øren et al., 1998; Fenwick and Blunt, 1998a; Blunt, 1998; Al-Kharusi 

and Blunt 2007).  
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Pore Geometry: When constructing any network model of a porous medium, it is 

important to have some geometrical information attached to each pore element within the 

system. Real porous media are clearly highly complex in nature and so some approximation 

to pore shape and throat geometry must be sought. Pore geometries can range from a simple 

circular cylinder through to complicated voxel-by-voxel reconstructions from thin sections 

or micro-tomographical data. However, in order to keep the modelling problem tractable 

and achievable within a reasonable timeframe, some approximation is often necessary. To 

this end, Mason and Morrow, (1991) introduced a two-dimensional (2D) shape factor G2D= 

A/P
2
, which accounts for the dependence of interface curvature on pore/throat cross-

sectional geometry, where A is the cross-sectional area and P the perimeter of the pore or 

throat. Shape factors are generally found to lie between 0.0 and ≈ 0.08 (≈ 0.048 for 

triangular sections, 0.0625 for square sections, and 1/4π ≈ 0.0795 for circular sections). The 

definition of shape factor was later extended to three-dimension (3D) by Prodanović et al., 

(2007) who defined a 3D shape factor G3D from V/S
1.5

 where V is the pore volume and S 

the surface area.  

 

Despite the difficulties in defining pore shapes and extracting pore networks from real 

porous rocks, network modelling has proved a powerful tool for providing important 

insights into many two-phase phenomena (Øren et al., 1998; Fenwick and Blunt, 1998; Al-

Kharusi and Blunt 2007; Li and Yortsos, 1991; Tsimpanogiannis and Yortsos, 2004, 

McDougall and Mackay, 1998). Moreover, a number of successful network applications to 

interpreting experimental data involving fluid injection have been reported (Øren et al., 

1998; Valvatne and Blunt, 2004). In the context of solution gas drive, significant advances 

in the knowledge base of this complex process have also been facilitated by pore network 

studies (Bondino et al., 2005a, 2009; Li and Yortsos, 1991; Tsimpanogiannis and Yortsos, 

2004; McDougall and Mackay, 1998). A more complete review is presented. 

 

Solution Gas Drive 

The first network modelling study of solution gas drive in gas/oil systems was presented by 

Yortsos and co-workers (Yortsos and Parlar, 1989; Li and Yortsos, 1991). They adopted 

the concept of invasion percolation to model gas bubble growth in porous media and 
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successfully reproduced the experimentally observed ramified nature of gas clusters. In 

their model, the invasion/displacement sequence was dictated by a global minimum in 

capillary pressure, with a single invasion event occurring at each step. An oil pore 

connected to a gas cluster and possessing the global minimum capillary pressure is 

therefore invaded when the pressure difference between gas and oil exceeds the capillary 

threshold of the oil-filled pore. They also defined critical gas saturation as the volumetric 

fraction of the pore space occupied by gas at the point when the first sample spanning gas 

cluster formed. Hawes et al. (1997) also presented a network model of solution gas drive 

based upon experimental observations. A key difference between their model and those of 

Yortsos et al is that they incorporated the interfacial tension effect on bubble growth This 

facilitated studies of gravity effects on bubble growth. Further advancement in network 

modelling of solution gas drive processes was presented by McDougall and Mackay 

(1998). Their model included multiphase diffusion in interconnected networks using Fick’s 

laws (without recourse to the limiting spherical growth assumption used in previous 

models). Most importantly, bubble coalescence, the pressure dependency of interfacial 

tension and buoyancy-driven bubble migration (including simultaneous oil reimbibition and 

snap off) were incorporated in this model. Their model successfully reproduced the 

buoyancy-driven gas migration and fragmentation observed in corresponding experiments 

by same authors. Dominguez et al. (2000) presented a two-dimensional network model 

using throats with rectangular cross section and improved on existing models by including 

mass transfer across liquid films and wetting liquids in pore corners, Figure 2.1. Notable 

deficiency of this model however relate to the absence of nucleation processes and multiple 

bubble growth. 

 

Figure 2.1. Mass diffusion across interfaces of liquid films and liquid in pore corners (from 

Dominguez et al, 2000). Note the two key mass transfer areas in the figure. 
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Bondino (2005c) later extended the models of McDougall and Mackay (1998) to include a 

viscous pressure drop during invasion and viscous-driven bubble mobilisation. The 

possibility of dispersive behaviour occurring in a heavy oil due to a large viscous pressure 

gradient, bubble mobilisation and fragmentation (as observed by Bora et al. 2000) was 

demonstrated using this model. In a recent publication, Bondino et al. (2009) presented an 

interpretation of a heavy oil depressurisation experiment using the modelling framework. 

They derived a representative pore size distribution and connectivity information by 

history-matching experimental data (i.e. absolute permeability, porosity and mercury 

porosimetry). Experimental profiles from heavy oil depressurisation at different depletion 

rates were successfully reproduced and extrapolation using their model also revealed the 

importance of pore connectivity, and outlet boundary conditions for interpreting heavy oil 

depressurisation experiments.   

 

The relative strengths of key forces that affect fluid flow in porous media are commonly 

expressed at the pore level by means of a capillary number Ca = µv/σ (µ=viscosity, 

v=displacement velocity, σ=interfacial tension) and Bond number Bo = ∆ρgr
2
/σ 

(∆ρ=density difference, g= gravitational constant and r=pore radius). These dimensionless 

numbers allow pore network models to be classified as “quasi-static” or “dynamic”. Quasi-

static network models (Valvatne and Blunt, 2004; Øren et al., 1998; Blunt et al., 2002, 

Patzek, 2001b; Li and Yortsos, 1995, McDougall and Sorbie, 1999) assume that interface 

advancement is dominated by capillary forces (applicable at low capillary and low Bond 

numbers) and the final static position of all interfaces is calculated. To account for local 

pressure gradients that are most likely to occur at high Ca, dynamic models have been 

developed involving the evaluation of temporal interface positions (McDougall and Sorbie, 

1993; Nguyen et al., 2006; Mogensen and Stenby, 1998; Hughes and Blunt, 2000). 

McDougall and Sorbie (1993) presented a dynamic model which they used to study the 

combined effect of capillary and viscous forces during waterflooding. Film flow was 

modelled by explicitly incorporating surface roughness into each pore element and the pore 

elements had varying radii and lengths. The Washburn equation was used to calculate pore 

filling times and, at very high flow rates, simultaneous multiple pore filling was considered. 

This involved the calculation of the interim positions of all interfaces during a flood. 
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Recalculation of the global pressure field then followed after each step. They concluded 

that displacement efficiency tends to increase with an increase in capillary number (i.e. 

when viscous forces become more dominant) for layered water-wet systems. Mogensen and 

Stenby, (1998) developed a dynamic model of imbibition which assumed a fixed 

conductance in the wetting layers. Snap-off was included through an expression that 

considered the aspect ratio of a throat and its adjacent pores. Due to the computational 

demand of their approach, however, the largest lattice size considered was 15x15x15 nodes. 

A modified form of Poiseuille’s law was used to derive wetting phase conductances and 

pore filling times and their model incorporated simultaneous partial filling of multiple 

pores. They concluded that aspect ratio, capillary number and contact angle all have 

significant influence on the competition between snap-off and pistontype displacements. 

Hughes and Blunt (2000) also assumed fixed conductance in the wetting layers of their 

model but simultaneous filling of multiple pores was not implemented. They showed that, 

since the ratio of viscous to capillary forces can be high even at low flow rates (if flow 

through low conductivity layers is considered), then the rate effect can significantly 

influence nonwetting phase trapping during low capillary number (Ca = 10
-6

) imbibition.  

 

The development of dynamic models has predominantly focused on studying the transition 

of displacement patterns by integrating the effects of capillary number (i.e. rate effects) and 

viscosity ratio. However, experimental investigations have revealed that during gravity-

unstable flow, strong gravity forces could also induce transitions in flow pattern. The 

occurrence of simultaneous drainage and re-imbibition observed during experimental 

studies of such buoyancy-driven mobilization has been implemented in previous network 

models (McDougall and Mackay, 1998; Birovljev et al. 1995). Buoyancy-driven dispersive 

flow observed experimentally (and reported by a number of authors) was not described by 

these models, however. During the course of this thesis, it will be demonstrated that with 

the inclusion of simultaneous partial filling of multiple pores, a network model can fully 

describe the buoyancy-driven transition in flow patterns reported in literature. An extensive 

parametric study of these transitions in the context of gas/oil depressurisation is presented 

in this thesis.  
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Wettability Studies 

The pore network approach has also been used to study the impact of wettability variations 

by constructing mixed-wet network models (McDougall and Sorbie, 1995; Valvatne and 

Blunt, 2004; Dixit et al., 1996; van Dijke and Sorbie, 2002a). Such variations have also 

been examined in systems containing correlated heterogeneities and their impact on relative 

permeability and residual saturations has been reported (Knackstedt et al., 2001a, 2001b; 

Sok et al., 2002; Paterson et al., 1996). The controversy regarding the effect of rate on 

relative permeability and residual oil saturation during imbibition has also been 

investigated using pore network models. Simulations demonstrated that the rate dependence 

of residual oil saturation during imbibition is drastically diminished for low aspect ratio 

pores (pore and throat are of similar size) or poorly wetted systems (Nguyen et al., 2006). 

Such knowledge is essential for interpreting experimental data and suggests that imbibition 

relative permeabilities may be rate independent for favourable pore aspect ratio and 

wettability conditions.  

2.1.3 Three-phase pore scale studies 

Rock/Fluid Issues 

Three-phase flow in porous media may occur during important practical processes such as 

air sparging of a contaminated aquifer, gas injection into waterflooded reservoirs and 

during depressurisation of waterflooded reservoirs. The pore-scale processes governing 

three-phase flow are of course significantly more complicated than those characterising 

two-phase displacements, especially for non-uniform wettability systems. A well 

recognized problem is that laboratory three-phase flow experiments, in addition to being 

very difficult to carry out, are also extremely hard to interpret. There is consequently 

limited availability of three-phase experimental information in the literature [Oak, 1990; 

Egermann and Vizika, 2000; Element, 2003] and it has not been possible to conduct a 

complete experimental sensitivity study to develop rigorous three-phase models for use in 

reservoir engineering studies. The common practice in the industry therefore has been to 

determine the principal macroscopic three-phase flow relationships such as relative 

permeabilities from two-phase data by way of empirical models (c.f. Blunt, 1999; Baker, 

1988; Stone, 1970, 1973). However, extensive parametric investigation of three-phase flow 
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in addition to quantitative prediction (i.e. relative permeability) can be achieved with 

recourse to pore network modelling once the three-phase flow mechanisms have been fully 

understood.  

 

Significant improvements in the understanding of three-phase phenomena have been made 

through several experimental micromodel studies involving direct visual observation of 

two-phase (Lenormand and Zarcone, 1984) and three-phase displacements conducted in 

water-wet systems (Øren et al., 1992; Mackay et al., 1998, Sohrabi et al., 2000), and in oil- 

and mixed-wet systems (Øren and Pinczewski, 1994; Sohrabi et al., 2001). Such studies 

have identified the relevance of key parameters, such as wetting and oil spreading 

coefficient (CS = σgw – (σgo + σow)). The latter plays a vital role in three-phase 

displacements as it determines the form of the oleic phase in the presence of gas and water. 

While oil forms a film between gas and water in positive spreading coefficient systems (no 

gas-water interfaces exists), a three phase contact line exists for negative spreading 

coefficient systems, Figure 2.2. Spreading films permit the intermediate phase to remain 

mobile even at very low saturations. 

 

             

(a)             (b) 

Figure 2.2: Three phase schematic fluid (gas, oil, water) configurations in negative 

spreading (Cs<0) system (a), and positive spreading (Cs≥0) system (b) 

 

In addition to observations from micromodel experiments, extensive three-phase pore scale 

capillary bundle and interconnected network model formulations have been published. 

These have demonstrated the importance of several key parameters, such as wettability and 

wettability alterations, three-phase contact angles, and contact angle hysteresis. Other 

issues, such as spreading coefficients, wetting layers and their implications for fluid 

occupancies/configuration, displacement sequences, capillary pressure and relative 

G 

W 

Solid surface 

O 
G 

 

W 

σgo 

σow 

  σgw O 

Solid surface 



 15

permeabilities have also been investigated (van Dijke et al., 2001a, 2001b, 2002a, 2002b, 

2003, 2004b, 2007a, 2007b; Hui and Blunt, 2000; Blunt et al., 2002; Piri and Blunt, 2002, 

2005a, 2005b; Mani and Mohanty, 1997; Pereira, 1996,1999; Lerdahl et al., 2000; Svirsky 

et al., 2007; Suicmez et al., 2007, Helland et al., 2006).  

 

The contact angle (one possible indicator of medium wettability) is usually defined as the 

angle between two phase interfaces and a solid, measured through the denser phase. In 

three phase systems however, calculation of fluid displacement demands the derivation of 

additional relationships for gas/oil and gas/water contact angles. By constraining the 

contact angles and interfacial tensions based on the Bartell-Osterhof energy balance 

equation (σgwcosθgw = σgocosθgo + σowcosθow), van Dijke et al., (2001a, 2001b) proposed a 

linear function for deriving the gas/oil (θgo) and gas/water (θgw) contact angles as a function 

of oil/water (θow) contact angle in a gas/oil/water system (equation 2-1 and 2-2). 

 

{ }
gosows

go

go CC σθ
σ

θ 2cos
2

1
cos ++=       (2-1) 

 

( ){ }
gosowows

gw

gw CC σθσ
σ

θ 2cos2
2

1
cos +++=      (2-2) 

 

In their work van Dijke et al noted that, for spreading systems, the spreading coefficient at 

thermodynamic equilibrium equals zero (0), suggesting that systems where positive 

spreading have been reported (e.g. Øren and Pinczewski, 1994) may actually be far from 

equilibrium. It has also been shown that for a realistic three-phase system, gas can be 

wetting to water in moderate to strongly oil-wet pores (van Dijke et al., 2001a, 2001b; Hui 

and Blunt, 2000). One of the consequences of this is that, during tertiary recovery, gas will 

displace water from some of the smaller pores, resulting in poorer gas connectivity and 

lower gas conductance (i.e.  Krg water-wet > Krg oil-wet), Blunt et al., (2002). Having 

introduced the reader to some of the important pore level physics affecting three-phase 

flow, a chronological review of three phase pore network models is presented next.  
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Three-phase pore network models  

Heiba et al., (1984) developed one of the earliest three-phase network simulators, with the 

porous medium being represented by a simplified lattice. In this early network, only single 

phase occupancy was allowed in throats and six possible displacements (gas into oil, gas 

into water, oil into gas, oil into water, water into gas and water into oil) were considered, 

with interface advancement controlled by local capillary pressure and accessibility. A 

spreading oil system was considered with oil layers preventing direct contact between gas 

and water. Their results showed that gas and water relative permeabilities were functions 

only of their own saturation. The calculated oil isoperms were curved suggesting that oil 

relative permeability was a function not only of oil saturation, but of the saturation of the 

other phases. 

 

Soll and Celia (1993) presented regular two- and three-dimensional networks of pores 

connected by throats for two- and three-phase flow, which they used to simulate capillary 

pressure-saturation relationships in a water-wet system. Each pore could host a single fluid 

in addition to wetting layers. Their results were compared with micromodel experiments by 

the same authors; however, no three-phase relative permeability calculations were 

performed. Although the predicted capillary pressures were in good agreement with 

experiment, the match to three phase data was unsatisfactory. 

 

Øren et al., (1994) described a two-dimensional regular network of spherical pores 

connected by rectangular links. The model was capable of modelling spreading and 

nonspreading systems in a strongly water-wet medium and was used to compute oil 

recoveries during tertiary gas injection. Oil recovery decreased with decreased spreading 

coefficient. Double displacement events were described, where gas displaced trapped oil, 

which in turn displaced water: this facilitated the reconnection of immobile oil resulting in 

improved recovery for spreading systems. In contrast, they observed a higher probability of 

direct gas-water displacement for nonspreading systems, which resulted in early gas 

breakthrough and lower oil recovery. Calculated recoveries compared very well with values 

from micromodel experiments (Øren et al., 1992) and it was concluded that the inclusion of 

spreading layers in simple invasion percolation algorithms could satisfactorily reproduce 
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the complex three-phase behaviour observed in visual (micromodel) experiments. Again, 

no relative permeabilities were calculated by the authors. 

 

Pereira et al., (1996, 1999) included both capillary and viscous forces in a two-dimensional 

network model for modelling three-phase flow in strongly water- and oil-wet media. In this 

model, pore bodies accounted for the entire volume, (i.e. no pressure drop in pores) while 

the volumeless throats exclusively accounted for pressure drops. Although this model 

allowed throats and nodes to be occupied by all three fluids simultaneously, only one fluid, 

(i.e. the bulk fluid) could be displaced and trapping was considered only for non-spreading 

systems. They described immiscible displacements in three-phase systems by a simple 

generalisation of two-phase displacements. It has, recently been suggested that such 

generalisation may lead to inconsistencies in entry conditions and more rigorous three-

phase entry criteria have been derived by van Dijke et al. (2007b, 2004a). Simulated 

recoveries compared well with measured values from the micromodel experiments of Øren 

et al., (1992) for water-wet systems and Øren and Pinczewski (1994) for oil-wet systems. 

For water-wet systems, oil recovery was found to be significantly higher for spreading 

systems compared to nonspreading systems, with the highest percentage oil recovery 

calculated for an oil-wet system where wetting layers prohibited trapping of oil. During 

tertiary gas injection, oil recovery was found to decrease with a reduction in initial oil 

saturation, for both spreading and nonspreading systems and it was concluded that the 

displacement behaviour of the intermediate fluid is strongly dependent on saturation 

history, while that of the wetting fluid was found to be largely independent of saturation 

history. Relative permeability calculation was not presented in this work. 

 

Mani and Mohanty (1997, 1998) developed a mechanistic pore-scale network model that 

included the effects of spreading coefficient on capillary controlled three-phase flow in 

water-wet porous media. Their network was a three-dimensional cubic lattice of spherical 

pores connected by cylindrical throats. They studied gas invasion of a medium initially 

saturated with water and oil. During gas invasion, the three displacement events considered 

were; (i) direct oil drainage, (ii) direct water drainage and (iii) double drainage. Viscous 

effects were neglected here. Injection was modelled by increasing the pressure of the 
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invading phase in small increments while the pressures of other phases were kept constant. 

By simply assigning throat sizes based on the average size of its adjacent bodies, body-

throat and throat-throat correlations were incorporated. Capillary pressure was only 

associated with continuous or sample spanning oil and water phases and not with isolated 

oil ganglia. Their results from tertiary gas injection (i.e. gas flooding of a network at 

waterflood residual oil saturation) suggested that oil recovery was independent of the 

magnitude of spreading coefficient for positive spreading systems but decreased with 

increasingly negative spreading coefficients. Consistent with observations in Pereira et al., 

(1996, 1999), oil recovery was also generally higher for positive spreading systems. For the 

case involving highly negative spreading, direct water drainage (gas displacing water 

directly) events were preferred over double drainage events. It was also observed that gas-

flood oil recovery was sensitive to initial oil saturation — increasing with an increase in 

initial oil saturation (Pereira et al., 1996, 1999). Gas-oil capillary pressure was also found to 

depend on liquid saturations, spreading coefficient and initial oil saturation. 

 

Fenwick and Blunt (1998a, 1998b) modelled three-phase flow in a strongly water-wet 

system, using a regular cubic network that comprised angular pores connected by throats. 

Their model incorporated oil layers and six double displacements were included. They 

showed that three-phase relative permeabilities strongly depend on saturation history and 

introduced an iterative methodology (coupled with one-dimensional Buckley-Leverett 

simulator) to obtain self consistent relative permeability. 

 

Hui and Blunt (2000) developed a capillary bundle model for studying three-phase flow 

with any combination of oil-water, gas-water and gas-oil contact angles for mixed-wet 

systems. The capillaries had variable sizes and equilateral-triangular cross-section. The 

sequence of displacement was primary drainage, followed by waterflooding and then gas 

injection. Wettability alteration (ageing) was incorporated by changing the wettability of 

surfaces that came in contact with oil following primary drainage and this resulted in 

nonuniform wettability. They considered up to ten fluid configurations and investigated the 

effects of spreading coefficient, wettability and initial oil saturation on relative 

permeabilities. Later extensions to the model (Piri et al., 2005a, 2005b) described thirty 
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different fluid configurations. Geometrical criteria were defined for the collapse of oil 

layers. Recently, thermodynamically derived three-phase criteria for layer formation and 

collapse have been presented (van Dijke et al., 2007b, 2004a).  

 

Lerdahl et al., (2000) simulated three-phase flow on a three-dimensional water-wet network 

of pores and throats derived from process-based reconstruction of pore space. They once 

again compared their simulation results against experimental data in Oak (1990) and 

obtained good agreement.  

 

van Dijke et al., (2002a, 2004b) extended the previous three-phase capillary bundle pore-

scale model of van Dijke et al., (2001a; 2001b) and developed a regular three-dimensional, 

three-phase network model for systems with mixed wettability. The model was a regular 

cubic network of throats and coordination number was reduced by removing throats from 

the network. Different contact angles were assigned to each of the pores from a chosen 

distribution, with the larger pores being made oil-wet. Films were incorporated in the 

model such that phase continuity could be modelled but films had no volume or 

conductance. Wetting films were absent in weakly wetted pores, reducing the connectivity 

and increasing the number of phase clusters disconnected from the inlet or outlet. 

Displacement was modelled as a quasi-static invasion percolation with pistonlike and snap-

off events and disconnected clusters were mobilised by a series of double and/or multiple 

displacement events consistent with observations in WAG (water alternating gas) 

micromodel experiments (Sohrabi et al., 2000, 2004). The displacement chain with the 

minimum effective capillary entry pressure was found in the network using a shortest-path 

tree-search algorithm. Following extensive simulations of three-phase flow, it was observed 

that multiple displacements mainly occurred during higher (i.e. later) WAG injection cycles 

but had limited effect on oil recovery. They analysed displacement mechanisms via; (1) 

phase occupancy statistics and (2) monitoring of displacement chains. Good agreement was 

observed between three-phase saturation paths and those from their previously published 

capillary bundle model (van Dijke et al. 2001a, 2001b) for high phase continuity.  
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Piri and Blunt (2002, 2005a, 2005b) utilised similar network as in Lerdahl et al., (2000) and 

extended the capillary bundle model of Hui and Blunt (2000) to study three-phase flow in 

mixed-wet systems describing up to thirty (30) different fluid configurations. Simulations 

presented here were based on a Berea network with connectivity varying from 1.0 to 19 

(average connectivity = 4.19). The authors used the expression proposed in van Dijke et al., 

(2001a) to find cosθgo and cosθgw based on θow. Final saturations of oil, water and gas were 

specified and by adjusting the advancing θow between 30
o
 and 80

o
, a good match of two-

phase imbibition relative permeabilities from Oak (1990) was achieved. The authors also 

achieved a good match of Oak’s three-phase water relative permeability but not for three-

phase oil and gas relative permeabilities.  

 

 

van Dike et al., (2006,2007a,2007b) followed on from Helland and Skjæveland, 2006; van 

Dijke et al., 2004b; Piri and Blunt, 2004; van Dijke and Sorbie, 2003 and derived 

thermodynamic three-phase criteria for the formation and collapse of fluid layers in angular 

pores of nonuniform wettability. They modelled waterflood followed by gas invasion using 

star shaped pore, with interfacial tension and contact angles chosen such that gas was 

wetting to water following wettability alteration. Consistency was observed between the 

pressure criteria for layer displacements (for the considered displacement history) and the 

entry pressure for bulk displacements. A unique delineation of space of pressure 

combinations with respect to possible fluid configurations was achieved and it emerged that 

the thermodynamic criteria for layer existence in three-phase flow was significantly more 

restrictive than the geometrical criteria utilised previously (Piri and Blunt, 2005a; 2005b; 

Hui and Blunt, 2000; Fenwick and Blunt, 1998a, 1998b). The full implications of the 

thermodynamic entry criteria for pore network modelling are yet to be investigated. 

However, it is expected that the significance of using true three-phase entry conditions as 

opposed to two-phase entry conditions will be less dramatic in interconnected pore network 

models, especially when phase continuity is not very high, as may be applicable in 

networks with low coordination number (van Dijke et al., 2007a).  
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Svirsky et al., (2007) utilised the three-phase network simulator of van Dijke et al., (2002a, 

2004a) to predict three-phase relative permeability. The network was anchored to Berea 

sandstone using the so-called “3R approach” (McDougall et al., 2002) and by matching 

two-phase water/oil capillary pressure and relative permeability curves from a water-wet 

system (Oak, 1990). Calculated three-phase relative permeabilities were in good agreement 

with experimental data reported in Oak, (1990). The model was also utilised to study the 

effect of wettability and interfacial tension during primary gas injection.  

 

Suicmez et al., (2007) extended the model of Piri et al., (2005a, 2005b) by incorporating 

two new double displacement processes involving double imbibition and imbibition-

drainage (water→oil→gas and water→gas→oil). They progressed by modelling 

experimental relative permeability data (Oak, 1990; Egermann et al., 2000; Element et al., 

2003) and achieved reasonable agreement between experiment and simulation. In addition, 

investigation of wettability effects for spreading systems was also conducted. For water-wet 

media, they observed that water relative permeability diminishes in the presence of gas. Oil 

relative permeability was also observed to increase during tertiary gas injection due to oil 

reconnection via double drainage. 

 

2.2 Review of solution gas process during depressurisation of gas/oil systems  

One of the earliest development schemes for petroleum reservoirs is the depletion 

mechanism (i.e. simply withdrawing fluid from a reservoir thereby reducing the pressure). 

The active driving forces during depletion (also referred to as depressurisation in the 

literature) of undersaturated (reservoir above bubble point and no initial gas cap) reservoirs 

are liquid expansion and rock compression (assuming absence of active aquifers). Since 

liquid compressibility is usually low, unless the pore volume compressibility is very large 

(which is uncommon), reservoir pressure declines linearly with liquid production above 

bubble point. One of the implications of declining pressure is that gas at bubble point 

pressure, initially dissolved in oil, begins to nucleate as a free phase. The nucleated gas 

expands with continued pressure decline and pushes oil towards the production well (a 

process known as solution gas drive). Although the evolution of gas as a free phase 
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momentarily stabilises pressure decline (gas has large compressibility), the favourable 

mobility of gas compared to oil eventually results in preferential flow of gas towards the 

production well. Consequently, a combination of a rapid decline in pressure (as a result of 

increased gas production) and gas bypassing of oil significantly reduce the efficiency of the 

solution gas drive process. Schematic representation of a typical behaviour of fluid and 

reservoir properties during depletion is shown in Figure 2.3. The traditional approach in the 

industry has therefore been to maintain reservoir pressure above bubble point by external 

fluid injection or flooding (usually water or gas).  

 

 

 

Figure 2.3. Schematic of fluid properties and pressure history typical of a field under 

depletion (from Koederitz et al, 1989) 

 

 

Incidentally, a significant amount of oil can still be left in reservoirs that have undergone 

extended flooding. For these mature reservoirs, depressurisation with attendant solution gas 

drive has provided a valuable strategy for improving recovery and significantly extending 

field life (Goodfield et al., 2003; Naylor et al., 2001). Depressurisation has also shown 

exceptional potential for heavy oil recovery (Chugh et al., 2000; De Mirabal, 1996; Lago, 

2002). The lower capital and operating costs, in addition to lower greenhouse gas emissions 

compared to thermal recovery options, have also increased the popularity of heavy oil 

recovery by depressurisation (also termed cold heavy oil production).  As a result, the study 

of solution gas drive process has found renewed interest and has motivated studies both at 

pore and core scales. Despite the numerous publications that have emerged in the literature 

investigating different aspects of solution gas drive, a significant amount of unresolved 
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issues still exist especially regarding heavy oil systems. A comprehensive review of 

experimental, modelling and theoretical investigations into solution gas drive is presented 

with the intention of highlighting issues that have been reconciled and areas that remain 

unresolved. To elucidate the differences between solution gas drive in conventional oils and 

heavy oils, and extensive review of solution gas in heavy oils is also presented. These 

theoretical studies, in combination with understanding from experiments, form the basis for 

the modelling developments and studies presented in subsequent chapters of this thesis.  

 

2.2.1 Experimental studies of solution gas drive in conventional oil systems 

It is evident that the onset of solution gas drive is depicted by the nucleation of free gas 

bubbles. Kennedy and Olson (1952) presented a very early experimental investigation of 

the nucleation process. Their experiment revealed an increase in nucleated bubbles with 

increased pressure depletion rate (Figure 2.4) with supersaturation of up to 770psi reported. 

 

Figure 2.4. Observed bubble densities at different depletion rates (from Kennedy and 

Olson, 1952) 

 

 

Later experiments performed using limestone samples and presented by Stewart et al. 

(1953) highlighted possible distinctions between internal (solution gas) and external gas 

drive. Notable differences were observed between relative permeabilities and oil recoveries 

from the two drives; thought to be a consequence of differences in pore connectivity. 

Similar to Kennedy and Olson (1952), significantly large supersaturations (up to 100psi) 

were also observed in the experiments. The authors later extended their work (Stewart et al. 
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1954) and observed an order of magnitude increase in the number of bubbles for a similar 

increase in depletion rate, Figure 2.5. This undoubtedly highlights the importance of 

pressure decline rate on bubble nucleation density. They also reported a close similarity 

between internal and external gas drive experiments, suggesting that external gas drive 

experiments can provide reasonable approximation for internal gas drive processes. Hunt 

and Berry (1956) also investigated the effect of pressure decline rate during solution gas 

drive and the general consensus from these early laboratory works was that oil recovery 

increased with an increase in pressure decline rate. A further laboratory study of solution 

gas drive was also presented by Handy (1958) who observed critical gas saturation, Sgc in 

the range 4-11% and also corroborated earlier observations by Stewart et al. (1954) that 

suggested a similarity between internal and external gas drive processes at reservoir rates. 

 

 

Figure 2.5. Supersaturation and bubble nucleation history at different depletion rates (from 

Stewart et al, 1954) 

 

The functional dependencies of parameters such as bubble nucleation, critical gas saturation 

and supersaturation can only be achieved based on a sound understanding of the pore scale 

physics. Not surprisingly therefore, subsequent investigations increasingly focused on 

studies of the solution gas drive process using transparent media. Chatenaver et al. (1959) 

conducted more than 100 experiments in transparent bead packs to study solution gas drive 

process.  An interesting observation was made by the authors that showed that bubbles 

predominantly nucleated in low permeability sectors of their bead pack but preferentially 

expanded into higher permeability regions. Additional illuminating observations regarding 



 25

the effect of permeability on gas evolution in porous media was made by Dumoré, 1970. 

The author conducted depressurisation and slow gas injection experiments with both 

synthetic and crude oils and recorded visual gas evolution patterns. A conically shaped 

pattern of largely discontinuous bubbles was observed in the high permeability system, 

whereas a single gas channel was observed in his low permeability system. Further details 

of his experiment will be discussed in the context of buoyancy effects on gas evolution later 

(see section 2.3.1). Although the intriguing observations by Dumoré have subsequently 

been reported by several researchers studying solution gas drive (Li and Yortsos, 1995; 

Bondino et al. 2005a, 2005c), this thesis presents the first successful modelling of the 

experiments. Further pore scale laboratory studies of solution gas drive was carried out by 

Danesh et al. (1987) who also concluded that gas evolution patterns are similar for internal 

and external gas drive – albeit only at large gas saturations. 

 

Most of the more recent laboratory studies have focused on the investigation of critical gas 

saturation, (Sgc) and its dependence on several parameters — notably, the pressure decline 

rate (Kortekaas and Poelgeest, 1991; Moulu and Longeron, 1989). However, the challenge 

of reconciling disparities in measured Sgc from study to study is exacerbated by differences 

in philosophy, manifested in data interpretation methods. As an example, critical gas 

saturation is commonly calculated in practice as the gas saturation at when gas first appears 

within the system. Yortsos and Parlar (1989) criticised this definition, asserting that 

nucleation near the outlet would result in misleading Sgc calculations. The authors 

consequently introduced a definition of Sgc as the gas saturation at which the first sample-

spanning gas cluster forms. Despite the appeal of this definition in terms of modelling, it 

may be difficult to implement in physical experiments. In addition, sample-spanning 

clusters may never develop in the presence of strong gravity and/or viscous forces, limiting 

the applicability of such a definition to capillary dominated gas evolution. Kortekaas and 

Poelgeest (1989) measured Sgc that varied from 7 to 27% and also observed that Sgc was 

higher in waterflooded media. Smaller values were however reported by Moulu and 

Longeron (1989), 6% to12%, Figure 2.6 and by Firoozabadi et al. (1992), 0.5%. 

Furthermore, Kortekaas and Van Poelgeest (1991) observed that Sgc was affected by 

interfacial tension, Figure 2.7 contrary to the observations by Firoozabadi et al. (1992).  
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Figure 2.6. Variation of gas saturation with pressure for different depletion rates (from 

Moulu and Longeron, 1989) 

 

`  

Figure 2.7. Gas saturation as a function of pressure for fluid systems with different 

interfacial tensions (from Kortekaas and Van Poelgeest, 1991) 
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A more generalised definition of Sgc was proposed by Du and Yortsos, (1999) as the gas 

saturation for the onset of bulk flow and, more recently, Tsimpanogiannis and Yortsos 

(2004) suggested that Sgc be defined as the gas saturation at the onset of migration in the 

presence of strong gravity or viscous forces. This further highlights the complexity of 

interpreting solution gas drive results from the literature. A commonly used approach to 

obtain a priori field estimates of Sgc is based on extrapolation of experimentally derived 

trends to field rates (Firoozabadi et al. 1992; Scherpenisse et al. 1994; Petersen et al. 2004). 

Peterson et al. conducted 18 depletion experiments on different core samples from the 

Statjord Field (North Sea) using recombined reservoir fluids. They investigated the effect 

of depletion rate (Figure 2.8) and waterflood condition on Sgc and obtained values ranging 

from 5.3 to 13.4% (note the similarity of the Sgc values to those calculated by Moulu and 

Longeron, (1989)). Experimental data was extrapolated to field depletion rates, with 

estimated Sgc ranging from 2 to 5%. Additional laboratory studies (Kamath and Boyer, 

1995; Egermann and Vizika, 2000) have also shown that Sgc values differ significantly for 

internal and external gas drives. Given the difficulties in obtaining accurate laboratory data 

from depletion experiments and its subsequent interpretation, it is perhaps not surprising 

that pore network modelling is becoming increasingly popular as a viable tool for 

investigating the process.  

 

 

Figure 2.8. Dependency of Sgc on pressure decline and extrapolation to field depletion rate 

(from Petersen et al. 2004) 
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The picture is not any less controversial in the context of bubble nucleation and bubble 

growth. Early experimental studies of Hunt and Berry (1956) and Wieland and Kennedy, 

(1957) showed that bubble nucleation could be random and the number of nucleated 

bubbles significantly decreased with increased diffusion coefficient and interfacial area. 

Visualisation studies have also been used to study the bubble nucleation process (Danesh et 

al. 1987; Li and Yortsos, 1991; El Yousfi et al., 1992) and opinion is divided regarding the 

reproducibility of bubble nucleation. While some author observed non-reproducible 

nucleation (Li and Yortsos, 1991), other authors have emphasised the reproducibility of the 

phenomenon (El Yousfi et al. 1992, 1997). Danesh et al. also observed that a high level of 

supersaturation (≈360psi) was required for bubble nucleation whilst El Yousfi et al. 

observed that nucleation occurred during the early stages of their experiment. El Yousfi et 

al. also observed that the number of nucleated bubbles increased with depletion rate (Figure 

2.9), corroborating similar earlier suggestions by Danesh et al. The effect of wettability on 

bubble nucleation was investigated by Dominguez et al. (2000) using micromodel 

experiments with CO2 dissolved in n-Octane, n-Decane and Glycol-water. Their results 

showed that nucleation predominantly occurred in less wetting sites Figure 2.10: more than 

500bubbles were observed for θ=0.82rad compared to 23 for θ=0.66rad. Their observations 

also corroborate the cavity nucleation results of El Yousfi et al.  Pore scale experimental 

studies of nucleation phenomena have also been conducted under three-phase conditions 

(Hawes et al., 1994; Mackay et al., 1998) with both authors observing bubble nucleation 

predominantly associated with the less wetting oleic phase. Mackay et al (1998) showed 

that nucleation strongly depends on interfacial tension and approaches instantaneous at very 

low values (essentially, the magnitude of supersaturation is negligible). They also 

corroborated the random nature of bubble nucleation observed earlier by Hunt and Berry, 

(1956). 
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Figure 2.9. Effect of depletion rate of bubble nucleation history (from El Yousfi et al, 1997) 

 

 

Figure 2.10. Micromodel observation of bubble nucleation at a fixed depletion rate, for 

fluid systems of various wettability; white is gas bubbles (defined by CO2/liquid contact 

angle, θ), θ=0.0rad (a), θ=0.66rad (b) and θ=0.82rad (c), (from Dominguez et al. 2000) 

 

 

In the context of bubble growth, visual experiments of Li and Yortsos, (1991) and Danesh 

et al. (1987) highlighted the importance of geometrical and topological features of the 

porous media during gas growth. Visualisation of gas growth during depletion using 

carbonated water-saturated micromodels (Figure 2.11) showed the disordered pattern of 

growth. Additionally, Mackay et al. (1998) showed that the growth of gas clusters was 

strongly biased towards the top of their micromodel, due to buoyancy, Figure 2.12. The 

pressure dependence of the interfacial tension was also seen to play a crucial role in the 

dynamics of gas phase growth, particularly with regard to the time evolution of buoyancy 

phenomena. One of the objectives of this thesis is to rigorously explore (in the context of 
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network modelling) the implication of buoyancy on gas evolution in porous media. 

Therefore, a more detailed review of buoyancy effects is presented later (section 2.3).  

 

 

(a)                               (b) 

Figure 2.11. Micro model observed pore level sequence of bubble growth, earlier time (a) 

and later time (b) (from Li and Yortsos, 1995); the labels i,j and m indicate the gas-

occupied pores and highlight a disordered growth pattern. 

 

 

Figure 2.12. Micromodel visualisation of buoyancy effect during bubble growth, white is 

gas; grey is oil and black is pore wall (from Mackay et al. 1998) 

 

 

Recent interest in more viscous (heavy) oils has led to a phenomenal increase in the number 

of research publications focusing on solution gas drive in viscous oils. The next section 

presents a review highlighting the observations and multiphase physics pertinent to solution 

gas drive in heavy oil. 

2.2.2 Experimental studies of solution gas drive in heavy oil systems 

There is currently no universally accepted definition of heavy oil. However, the most 

frequently used definition is credited to the United States of America Department of 

Energy. They classified heavy oil as having API (American Petroleum Institute) gravities 

between 10 degrees and 22.3 degrees, while oil with API<10degrees are classified as extra-
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heavy, Hinkle and Batzle, (2006). Unfortunately, the API gravity only gives an indication 

of the yield from distillation and does not capture how oil will flow both in the reservoir 

and in the wellbore, which is paramount for reservoir engineering predictions. Several 

investigations of heavy oil systems cover oil viscosity ranging from 10cP to as high as 

85,000cP (Tang and Firoozabadi, 1999, 2003). Conventional understanding of heavy oil 

solution gas drive suggests that, due to the high viscosity contrast between heavy oil and its 

liberated gas, gas fingering could occur, resulting in early bulk flow of gas (high produced 

gas-oil-ratio), low critical gas saturation and low recovery. However, experiments using 

heavy oils have presented a number of counter intuitive results (Wang et al. 2008; Tang et 

al., 2006a, 2006b; Akin and Kovscek, 2002) including - 

� Higher recovery rate than predicted based on conventional oil models, 

� Low critical gas saturation, 

� Low produced gas-oil ratio, 

� Low pressure decline rate.  

These unusual behaviours have added to the controversy surrounding solution gas drive 

processes and investigations to improve understanding of performance have led to a 

number of possible theories, such as the existence of “foamy” oil. Smith (1988) defined 

foamy oil as heavy oil containing entrained or dispersed gas bubbles. He attributed the high 

performance of wells in the Lloydminster area in Alberta, Canada to the combined effects 

of dispersed gas bubbles and “wormholes” (wormholes result from destabilisation and 

production of unconsolidated reservoir sand with concommitant increase in permeability, 

porosity and apparent wellbore radius). Importantly, the gas bubbles in foamy oils were 

assumed to be smaller than average pore throat sizes and were therefore easily produced 

with the oil (Sheng et al. 1995). This hypothesis was however contradicted by experimental 

observations of Maini, (1999) which showed bubble sizes larger than pore size in foamy oil 

scenarios. In addition, foamy oil was not observed at all in some other experiments 

(Andarcia, 2001; Tang and Firoozabadi, 1999). The following experimental review aims to 

highlight consensus and controversies surrounding key observations and theories for heavy 

oils.  
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Several researchers have investigated different theories of solution gas drive since the 

report of Smith, (1988). Maini et al. (1993) conducted a series of heavy oil depressurisation 

experiments using Lloydminster (8580cP) and Lindbergh (10500cP) crude oils. They 

observed that gas bubbles were entrained in oil and concluded that oil mobility decreased as 

a result of the formation of stable gas foam. This served to explain their observation of 

lower oil production rate compared to that calculated with live oil viscosity. Claridge and 

Pratts (1995) argued that the results of Maini et al. did not adequately explain high 

production rates in heavy oil systems and proposed a low-viscosity, foamy oil model. The 

reduction in oil viscosity in their model was attributed to asphaltenes present in crude oil, 

which adhered to and moved along with the oil. This postulation was tested by Huerta et al. 

(1996) using crude oil with 12% asphaltenes and no evidence of decreased viscosity of 

fluid below bubble point pressure was observed. The contribution of asphaltenes was 

therefore reported as inconclusive. Treinen et al. (1997) investigated foamy oil using 

Hamaca crude and monitored gas evolution with the aid of computerised tomography (CT) 

scans. Although high critical gas saturation was observed, they disagreed with the theory 

that dispersed bubbles flowing with oil was responsible for high production rates and high 

recovery of heavy oils. Otero et al. (1998) performed solution gas experiment using 

Hamaca heavy crude and presented a theoretical model that assumed high critical gas 

saturation and entrained gas bubbles. Implementation of this model in reservoir simulation 

required the modification of relative permeability curves and this model was also adopted 

by some other authors (De Mirabal et al. 1997). Tang et al. (1999) studied solution gas 

drive using highly viscous silicone oil and 9
o
 API crude. They observed that gas flow is 

intermittent and discontinuous and did not fit into a foamy oil model. Unsteady-state 

calculated gas relative permeability was very small, ranging between 10
-7

 and 10
-5

 for up to 

15% gas saturation. Similar to Treinen et al. (1997), they dismissed the suggestion that 

“foamy oil” justified the high recovery seen in heavy oil systems. A comprehensive review 

of foamy oil flow during depressurisation of heavy oils can be found in Sheng et al. (1999). 

 

The relative permeability issue has been addressed by a number of researchers. Kumar et al. 

(2000) reported very low gas relative permeabilities of between 10-6 and 10-4 based on the 

use of a conventional reservoir simulator to history-match their heavy oil (2477cP) 
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experiments. The validity of history-matching experiment for calculating heavy oil relative 

permeabilities remains questionable, however, considering the discontinuous (non-Darcy) 

nature of gas flow. Despite the persistent controversy regarding the validity of the “foamy 

oil” assumption, there does appear to be consensus that gas bubbles remain dispersed for 

longer times in heavy oils. However, to achieve the type of dispersion described by a foamy 

oil model requires both a very large number of nucleated bubbles (very large depletion rate 

and supersaturation) and a mechanism that prevents the bubbles from coalescing. To this 

end, Bora et al. (2000, 2003) used micromodel experiments to investigate the causes of 

dispersed gas bubbles reported during heavy oil depressurisation. For their fast drawdown 

experiment, they observed that much larger-sized gas bubbles (consistent with observations 

by Maini, 1999) migrated and that dispersion was created by bubble break up during 

migration, Figure 2.13. In contrast, their slow depletion experiment showed gas evolution 

consistent with conventional knowledge of solution gas drive. Although the presence of 

asphaltenes was reported to have retarded bubble coalescence, they observed that 

coalescence occurred by mobilisation and collision of bubbles at high depletion rates. They 

therefore concluded that conventional solution gas drive occurs during slow depletion of 

heavy oil systems, and that the dispersive gas bubbles observed at very high depletion rates 

emanated from mobilization and bubble break up. Some authors have also investigated the 

role of oil viscosity on bubble dispersion (Wang et al. 2008; George et al. 2005). George et 

al. used a silicon based micromodel and triangular capillaries with sharp corners to 

investigate the effect of oil viscosity on bubble coalescence. They observed that the time 

required for bubble coalescence increased by an order of magnitude when oil viscosity was 

increased by a similar order. Wang et al. conducted experiments on a sandpack and also 

observed that bubble coalescence was dramatically slowed by increased oil viscosity. Gas 

evolution patterns from vertically oriented sandpacks and crude oil with live oil viscosity of 

258cP (at 81.1
o
C) reveal the combined influence of depletion rates and gravity for heavy oil 

systems, (Tang et al. 2005, 2006a). Tang et al. observed (via CT scan images) a difference 

in gas bubble topology for low rate depletion compared to high rate depletion, Figure 2.14. 

Larger bubble sizes were observed in the lower rate experiment compared to the higher rate 

experiment. However, both experiments displayed gas accumulation towards the top of the 

sandpack. This was attributed to the combined effects of buoyancy and viscous pressure 
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gradients (note that fluid production was through top of the sample) which promoted 

bubble migration.  

 

Despite the consensus regarding the influence of depletion rate on gas bubble topology, it 

appears unlikely that a sufficient pressure gradient would be generated away from the well 

bore to activate dispersive flow (either by nucleating large number of bubbles or by 

mobilisation and bubble break up). Very large viscous pressure gradients have been 

reported to accompany dispersive flow observed during heavy oil laboratory depletion 

experiments (Kumar et al. 2002; Akin and Kovscek, 2002). Andarcia et al. (2001) 

concluded from their experiments in cores that typical laboratory depletion rates are too fast 

and may be representative only of near wellbore regions. The non-Darcian (discontinuous 

and unsteady) nature of dispersive flow has significant implications for relative 

permeability calculations. Notably, since continuous gas flow seldom occurs, the 

significance of critical gas saturation appear diminished as laboratory tests have shown 

large oil recovery during two-phase flow (i.e. after gas becomes mobile), (Tang et al. 

2006a; Sahni et al. 2004; Pooladi-Darvish and Firoozabadi, 1999). Such observations 

appear to have motivated suggestions that low gas mobility is primarily responsible for 

high oil recovery from heavy oil depletion, (Tang et al. 2005; Ostos and Maini, 2004; 

Kumar et al. 2000, 2002; Tang and Firoozabadi, 1999). Based on such assumptions, these 

authors history-matched their experiments using relatively low critical gas saturation and 

derived very low gas relative permeabilities (< 10
-4

). 

 

 

 

 

 

 

 

 

 

 

Figure 2.13. Visual image from micromodel experiment: on the left a slow depletion rate, 

on the right a faster depletion rate resulting in bubble migration and break up (from Bora et 

al, 2000) 
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Figure 2.14. CT scans images highlighting the difference in gas topology for high rate (left) 

and low rate (right) depletion experiments (from Tang et al, 2004) 

 

 

In summary, studies of solution gas drive in heavy oil systems have shown a strong 

dependence on fluid rheology (e.g. oil viscosity), crude oil chemistry (e.g. presence of 

asphaltenes and resins), and geomechanical properties of the porous media (i.e. 

consolidated or unconsolidated). Although consensus appears to have been reached 

regarding certain issues, such as the influence of depletion rate on dispersive bubble flow, 

contradictions still exist in a number of experimental observations. Considering that 

pressure decline rates deep in the reservoir are typically smaller than laboratory values, it is 

evident that gravity could dominate gas evolution away from the well bore. During the 

course of this thesis, network modelling has been used to reconcile some of these issues, 

notably the evolution of gas topology under combined influence of gravity, capillarity and 

viscous forces.  

2.2.3 Theoretical studies of solution gas drive 

Most of the theoretical studies of solution gas drive in porous media have focused on 

developing mathematical formulations that govern the key processes which are: 

• Bubble nucleation 

• Bubble growth 

Although bubble nucleation has also been studied for several other processes such as 

boiling and cavitation, the review here focused on developments in fundamental theories 

during depressurisation.  
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Bubble nucleation and growth in bulk liquid 

Bubble nucleation is essentially a microscopic process and represents the onset of liberation 

of free gas from a liquid at the phase boundary (also characterised as saturation or bubble 

point pressure). In the context of depressurisation, the depletion of oil pressure (primarily 

via liquid production) below its bubble point pressure is typically described in terms of 

supersaturation. Supersaturation can be defined as a non negative difference in pressure 

between the liberated gas, Pg(t) and the liquid, Pl(t). By expressing gas pressure in terms of 

mass concentration, C(t) and solubility constant, K, according to Henry’s law, 

supersaturation can be described by equation 2-3: 

 

0)()( ≥−=−=∆ tPtKCPPP llg          (2-3) 

 

Bubble nucleation processes are generally classified as homogeneous or heterogeneous and 

have been reviewed earlier by Jones et al. (1999) and Blander (1979). The key 

developments are however the main focus in this section.  

 

Classical homogeneous nucleation describes the nucleation in the bulk of a supersaturated, 

homogeneous liquid. This model of nucleation requires a very high level of supersaturation 

and the rate of bubble nucleation J (number of bubbles formed per unit volume per unit 

time) is expressed by equation 2-4 (see Blander and Katz, 1975 for full derivation): 

 










∆
−







=







∆
−

=
2

321

2 3

16
exp

2
exp

PKTbm
N

P

B
AJ

σπ
π

σ
     (2-4) 

 

where m the mass of a molecule, σ  the interfacial tension, N is the number of molecules 

per unit volume, kT is thermal energy, 32≅b , A is the pre-exponential factor (relates to 

the number of molecules) and  B relates  to the energy required for the creation of the 

interface. Consider the simplest case of a spherical bubble of radius r; this bubble is in 

mechanical equilibrium when equation 2-5 is satisfied. 
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where σ is the interfacial tension. Based on classical homogeneous nucleation models, 

bubble nucleation is stochastic and bubbles grow due to transfer of molecules from liquid 

(at the interface) into the bubble. A schematic description of classical homogeneous 

nucleation is shown in Figure 2.15. 

Classical heterogeneous nucleation in contrast could either occur in the bulk or on a solid 

surface and requires lower supersaturation than homogeneous nucleation, Figure 2.16. It is 

stimulated by the existence of cavities, poorly wetted portions on the surface or particles in 

the bulk. When nucleation occurs in cavities, continuous bubble production may occur from 

this “pre-existing” gas cavity. A modified form of the expression for rate of nucleation 

from the classical homogeneous model is used to describe heterogeneous nucleation and is 

given in equation 2-6. 

 












∆

−







=








∆
−=

2

321

32

2 3

16
exp

2
exp

PkT

F

Fbm
SN

P

B
AJ

πσ
π

σ
    (2-6) 

 

Note that the factors S and F have been introduced to account for wettability and the 

geometry of liquid-surface interface where the nucleus would be hosted (Blander, 1979). 

Blander (1979) also found (based on calculation of the factor F) that increased steepness of 

cavity walls improves nucleation potential. 

 

 

Figure 2.15. Schematic of classical homogeneous nucleation which occurs in the bulk and 

requires large supersaturation, typically grater than 100 (from Jones et al. 1999)  

 

 

Figure 2.16. Schematic of classical heterogeneous nucleation which could occur in bulk (on 

surface particles) or in surface cavities (from Jones et al. 1999) 
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Bubble growth in bulk liquid has been traditionally described theoretically by coupling of 

the equation of motion (for a spherical bubble growing in an infinite viscous fluid under 

constant ambient pressure) as expressed in equation 2-7, (Scriven, 1959, Szekely and Fang, 

1973). 
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with equation 2-8 used to describe the conservation of the diffusive species. 
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where R is the instantaneous bubble radius,  Pg is the pressure within the bubble, P∞ is the 

pressure some distance from the bubble, σ  the interfacial tension, µ  the fluid viscosity, and 

ρ  the fluid density. The terms on the right hand side of equation 2-7 respectively describe 

the contributions of (a) surface tension, (b) viscous forces and (c) inertial effects.  

 

A solution of the problem of diffusion-controlled spherically symmetric growth presented 

by Scriven showed a functional dependency between the cluster radius R and time t, 

equation 2-9.  

 

 DtR β2=                                                                                                 (2-9) 

 

where the dimensionless parameter β is related to the supersaturation of the system. 

Unfortunately the functional dependency in real porous media cannot be approximated by 

such a model as it ignores the underlying connectivity of porous media. Experimental 

investigations (Figure 2.17) have revealed differences between growth in bulk liquid 

compared with that in interconnected porous media. Bubble growth in porous media is 



 39

rather ramified with fractal dimension of 2.5 compared to 3.0 for spherical bubbles (Li and 

Yortsos, 1995).  

 

 

Figure 2.17. Comparison between bubble growth in a Hele-Shaw cell (a) and in a 

micromodel (b) (from Dominguez et al, 2000) 

 

 

Bubble nucleation and growth in porous media 

While the majority of papers consider phase change and bubble nucleation in bulk fluid, a 

number of researchers have also reported studies dedicated to bubble nucleation and growth 

in porous media. Moulu and Longeron (1989) presented a thermodynamically-based 

theoretical study of nucleation in porous media. This represented a substantial advancement 

from the early analysis presented by Kennedy and Olson (1952) and Hunt and Berry, 

(1956). Moulu and Longeron adopted the classical expression for homogeneous nucleation 

(equation 2-10), applying Fick’s first law and spherical symmetry. Their results were in 

good agreement with experiment.  
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where J is the number of nuclei formed per unit time per unit volume, σ the interfacial 

tension, (Pg -Po) the pressure difference between gas and oil (also indicative of 

supersaturation), KT is the translational energy of  a molecule. Z is a pre-factor (obtained by 

curve fitting earlier experiments) that attempts to capture diffusion effects and kinetic 

considerations.  
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Theoretical models have also led to a description of bubble nucleation in porous media as 

either instantaneous (Firoozabadi and Kashchiev, 1996) or progressive (Yortsos and Parlar, 

1989, Li and Yortsos, 1991, 1993). Instantaneous nucleation assumes that all bubbles 

nucleate randomly and at the same time on located sites on the surface of grains (i.e. no 

pre-existing bubbles exist) when a certain critical supersaturation is reached. Firoozabadi 

and Kashchiev (1996) also used a homogeneous expression for the nucleation rate together 

with a simplified growth rate term G(t) as shown in equation 2-11. 
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                                         (2-11)  

 

where V0 is the initial volume of liquid, vb(t,t’) the volume at time t of  a bubble nucleated 

at time t’<t, and a is a time-independent “shape factor” that accounts for nonspherical 

bubble shapes. Equation (equation 2-11) describes progressive bubble nucleation (PN). 

However, it has a limiting case when nucleation is instantaneous (IN) and all nuclei appear 

once a critical supersaturation (a function of the rate of pressure decline) is reached. In 

practice, this supersaturation is derived experimentally. Based on extensive numerical 

evaluation considering both progressive and instantaneous models, Firoozabadi and 

Kashchiev concluded that instantaneous nucleation was the dominant of the two models. 

Experimental results compared to predictions using their instantaneous models were in 

good agreement, but required large number of adjustable parameters.  

 

In contrast to instantaneous nucleation, progressive nucleation assumes the release of 

bubbles from cavities or roughness on pore walls with poor liquid wetting. Importantly, 

both pre-existing microbubbles and nucleation are possible sources of gas for this model. 

This model was proposed by Yortsos and co-workers (Li and Yortsos 1993, 1991; Yortsos 

and Parlar, 1989). A site becomes activated when the local supersaturation exceeds the 

capillary pressure of the site. Therefore activation of a crevice of radius ω (Figure 2.18) is 

described by equation 2-12.  
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( )
ω

θσ cos2
≥− lPKC                                                                                        (2-12) 

 

where the term in bracket represents the supersaturation, K is the gas solubility constant, C 

the local dissolved gas concentration, Pl  the local liquid pressure, σ is the gas/liquid 

interfacial tension and θ is the contact angle (0 < θ < π/2). Even without recourse to 

complicated numerical simulation, this model affords one a clear insight into the crucial 

complex dependencies. For instance, it is evident from equation 2-12 that the widest 

cavities will nucleate first. Also, the cavity size distribution variance will affect the 

instantaneous number of nucleated bubbles at a fixed supersaturation with more bubbles 

expected to nucleate with a decrease in variance. The variation in cavity sizes implies that 

cavities are activated at different degrees of supersaturation. Unlike for instantaneous 

nucleation where bubbles are roughly of equal size (due to nucleation at the same time and 

assumption of compact growth) the local pore connectivity influences bubble growth here.  

 

 

 

Figure 2.18. Nucleation from pre-existing gas bubbles used to describe progressive 

nucleation, rs is the pore radius (adapted from Tsimpanogiannis and Yortsos, 2002) 

 

 

Yortsos et al. also modelled the growth of nucleated bubbles by diffusion of dissolved light 

components from liquid into the gas bubble (followed by expansion) with mass transfer 

governed by the standard convection-diffusion equation as expressed in equation 2-13: 

 

CDCu
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                                                                                   (2-13) 
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where D is the molecular diffusivity and u is the velocity. They modelled the diffusion of 

dissolved gas into a gas bubble according to equation 2-14, following the ideal gas law. 
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M                                                                                  (2-14)  

 

where Mw is the molecular weight of the gas, nk the number of moles of gas in bubble k and 

Ak the normal surface area of bubble k through which gas can be transported. The expected 

rise in internal bubble pressure (for a fixed volume) following gas diffusion into the bubble 

was modelled by via equation 2-15.  
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where Vk is bubble volume, T is temperature and Rg is gas constant (~ 8.314 JK
-1

mol
-1

). At 

some point, the rising internal pressure exceeds the lowest capillary threshold of the 

neighbouring liquid-filled pore, resulting in gas expansion into the new pore and the change 

in both pressure and volume modelled was via equation 2-16. 
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The hypothesis of pre-existing gas bubbles as source bubbles in porous media has also been 

investigated by Bauget and Lenormand, (2002). Bauget and Lenormand (2002) reviewed 

the equilibrium condition for bubble stabilization and described equilibrium conditions for 

gas and liquid in contact at a planar interface by equation 2-17.  

 

equLG PPP ==                                                                                               (2-17) 

 

where equP  is the equilibrium pressure at saturation on the planar interface, PG is gas 

pressure and PL is liquid pressure. Therefore, for a bubble of radius r in a liquid, the 

equilibrium condition requires that equation 2-18 be satisfied.  
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LequC PPP −=                                                                                              (2-18) 

 

where PC is the capillary pressure. The condition described by equation 2-18 is unstable as 

infinitesimally small perturbations of the liquid pressure or bubble radius can lead to either 

a collapse or the activation of the bubble. Bauget et al showed that pore wall roughness 

strongly influences bubble stabilisation by allowing the meniscus to have any contact angle 

value. Consequently, wettability only plays a secondary role for bubble stability. They also 

showed that “microbubbles” entrapped in cavities can sustain significant pressurization. 

This they noted is due to gas dissolution occurring only up to the point where a new 

chemical (µG=µL) and mechanical equilibrium condition (PG=PL+PC) are achieved after the 

meniscus curvature has stabilised. This observation may be important for the re-appearance 

of bubbles after repressurisation (Cf. section 2.4) of gas/oil systems. 

 

In summary, the nucleation models (i.e. homogenous and heterogeneous) described above 

are both possible in porous media. However, considering the requisite conditions for 

homogeneous and heterogeneous nucleation, there appears to be a consensus in the 

literature that the heterogeneous model is more representative of nucleation in porous 

media. This is primarily because the magnitude of supersaturation required for 

homogeneous nucleation is excessively large and unrealistic for explaining nucleation 

processes in real porous media. In addition, the factors that influence heterogeneous 

nucleation, such as the existence of cavities, impurities, or poorly wetted surfaces are 

suggestive of a porous medium environment. The work of El Yousfi et al. (1997) showed 

that both progressive and instantaneous models may be applicable to a certain degrees in 

real porous media. Therefore, both instantaneous and progressive nucleation models have 

been implemented in the simulator (Bondino et al. 2005c; McDougall and Sorbie, 1999) 

which has been extended during this research.  

2.3 Experimental studies of gas migration patterns in porous media 

Due to the very large differential in density of gas and oil, it is intuitive that gas evolving 

from oil (as a result of depletion or injection) during production would tend to migrate 

upwards under gravity forces (buoyancy). When the ratio of oil to gas densities (ρo/ρg) is 



 44

greater than unity, gas flow is described as gravity-stabilised if gas is introduced (e.g. via 

nucleation or injection) into the top an oil saturated system. Conversely, under such a 

density ratio, gravity-unstable flow describes the introduction of gas into a lower part of an 

oil saturated system. In this thesis, gravity-unstable flow has also been termed gravity-

driven or buoyancy-driven with exactly the same meaning. For favourable petrophysical 

properties (e.g. large pore throats) or at large length scales, gravity forces become even 

more influential. However, the principal flow direction and pattern of gas depends on 

several forces (i.e. capillary, viscous and gravity). The subtle and transient evolution of the 

dominant force balance is further complicated by issues regarding diffusion and nucleation 

when extended to depressurisation studies. These pore scale problems significantly 

complicate the interpretation of laboratory studies and therefore require closer 

investigation. 

 

To understand the influence of gravity and convective forces on gas evolution, migration 

and gas distribution, researchers monitor saturation profiles either by using transparent 

porous media or in-situ imaging techniques. Interesting ranges of migratory behaviour have 

been observed under different conditions by a number of authors. It is generally agreed 

among authors that the important parameters such as; critical gas saturation, oil recovery 

and gas distribution are strongly influenced by the migratory pattern. A review of 

experimental observations involving buoyancy-driven gas migration in porous media is 

presented next — pore level observations from these experiments have played a vital role in 

informing the numerical studies carried out during this research. 

 

Several experimental studies of gravity-unstable migration of a nonwetting phase in a 

homogeneous porous medium saturated with a denser wetting phase have been reported in 

the literature (Mumford et al., 2009; Stöhr and Khalili, 2006; Geistlinger et al., 2006; 

Meakin et al., 2000; Glass et al., 2000; McDougall and Mackay, 1998; Wagner et al., 1997; 

Birovljev et al., 1995; Frette et al., 1992; Dumoré, 1970). For investigations focusing only 

on gravitational effects, experiments have usually been conducted at low depletion or low 

injection rates. The common objective of these experiments was to advance understanding 

of the buoyancy-driven mode of gas migration in porous media. In the context of 
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buoyancy-driven flow, a wide range of different gas flow patterns have been observed by 

different authors, including continuous finger flow (Glass et at., 2000; McDougall and 

Mackay, 1998), discontinuous channelised flow in the form of a cluster train (McDougall 

and Mackay, 1998; Birovljev et al., 1995; Dumoré, 1970), and discontinuous dispersive 

flow of gas in a cone-shaped pattern (Stöhr and Khalili, 2006; Geistlinger et al., 2006; 

Dumoré, 1970). There seems to be consensus in the literature that variations in gas flow 

pattern represent different flow regimes and that more discontinuous flow regimes occur 

under very strong gravity dominance (Stöhr and Khalili, 2006; Geistlinger et al., 2006). 

Attempts have been made in the past (Geistlinger et al., 2006) to classify experimentally 

observed gas flow patterns based on flow rate and mean capillary radius. Geistlinger et al., 

(2006) concluded that gas flow in porous media is generally discontinuous at low flow rates 

(i.e. where viscous forces are relatively smaller than gravity) and may become continuous 

at higher flow rates. Further inference from their classification is that flow patterns may 

transit from continuous ramified capillary networks, to continuous fingers, to discontinuous 

slugs and to dispersive “bubbly” flow while moving from small to large mean capillary 

radius. Understanding gas flow regimes is particularly important for interpreting depletion 

experiments, as key parameters such as critical gas saturation; average gas saturation, gas 

saturation distribution, and oil (liquid) recovery are strongly regime-dependent. This is 

emphasised also by the large number of authors (Goodarzi and Kantzas, 2008; Sahni et al., 

2004; McDougall and Mackay, 1998; Hawes et at., 1997; Li and Yortsos, 1995; Kortekaas 

and van Poelgeest, 1991; Yortsos and Parlar, 1989) who have made reference to the 

experimental observations of Dumoré (1970) while describing gas evolution during 

solution gas drive. Knowledge obtained from a wide range of visual experiments in 

disparate porous media forms a strong foundation for the analysis of future experiments in 

non-transparent core samples and for developing advanced models that can offer reliable 

predictions. A detailed review of experimental observations involving gas migration in 

porous media is presented next. 
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2.3.1 Gravity-unstable gas evolution   

The experiments conducted on glass-grain packs by Dumoré, (1970) highlight the existence 

of contrasting gas migration regimes in the presence of strong buoyancy forces. Following 

a very slow injection of air near the bottom of a pack of crushed, oil saturated glass, 

Dumoré observed that a conical-shaped gas region could develop in a coarse-grain (high 

permeability) pack, whilst a thin channel of discontinuous gas was observed in a fine-grain 

(low permeability) pack. He termed the two patterns “dispersive” and “non-dispersive” 

respectively.  

 

Figure 2.19 shows the experimental gas-oil occupancies for the dispersive and non-

dispersive cases presented in Dumoré (1970). The experimental results of Dumoré (1970) 

also show that the final gas saturation was approximately an order of magnitude higher in 

the dispersive regime compared to that found in the non-dispersive case. The author 

attempted to explain the experimental observations and quantify the transition from 

dispersion to non-dispersion by invoking an argument based upon perturbations to capillary 

entry pressure. Using the analogy of a gas pore connected to adjacent pores by two tube-

like restrictions of radius r1 and r2, he hypothesised that a dispersive flow regime would be 

more likely to occur if 
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is small. This, in effect, states that the two 

capillary entry pressures associated with the neighbouring pores are close to one another. 

The author extended this reasoning by invoking the well-known petrophysical scaling 

r∝ φ
k   (where, r = mean capillary radius, k = average permeability and ø = porosity) and 

concluded that ∆Pc would be smaller (and hence dispersive flow more likely) in high 

permeability media.  
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Figure 2.19. Experimental observation of upward gas migration following slow gas (white) 

injection into a transparent glass model of coarse grain (a), and fine grain (b) (from 

Dumoré, 1970) 

 

Catalan et al., (1992) conducted experiments to investigate the influence of bead size, oil 

density and interfacial tension on buoyancy-driven secondary oil or air migration. They 

utilised a 63cm long glass column with a 1.91cm inner diameter, packed with glass beads 

or quartz sand grains as their experimental cell. Separate experiments were conducted using 

either oil or air as the less dense, nonwetting phase while brine was used as the denser 

wetting phase. Systems with oil-brine interfacial tension ranging between 8.5 and 31.4 

mN/m were investigated; however, air-brine interfacial tension for the experiment was not 

reported. These experiments involved injection of nonwetting phase through the bottom of 

the experimental cell until a sufficient height for migration was reached. They noted that 

the dominance of buoyancy on the rate of migration of nonwetting phase increased as the 

nonwetting phase length increased. Consequently, although several nonwetting phase 

fingers developed during the early stages of the injection, one finger became dominant at 

later stages of the experiment. In both cases however, imbibition was observed to 

significantly occur close to the bottom of the migrating cluster. Unlike in Dumoré, 1970, 

disconnected flow of non wetting phase either as channels or in dispersive form was not 

reported. 

 

 

Frette et al., (1992) experimentally investigated buoyancy-driven migration of nonwetting 

fluid through a saturated three-dimensional porous medium. The experimental system 

consisted of random packing of cylindrical grains (2mm diameter and 2mm length) housed 

in a transparent glass container. Injection of less dense, nonwetting phase through the 

bottom of the model gave rise to unstable upward movement of the interface. Again, 

gravity bias of nonwetting phase invasion increased with the height of nonwetting phase 
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cluster. A key observation from these experiments, consistent with those from Dumoré 

(1970) was the dynamic nature of nonwetting phase migration which involved steps of 

spontaneous jumps often accompanied by fragmentation (see Figure 2.20). They also noted 

that retraction occurred near the lower part of a nonwetting phase structure when it moved 

upwards. Modified invasion percolation without trapping and ignoring diffusion, was used 

for simulating experimental observations. Scaling arguments were utilised to compare 

simulations with experiments and it emerged that, with the exception of high Bond 

numbers Bo, the linear density S (mass of structure M divided by the height h) for both 

experiment and simulation scaled as S = A |Bo|
-α

 with α = 0.72± 0.06 and A = 5.2 ± 0.8. No 

dispersive gas flow regime was observed in these experiments. 

 

 
Figure 2.20. Experimental migration structure showing a large connected nonwetting 

(black) structure after injection for time t (a); at time t+1535seconds, fragmented structure 

(b); and at time t+2982seconds, reconnection of the structure as injection continued. The 

arrow indicates disconnection points. Note that injection is through the bottom at constant 

rate (from Frette et al., 1992)  

 

 

 

Birovljev et al., (1995) also carried out an experimental and simulation study of gravity-

destabilised immiscible displacements in a transparent two-dimensional random porous 

medium. The experiment started with slow injection of air (nonwetting phase) into a 

(glycerol-water saturated) horizontally positioned two-dimensional cell filled with 1mm 

diameter glass beads. The 2D cell dimension was reported as 280x560 pores. Injection of 

air continued until a reasonably large cluster of air (~ 2000 to 7000 pores) had formed. 

Reported liquid properties were; density =1123 kg/m
3
; viscosity = 6 cP and surface tension 

(i.e. water-air interfacial tension) = 64 mN/m. To increase the buoyancy force, the cell was 

rotated slowly about the horizontal axis at a velocity of 4° per hour. They observed that 
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migration of air clusters started when a sufficiently large inclination angle was reached and 

involved a sequence of drainage and imbibition events. The authors observed a multitude of 

fragmentations and coalescence during migration, and as a result, the original structure of 

the nonwetting phase was destroyed. Also, as the angle of inclination increased, further 

migration and fragmentation was observed thereby reducing the size of the original air 

clusters until they could no longer migrate. Figure 2.21 shows some experimental images 

from Birovljev et al., (1995) highlighting observed cluster migration and fragmentation 

under buoyancy forces. 

 

   
Figure 2.21. Experimental fluid occupancies at different inclinations indicated as angle teta 

in degrees with gas shown as white (from Birovljev et al., 1995) 

 

 

It was also reported that the total volume of the nonwetting phase was conserved. This is a 

particularly important observation, considering that no further injection/production 

occurred during the process of increasing Bond number by tilting the experimental cell. 

However, this also implied that there was a negligible amount of mass diffusion across the 

air/water interface, due possibly to low dissolved gas in water. Subsequent pore network 

modelling of the experiment, also presented by the authors was based on modified invasion 

percolation algorithm which they extended to include imbibition, fragmentation and 

coalescence. The simulation started by invading the wetting phase saturated sites with 

nonwetting phase using a standard invasion percolation algorithm with trapping until a 

nonwetting cluster of the desired size was achieved. The buoyancy force was simulated by 

imposing a uniform gradient f in the gravity direction, on the thresholds and tilting of the 

experimental cell was simulated by incrementing f in small steps. They described a 

migration step as comprising withdrawal of a nonwetting phase source site (or bond) and 
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invasion of a wetting phase destination site (or bond) noting that both source and 

destination must belong to the same nonwetting cluster. The choice of pores for withdrawal 

and invasion at each step was based on finding the global minimum of the expression; 

 

yfwi ∆−−= βββ          (2-19) 

 

where βi = invasion threshold, βw = withdrawal threshold and ∆y = height difference 

between source (i.e. nonwetting phase bond or site) and destination(i.e. wetting phase bond 

or site). During the simulation of migration, only steps with ∆y > 0 and β<0 were permitted 

and f was increased when no possible step was found. In their model, the imbibition 

threshold depends both on the bond radius and the local configuration of the interface (i.e. 

the number of adjacent nonwetting bonds) following Lenormand and Zarcone (1984). The 

authors presented simulation results which showed that good qualitative and quantitative 

agreement was achieved by modelling buoyancy-driven migration using a modified 

invasion percolation model. A similar philosophy has been used for developing the model 

utilised in this thesis. However, unlike the model of Birovljev et al. (1995), network 

simulator presented in this thesis also includes: 

• Mass diffusion across interfaces 

• Time-dependent (dynamic) effect with possible partial filling of multiple pores 

• Variable but realistic outlet boundary conditions 

• Viscous pressures calculations that facilitate the study of all three forces (gravity, 

capillarity and viscous) 

• Variations in the direction of force components (gravity transverse to viscous 

gradient, gravity opposing viscous gradient and gravity complementing viscous 

gradient) 

These new features have proved vitally important for the systematic study of gas evolution 

under the full range of operating conditions corresponding to both laboratory and field. 

 

Hawes et al., (1997) used a 2D, water-wet, etched glass micromodel to study the release of 

solution gas from waterflooded pore systems. Their micromodel represented a 2D section 

of a sandstone core with pore throat dimensions of the order of 20-30 microns. Bubble 
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nucleation was induced by raising the temperature of the micromodel until it reached the 

saturation point of the oil at atmospheric pressure. A vertically oriented micromodel was 

used to capture the effect of gravitational forces. The fluid system comprised of a mixture 

of low boiling point hydrocarbons with positive oil spreading coefficient S=28mN/m. Their 

experiments showed that bubbles expanded in a series of steps in which both oil/water and 

gas/oil interfaces were squeezed through individual pore throats. They observed that, 

initially, the nucleated bubbles were able to grow but remained immobile due to little 

influence of buoyancy forces. During this capillary dominated growth period, the authors 

argued that the movement of oil/water interfaces was the controlling factor since oil/water 

interfacial tensions were orders of magnitude greater than gas/oil values. Also, due to 

favourable spreading conditions, oil ganglia that were initially immobile were transformed 

into mobile films. Bubble coalescence was also observed in their experiments. Using a 

single bubble network model (mean pore throat radius, Rm= 50 microns) and modified 

invasion percolation – capillary entry pressures perturbed by the gravity term; they showed 

that bubble growth pattern depends on the value of Bond number, Bo (the ratio of buoyancy 

to capillary forces). They calculated a Bond number for the whole bubble using the 

expression- 
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 where ∆ρ is the density difference between gas and water, g 

is the gravitational constant, h is the bubble height, σow is oil/water interfacial tension and 

Rav is average pore throat radius. Based on this single bubble model, they observed that 

capillary dominated growth generally occurred for Bond numbers below 0.1 (during the 

early stages when bubble height was still small) while gravity biased growth generally 

started when Bond number was in the range 0.1 – 0.15. Although the authors stated that 

upward movement of the whole bubble occurred when Bond number equalled unity, further 

details of such buoyancy-driven movement were not presented. 

 

Using a binary fluid (C1-C10) system, McDougall and Mackay (1998) presented 

experimental evidence of gravitationally-driven gas movement during depletion of a virgin 

network and observed fragmentation and coalescence of gas bubbles as they migrated 

towards the upper boundary of the system. Subsequent pore network simulations of this 

process, also presented by McDougall and Mackay, focused on the effect of pressure 
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dependent gas-oil interfacial tension. Results clearly demonstrated the phenomenon of 

bubble stabilisation, whereby a slowly moving bubble train could become stabilised at 

lower pressures due to the increased influence of capillary forces (increased interfacial 

tension).   

 

Glass et al., (2000) studied gravity-destabilised nonwetting fluid invasion using a 

macroscopically heterogeneous, water-saturated sandpack (Figure 2.22) and presented 

experimental observations from low-rate injections of CO2 and of Trichloroethylene (TCE). 

Injection of TCE (denser than water) involved inverting the configuration shown in Figure 

2.22. For ease of discussion however, all figures presented here are oriented as show in 

Figure 2.22.  

 

Figure 2.22. Digital image of the heterogeneous porous media used for gravity destabilised 

injection experiment after Glass et al., (2000). Coarse sand with mean grain size 

approximately 1.1mm appears as bright spots in the figure 

 

 

For the TCE-water experiment, TCE (denser than water) was injected through the top of the 

model, whilst CO2-water experiments involved less dense CO2 being injected through the 

bottom of the model. Injection was terminated at breakthrough of the invading phase. At 

breakthrough, they observed a nonwetting phase pattern which was described as a “pool 

and finger” invasion structure with the fingers appearing disconnected. They reported the 

evolution of a single discontinuous finger in a coarse-grained sand layer for CO2 injection 

and multiple discontinuous fingers for TCE injection (see Figure 2.23).  
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                                                        (a)                       (b) 

Figure 2.23. Non wetting phase saturation distribution at breakthrough for injection of CO2 

(a); and injection of TCE (b). Discontinuous non wetting phase channels observable in 

coarse sand is thicker in TCE compared to CO2 experiment (from Glass et al., 2000) 

 

 

Glass et al., (2000) explained observed accumulations and back filling by the nonwetting 

phase in fine-grained sand layers (Figure 2.24) as being caused by gravity-stabilised 

invasion. It was noted that, with continued injection, nonwetting phase pressure built up 

within confined high permeability layers until entry thresholds of the confining fine-grained 

sediments were overcome. Additionally, they also observed that while the pool height 

behind the capillary barrier remained stable as soon as the first finger spanned the barrier 

during the CO2-water experiment (high IFT, 71mN/m), pool heights continued to increase 

in the TCE-water experiment (low IFT, 27mN/m), with more than one finger emerging 

beyond the capillary barrier. These observations provide additional evidence for the 

discontinuous nature of gas migration under conditions of low gas-liquid interfacial tension 

– it will be shown later in this thesis that a transition in flow regime can indeed be induced 

by a change in gas-liquid interfacial tension. 
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Figure 2.24. Magnification showing upper section of the experimental porous system and 

highlighting the accumulation of non wetting phase below capillary barrier 4 and breaching 
of barrier by a single non wetting phase finger for CO2-water and multiple fingers for TCE-

water experiment from Glass et al., (2000) 

 

 

Geistlinger et al., (2006) conducted experimental investigations of the transition in flow 

pattern during buoyancy-driven gas flow with a focus on the effects of bead size and flow 

rate on regime transition. They conducted gas injection into three different water-saturated, 

45cm high, glass bead packs characterised by maximum grain size diameters of 0.5 mm, 1 

mm and 2 mm. The corresponding mean capillary entry radii estimates were 85µm, 210 µm 

and 480 µm, respectively, using the expression ( ) kc dR ×+×= maxmin25.0 ξξ , where ξmin and 

ξmax are dimensionless diameters and dk is the average diameter. During gas injection, they 

noted that unstable/intermittent gas flow occurred in systems with larger bead sizes (1-mm 

and 2mm) based on fluctuations in their plot of the temporal evolution of entry pressure and 

visual observations (Figure 2.25). The authors described the unstable/intermittent flow 

behaviour as “incoherent” flow.  The entry pressure plot (Figure 2.26) against time 

suggested that flow stabilisation may occur at later times in some cases, as was evident for 

1mm-system. Consistent with earlier observations by Dumoré (1970), the temporal 

evolution of gas volume (Figure 2.27) reached far higher values in the 2mm case (stronger 

dispersive flow) compared to the other two systems. They concluded that, during 

incoherent flow, new gas channels are explored after snap-off due to the high symmetry of 

the glass beads and that a transition from incoherent to coherent flow may occur with 

increase in injection rate.  

Coarse sand 

above barrier 

Accumulation 

behind barrier 

4 
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Figure 2.25. Gas flow pattern at different times during injection in a 2mm beadpack (from 

Geistlinger et al., 2006) 

 

 

Figure 2.26. Plots of entry pressure against time for experiments characterised by different 

bead sizes (from Geistlinger et al., 2006) 

 

 

 

Figure 2.27. Gas volume time history in porous media for different beadpack sizes (from 

Geistlinger et al., 2006) 

 

 

Unstable and discontinuous gas flow (including spontaneous migration and fragmentation) 

has also been observed by Stöhr and Khalili, (2006) during gas injection in a 13cm high 

glass beadpack. The fluid system had a density difference of ~ 1008kg/m
3
, interfacial 

tension of 20mN/m, oil viscosity of 52cP and gas viscosity of 0.018cP. The authors 
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suggested that pore blocking by trapped gas and the subsequent circumventing of upward 

migrating gas, caused the formation of a cone-shaped region during buoyancy-driven 

migration. Similar to Geistlinger et al., (2006), they also observed that flow rate induced 

transition in migration regimes occurred, with gas migrating in a discontinuous dispersive 

form at low flow rates and in a continuous finger-like pattern at very high flow rates. Kim 

et al., (2006; 2004) investigated the effect of surface tension and production boundary on 

air saturation during air injection in water-saturated sandpacks with length of 81cm and 

grain diameters ranging between 200µm and 500µm. The key difference in experimental 

setup used in their two publications was that produced water was allowed to accumulate at 

the top of the porous system in the earlier work (Kim et al., 2004), while produced water 

was instantaneously removed in the later experiment (Kim et al., 2006). In contrast to the 

2004 results, which showed a linear increase in air saturation with decreasing surface 

tension, the 2006 studies found a non-linear relationship between air saturation and surface 

tension, Figure 2.28. An analysis of how flow regime types can produce a non-linear trend 

in gas saturation vs. interfacial tension plots will be presented later in the thesis (section, 

4.2.9). 
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Figure 2.28. Variation of final air saturation with surface tension following air injection in 

water-saturated sandpack adapted (extracted from Kim et al., 2006) 

 

2.3.2 Buoyancy-stabilised gas evolution   

Studies of gravity-stabilised fluid injection into porous media under the combined influence 

of gravity, capillary and viscous forces have been reported in the literature (Løvoll et al., 

2005; Méheust et al., 2002). By injecting air at varying rates through the top of a liquid-

saturated porous medium, Méheust et al., (2002) evaluated the destabilisation by viscous 

forces of the displacement front. They also investigated the stabilisation effects of gravity 
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by tilting their models at different angles. They compared the relative strengths of gravity 

(quantified by Bond number Bo) and viscous forces (quantified by capillary number Ca), 

by defining a “generalised Bond number” Bo
*
 = Bo – Ca. For a fixed inclination, they 

observed a transition in displacement front from narrow branched fingers to a gravity-

stabilised homogeneous front as the withdrawal rate decreased (i.e. increasing Bo
*) and 

concluded that, when all forces have a significant impact, displacement dynamics appear to 

exhibit features of both invasion percolation and viscous fingering. With the inclusion of 

the three key force components, all of these experiments have been qualitatively 

reproduced using the new model developed here (see chapter 4). 

 

2.4 Repressurisation review 

Repressurisation in the petroleum literature describes a protocol whereby the pressure of a 

reservoir system is deliberately increased. Historically, this involved external gas injection 

and has been referred to in the literature as “repressuring”, gas cycling or pressure cycling. 

This process has long been shown to improve oil recovery (Beecher, 1928). However, the 

promise shown by recent experimental investigations (Dong et al., 2006; Nejad 2004) for 

recovering heavy oil systems by repressurisation have reignited interest in the subject and 

motivated the research presented in chapter 5 of this thesis. It has been suggested in the 

literature that repressurisation could improve recovery from thin (<10m) heavy oil 

reservoirs, where thermal options are seldom applied. The large volume of reserves 

contained in such reservoirs suggests that attention should be given to this process. For 

instance, Saskatchewan holds 62% (~5.4billion m
3
) of Canada’s heavy oil resources and 

97% of the proven reserves are within reservoirs with pay zones less than 10m thick (Dong 

et al., 2006). Unfortunately, the majority of discussions of the repressurisation process in 

the literature have been in the form of reporting field or experimental results and there is a 

limited understanding of the pore level physico-chemical mechanisms operating. This 

thesis presents the first extensive parametric study of repressurisation and aims to bridge 

this knowledge gap and provide a foundation for future research in the area.  
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One of the early reports of repressurisation in the petroleum literature was presented by 

Bell (1927). He discussed results of repressurisation case studies in Seal Beach Field, 

California USA involving external gas injection. One key motivation for repressurising in 

this field was to maintain a high reservoir pressure, which was required to overcome the 

pressure head exerted by edge water. As a result, gas injection was commenced early in the 

life of the field at an injection pressure of 1500psi. It is noteworthy that gas injection here 

was carried out simultaneously with production from other wells. Important results 

presented by Bell include: 

• Observation of a rapid increase in production during the first few months, which 

eventually fell to a point still above the pre-repressurisation rate. 

• A tendency for gas to flow up-structure (under buoyancy) 

• Channelling of gas to producing wells followed by a rapid increase in gas 

production 

• Enhanced efficacy of gas-lift operations due to steadying of flow in gas-lifted wells 

During subsequent peer review of the work, it was hypothesised that gas re-dissolution in 

oil was possibly more important for increased recovery during repressurisation than the 

traditional concept of the pushing effect (i.e. injected gas displacing oil in its flow path). 

The majority of the reviewers also suggested that repressurisation should be commenced 

during the early production life of a field.  

 

Subsequent analysis of observations from different field repressurisation projects was 

presented by Beecher (1928). The focus was on the dependency of the physical properties 

of oil (i.e. viscosity and surface tension) on the amount of dissolved gas. As pressure 

decreases, more gas is liberated from solution resulting in an increase in oil viscosity and 

surface tension. The author also suggested that as a consequence, repressurisation should be 

started during the early stages of oil production. It was hypothesised that the key benefits of 

such an approach (i.e. early repressurisation) were that; (1) oil is less viscous and will move 

with less resistance; and (2) the rock is saturated with oil which will prevent by-passing of 

gas through drained parts of the rock. They also presented a plot of average production 

history (Figure 2.29) from one of the fields under repressurisation, which showed an 

increase of approximately 21% over the production estimated from decline curve analysis. 
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Figure 2.29. Comparison of monthly (x-axis) average daily production (y-axis) during 

repressurisation with values predicted by decline curve, arrow indicates start of 

repressurisation (from Beecher, 1929) 

 

Although these early publications clearly highlighted a potential to improve oil recovery 

through repressurisation, they were restricted to discussing field observations. Pomeroy et 

al., (1933) derived one of the earliest quantitative relationships between the amounts of gas 

diffusing across a gas/oil interface and the depth of the oil, time and diffusion constant.  

They conducted some experiments to measure the rate of dissolution of methane in gasoline 

and derived the expression: 
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where Q=total quantity of gas that has diffused into liquid, Cs = saturation (or equilibrium) 

concentration, A = area normal to flow direction, L = liquid thickness, and D=diffusion 

coefficient. Analysis of their experiments showed that equation 2-20 was valid (0.2% error) 

when the liquid was ≥ 50% saturated with gas.  

 

Higgins (1954) extended the work of Pomeroy et al. to calculate the degree of 

supersaturation during depressurisation and undersaturation during repressurisation. After 

dividing both sides of equation 2-20 by CsAL, they derived a saturation fraction (f) which 



 60

described the ratio of quantity of gas in solution to the quantity that would have been in 

solution if the liquid were completely saturated, equation 2-21. Consequently, the 

maximum saturation fraction (f =1) denotes a saturated system.  
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A first order differentiation of equation 2-21 resulted in: 
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where df /dt was defined as the rate at which gas diffuses into oil as a result of the degree of 

undersaturation, 1-f. By extension, because gas diffuses away from supersaturated oil 

(during depressurisation), df /dt is consequently negative. Therefore, the degree of 

supersaturation was defined as f-1. By equating the rate of change of saturation fraction 
dt

df
 

with the time rate of change of pressure, 
dt

dp
 , Higgins utilised field depletion and 

repressurisation data to approximate the degree of supersaturation (during depletion) and 

undersaturation (during repressurisation). It was concluded that field scale supersaturation 

and undersaturation might be negligible for the specific reservoir under consideration.  

 

In the context of heavy oil systems, recent experimental investigations have also shown 

promising results (Dong et al., 2006; Nejad, 2004) and these have motivated the 

developments and numerical studies of heavy oil repressurisation presented in this thesis. 

The concept behind the work of Dong et al., (2006) was a restoration of the solution gas 

drive mechanism. To achieve this, they re-injected an “appropriate” amount of gas into a 

depleted system (i.e. a horizontally positioned 30.5cm x 5.0cm sandpack) and then 

increased the pressure by injecting water until the original pressure was reached. Oil 

samples from heavy oil fields in Saskatchewan Canada, with viscosities ranging between 
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1700cP and 5400cP were used. Pressure cycling without initial waterflood was conducted 

by depleting an oil filled sandpack (at connate water saturation) followed by injection of a 

predefined volume of methane. Further increase in sandpack pressure was achieved by 

water injection and the system was shut in for several hours for soaking (equilibration) 

before finally being depleted to a selected pressure. In contrast, the experiment for the 

waterflooded system started at residual oil saturation. Experiments conducted to compare 

cycling protocols (i.e. continuous depletion to a fixed pressure vs. stepwise depletion to a 

fixed pressure) showed that the final cumulative oil recovery was approximately equal for 

both strategies. However, their comparison of cycle gas usage (i.e. the gas volume used per 

m3 of oil produced) showed that stepwise protocol had a lower average gas usage (173sm3 

gas/m
3
 oil) compared to continuous protocol (260sm

3
 gas/m

3
 oil). It was also observed that 

the percentage recovery from pressure cycling decreased as the residual oil saturation 

decreased. The effect of oil viscosity on the process was investigated using oils with 

1700cP and 4400cP viscosities and the same experimental protocol. They observed that 

total oil recovery from both systems were quite close for both primary depletion and after 

the first three cycles. Recovery from higher viscosity systems however did plateau at 30% 

IOIP (initial oil in place) after three cycles while the smaller viscosity system recovered 

approximately 40% IOIP after eight cycles. Based on this, they concluded that pressure 

cycling was not affected by oil viscosity at low mobile water saturations. Additional 

experiments of pressure cycling a waterflooded system showed final recovery quite close to 

that when pressure cycling was commenced at connate water saturation. They claimed that 

improved recovery by pressure cycling would be best suited for thin (<10m) heavy oil 

reservoirs.  

 

Visual investigations of repressurisation in glass micromodels were conducted by Nejad 

(2004) – following depressurisation to a pre-determined pressure (~0.48*Bubble point 

pressure). The network model was repressurised by re-injecting the fluid produced during 

depressurisation. During repressurisation, Nejad observed a reduction in gas saturation due 

to compression and re-dissolution of gas into liquid. In addition, large gas clusters were 

observed to break up into smaller fragments during repressurisation (at both low and high 

rates), resulting in a significant hysteresis in gas saturation and distribution between 
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depressurisation and repressurisation. The final gas distribution following repressurisation 

showed a strong dependence on the history of the preceding depressurisation. During 

secondary depressurisation, apparent retardation in gas growth rate was reported leading to 

a postulation that oil recovery may be improved post repressurisation.  

 

2.5 Pore space reconstruction   

Having reviewed various production mechanisms, attention now turns to the construction 

of the network model itself. While generic studies can utilise arbitrary networks, case 

specific predictions require a geometrically and topologically representative network. A 

new anchoring methodology has been proposed in this thesis. The following discussion is 

aimed at highlighting the existing challenges in pore space extraction and the need to 

develop algorithms that accurately implement calculated geometric and topological details 

into process-based simulators. Concerted efforts have been made by researchers in the area 

of flow in porous media aimed at extending the predictive capabilities of pore network 

modelling. Extensive publications have emerged describing different approaches to pore 

space reconstruction and pore network extraction with varying degrees of success. 

Commonly used pore space reconstruction can broadly be classified into (i) direct and (ii) 

indirect image generation methods. The direct method involves directly acquiring three-

dimensional digital images of the internal pore structure of “real” porous samples. In 

contrast, indirect methods require a transformation of digital two-dimensional images of 

real porous samples or information from synthetic samples to obtain three-dimensional pore 

space digital data.  

 

2.5.1 Direct pore space image generation  

X-ray computed micro tomography 

Micro computed tomography (micro-CT) gives a “direct” 3D image of the pore space at 

resolutions of the order of 2µm but is limited in application to small rock samples (typically 

of the order of 5mm). The principle involves the recording and interpretation of spatial 

variations in attenuation coefficient from a series of X-ray beams passed through a sample 

in multiple directions. The difference in attenuation coefficients ultimately permits 
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identification of pores and solid. Micro-CT has proved particularly useful in carbonates, 

where it can be used to quantify separate mineral components (primarily due to the limited 

number of mineral phases in carbonates). In addition, sufficient contrast in effective atomic 

numbers of the minerals is essential to provide distinguishable attenuation features. 

However, it should be noted that microporosity (<2µm), typical of carbonates, are currently 

difficult to resolve using micro-CT (Knackstedt et al., 2006). To overcome the limitations 

of micro-CT scanning, a number of indirect, pore space reconstruction methods have been 

developed that are based on high resolution 2D thin section, these methods are reviewed 

next. 

2.5.2 Indirect pore space image generation  

Process-based reconstruction 

Bryant et al., (1993, 1992) simulated random packing of equal spheres which they 

benchmarked with the well characterised Finney (1968, 1970) packing. The processes of 

compaction and quartz cementation were approximated by simulated swelling of the 

spheres and vertical movement of sphere centres, allowing possible overlap.  The authors 

also presented one on the first pore network extractions from such process-based 

reconstructed media using simplicial cell tessellation. The simplicial cell approach is based 

on tessellating the pore space into cells with each cell representing a tetrahedron joining 

four grain centres that are closest to each other. Transport properties were successfully 

predicted by assigning cells as pores and cell faces as throats. Finally, using a two-point 

correlation function β(r) (see equation 2-23) for flow path hydraulic conductivities g 

separated by a distance in the interval [r, r+dr], they showed that some degree of correlation 

in pore sizes may be possible even in random sphere packing. 
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where g  and σ represent the global mean and variance of the network conductivities 

respectively. 

 

The process-based method of pore space reconstruction was later extended (Øren and 

Bakke, 2002; Bakke and Øren, 1997) to include more complex sandstone forming 
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processes such as sedimentation, compaction and diagenesis. Inputs for grain size 

distribution were based on image analyses of 2D thin sections of actual sandstones. 

However, all the sand grains were treated as spherical. The sedimentation process was 

modelled by allowing each new randomly selected sand grain to be deposited in a position 

determined as the local/global minimum in gradient to capture high/low energy deposition 

respectively. Compaction here was modelled similar to Bryant and Blunt (1992) by shifting 

grain centres vertically downward. To model the process of diagenesis, the authors 

introduced quartz cement growth and clay. The reconstructed pore space was validated 

based on obtaining good visual agreement with micro-CT images in addition to the porosity 

and two-point correlation functions from the 2D thin section. The authors proceeded to 

generate 3D network architectures based on ultimate dilation (an inverse of thinning).  
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Stochastic reconstruction 

Because of its wide applications for many stages of formation evaluation during the 

development life of an oil field, 2D thin section images are routinely available and have 

also been used for stochastic 3D pore space reconstruction. Okabe and Blunt (2005) used 

binary (void and solid) thin-section images as training images and applied multipoint 

statistics to generate 3D pore space images of Fontainebleau and Berea sandstone samples. 

The authors argued that their multipoint statistics approach is superior to two-point 

statistics in that it predicts long-range connectivity more accurately. An assumption of 

isotropy in orthogonal directions is however made to transform 2D information into 3D 

structure. In addition, a significant degree of noise is produced when stochastic methods are 

used to generate a 3D system from 2D images. Okabe and Blunt (2005) applied a noise 

processing algorithm with the resultant porosity of the reconstructed structure reportedly 

exceeding the original value. Void-void autocorrelation function (an indicator of preserved 

two-point statistics) from the reconstructed image showed very good agreement with those 

from micro-CT and training images. However, percolation probabilities calculated by 

stochastic methods were inferior to the process-based method when compared to the 

original image.   

 

A stochastic approach to 3D pore space reconstruction from 2D thin section data using 

higher order statistics was presented by Wu et al., (2006). They applied the Markov Mesh 

Random Fields (MMRF) method which is a modified form of the original Markov Random 

Field (MRF) method but with significant savings in computational time due to its non-

iterative nature. The basic concept of MRF is an assumption that the state of any site 

depends on the states of only a small number of neighbours and as such, the full spectrum 

of probabilities is in principle not essential for reconstructing a given image. They obtained 

a close visual similarity between reconstructed structures and the original images. In 

addition, a Lattice-Boltzmann (LB) scheme was applied directly on the reconstructed pore 

structure to calculate absolute permeability, which closely matched measured values for a 

range of samples considered. The specific Euler number Xv defined in equation 2-24 was 

used to quantify pore connectivity, noting that negative Xv broadly indicates high 
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connectivity. Some degree of connectivity was observed in the reconstructed pore space, 

with smaller-sized pores showing higher connectivity. 

 

V

HCN
X v

+−
=          (2-24) 

 

where V= specific volume of the porous medium, N=isolated objects, C=interconnected 

loops and H = completely enclosed cavities.  

 

Notwithstanding some of their limitations, the proponents of stochastic pore space 

reconstruction methods point to their speed and applicability in complex rocks like 

carbonates (where the sedimentary process of rock formation is ambiguous) as obvious 

advantages over the process-based approach. 

2.6 Pore network extraction/anchoring techniques  

A combination of very complex (irregular) geometry and the multiphase nature of fluid 

flow significantly complicates direct flow simulation on reconstructed pore space images 

and currently limit the application of approaches such as Lattice-Boltzmann methods. To 

perform multiphase flow simulations on a practical scale, pore network models 

representative of both the geometry (such as pore and throat size distribution, throat length 

distribution, spatial correlation) and connectivity of the original pore space image have 

become an important tool. Several approaches have emerged in the literature for pore 

network extraction from 3D images and from capillary pressure-saturation data. In all 

cases, the objective is to construct a topological and geometrically equivalent network of 

pore elements which can form the foundation for implementing relevant pore level events 

for studying a wide range of processes. The most utilised network extraction methods in the 

petroleum industry are reviewed next.  

 

2.6.1 Delaunay tessellation algorithms 

The Delaunay tessellation approach to pore network extraction requires a priori knowledge 

of particle (grain centres) locations. As a result, it has generally been applied to extract pore 

networks from reconstructed sphere packings (Gladkikh and Bryant, 2003; Mason and 
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Mellor, 1995; Bryant et al., 1992, 1993). Delaunay tessellation is implemented by joining 

grain centres of four nearest spheres to form tetrahedral cells (Figure 2.30). Following from 

that, the pore bodies (or sites) correspond to the cells (i.e. the void formed by the solid 

segments of the spheres) and the pore throats (or bonds) correspond to the faces of the cells.  

 

Figure 2.30. Tetrahedral cell formed by joining four nearest-neighbour grain centres ABCD 

(from Gladkikh and Bryant, 2003) 

 

Essentially, pore network models extracted using Delaunay tessellation methods have a 

maximum lattice connectivity equal to four (4). Since the coordinates of the spheres are 

known, important geometric features of pore bodies and throats (such as volume and area) 

are easily derived from such information. Measurements of interfacial area between the 

wetting and nonwetting phase and residual nonwetting phase saturation obtained from quasi 

static imbibition simulations on extracted networks have shown good agreement with 

experiment (Gladkikh and Bryant, 2003). 

 

2.6.2 Medial axis algorithms 

Unlike the Delaunay tessellation method, the medial axis method does not require a priori 

knowledge of grain centres and has more extensive application for 3D images directly 

derived from µ-CT (Jiang et al., 2007; Prodanović et al., 2006; Lindquist and 

Venkatarangan, 1999) and for statistically reconstructed 3D pore space images (Hidajat et 

al., 2002). The medial axis of the pore space represents the skeleton (of lower 

dimensionality than the original object) running along the geometrical centre. The 

important geometrical properties of the object are preserved in the medial axis (or 

skeleton), (Lindquist and Venkatarangan, 1999). A very important pre-processing required 

before medial axis generation is known as segmentation and involves using an algorithm to 

separate the 3D image into phases (binary) comprising of grains and voids. The medial axis 
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is then obtained by starting from voxels (volume element or microscopic, usually cubic 

atoms of 3D image) next to the grain surface and simultaneously burning (or eroding, 

thinning) the pore voxels until one voxel remains. In addition, the location and burn 

number information is stored in memory for each medial axis voxel with burn number 

representing the maximum inscribed radius centred at the voxel. Figure 2.31 presents a 

simplification of the medial axis concept in two dimensions. Each of the points on the 

dashed line has a burn number assigned to it as described above. Identifying the nodes 

(pores) and throats presents another level of complication. The complex geometry of real 

pore space makes definition and differentiation of pores and throats difficult. Although 

there is currently no generally accepted rigorous definition of pores, some authors defined 

pores or nodes as the point of intersection of three or more medial axis branches (Lindquist 

and Venkatarangan, 1999). Pore radius is calculated as the maximum radius of a sphere 

centred at the node which just contacts the grain surface (via a process commonly referred 

to as dilation). A pore throat is identified as the voxel with the minimum burn number 

along the path connecting two nodes (or pores). A typical problem that arises when 

calculating pore radius, where more than one node (pore body) occupy a single void space 

(depicted in Figure 2.32), have been highlighted in the literature (Al-Raoush et al., 2003; 

Lindquist and Venkatarangan, 1999). In such cases, merging algorithms are used with pre-

defined merging criteria to resolve the problem (Sheppard et al., 2005; Lindquist and 

Venkatarangan, 1999). Unfortunately, a significant degree of non-uniqueness in 

connectivity may occur with varying merging criteria (Shin et al., (2005)). In addition, Silin 

et al. (2006, 2003) showed that the coordination number depends on how the pores and 

throats have been defined.  Furthermore, the construction of medial axis is sensitive to 

noise (emanating from its definition relative to the grain surface) which produces 

extraneous branches that can easily be misinterpreted as dead-end pores. A number of 

algorithms have been proposed to minimize the production of extraneous branches. 

Recently, algorithms have been developed to improved topology preservation and minimize 

the production of extraneous branches (Jiang et al. 2007; Sheppard et al., 2005) by 

combining calculations of topological invariants such as Euler and Betti numbers with 

medial axis extraction.  
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Figure 2.31. Schematization of the concept of medial axis in a simplified two-dimensional 

binary system, the dashed lines represents the medial axis 

 

 
Figure 2.32: Schematic showing overlap of inscribed radius, nodes represent point of 

intersection of three or more medial axis branches (adapted from Al-Raoush et al., 2003) 

 

2.6.3 Maximal ball algorithm 

The maximal ball algorithm described by Silin et al. (2006, 2003) differs from medial axis 

algorithms in that the former does not perform a thinning process – hence no medial axis or 

skeleton is generated. Rather, information about the skeleton of the entire pore space is 

stored in the form of maximal balls. A maximal ball represents the largest discretised ball 

that just touches the grain surfaces, built from step by step agglomeration of voxels starting 

from a single voxel. This approach to pore space network description also has a number of 

difficulties associated with it and is indeed still under development. The concept of 

“master” (larger ball); “slave” (smaller ball) and “clusters” (group of overlapping or 

touching equal balls) was introduced to resolve situations where maximal balls overlap. 

The ultimate outcome of the pore network characterisation of Silin et al., (2006, 2003) was 

a list of radii of maximal balls (pores) connected by throats (union between two masters). 

Dimensionless drainage capillary pressure curves were calculated based on the size 

distribution of the maximal balls, while ignoring issues of phase connectivity. Al-Kharusi 

and Blunt (2007) extended the maximal ball method by defining throats – this facilitated 

N1 N2 

Grain 

Void 
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extraction of comprehensive pore networks for flow simulation. However, some ambiguity 

still exists for throat definition resulting in the occasional occurrence of “incomplete” 

throats. Effective pore and throat radius are calculated from the original image voxel by 

equating the respective volumes to volume of an equivalent sphere and cylinder. Such 

extracted networks have been used in a two-phase flow simulator to calculate absolute 

permeability and formation factors. 

 

2.6.4 3Rs approach to network anchoring 

This methodology was previously developed by McDougall and co-workers (McDougall et 

al., 2001; McDougall and Sorbie, 2002). Although limitations existed regarding its general 

application, anchoring of pore networks to experimental data has been carried out with 

some success in the past using this method (Bondino et al., 2009). The 3Rs approach uses 

mercury injection data to obtain throat size distribution and pore-connectivity information, 

as well as information about the distribution of pore volumes. Here, each element of the 

constructed network is assigned a radius, a volume and a conductance. The volume and 

conductance have a power law relationship with the capillary entry radius, as shown in 

equations 2-25 and 2-26 respectively.  

 

vrrv ∝)(           (2-25) 
λrrg ∝)(           (2-26) 

 

 

Volume (v) and conductance (g) for each pore are then calculated following equation 2.27. 
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where C  and A  are volume and conductance pre-factors, r the capillary entry radius, L the 

pore length, µ the viscosity, ν the volume exponent and λ the conductance exponent. 



 71

In order to reproduce the portion of the R-plot (a plot of capillary entry radius vs. mercury 

saturation obtained by inverting the experimental Pc-SHg data via the Young-Laplace 

equation)  which exhibits a shoulder or kink and a tail region, typical of core samples, 

McDougall et al., (2001) defined accessibility functions, A(r) which represent the ratio of 

the number of invaded pores to the number that would have been invaded if each pore had a 

direct connection to the inlet (equation 2-28).  
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McDougall and Sorbie, (2002) further enhanced the 3Rs approach with the aim of 

constraining the free parameters by deriving them through independent experiments (such 

as residual saturation measurements). Film and layer flow in pore corners was not 

quantitatively represented, although the notion of films had been incorporated in respect of 

continuity of the film phase along individual pores. A consequence of this was the 

underestimation of wetting phase relative permeability at low saturations. 

2.6.5 Network anchoring (analytical approach) 

Recently, the WAG research group at Heriot-Watt University (HWU) presented an 

extended 3Rs approach to allow for the inclusion of additional pore-space geometrical 

measurements (cf. van Dijke et. al, 2007c). A brief description of this extension is given 

below and will be referred to here as the “analytical approach”. The “analytical approach” 

attempts to derive the relevant parameters of the 3Rs method from measured pore-scale 

data. As an improved anchoring method, the basic idea is to match power law correlations 

of “pore element” – pore length-radius and shape factor-radius; to the structural data 

(equation 2-29).  
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where rmin, Gmin and lmin are minimum values of measured radius, shape-factor and length 

respectively. van Dijke et al used geometric and topological properties such as length-

radius and shape-factor radius correlations, together with pore size and connectivity 
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distributions to build their networks. Starting from a measured distribution of “inscribed” 

radius (R), they assigned an “effective” radius, (r) to each pore element. Effective radius, 

(r) relates to the capillary entry pressure Pc via the relationship: 1−= rPc . Effective radius 

(r) is assumed to be equivalent to the “hydraulic” radius defined for a capillary with 

arbitrary cross-sectional shape as shown in equation 2-30. 

 

p

A
r =            (2-30) 

 

where A denotes the cross-sectional area of the pore-element and p represents the cross-

sectional perimeter. Hydraulic radius here is defined as the entry radius in a pore where 

films are assumed absent, (i.e., contact angle equals zero) and can therefore be expressed as 

Rr
2

1
=  for both circular and equilateral triangular shapes, where R is the inscribed radius.  

Essentially, the effective radius is derived from the measured inscribed radius by dividing 

all inscribed radii by two. The effective radius is then randomly assigned to each pore 

element following a pre-determined density function (equation 2-31) with PSD exponent, n 

matched to the sample data.  

 

nrr ∝)(ϕ ,    rmin <r < rmax and 0 otherwise      (2-31) 

 

 

Volume is derived for capillaries with arbitrary cross-sections from effective radius, length 

and shape factor following the relationship in equation 2-32.  

 

G

lr
AlV

2

==
          (2-32) 

 

Where G is the Mason and Morrow shape-factor, usually expressed as G = Area/ 

(perimeter)
 2

.  

 

The conductance, g of a pore is approximated by equation 2-33:  
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Gl

rC

l

ArC
g

gg
42

µµ
==          (2-33) 

 

where Cg is a factor that weakly depends on the pore shape {Cg =1/2 for a circle and 3/5 for 

an arbitrary triangular cross section}. The 3Rs power law volume exponent (υ ) and 

conductance exponent ( λ  ) are linked to the length and shape-factor power exponents by 

equation 2-34. 

 

2ν α βν α βν α βν α β= + −= + −= + −= + −  

4λ α βλ α βλ α βλ α β= − −= − −= − −= − −            (2-34) 

 

A flow chart describing the steps of network extraction using the analytical approach is 

presented in Figure 2.33. Adopting this approach, van Dijke and co-workers noted the 

difficulty in constructing a spatially realistic network from simply applying the length-

radius correlation without accounting for pore-to-pore connectivity. Notwithstanding this 

shortcoming, van Dijke et al. calculated a permeability of 1008mD for the sample data 

representing Fontainebleau sandstone which compared reasonably with 760mD calculated 

using the node-bond model of Valvatne and Blunt, (2004) for the same sample. Although 

porosity was underestimated using this approach, they noted that volumes can be added to 

the bonds to match measured porosity.  

 

A new approach has been proposed in this thesis which guarantees that the resulting 

network is physically interconnected across the entire sample volume (see appendix A). 
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Fit a power law correlation of the form 

min

min

i
i

r
l l

r

αααα
    

====     
    

 and min

min

i
i

r
G G

r

ββββ
    

====     
    

 to 

the sample length and shape factor data 

Extract the 3R volume (υ ) and conductance 

exponents ( λ ) from the relationship; 

2ν α βν α βν α βν α β= + −= + −= + −= + −  and 4λ α βλ α βλ α βλ α β= − −= − −= − −= − −  

 C ≡ Vmin = V (rmin) 

A  ≡ gmin = g (rmin) 

Extract average lattice length (assuming a cubic 

lattice) from; 
1

3

2

sample

bond

Vz

N

    
====     

    
llll        

(Note: Nbond = number of bonds (throats) 

Setup a 3D network of Nx x Ny x Nz dimension 

with the input parameter; 

llll , νννν , 
minV , λλλλ  and

ming  

 

Dilute bonds and calculate network pore volume 

and Conductance from; 
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Transform the length and shape factor 

correlation into volume and conductance 

correlation through; 
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Figure 2.33. Analytic Approach flowchart 
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2.7 Summary 

This chapter has presented a comprehensive review of network modelling techniques and 

has discussed a wide range of phenomena associated with the concepts of depressurisation 

and repressurisation; two subjects that form the foundation of this thesis. Complexities 

surrounding key processes such as gas evolution/re-dissolution during 

depressurisation/repressurisation have been highlighted. Although repressurisation of 

petroleum systems can improve heavy and light oil recovery both in the field and in the 

laboratory, (Beecher, 1929; Dong 2006), this chapter has highlighted the dearth in pore 

level understanding of repressurisation processes and the need for further investigations. 

The extensive review of gas migration regimes observed in disparate porous media clearly 

shows that, during depressurisation, important parameters — critical gas saturation, oil 

recovery, gas/oil relative permeabilities and gas distribution — are all strongly influenced 

by gas migratory pattern.  

 

On the subject of the predictive capabilities of pore network models, pore space 

reconstruction and network extraction methods have been described and analysed. 

However, a lot of unresolved issues still exist (e.g. the exact definition of pore body and 

pore throat). Consequently, a comparison of network models extracted using different 

methods show significant differences in calculated geometric properties, such as the 

number of pore bodies and throats, size distribution, and coordination number (Al-Kharusi 

and Blunt, 2007; Al-Raoush et al., 2003). An improved approach to integrating geometric 

and topological information into pore network models has been developed as part is this 

research and is presented in appendix A.  

 

 


