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Abstract 

S o m e of the solution gas drive heavy oil reservoirs (foamy oil reservoirs) in C a n a d a , 

V e n e z u e l a , Ch ina , and Oman have exper ienced unusual high primary oil recovery 

factor (>10%), low producing gas oil ratio, low reservoir pressure decl ine, and high 

oil production rate. One of the hypotheses to explain the behaviour is that the gas 

mobility in foamy oil flow is much lower than that in conventional oil, leading to 

improved recovery performance. In this study, immiscible micro-displacement in 

porous media was modeled by using a network of pores of converging-diverging 

geometry. The effect of viscosity of one phase (oil) on the mobility of another phase 

(gas) is included in the model. The developed model is used to simulate the motion 

of the d ispersed gas bubbles in an initially oil filled network, and to determine gas 

relative permeability. The obtained results showed that gas relative permeabil i ty 

dec reased drastically by increasing the oil viscosity. In addit ion, it is shown that 

d ispers ion of gas leads to lower relative permeabil ity to gas . Dispersed gas flow and 

low gas mobility are bel ieved to lead to improved recovery in foamy oil reservoirs. 
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CHAPTER ONE 

Introduction 

Heavy oil will be a major energy source in the future as conventional oil 

production rates decl ine and energy consumpt ions increase. Product ion cost of 

the heavy oil reservoirs is more than convent ional oil. Therefore, there are a lot of 

researches in order to find more economica l production method for heavy oils. 

Smith (1988) publ ished a paper about an unusual solution gas drive behaviour in 

a heavy oil reservoir. In that reservoir the production rate under primary recovery 

was favourably high, and the produced gas favourably low. This type of reservoir 

is cal led foamy oil reservoir. 

1.1. Background 

S o m e of the solution gas-drive heavy oil reservoirs in C a n a d a (Smith, 

1988; and Loughead and Saltukaroglu, 1992), and Venezue la (Heurta et a l . , 

1996), Ch ina and Oman (Firoozabadai , 2001) have exper ienced unusual ly high 

primary production rates and other anomalous behaviour including high primary 

oil recovery factor (>10%), low producing gas oil ratio, low reservoir pressure 

decl ine, and high oil production rate. 

To explain this behaviour, three fundamental reasons have been suggested. 

Geomechan ica l effects, special fluid properties and unusual flow dependent 
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properties of oil and gas have been suggested to explain the observed behaviour 

of foamy oil reservoirs. 

1.1.1. Geomechanical effects 

In many Canad ian reservoirs it is bel ieved that wormholes are generated 

during the initial phase of cold production and are responsible for enhanced 

production rates. Geomechan ica l effects are important through creation of 

wormholes, sand dilation, pore de-blocking, and so on. S o m e of the related 

references on this subject are: Dusseaul t and E l -Sayed (2000), E c o n o m o d e s et 

al . (2000), Y u a n et al . (1999 and 1998), Dusseaul t et al . (1998), W a n g and Y u a n 

(1998), Tremblay et al . (1997), and Dusseaul t (1993). 

1.1.2. Effect of reservoir fluids 

Another set of investigations study the specia l behaviour of reservoir 

f luids. P resence of micro-bubbles (Smith, 1988; Tr ienen et al . , 1997; Bora and 

Maini , 1997), and the effect of these tiny bubbles on oil viscosity (Smith, 1988; 

P o o n and K isman, 1992; Islam and C h a k m a , 1990; Clar idge and Prats, 1995; 

Sheng et al . , 1999; S h e n and Batycky, 1999) are the main issues that have been 

investigated in this category. Other reasons and effects such as pseudo-bubble 

point pressure (Kraus et al . , 1993; Gei l ikman et al. , 1995) was the target of some 

of the research works in this category. 
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1.1.3. Kinetics of bubble nucleation and growth 

Experimental and modell ing studies of Li (1993) suggest that the non-

equil ibrium processes between solution gas and free gas is affected by kinetics of 

bubble nucleat ion, and that gas diffusivity is important in describing the unusual 

behaviour of the solution gas drive heavy oil reservoirs. 

1.1.4. Effect of flow-dependent properties 

In this category it is bel ieved that the low mobility of gas is the main reason 

of the unusual behaviour in solution gas drive heavy oil reservoirs. In 

conventional thinking of two-phase flow, where fluid distribution is a function of 

capil lary forces and relative permeability functions depend only on fluid 

saturations for a specif ic rock, one would expect relatively similar relative 

permeabil i ty va lues for the two experiments that run in the s a m e rock system but 

with fluids with different viscosity. However, the experimental and model ing 

studies have clearly shown that relative permeability to gas would change by 

changing the oil viscosity in the same rock system. 

In recent works, it has been observed that matching of field data (Kumar and 

Poolad i -Darv ish, 2000) as well as laboratory depletion data (Pooladi-Darvish and 

F i roozabadi , 1999 and Kumar et al . , 2000) required assigning extremely low 

va lues of gas relative permeability. The relative permeability functions of these 

studies however, were obtained through history matching. O n e might ask, what 
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relative permeability functions should be chosen for a particular sys tem? C a n 

this be known a priori? This research work concentrates on obtaining the answer 

to such quest ions. As a first step, it is important to find what parameters affect 

relative permeability functions, and how these factors are ranked in their 

importance. This is investigated in this research project. A microscopic sca le 

(network) model is developed and used in order to investigate the effect of 

different parameters, in particular oil viscosity on two-phase flow in porous media. 

1.2. Objective 

Possib ly , all the above mentioned reasons play a role in descr ibing the 

unusual behaviour of the solution gas drive heavy oil reservoirs. However, due to 

the complexity of the problem we will focus only on the gas and oil flow behaviour 

in porous media. The objective of this research is to find the effect of different 

parameters in particular oil viscosity on gas relative permeability. Microscop ic 

sca le (pore level) models are proposed in order to investigate the effect of 

pressure forces on gas bubble interfaces movements in two-phase flow. 

Network models have been developed to represent the complex shape of a 

natural porous medium. These models are simplified mathematical 

representation of the real porous material. The objective of a porous network 

model is to provide a reasonable idealization of the complex geometry of the real 

porous medium, so that the related fluid flow can be treated mathematical ly at a 
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manageab le level of complexity. 

1.3. Layout 

The thesis starts with the theoretical and experimental background of the 

microscopic immiscible two phase flow (Chapter 2). In this chapter the nature of 

two-phase flow in porous media, in particular equilibrium and menisci motion in 

pore level, different flow regimes, gangl ia displacement and major c l asses of 

local events on the gangl ion movement is presented. In Chapter 3, a review on 

the avai lable network models is given. The converging-diverging network model 

of the porous media is explained in detail in Chapter 4. This chapter presents 

model definition, single and two-phase fluid flow conductance, pressure drop 

across an interface, interface movement, boundary condit ions, and development 

of the system of equat ions. In Chapter 5, model capabil i t ies and assumpt ions of 

the network model will be presented. Chapter 6 demonstrates the method of 

obtaining gas relative permeabil ity from the model results, and the simulation 

algorithm. Mode l results, d iscuss ion and verifications are presented in Chapter 7. 

E a c h graph will be fol lowed with an explanation. Finally, in Chapter 8 the 

conclus ions of this investigation and recommendat ions for the future work will be 

given. 
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In this chapter, immiscible displacement of oil by water will be expla ined. 

Immiscible d isplacement at pore level or specif ically interface movements of a 

solitary gangl ion and major c lasses of local events leading to formation of new 

gangl ia will be explained. Al l the explanations in this chapter are based on oil 

gangl ion movements by water. However, we assumed that oil gangl ion motion 

rules are valid for the gas bubble movements in the rest of this study. The 

justification for this assumpt ion is given at the end of this chapter when two-phase 

flow of gas and oil is descr ibed. 

2.1. Porous media 

Flow in natural or industrial porous media arise in many diverse fields of 

sc ience and engineering such as agriculture, biomedical , construction, ceramic, 

chemica l , underground hydrocarbon reservoirs, powder metallurgy, food and soil 

sc iences . Here, attention is focused on a pertinent c lass of prototype porous 

media, namely rock formation of oil reservoir. Micro-model and network model of 

porous media which have much simpler structures are usually used in 

experimental and theoretical studies of d isplacement p rocesses , respectively. 
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In the remainder of this work, pore terminology will be used to denote the void 

space within the porous medium. Large pores with s ize comparable to that of the 

grains are cal led chambers (pore bodies) and the narrow pores connect ing 

chambers are referred to as throats. 

A porous medium could be character ized by its porosity, pore geometry, 

heterogeneity and anisotropy. The throat s ize distribution, the chamber s ize 

distribution, the chamber-to-throat s ize ratio (aspect ratio), the number of throats 

connected to a chamber (coordination number), and the shape of the pores 

(circular, square, triangular, converging-diverging, four-cusp, etc.) are the most 

relevant characterist ics of pore geometry and topology (Payatakes et a l . , 1973, 

Paya takes et al . ; 1980; Chand ler et a l . , 1982; Koplic, 1982; Wi lk inson and 

wi l lemsen, 1983; Kopl ic and Lasseter , 1985; Goode , 1991; Patzek, 2000). 

2.2. Equilibrium and motion of menisci 

A contact line is formed at the intersection of two immiscible fluids and a 

sol id. The mutual interaction between the three materials in the immediate vicinity 

of the contact line affects the static and dynamics of the entire flow field. Wes t 

(1911) and Washburn (1921) were the first to analyze the displacement of one 

immiscible fluid by another through a circular capillary. The progress of a liquid 

flowing under its own capil lary pressure in a horizontal cylindrical capil lary can be 

theoretically descr ibed by the Washburn equat ion: 
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r2 art cos 9 
L i = ^ ^ L (2.1) 

2// 

where L is the length of the liquid column at time t, /u its viscosity, r is the 

radius of the capillary, a is the l iquid-gas interfacial tension and 6 is the contact 

angle. 

Equat ion 2.1 can be derived from Poiseui l le 's equation for v iscous flow by 

assuming that pressure drop ( A P ) across the liquid-vapor interface is given by 

Young-Lap lace equation (Equation 2.2) for a hemispherical interface. 

A P = 2 ( 7 C O S 0 (2.2) 

where 6 in this equation is the "apparent" dynamic contact angle of the moving 

meniscus. 

Dynamic contact angles have been the object of extensive studies. A good review 

on this subject is given by Dussan V. (1979). S h e observed when a men iscus 

advances away from the wetting phase, its advancing contact angle, 9a, is larger 

than the intrinsic or equilibrium value, 6e, and when a meniscus recedes towards 

the wetting phase, its receding contact angle, 9r, is smaller than 0e. 
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2.3. Immiscible displacement processes 

Immiscible displacement is the displacement of one fluid by another 

immiscible fluid. The process is controlled and affected by a variety of factors. 

Depending on how the displacement process proceeds, many different regimes 

may arise. 

In this work attention is focused on micro-displacement that is on flow phenomena 

at the pore sca le. Due to smal l pore d imensions and low flow rates, the flow 

regime of interest is in the domain of creeping flow. The flow phenomena depend 

on the geometry and topology of the porous medium, on the physical properties of 

both fluids (viscosity, density, interfacial tension and contact angle), and the 

externally imposed macroscop ic pressure drop. The flow is a lso history 

dependent, s ince it depends locally on the value of the non-wetting saturation as 

well as on the way in which the non-wetting phase is distributed. Two 

d imensionless groups are often used to character ize the displacement mode: 

LI V 
• The capillary number, Ca- w , where / / w and vw are the viscosity and 

<j 

superficial velocity of the wetting phase , respectively and a is the interfacial 

tension between the two fluids. 

• The viscosity ratio (K = ^-), where /inw is the viscosity of the non-wetting 

phase. 
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Paya takes and Dias (1984) proposed a partial classif ication of the d isplacement 

phenomena in flow regimes. This classif ication was based on the va lues of 

capil lary number, Ca and viscosity ratio, K , the connected or d isconnected form 

of the non-wetting phase, and the transient or steady nature of the flow. A 

summary of their classif ication is given here. In this d iscuss ion it is assumed that 

the non-wetting phase is initially connected and fills the porous medium (save for 

a smal l amount of connate water). Wetting phase is brought into contact with the 

non-wetting phase so that the two fluids are now separated by a set of interfaces 

residing in pores near the front layer of the medium. 

2.3.1. Free imbibition 

Free imbibition occurs spontaneously when the wetting phase invades the 

porous medium driven by the capil lary forces. These capillary forces resulting 

from the presence of the wetting and non-wetting interfaces remain within 

relatively narrow bounds throughout the displacement process, whereas the 

v iscous resistance to the flow increases as the wetting phase invades the porous 

medium. The capillary number takes va lues of a wide range (10~9 to 10" 4). S ince 

the process is driven by capil lary suct ion, the wetting phase tends to pass through 

the narrowest access ib le pores at every stage. 
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2.3.2. Quasi-static imbibition 

Quasi-stat ic imbibition is ach ieved in a similar fashion as free imbibition, 

only now a backpressure is appl ied in order to counter-balance the capillary 

suction and to obtain vanishingly smal l flow rates. 

2.3.3. Imbibition with constant influx and nearly constant Ca values 

This flow regime in many respects is similar to both free imbibition and 

quasi-stat ic imbibition. A backpressure is appl ied across the porous medium and 

cont inuously adjusted to compensate for the changes of the v iscous resistance as 

the wetting phase displaces the non-wetting phase. Therefore, the velocity and 

capil lary number are kept relatively constant. 

2.3.4. Dynamic invasion 

Dynamic invasion is obtained by applying a s izeable pressure difference 

across the porous medium making the pressure forces the dominant driving force, 

whereas the capillary suction plays a secondary assist ing role. Depending on the 

value of viscosity ratio, the invasion develops in different ways . In this regime, the 

capil lary forces are negligible compared with the pressure forces, and severa l of 

the advancing interfaces tend to follow paths of least v iscous resistance. S ince , 

for the most part, chambers are substantial ly larger than throats, the process is 

controlled by the invasion of the largest access ib le throats. 
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At the end of any invasion process, some of the non-wetting phase remains 

trapped in the form of ganglia. These gangl ia could be as smal l as the s ize of one 

pore. S o m e of these ganglia may become mobil ized if a new flood with a much 

larger capil lary number (say Ca = \0~4) is performed. The minimum capil lary 

number required for mobilization of a ganglion is cal led the critical capil lary 

number. It should be noticed that now, contrary to the c a s e s of imbibition and 

dynamic invasion, the capillary forces resist the d isplacement of the non-wetting 

gangl ia. Depending on the capillary number, the d isp lacement of gangl ia can take 

different characterist ics. The developed model in this study is based on the 

gangl ia movement. This model will be used for the study of gas bubble movement 

in a heavy oil saturated porous medium. The complete d iscuss ion of the model 

will be given in chapter 4. 

2.3.5. Quasi-static displacement of ganglia 

Quasi-stat ic displacement of gangl ia is observed when the value of Ca is 

slightly larger than the critical value for mobil ization. This flow regime is 

character ized by the non-wetting phase invasion of one (and only one) of the 

downst ream chambers and the wetting phase invasion of one (may be two) 

upstream chambers. 
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2.3.6. Dynamic displacement of ganglia 

This occurs when the value of Ca exceeds the critical value by a s izable 

amount, and it presents characterist ics somewhat different than those of quas i -

static d isp lacement of gangl ia. Here, the gangl ion may move through different 

pathways simultaneously as one or more interfaces advance simultaneously in 

the porous medium. 

2.4. Mobilization of a solitary ganglion (Dias, 1984) 

Cons ide r a non-wetting gangl ion stranded in a porous medium as it is 

shown in Figure 2.1a. If the macroscopic pressure difference is nil, V> = 0, both 

the wetting phase and the gangl ion are immobile, and both p w and pllw, the 

pressure va lues in the wetting phase and non-wetting phase , respectively, are 

constant. 

The condit ion for quasi-static equilibrium at each point of a non-wetting/wetting 

phase interface is given by: 

Pn*-Pw=<rnw-wJ (2-3) 

cos Q 

where, pnw -pw = Pc = a"w~v C Q S and for the solid/non-wetting/wetting contact 
r 

line the equil ibrium is given by Young 's equat ion: 
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C 0 S 9 e = ° " „^ , - ° V . v (2-4) 

Here, J is the Gauss ian curvature of the interface which is 2 over the radius of 

the curvature (R), 0C is the equilibrium contact angle, <r,m_w is the interfacial 

tension between the non-wetting and the wetting phase, aim,_x is the interfacial 

tension between the non-wetting phase and the solid and o-w_s is the interfacial 

tension between the wetting phase and the sol id. 

If the macroscop ic pressure difference is increased to a non-zero (Vp > 0) but 

smal l value (below the value required to induce mobil ization), the pressure in the 

wetting phase decreases along the gangl ion, while the pressure p m „ in the non-
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Figure 2.1: Mobilization of a solitary ganglion (From Dias, 1984) 

wetting phase remains virtually uniform. In this case the pressure drop (pHW-pw) 

across each downstream interface is different from the pressure drop ac ross each 

upstream interface. In order to retain an equilibrium position, the gangl ion 

responds as follows. The downstream interfaces advance in their respect ive 

throats, increasing their Gauss ian curvature, and the upstream interfaces recede 

in the corresponding throats, such that their Gauss ian curvatures dec rease 

(Figure 2.1b). Due to the roughness of most prototype porous media, the contact 

angle may present hysteresis effects. With this effect, at the same time as the 
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downstream interface advances , the contact angle dec reases tending to the 

limiting value of 0 r at zero velocity 0°, and similarly, the contact angle for the 

upstream interfaces tends to 0°. This new position can be cons idered, as an 

equil ibrium position between external pressure forces and capillary forces, s ince 

the resulting capillary pressure imbalance tends to move the gangl ion backward 

or forward, whereas the external pressure difference tends to move the gangl ion 

forward. 

The macroscop ic pressure gradient may be increased even further and the 

gangl ion rearranges and remains in an equilibrium position as long as all 

interfaces of the ganglion are stable. Melrose (1970) and Mel rose and Brandner 

(1974) deve loped a criterion for the stability of a single interface in a water-wet 

sys tem. In essence , this criterion says that an interface is stable as long as its 

4cos#° 
curvature is within the range of Jimh<J<JJr, where Jimh= is the 

a 
minimum stable Gauss ian curvature (imbibition Gauss ian curvature) and 

4cos#° 
Jdr = — — - is the maximum stable Gauss ian curvature (drainage G a u s s i a n 

curvature). The parameter d is the throat diameter and a is the maximum pore 

diameter. Both Jimh and Jdr are functions of the contact angle, and local pore s ize 

and geometry. 
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A s s u m e now that the macroscop ic pressure difference is increased to exceed a 

critical value (|v>| >|V/> t r| or Ca>Cacr) at which the curvature of one of the 

downstream interfaces exceeds its critical drainage Gauss ian curvature Jdr. The 

gangl ion becomes unstable and moves. The non-wetting phase invades one of 

the downstream chambers (this event is called xeron) and the wetting phase 

invades one (may be two or more if the xeron occurs in an unusual ly large 

chamber) of upstream chambers that used to be occupied by the non-wetting 

phase (this event is cal led hygron). This motion is a relatively fast one and was 

initially cal led a rheon by Heller (1968) and Melrose and Brandner (1974) (Figure 

2.1c). 

If the macroscop ic pressure difference is kept constant, the gangl ion may 

continue to move through a ser ies of xerons and hygrons until it breaks in two 

daughter gangl ia or it f inds a new equil ibrium position and gets stranded again. 

This type of d isplacement, where only one of the downstream interfaces of the 

gangl ion advances while one or maybe two upstream interfaces retract is cal led 

quasi-stat ic d isplacement of gangl ia. Quasi-stat ic d isplacement of gangl ia occurs 

when the applied macroscop ic pressure gradient |Vp| is slightly larger than the 

value required to cause mobil ization. 
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Ng and Payatakes (1980) developed a criterion for the quasi-static mobil ization of 

gangl ia. This criterion is based on the one developed by Melrose and Brandner 

(1974). Furthermore it is capable of determining not only whether mobil ization 

occurs , but also through which pair of throats, the rheon is going to occur. 

2.5. Major classes of local events leading to the formation of new ganglia 

At the end of both dynamic invasion and imbibition one obtains many 

isolated blobs or clusters of the d isp laced fluid-their d isplacement is the main goal 

of the oil recovery enhancement . Usual ly, the mobilization and d isplacement of oil 

b lobs require relatively high capil lary number, of the order of Ca >10~4. The 

mobil ization and displacement of oil blobs depend on several factors, including 

the shape and s ize of the blobs, the morphology of the porous medium, especia l ly 

around the regions where the blobs reside, the viscosity ratio of the fluids, and the 

contact angles (Sahimi, 1993). 

A moving blob might break into smal ler blobs by one of the following mechan isms. 

2.5.1. Pinch-off 

In pinch-off, the velocity of the moving blob becomes smal l for a long 

enough time that the blob co l lapses and breaks into several smal ler blobs. 
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2.5.2. Dynamic break-up 

In dynamic break-up, a blob advances in two or more pore throats 

simultaneously, which can easi ly happen if the coordination number of the pore 

s p a c e is large enough. For this to happen, the value of capil lary number should 

be large enough to move the blob into two different s ize throats. 

2.5.3. Choke-off or snap-off 

This mechan ism was first d i scussed by Pickel l et al. (1966). Choke-of f 

s ignals the break-up of a smal l drop from the leading tip of a non-wetting 

constrict ion. In this process, as an oil drop moves through a throat into a chamber 

filled with the wetting phase, part of the oil drop snaps off into a smal ler droplet 

and moves ahead of the primary drop. Choke-of f becomes important when the 

ratio of the pore body and pore throat diameter (aspect ratio) is large (Wardlaw, 

1980; Chatz is e ta l . , 1982). 

2.5.4. Coalescence of ganglia 

Reconnect ion of gangl ia occurs through coll ision followed by coa lescence . 

W h e n two droplets of the non-wetting phase coll ide with each other, a thin film of 

cont inuous wetting phase is trapped between the two drops. If this film is drained 

to such an extent that hydrodynamic disturbances and interfacial attractive forces 

eventually cause the film to co l lapse, coa lescence would occur (McKay and 

M a s o n , 1963; Hart land, 1967). 
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Jeffrey and Davis (1971) identified five s tages for a typical coa lescence process 

between two droplets. First the drops approach one another under the influence 

of some external force. Then, a pendular film of the continuous phase is formed 

between the two drops. As time passes the film drains slowly until i t ruptures. The 

process ends with the rapid combination of the contents of the two drops. The film 

drainage step tends to be the limiting stage. 

2.6. Two-phase flow of dispersed gas phase 

In this work, we are interested in the mobility of the gas-phase in the 

presence of oil. For the gas to move, however it does not need to form a 

cont inuous phase. The notion of mobility of a discontinuous phase is in departure 

from the traditional view that for a phase to be mobile it needs to be cont inuous. 

Exper iments of Av raam and Payatakes (1995) have shown that substantial two-

phase flow can occur while one of the phases is discontinuous. Pressure forces 

exerting on the discontinuous gas bubbles could lead to their flow. Poo lad i -

Darvish and Firoozabadi (1999) suggested that a discontinuous gas phase can 

lead to sustained but intermittent gas flow. V isua l observation of gas-clusters on 

the surface of a sand-pack, as well as fluctuating pressure differentials across the 

sand-pack under solution gas drive suggested that there could be substantial gas 

flow while the gas-phase is discont inuous. These observat ions are in-line with 

filed exper ience in heavy oil reservoirs under solut ion-gas drive, where gas is 

produced in s lugs. Within this framework, continuity of gas phase is not a 
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requirement for gas mobility (Firoozabadi , 2001). A similar flow mechan ism was 

suggested by Dias (1984) for oil gangl ion movement in water saturated porous 

medium. We have adopted the s a m e displacement process to study the gas 

bubble movements in oil saturated porous medium. 
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CHAPTER THREE 

Literature review on network models 

3.1. Introduction 

The world works differently at different sca les , and earth sc iences must 

therefore rely on different methods of modell ing the diverse earth systems that 

range in s ize from atoms and molecules to the whole planet. The typical s ize of 

the pore considered in network studies is of the order of 20 ^ m . One cubic 

centimetre of reservoir sandstone may have 200,000 pore bodies, and 500,000 

pore throats (Patzek, 2000). 

There are two different modell ing approaches for the study of fluid flow through 

porous media. The first approach is based on the c lass ica l equat ions of transport 

phenomena supplemented with constitutive equat ions describing the transport 

and other important coefficients and parameters, which are cal led continuum 

models . The second approach, which is our interest in this study, is based on 

network models of pore space . 

In order to represent the complex shape of a natural porous medium, network 

models have been developed. Network models are simplified mathematical 

representation of the real porous material. Sahimi (1993) defined network model 

as ; "network model models the phenomena at the smallest sca le , a pore or 
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fracture, and then employs large-scale simulation and modern concepts of the 

statistical physics of disordered sys tems, such as scal ing and universality, to 

obtain the macroscopic properties of the system". The objective of a porous 

network model is to provide a reasonable idealization of the complex geometry of 

the real porous medium, so that the related fluid flow through that can be treated 

mathematical ly at a manageable level of complexity. 

Network analysis methods make use of standard electric network analysis to 

so lve the network flow field, with the recognit ion of the analogy between flow rate 

and current, pressure drop and voltage, hydraulic conductance and electric 

conductance, and capillary pressure and voltage source. 

Po res in network models can be geometrical ly represented as circular, triangular, 

square (Patzek, 2000), converging-diverging (Payatakes et al . , 1980), and four-

cusp (Goode, 1991). Networks of constricted unit cel ls, al lows inclusion of v iscous 

forces and modell ing of ganglion movement. These features make such model 

suitable for the study of gas bubble movement in oil saturated porous media. 

The network model of this study is based on the converging-diverging unit cell 

network model . This model is used for the study of gas bubbles in highly v iscous 

oil. This type of models is reviewed in Sect ion 3.2.2 and is explained in detail in 
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Chapters 4 and 5. Other network models commonly used, are reviewed in the 

next sect ions. 

3.2. Historical background 

Fatt (1956) seems to be the first to use a multiple connected pore space 

(2-D) network of cylindrical tubes. He modeled the capil lary pressure 

character ist ics, by accounting for the dynamic properties of a single s ize tube and 

capil lary radius distribution. The proposed model more c losely represented real 

porous media than the bundle-of-tube models. 

Network models can be categorized in two main types: (1) percolation based 

models and (2) converging-diverging models. In the next sect ion percolation 

based models will be explained briefly and some of the developed models in this 

category will be reviewed. History of the development of converging-diverging 

network model will be presented briefly at the end of this chapter. 

3.2.1. Percolation based network models 

Percolat ion is about connectedness. Percolat ion phenomena are common 

in nature and occur in porous media (spontaneous imbibition without corner flow 

and with surface roughness), in mult iphase systems (critical phenomena), in 

chemica l systems (polymerization reactions), and in biological sys tems (the 

antibody-antigen immunological reactions). The specia l properties of a system, 
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which emerge at the onset of macroscop ic connectivity within it, are known as 

percolat ion phenomena (Patzek, 2000). 

Percolat ion models make use of percolation theory in conjunction with lattices 

compos ing of sites (pore bodies or chambers) and bonds (pore throats). The 

theory of percolation was first stated by Broadbent and Hammers ley (1957) as the 

theory of properties of particles interacting with a random network. G o o d reviews 

of percolation theory are provided by Fr isch and Hammers ley (1963), and E s s a m 

(1980). 

Transport p rocesses in random media are related to percolation theory. The 

general formulation of the percolation problem is concerned with elementary 

geometr ical objects (spheres, sticks, si tes, bonds, etc.) p laced at random in a d-

dimensional lattice or continuum of infinite s ize . Objects are connected if the 

d is tance between points belonging to different objects is less than a connectivity 

radius R. Percolat ion theory deals with the s ize and structure of the clusters 

formed by objects that are connected to each other. If the density of connect ing 

objects exceeds a threshold, an infinite cluster of connect ing objects spans the 

space . The infinite space may represent a porous or fractured medium that is 

saturated with one phase, and the objects may represent pores or fractures in the 

medium that are filled with a second phase. Flow of the second phase through the 
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medium is possible if the concentration of pores or fractures filled with the phase 

exceeds a threshold concentration. 

The percolation problem descr ibes the simplest possible phase transition with 

nontrivial critical behavior. The transition is purely geometr ical in nature. Al though 

the rules that govern the connectivity of elementary objects are well def ined, the 

structure of the percolation cluster at the threshold concentration is far from being 

understood. 

Percolat ion models are qualitative models of two-phase flow in which a random 

medium is represented by a two- or three-dimensional lattice, see Figure 3.1. The 

Figure 3.1: Illustration of the basic percolation problem. Given a 
connectivity rule and a random pattern of occupied sites (black) on a lattice 

of sites. In the figure, a fraction 0.5 of the sites was occupied. (From 
Wagner, 1997) 
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sites or bonds of the lattice represent regions in the medium that are either 

completely filled with one fluid, or completely filled with the other fluid. 

Percolat ion models cannot account for v iscous effects, and there is no parameter 

that corresponds to the viscosity ratio of displacing fluids. The use of percolation 

models is thus restricted to studies of d isplacement p rocesses at low capil lary 

numbers (Wagner, 1997). Therefore, this type of network models is not 

appropriate for the study of the effect of oil viscosity on gas mobility. However, 

due to the vast applications of the percolation based models, the following 

paragraphs present a short explanation of some of the deve loped percolation 

based models and their applications. 

The applicability of percolation theory to the study of d isconnect ion and 

entrapment in porous media was suggested by several research groups (Melrose 

and Brandner, 1974; Larson, e ta l . , 1977). 

Dull ien et al . (1976) exploited the correspondence of the bond percolation 

probability theory and network penetration to find the penetration history in 

var ious 3-D networks. The obtained model was then used to predict the 

permeabil i t ies, formation resistivity factors and rate of capil lary rise. 
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Larson et al . (1977) and Larson et al . (1981) proposed a percolation model to 

study drainage in porous media and to calculate the dependence of the residual 

non-wetting saturation on the capillary number. 

Chand le r et al . (1982) proposed a different method to simulate the d isp lacement 

of an incompressib le fluid (oil) from a network of bonds and sites by a second 

immiscible and incompressible fluid (water). In this model, the lattice is initially 

filled with oil, and water is al lowed to enter along one edge in the presence of the 

capil lary pressure differences across the interface. The simulation is done in a 

discrete, stepwise process where at each step, the oil-water interface moves 

through exactly one element of the lattice. The formed gangl ia during the invasion 

are stranded as soon as they are formed. In view of the incompressibi l i ty of the 

oil, the invasion of pores corresponding to these gangl ia is not a l lowed. As 

pointed out by Chand ler et a l . (1982), this simulation method differs from the 

c lass ica l percolation problem. The simulation consists of a sequence of motions, 

where each step is determined by the results of the previous one, while c lass ic 

percolation provides a static configuration. Nevertheless, the final state of the oil 

seemed to be qualitatively similar to a percolation cluster, which can be treated 

with c lass ic percolation analysis. 

Wi lk inson and Wi l lemsen (1983) proposed a simulation method that appl ies to 

quasi-stat ic imbibition, which they cal led invasion percolation. A lattice composed 
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of chambers and throats is initially filled with oil. Each chamber is ass igned a 

random s ize ranking in the interval [0,1]. Water is brought into contact with the oil 

forming a set of menisci occupying throats near the entrance to the lattice. E a c h 

of the menisci is assumed to be near the entrance of the next chamber. A 

backpressure is appl ied in order to attain quasi-static imbibition. The smal lest 

interface chamber is selected and is f looded by water, provided that the 

equivalent diameter of the chamber is smaller than the chamber diameter 

corresponding to the backpressure. Al l the throats connected to this newly 

invaded chamber get invaded at this point, and the chambers into which these 

throats lead are now included among the interface chambers. The process is 

repeated until no more interface chambers with diameter less than chamber 

diameter are found. 

In porous media, the invading fluid must be connected to the inlet to continue 

invading and the defending fluid must be connected to the outlet to be d isp laced. 

This dynamic percolation process is cal led invasion percolation (Wilkinson and 

Wi l l iamsen, 1983). If clusters of the defending fluid become d isconnected from the 

outlet, p rocess is cal led percolation with trapping (Dias and Wi lk inson, 1986). 

The statistical network model and percolation theory of capil lary pressure and 

relative permeabil i t ies in low capil lary number displacements of the three phases 
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has been studied by Heiba et al . (1984). In this model, a bond-disordered Bethe 

tree represents the chaotic connectivity of the pore space. 

D iaz et al . (1987) used a stochast ic approach to network model ing to simulate 

quasi-stat ic immiscible displacement in porous media. The obtained oil-water 

capil lary pressure curve simulated for drainage closely resembles those 

measured experimentally. The agreement between the simulated and the 

measured secondary imbibition and secondary drainage curves was less 

satisfactory. 

Kan tzas and Chatz is (1988) used bond correlated-site percolation model of pore 

structure to simulate relative permeability curves. They investigated the effects of 

pore throat s ize distribution and pore body size distribution on relative 

permeabil i ty behaviour. 

He iba et al . (1992) used statistical concepts, some borrowed from percolation 

theory of disordered media, to develop a theory of two-phase relative 

permeabil i t ies in regimes where one phase is strongly wetting. Inputs to the model 

are the distributions of pore-throat and pore body radii, and functions that relate 

pore-throat conductance and volume to its radius. 
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Sahimi (1993) categorized percolation models of capil lary-controlled two-phase 

flow as ; random-percolat ion models, random site-correlated bond percolation 

models, invasion percolation, and random percolation with trapping. In this paper, 

he reviewed theoretical and experimental approaches to flow, hydrodynamic 

d ispers ion, and miscible and immiscible displacement p rocesses in reservoir 

rocks. Then, various structural models of homogeneous and heterogeneous rock 

were d iscussed. The fundamental roles of the interconnectivity of the rock and its 

wetting properties in dispersion and two-phase flows, and those of microscopic 

and macroscopic heterogeneity in miscible displacements were emphas ized . 

More than 1000 papers have been reviewed in this review paper by Sah imi 

(1993). 

Oren et al. (1994) used a numerical three-phase invasion percolation type 

network model to compute the oil recover ies by tertiary gas flooding for oil-water-

gas systems. 

Satik and Yor tsos (1996) simulated single-bubble (cluster) growth with a pore-

network model that includes heat transfer (convection and conduction), and 

capil lary and pressure forces. 

Dixit et al. (1996) developed a 3-D network model to derive capil lary pressure 

curves from non-uniformly wetted (mixed and fractionally-wet) sys tems. In 
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continuation of this study Dixit et a l . (1997) studied hysteresis phenomena in both 

strongly and weakly water-wet drainage and imbibition relative permeabil i ty 

curves. A 3-D network model is reported which takes into account initial water 

saturation, wettability alterations, film flow, phase trapping and variations in 

advancing and receding contact angles. The consequences of different 

combinat ions of pore sca le d isplacement mechan isms (viz. snap-off and piston­

like displacement) for relative permeabil ity hysteresis have been calculated in 

their study. The authors extended these previous works to mixed wet sys tems 

(e.g. preserved/age cores), where hysteresis trends between the secondary 

imbibition and secondary drainage oil/water relative permeability curves have 

been observed (Dixit et al . , 1998). 

Mani and Mohanty (1998) deve loped a three-dimensional (3D) pore-level network 

model to calculate three-phase capil lary pressure and relative permeabil i ty 

curves. The model combines a descript ion of pore space morphological features 

and three-phase displacement physics to model capillarity-controlled gas invasion 

into a water-wet medium containing oil and water. They found that the gas/water 

capil lary pressure curves in three-phase systems depend on the fluid saturations, 

the spreading coefficient, and the oil/water capillary pressure. Water relative 

permeabil ity, for the strongly water wet system is only a function of water 

saturation. G a s and oil relative permeabil i ty curves depend on the history, the 

spreading coefficient, and the gas and oil saturation, respectively. 
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Fenwick and Blunt (1998) presented a network of three-phase flow in water-wet 

porous media. They showed that the mechan ism for oil recovery is flow through 

connected oil layers in the pore s p a c e that are of the order of a micron in 

th ickness. 

Kharabaf, and Yor tsos (1998) used a s imple pore-network model to simulate the 

generat ion and mobilization of foam in porous media. The model simulates the 

dynamic invasion process, where gas invades a porous medium occupied by a 

surfactant solution. In their study, they focused on the properties of the 

displacement, the onset of foam flow and mobil ization, the foam texture and 

d isplacement efficiencies and the fractions of flowing and trapped lamella, as a 

function of parameters, such as snap off probability. 

Larcoche et al . (1999) developed a numerical tool to demonstrate the impact of 

smal l sca le wettability heterogeneit ies on gas injection efficiency, for various 

patterns and spatial heterogeneity distributions. In this model, the pore space is 

s imulated as a two or three d imensional lattice formed by pore bodies (nodes) 

interconnected by pore throats (bonds). W h e n gas is injected, three phases 

coexist within the network. The three-phase displacement is dominated by 

drainage mechanisms. Oil is assumed to flow through wetting films in the oil-wet 

regions and through spreading films on water in the water-wet regions. Their 
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results demonstrated the effect of the s ize and distribution of wettability 

heterogeneit ies on water/oil d isplacement and three-phase gas injection. 

Hughes and Blunt (1999) used pore-scale network modell ing to simulate 

imbibition in fractures and the matrix/fracture interaction. They modeled 

matrix/fracture transfer by attaching a three-dimensional porous matrix of pores 

and throats to the two-dimensional fracture lattice of conceptual pores and 

throats. 

A new kind of invasion percolation is introduced by Zara et al . (2000) in order to 

take into account the inertia of the invading fluid. The inertia strength is controlled 

by the number N of the invaded pores (or steps). The new model belongs to a 

different c lass of universality with the fractal d imensions of the percolating clusters 

depending on N. 

Patzek (2000) found that primary drainage is a pure bond invasion-percolation 

problem, while imbibition is a problem in mixed invasion-percolation and ordinary 

percolation with trapping. 

Max imenko and Kadet (2000) modeled porous media by a network of capil laries. 

The percolation and effective-medium models were used to calculate the network 

conductivity. Newtonian and plastic flow c a s e s were considered in their model . 
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They used this model to predict the efficiency of the polymer f looding. The 

obtained results were verified by means of experimental data. 

Larsen et al. (2000) applied an iterative procedure linking the pore-level 

d isp lacement mechanisms with a macroscopical ly defined W A G process. Flow at 

the pore level is descr ibed by the network model . At the field sca le it is computed 

by means of a reservoir simulator. The link between these two levels is provided 

by relative permeability and saturation paths obtained from the network model 

and reservoir simulator, respectively. The network model was made up a regular 

lattice with 3 0 x 1 5 x 1 5 pores. The pores were assumed with square cross 

sect ions. The pore s ize distribution was considered uniform. 

A lexandrov et al . (2000) developed a mechanist ic foam flow model , which 

includes snap-off, and lamella mobil ization and destruction. The pore space was 

partitioned into pores occupied by liquid only and pores occupied by foam (gas 

and lamellae). 

In the next sect ion, the literature review corresponding to the converging-

diverging network model which is a different c lass of pore level models will be 

expla ined. 
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3.2.2. Converging-diverging network models 

In this section the history of the development of converging-diverging 

network model will be presented. Detailed descript ion will be presented in Chapter 

4. 

Paya takes et al (1973) developed a model for porous media compr ised of mono-

s i zed , or nearly mono-s ized grains. In applying this model to a packed bed, the 

bed is assumed to consist of a ser ies of unit cel ls connected in parallel. E a c h unit 

cell resembles a piece of a constricted tube with random dimensions. 

Paya takes and Dias (1984) presented a comprehensive literature review on 

immiscible micro-displacement and gangl ion dynamics in porous media. The 

topics of porous media itself, different flow regimes, d isplacement in single 

capi l lar ies and doublet, modell ing of immiscible displacement, gangl ion formation, 

mobil ization and quasi-static d isplacement of gangl ion, dynamic d isplacement of 

gangl ion, and dynamics of gangl ion populations have been reviewed in this paper. 

More than 220 references have been reviewed in 95 pages. 

Dias et al . (1986) developed a converging-diverging network model for the two-

phase flow in porous media. The effects of capil lary number and viscosity ratio on 

gangl ion movement were studied. 
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Constant in ides et al. (1991) developed a theoretical model of coll ision and 

coa lescence of a pair of mobil ized gangl ia in porous media. The porous medium 

w a s modeled as a three dimensional network of randomly s ized unit cells of the 

constr icted-tube type. The details of the flow near and between the two colliding 

menisc i were analyzed with a f i lm drainage model , which took into account the 

p resence of the constraining pore wall, the wetting film which surrounds the 

gangl ia by occupying roughness feature on the pore wal l , and the hydrodynamics 

interactions of the three liquid bodies. The authors couldn't f ind reliable 

conc lus ions on the effect of viscosity ratio on col l ision. 

Flumerfelt et al. (1992) used a 1-D constricted tube network model to descr ibe 

capil lary pressure and flow-fraction pressure behaviour of d ispersed phase 

sys tems (foams) in porous media. They found that the presence of internal liquid 

lamel la between bubbles in d isplaced trains gives rise to significantly higher 

capil lary and flow-fraction pressures compared to non-dispersed phase systems 

(i.e., convent ional gas/l iquid systems, no surfactant). They also conc luded that 

low mobilit ies of foam systems are attributed to reductions in mobi l ized gas 

fraction. 

V iz i ka et al . (1994) conducted experimental and theoretical studies on the role of 

viscosity ratio during low capillary number forced imbibition in porous media . They 

used micro-model and converging-diverging network model for the experimental 
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and theoretical studies, respectively. In their studies, in agreement with the 

experimental observat ions, the simulator predicted that the viscosity ratio affects 

the value of residual oil saturation even for very low Ca va lues. As viscosity ratio 

dec reased , residual oil saturation also decreased , especial ly in the case of very 

strong water wet system. 

S teady state two-phase flow was studied experimentally in a planar and a non-

planar pore network model, etched in g lass by Av raam et al . (1994). The two 

porous media have virtually the same pore geometry, but one had a planar 

network skeleton, whereas the other had a non-planar (two-layer) skeleton. The 

latter is a new type of model porous medium that permits detai led visual 

observat ion and quantitative measurements without sacrif icing the 3D character 

of the pore network topology. The non-planarity is shown to have smal l qualitative 

but significant quantitative effects. 

Constant in ides and Payatakes (1996) developed a simulator to study the two-

phase flow in consol idated porous media. The porous medium is modeled as a 3-

D network of suitably shaped and randomly s ized unit cel ls of the constricted tube 

type. In their studies, the wetting phase saturation, the viscosity ratio, the capil lary 

number, and the probability of coa lescence between two colliding gangl ia were 

changed systematical ly, while the geometrical and topological characterist ics of 

the porous medium and wettability (dynamic contact angles) were kept constant. 
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In the range of the investigated parameter values, they found that the observed 

flow behaviour is gangl ion population dynamics (intrinsically unsteady, but giving 

a t ime-averaged "steady state"). They determined the fractional flow and relative 

permeabil i t ies and correlated them with flow phenomena at pore level. Effects of 

the wetting phase saturation, the viscosity ratio, the capillary number, and 

coa lescence factor on relative permeabil i t ies were examined. The main 

conc lus ions from their study are: 

• At "steady state" the oil is d isconnected in the form of multi-sized gangl ia. The 

motion of the oil occurs exclusively through the motion of gangl ia. The motion 

and the complex interactions of the gangl ia can be denoted as "steady state " 

gangl ion dynamics. 

• Gang l ia show an increased tendency to move through large pores as the 

viscosity ratio ( — ) , and/or capillary number ( /"M ' V >") decreases . 

• The "steady state" relative permeability to water is an increasing function of 

the water saturation, whereas the relative permeability to oil is an increasing 

function of viscosity ratio and capillary number, and a decreas ing function of 

water saturation and the coa lescence factor, keeping the other parameters 

constant. 
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A computer-aided simulator of immiscible displacement in strongly water-wet 

consol idated porous media that takes into account the effects of the wetting fi lms 

was developed by Constant in ides and Payatakes (2000). The porous medium 

was modeled as a three-dimensional network of randomly s ized unit cel ls of the 

constricted-tube type. Precurser wetting films were assumed to advance through 

the micro-roughness of the pore walls. Precursor wetting film is the wetting film on 

the sand surface. In other words, there are two hydraulic resistances in this type 

of models , (1) hydraulic resistance of the main pore and (2) the hydraulic 

resistance of the space between the pore wall and the main fluid. The deve loped 

simulator was used to predict the residual oil saturation as a function of the 

pertinent parameters such as capil lary number, viscosity ratio, and the fraction of 

pores with each type of wall micro-roughness. The obtained results were 

compared with those obtained in the absence of wetting films. The following 

conc lus ions were obtained: 

• Wetting films cause extensive disconnect ion and entrapment of non-wetting 

fluid, especial ly for smal l capil lary numbers (Ca<10~6). 

• The above action of wetting films intensifies as the oil/ water viscosity and/or 

the fraction of the pores in which wetting films advance through spontaneous 

imbibition increase. 
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As it was d iscussed in this sect ion, converging-diverging network models, have 

been used widely to study the effect of viscosity ratio on flow characterizat ion 

such as relative permeability. 

3.2.3. Other types of network models 

There are few other types of network models that have different 

characterist ics and applications. In this sect ion some of them are reviewed. 

Singhal and Somerton (1970) descr ibed a simulation procedure where a network 

model for the reservoir rock was generated by the Monte-Car lo technique, using 

pore s ize distribution and structural parameters appropriate to the particular 

reservoir. The model has been used to study displacement behaviour in 

unconsol idated sand packs. The model results simulate the relative permeabil i ty 

behaviour of porous media quite satisfactorily but semi-quantitatively. 

S imon and Ke lesey (1971, 1972) used capillary tube networks in miscible 

d isplacement studies. Their model is capab le to handle all miscible d isp lacement 

mobility ratios. A heterogeneity factor is a lso introduced in their model to account 

for the reservoir heterogeneity. 

Boamin et a l . (1999) reported on a systemat ic approach to link pore model inputs 

and laboratory data to a calibration methodology, and the subsequent use of a 
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pore network model to match laboratory core-f loods in a heterogeneous dolomite. 

It is found that spatial correlation effects determined from core samples using thin 

sect ion and computed tomography (CT) data are important for a satisfactory 

match. 

Y u a n et al . (1999) proposed that the wormhole growth can be descr ibed by the 

probabil istic active walker (PAW) model , which is a general ization of the c lass ica l 

random walk model. 

Li and Firoozabadi (2000) recently used network modell ing for the 

phenomenologica l study of critical condensate saturation and relative permeabil i ty 

in gas /condensate system. 
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CHAPTER FOUR 

Converging-diverging network model 

In Chapter 3, different types of network models have been d i scussed . As it was 

mentioned converging-diverging network model has been used widely to study 

the effect of pressure forces on the relative permeability of the phases in multi­

phase flow in porous media. In this chapter this type of network models will be 

expla ined in detail. 

Basical ly network analysis methods make use of standard electric network 

analys is to solve the network flow field. The analogy between flow rate and 

current, pressure drop and voltage, hydraulic conductance and electric 

conductance, and capillary pressure drop and voltage source are used to develop 

the ana logous electrical circuit. In this type of network models, the pressure fields 

for both the wetting and the non-wetting phases are so lved simultaneously, and 

viscosity difference between the two phases is taken into account. Comple te 

d iscuss ion will be given in next sect ions. 

4.1. Model definition 

For clarity, certain definitions of ideal ized elements of the porous medium 

are stated first. The pore space in porous media is composed of relatively large 
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chambers that are connected to each other through narrow throats. The void 

s p a c e comprised of a chamber and its adjacent throats will be denoted as an 

Elementa l Vo id Space (EVS) . It will be assumed that each throat is character ized 

by the diameter of its narrowest cross sect ion d and each chamber character ized 

by its effective chamber diameter (D, diameter of the sphere with equivalent 

volume). In most porous media such as sand-packs or sandstone, both d and D 

are random variables. 

Cons ide r a finite, three-dimensional cubic network of interconnected unit cel ls of 

the constricted tube type, called a unit block. The s ize of a unit block is given by 

the number of unit cells along each axis, N x x N y x N z , and the node to node 

distance, /. Each branch is occupied by a unit cell (UC) . E a c h unit cell has axial 

symmetry, and its wall profile is a s inusoidal function, as they are shown in Figure 

4 .1 . The distance of the wall from the axis, rw, at some position z is given by; 



where a and d are the maximum and minimum diameters of the sinusoidal 

function and h is its wavelength. Pore body diameter, a, and pore throat 

diameter, d, distribution functions are completely correlated by a geometr ical 

factor, c, , so that; 

a = cxd (4.2) 
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Accord ing to Payatakes, Tien, and Turian, 1973 (called P-T-T for abbreviation), 

the unit cell d imensions are set so that: 

h = c2d (4.3) 

Paya takes (1980) has modified this formulation in order to keep realistic unit cell 

d imensions. The modified formulation properly accounts for porosity and number 

of constrict ions per unit volume of the prototype. The unit cell in this modif ied P-T-

T porous media model is comprised within the segment corresponding to 

-h' ti 

(—<z<—) in Figure 4 .1 , where h' is the unit cell length(h'<h)and is 

calculated by: 

h'=c2c3d (4.4) 

where constants c,, c2, and c 3 are dependent on the particular porous medium, 

and are calculated based on experimental measurements of the porosity, the 

initial dra inage curve and the grain s ize distribution. 

Th is model appl ies to non-consol idated porous media such as sand or beads 

packs . For consol idated porous structures such as sandstone, and l imestone, the 
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s inusoidal shape of the unit cell and the relations between its minimum and 

maximum diameters and length (Equations 4.1-4.4) should be relaxed. 

Furthermore, their s ize distributions should be calculated independently by pore 

cast analys is and/or porosimetry and imbibition/drainage curves. In this model we 

use the unconsol idated representation of P-T-T, which is in line with 

unconsol idated nature of many heavy oil reservoirs under cold production. 

A two-dimensional representation of a random cubic network of constricted unit 

cel ls is given in Figure 4.2. E a c h node is connected to six unit cel ls (the pair unit 

cel ls normal to the paper is not shown). Unit cells are represented by bow-tie 

symbols whose s izes are proportional to the actual s ize of each unit cel l . One 

node and adjacent six-half unit cells comprise a Conceptua l E lementa l Vo id 

S p a c e ( C E V S ) . Accord ing to the model , when a C E V S is occupied by gas , the 

gas bubble fills part of the six unit cells assoc ia ted with the C E V S under 

considerat ion. The representation of a gas bubble occupying severa l adjacent 

pores is made in a similar way, filling the unit cells of the appropriate C E V S ' s 

according to the volume of gas held by each unit cel l . A unit cell occup ied by a 

gas-oi l interface will be denoted as a Gate Unit Cel l ( G U C ) . (see Figure 4.2 for 

clarification) 
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Figure 4.2: Two-dimensional depiction of a cubic network of unit cells. A 
Conceptual Equivalent Void System (CEVS), a Unit Cell (UC) and an 

Equivalent Unit Cell (EUC) are identified, as well as an 8-CEVS ganglion 
(solid line circle) and a 2-CEVS ganglion (dashed line circle). (From Dias, 

1984) 

4.2. Analogy concepts 

For simplicity consider a N x x N = 7 x 6 network such as the one represented in 

Figure 4.3. The network nodes are numbered in Figure 4.3, starting with the node 

at the lower-left-hand corner and proceeding from left to right and upwards. 

E a c h branch of the network corresponding to a unit cell is numbered with relation 

to the node to which it is connected. Considering then node k, the four branches 

connected to it are numbered, (k,j), j=1,2,3,4 starting with left branch and 

proceeding clockwise around the node (see inset in Figure 4.3). This numbering 
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system results in duplicating of addresses for some unit cel ls. For example (k,3) 

and (k+1,1) refer to the same unit cell and similarly (k,2) and (k+Nx-1,4) also refer 

to the s a m e unit cell . Such a network can be regarded as an electric network of 

resistors, each resistor corresponds to a unit cell with an assoc ia ted conductance 

value, G. The flow rate through each unit cel l , qvc, corresponds to the branch 

current, q and the pressure drop along a unit cel l , APU(., corresponds 

B B 0 B B 

B / T r \ n a B B 

B v B y B B B B 

B B B B B B 

- a - t ? - a - ? - a - h x h - k h h x h 
B B B B B B 

y i - e w ? - M - t - e h - e h a -
B B B B B B 

Figure 4.3: Depiction of a 7x6 network showing the nodes numbering 
system and in the inset the branches numbering system. (Modified from 

Dias, 1984) 
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to the branch voltage, vp. For each gate unit cell , its overall resistance is taken as 

the sum of the resistance corresponding to the segment of the unit cell containing 

oil, plus the resistance corresponding to the segment that containing gas. 

R G U c = K + R g (4-5) 

The capil lary pressure difference across a gas-oi l interface for each G U C , APf, is 

taken as a voltage source, v, . Finally, the pressure at each boundary node, 

resulting from the applied macroscopic pressure gradient, is represented as an 

addit ional voltage source, v*. 

An 8 - C E V S gas bubble in a 6x7 network is represented in Figure 4.4(a), with the 

corresponding electric analog shown in Figure 4.4(b). In Figure 4.4(b), unit cel ls 

filled with oil are shown as thin line resistors, whereas unit cel ls filled with gas are 

shown as thick line resistors. Gate unit cells are partly shown by a thin and a thick 

line resistors corresponding to the oil and gas, respectively. T h e s e two resistor 

l ines are separated by a voltage source corresponding to the gas-oi l interface. 



51 

6 6 n n n 
i - t x i j « f a - j - a - f - « 

• • • a ? i ^ i a S p . ? t x i 

a S i r c a o 

y i - ! x i " i - t 3 - 4 - { x i a e n 4 - w 
n u u n n 

( a ) 

Figure 4.4: (a) Depiction of an 8-CEVS ganglion on a two-dimensional 
square network and (b) its electric analog network. (From Dias, 1984) 

4.3. Two-phase flow conductance 

For very low Reyno lds number, Re, and very smal l unit cell diameter, D, of 

interest, the entrance length, Le (Le=0.06 D Re) in a unit cell is very smal l and 

negligible. Therefore, it is assumed that flow is fully developed in the unit cel ls of 

the network. 

The following equation has been obtained between pressure gradient and flow 

rate through a unit cell by approximating the sinusoidal tube as a ser ies of 

infinitely short cylindrical tubes which diameter varies as a s inusoidal function with 

axial position (Sheffield and Metzner, 1976). 
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dp 8// 

dz n (rw(z))' 
•Que (4.6) 

where z is the direction of flow through the unit cell and rw(z) follows a sine 

curve (Equation 4.1) in z -d i rect ion. By inserting Equation 4.1 and integrating 

Equat ion 4.6, the pressure-drop between any two points, z, and z2, is obtained 

21U 
p C2 

A/ J (z, , z2) = -j— — • y/{zx ,z2)- quc 

n ar (c, +1) 
(4.7) 

where, 

y/(zx,z2) = 
3(1 - b 2 ) 

sinx 
(\-b cosx) 

+ -
5b 

2\2 6 
sinx 

(\-b cosx)" 

+ 
b(U + 4b2) 

6(l-b2f 
sinx 

1-6 cosx + • 
2 +3b2 

n - b 2 r 
tan" 

( l -6 2 ) o s ( tan(x/2) 

\ - b 

(4.8) 

where, 

(4.9) 



53 

and, 

In z 
x = 

c2d 
(4.10) 

For a gate unit cell , where the interface position is at z,; 

AP(z , ) = A P ( - ^ , 2 / ) + A P ( z / , | ) (4.11) 

where t i is defined in Figure 4 .1 , and the conductance is; 

G(z,) = 
n2d\cx +1)4 

o 0 
2 / " w C 2 

(4.12) 

where k = is the viscosity ratio. 

Equat ion 4.12 can be used for the single phase flow by considering K = = 1 

As it is c lear all the above equat ions represent flow in one direction. However, by 

using one-dimensional unit cells at different directions in a network, multi­

d imensional (2-D and 3-D) flow can be studied. This is because in this network 
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model , flow is not al lowed at the nodes. However, by using extended unit cell 

method (Sect ion 4.7), interfaces can move from one unit cell to another. 

4.4. Pressure drop across an interface 

Dias et al . (1986) have shown that for a water-oil sys tem the pressure drop 

across an interface is; 

U>l{z,) = 2a„ 
cos p 

(4.13) 

where z ; is the axial position of the solid-oil-water contact line, and 

cos /? = 
cos 9 + sin 9 • tan a 

2 „ \ 0 . 5 (1 + tan a) 
(4.14) 

and, 

tan a = = (c, - 1) sin 
dz 2c, c d 

V L 2 U J 

(4.15) 

where 0 is the contact angle. In this study, our fluid pairs are oil and gas . Instead 

of <TI)W, we have cr ( ) g, and z . will be the axial position of the sol id-oi l-gas contact 

line. 
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4.5. Effective conductance and pressure drop across an interface 

Conduc tance and pressure drop across an interface for a gate unit cell 

depend on position of the interface. The following approach is proposed by Dias 

(1984) to calculate conductance and pressure drop in a G U C . E a c h gate unit cell 

is divided into severa l compartments. For simplicity the compartments are equal ly 

spaced , that means, zk-zk_] = z k + l - z k , where zk is the axial position of the 

division corresponding to compartment k. For higher accuracy, in this model 

each G U C is divided into 80 compartments. The extended unit cell is a lso divided 

into equal ly spaced compartments. Figure 4.5 shows an example of a unit cell 

divided into ten compartments. Figure 4.5 also shows an extended unit cell 

divided into 2 compartments, which will be explained in next sect ions. 

4.5.1. Effective conductance 

The effective conductance Geff can be est imated as fol lows: take V g to be 

the vo lume of gas contained in the gate unit cell at a given instant. Now, if we 

consider that V k G M , and V k G are the volumes of the part of the constricted tube up 
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Figure 4.5: Representation of a gate unit cell (GUC) divided into ten 
compartments showing KG and K p used to calculate the effective 

conductance and the effective pressure drop respectively. Extended part is 
divided into 2 compartments. 

to zw ;_, and zk(i, respectively, then it is obvious that Vk(: > Vg > VkG_x. Getf, is 

est imated to be equal to the conductance that would be obtained if the pseudo-

interface were situated at the plane posit ioned at zG, where zG = ^( z w; + z * c - i ) • 

4.5.2. Effective pressure drop 

The effective pressure drop, APeff, is calculated by considering that the 

interface is situated at the middle of the compartment kP. The middle location is 
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calculate by zp

 = ^(zki- + zw-\)> where zkI, and zw,_, are the axial positions of the 

divisions at both ends of the compartment kp . 

Figure 4.5 shows the position of kG and k r for a given volume of gas in a typical 

unit cel l . 

4.6. Interface m o v e m e n t at the G U C ' s 

In this model, each interface moves by no more than one compartment in 

the corresponding gate unit cel l . The procedure is; 

• A time increment for each G U C , At, i=1 , . . . ,NGUC ( N G U C is the total number 

of gate unit cells) is calculated by dividing the vo lume of the compartment 

containing the interface by the flow rate through gate unit cell " i " . 

• Compar ing the obtained At for all G U C ' s , the lowest At will be the time step. 

• By using the calculated minimum At, the volume of the gas in all G U C s will be 

updated according to their respect ive flow rates, and the total recorded 

e lapsed time. 

• This process will be repeated until one of the following events occurs; 

1. A gate unit cell fills with gas and gas invades the pore downstream (xeron). 

2. A gate unit cell gets emptied of gas and the pore is invaded by oil (hygron). 
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4.7. Inter face m o v e m e n t s at the nodes 

In this section xeron and hygron occurrences, which are the interface 

movements in nodes will be d iscussed. 

4.7.1. Occurrence of xeron 

In order to find a more sound solution for interface movements at the 

nodes, it is helpful to look at actual laboratory studies of oi l-ganglion motion. 

Figure 4.6, shows a sequence of photographs taken from movies made by 

Hinkley (1982). The experimental apparatus used by Hinkley consisted of a single 

layer of uniformly s ized glass spheres organized in a square configuration and 

held between two glass plates. In Figure 4.6, a 6-pore rectilinear oil gangl ion 

moves in response to a Ca = 3 . 8e -4 . The gangl ion reacts to the external forces, 

principally the external pressure difference, by shifting oil towards its down stream 

end. This produces a shape reminiscent of a hammerhead shark (HHS) shape 

(Figure 4.6a). S ince the capillary number is above the critical capil lary number, 

the dra inage curvature is eventually exceeded . The ensuing xeron begins with a 

s low advancement of the oil interface which, gradually accelerates until it 

occup ies most of the pore. In Figure 4 .6a, the oil-water interface is about to 

invade the adjacent pore in the downstream side. Looking now at subsequent 

photographs (Figure 4.6b), this interface is actually invading the front pore, but 

not touching either one of the two spheres located down-stream. The interface 

proceeds in this way for some time (Figure 4.6c), until the volume of oil in this 
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pore is sufficiently large and all four spheres come in contact with oil (Figure 

4.6d). 

c d 

Figure 4.6: Sequential pictures of a 6-pore ganglion during the xeron-hygron 

cycle for = 0.6 (From Hinkley, 1983) 

In the simulation algorithm these series of events are represented by al lowing 

filled unit cell to take an extended unit cell configuration. W h e n the gas reaches 

the end of a gate unit cell , and it is ready to flow to other adjacent unit cel ls (three 

adjacent unit cells in 2-D model), the unit cell takes its extended configuration 

-h' h 
(— < z < -) (Figure 4.5) and the gas is al lowed to fill the extended unit cel l . At 
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this point, there is enough gas in the extended unit cell to fill portions of the 

adjacent unit cells corresponding to the volume of the three adjacent (down 

stream) unit cel ls. New interfaces are p laced simultaneously at the downstream 

unit cells the excess gas is divided among them in proportion to their respect ive 

vo lumes. At the s a m e time the extended unit cell regains its usual s ize 

< z < —) and a xeron is said to have occurred. 
2 

4.7.2. Occurrence of hygron 

To figure out about a gas-oi l interface when the gate unit cell gets empty of 

gas , a similar analysis of an actual laboratory experiment will be done. Cons ide r 

the 2 - C E V S gas bubble represented in Figure 4.7 and consider the most 

upstream gate unit cell A. As it is shown in subsequent Figure 4.7b, the gas 
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Figure 4.7: Stages of a 2-CEVS ganglion motion simulation. Occurrence of a 
hygron. (From Dias, 1984) 

in this gate unit cell is receding, that is the volume of gas is decreasing. If this 

dec rease leads to a negative volume of gas in the unit cell in question, the t ime 

increment is adjusted so that unit cell A is now filled with oil, Figure 4.7c. At the 

s a m e time, unit cells B and C, which belong to the s a m e C E V S as unit cell A, still 

contain some gas. 
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An ana logous situation is seen in Figure 4.8 taken from the experimental work of 

Hinkley (1982). The sequence of photographs show a 2-pore oil ganglion 

Figure 4.8: Sequential pictures of a 2-pore ganglion during the xeron-hygron 

cycle for = 0.6 (From Hinkley, 1983) 

where the most upstream interface is about to leave the pore (Figure 4.8b), but 

there is still some oil left in both lateral connect ions. In the following photograph 

(Figure 4.8c), it is seen that the interface has now about to detach itself from the 

wal ls of the two upstream spheres. The interface proceeds in this way for some 
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time until it is detached completely from the upstream spheres (Figure 4.8d), until 

finally the interface leaves the pore (Figure 4.8e) completely. 

The ser ies of events are recreated by the simulation algorithm by placing an 

interface at the beginning of the gas-fi l led unit cell which is adjacent to the 

common node. This unit cell takes the form of an extended unit cell D (Figure 

4.7d), and it is partially filled with the gas contained in unit cel ls B and C (Figure 

4.7c). At this point a hygron is said to have taken place. The simulat ion now 

proceeds as usual until finally the volume of gas in this unit cell is equal to or less 

than the volume of a regular unit cell , at which point the E U C shape is dropped 

(Figure 4.7f). 

4.8. Boundary conditions 

For a two-dimensional network model we need boundary condit ions for all 

four s ides. 

4.8.1. Boundary conditions at the inlet and outlet of the 2-D network 

Let's consider a two dimensional network with d imensions, NxxNy, where 

N x is the number of unit cells in the x-direction and N y is the number of unit cel ls 

in the y-direction. The macroscopic flow direction is parallel to the x-direction. 
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It is assumed that all the N y unit cel ls at the inlet of the network are connected to 

a reservoir of oil at pressure p,, whereas the N unit cells at the outlet are 

connected to a sink of pressure p0(p0 = 0.). The pressure difference is set as 

Ap = P,-Po=(-VpWx (4.16) 

Here, IN, is the length of the system, and V> is the pressure gradient that would 

be required to drive a flood of oil with capillary number equal to a prescr ibed 

value Ca] in a virtually gas-free (oil saturation S a = 1) sample porous medium. Vp 

can be find by; 

Vp = -^—- (4.17) 

where k is the absolute permeability of the network. Therefore, 

trJN.Ca, 
Ap = Pl-Po= " s ; ~ (4.18) 
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4.8.2. Boundary conditions at the sides of the network 

In this work, c losed boundaries will be considered for the side boundary. In 

this way, the unit cells on the side boundar ies are considered as zero throat s ize 

unit cells (very smal l value compare to the lowest throat size). 

G a s bubbles are placed at least three unit cel ls away from the boundar ies, in 

order to make sure that boundaries do not affect their movements. 

4.9. Development of system of equations (Dias, 1984) 

The governing equat ions of the flow in network model of porous media 

become linear if flow were under creeping flow condition. In addition, the matrix of 

the coefficients depends on the location of the interfaces. It means that the 

motion of an interface depends on the overall pressure difference across a unit 

cel l , and the overall pressure difference depends on the interface location. This 

makes the governing equations non-linear. In order to make the problem of 

interest linear, the locations of interfaces were assumed stationary at each time 

steps and were updated for the next time step based on the current pressure 

difference and unit cell conductance. By dividing each unit cell to 80 

compartments and by controlling the time step such that the interfaces movement 

does not exceed one compartment, the above assumption was implemented. 

Assuming quasi-steady state, a sys tem of linear algebraic equations can be 
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deve loped to solve the flow problem. In order to use network analysis efficiently, it 

is necessary to express the network variables in vector form. 

The nodes of the network are numbered from left to right and from bottom to top 

by assigning indices k = \,2,-,Np, where Np is the number of interior nodes 

(excluding the boundary nodes). The number of interior nodes (Np) could be 

found as : 

where, N x and N v are the number of unit cel ls in the x and y directions, 

respectively. 

The branches (or unit cells) of the network are a lso given indices, j = \,2,...,Nh, 

where N h is the total number of branches and calculated as follows: 

NP=(NX -1) (4.19) 

Nh=(2Nx-\)(Ny-\) + (Nx-l) (4.20) 

The branch conductance matrix [G] = (NhxNh), is formed as follows: 

• The off-diagonal elements are set equal to zero. 
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• E a c h diagonal element g n is set equal to hydraulic conductance of the unit cell 

occupying branch j . 

The branch source vector, v ( = (Nh) is defined so that v v / is the capil lary pressure 

in the jlh unit cel l . 

• " v v / " is equal to zero, if there is no interface in the unit cel l . 

• It is positive if there is an interface, which tends to propel the wetting phase in 

the positive direction of the branch. 

• It is negative if the interface tends to propel the wetting phase in the negative 

direction of the branch. 

• If the branch j is adjacent to a boundary node, adding the value of the 

pressure at the boundary node augments to the value of vsj. 

The reduced incident matrix [A] = (Np x Nh)describes the manner in which the 

branches are connected; 

• The element akj is set equal to zero if branch j is not incident on node k. 

• The element akj is set equal to 1 if the fluid in branch j f lows toward incident 

node k. 
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• The element akj is set equal to -1 if the fluid in branch j f lows away from 

incident node k. 

The node conductance matrix [Y] = (Np x Np)\s defined as follows: 

• ykk, cal led the self-admittance of node k, is the sum of the conductance of all 

b ranches connected to node k. 

• ymk = ykm, cal led the mutual admittance between nodes m, and k, is the 

negative of the conductance of the branch connect ing nodes m and k. 

• ymk, zero if nodes m , and k are not connected directly. 

Node-source flow vector qs, which has N p e lements is given by; 

qs=[A]x[G]xvx (4.21) 

The node voltage vector P = (Np) is defined so that p k is the pressure at node 

k. Then the instantaneous value of p is obtained as the solution of the below 

sys tem; 

[Y]xP = ql 
(4.22) 
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The branch pressure drop vector v h and its jlh element which is the pressure 

drop along the positive direction of branch j can be calculated by; 

v„ =AT xP (4.23) 

where A' is the t ranspose of matrix A. 

Finally, the flow rate vector q = (Np), is def ined so that q j is the instantaneous 

flow rate in the jlh unit cell . O n c e P is obtained from solving equation (4.22), 

vector q is readily obtained from; 

q =[G]x(yh - v v ) (4.24) 
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CHAPTER FIVE 

Model features and assumptions 

Table 5.1 shows the features of the model used in the current study. In the 

following sect ions each of the mentioned features or lack of them is d iscussed . 

The d iscuss ion is divided in four main categor ies of porous medium, interested 

fluids, driving and resisting forces, and pore level p rocesses . 

5.1. Porous medium 

Porous medium dimensions and s ize , pore geometr ies and distribution, 

and the way that pores are connected to each other are the important parameters 

in descr ibing a real porous medium. In this sect ion, these parameters are 

expla ined. 

5.1.1. Model dimensions 

Underground reservoir is a three d imensional (3-D) porous medium. 

Therefore, a 3-D network is suitable for the study of the foamy oil reservoirs. 

However, a 3-D model is quite compl icated and the computation time is much 

higher than two-dimensional (2-D) network model . Ava raam et a l . (1994) have 

shown that non-planarity has smal l qualitative but significant quantitative effects. 

In this study, a 2-D network model has been used. Therefore, the results are 

qualitatively appl icable. 
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Table 5.1: Model features 
Perfect model This model Comments / related 

references 
3 d imensional 2 dimensional Ava raam et al . (1994) 
R a n d o m pore geometry Single pore geometry Patzek (2000) 
Includes pore s ize 
distribution 

Included Dias (1984) 

Includes random pore 
s ize distribution 

Included Dias (1984) 

Includes random 
coordinate number 

Fixed number of 
coordination 

Patzek (2000) 

Includes random length 
of periodicity (node-to-
node distance) 

Constant length of 
periodicity 

Patzek (2000) 

Large network s ize 40 by 40 — 

Includes 3 phases 2 phases Fenwick and Blunt (1998) 
Includes capil lary forces Included Al l network models 
Includes pressure forces Included Dias (1984) for oil/water 

sys tem 
Includes gravity forces Not included Li (1993) 
Appl icab le for Newtonian 
and non-Newtonian fluids 

Only for Newtonian fluids Max imenko and K a d e t , 
(2000) 

Appl icab le for 
compress ib le and 
incompressib le fluids 

Only for incompressible 
fluids 

A lvarado and Rodr iguez, 
(1999) 

Includes effects of 
v iscous coupl ing 

Not included G o o d e (1991) 

Include effect of 
precursor wetting film 

Not included Constant in ides and 
Paya takes , (2000) for 
oil/water system 

Includes gas bubble 
nucleat ion 

Not included A lvarado and Rodr iguez, 
(1999) 

Includes gas bubble 
expans ion 

Not included A lvarado and Rodr iguez, 
(1999) 

Includes gas bubble 
movement 

Included Dias (1984) for oil 
gangl ion movement 

Includes gas bubble 
breakup 

Not included Constant in ides and 
Payatakes , (1996) for oil 
gangl ion 

Includes gas bubble 
coa lescence 

Not included Va lvan ides et. al . , (1998) 
for oil/water system 
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5.1.2. Pore geometry 

The pore geometry in natural porous medium is a combination of different 

irregular shapes . However, mathematical modeling of these irregularities is very 

difficult. Therefore, a simplified shape is usually considered as the pore geometry 

of a porous medium and by tuning the parameters, the macroscop ic 

characterist ics of the real porous medium are satisfied. Having different regular 

shapes and random positioning of these regular shapes to a large extent 

accounts for the irregular shapes of the pores in natural porous medium. In this 

model a single pore geometry of the converging-diverging form is cons idered. By 

changing the defined constants, a good match of the macroscopic characterist ics 

(porosity and permeability) has been obtained. Patzek (2000) developed a model 

with a combinat ion of different pore shapes (triangular, square, and circle), with 

random posit ioning. 

5.1.3. Pore size distribution 

Pore s ize distribution curves can be obtained for a real porous medium by 

different methods such as capil lary intrusion, or core scanning. In the capil lary 

intrusion method, an average pore s ize distribution can be obtained. However, 

this does not give any information about the location of the pores with different 

s ize . Co re scanning can give an insight to the position of the different pore s ize 

locations. 
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This model accounts for the variability of pore s izes . A random generator is used 

to ass ign a random pore s ize taken from a pore s ize distribution curve at different 

locations. By spending more time and pat ience the results of a core scan could 

a lso be entered into a model . 

5.1.4. Coordination number (network connectivity) 

Coordinat ion number or the number of the interconnected pores to a 

certain pore is not the same for each pore in a natural porous medium. 

Furthermore, it is different from one type to another type of natural porous rocks. 

Therefore, a complete network model should be able to handle different 

coordination number and randomly distributed coordination number, in this model , 

a fixed number of coordination, that is four, is considered for all pores. Pa tzek 

(2000), considered variable network connectivity with zero to sixteen coordinat ion 

number. 

5.1.5. Length of periodicity (node-to-node distance) 

I f we define porous media as the combinat ion of pore bodies and pore 

throats, it means that throats connect the large pores. The distance between two 

pores is the length of periodicity. This length is different between any two pore 

bodies. Patzek (2000) includes random length of periodicity. In the current model , 

a constant length of periodicity is cons idered. 
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5.1.6. Network size 

The larger the network s ize the better would be the representation of a real 

porous medium. However, there are restrictions due to computer memory and 

comutat ion time. Viz ika et al. (1994) showed that for the study of residual oil 

saturation, a 3-D network s ize of 15 by 6 by 2 could give reliable results. In this 

study network s ize up to 100 by 100 have been examined. Most of the results 

however are based on network s ize of 40 by 40, which takes reasonable 

computat ion time. 

5.2. Fluid phases 

In this sect ion, model features in terms of the fluids are presented. 

5.2.1. Number of fluid phases 

There are three phases in underground reservoirs, which are water, oil, 

and gas . In a water-wet system, water is around the sand grains and it is bel ieved 

that it is often stationary. Oil is the main fluid and in our study has a very high 

viscosity. Normally, at the beginning of the life of a reservoir (under-saturated 

reservoir), there are only two phases, water and oil. W h e n the reservoir pressure 

dec l ines the solution gas starts to nucleate and liberate. After this time, there are 

three phases in the reservoir. Therefore, a robust and complete network model 

should include three phases, and the effect of each phase on another phase 

should be included too. In this model , water was considered stationary and it was 
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lumped with the stationary solid phase. Oil and dispersed gas bubbles are 

included in this model . 

5.2.2. Newtonian and non-Newtonian fluids 

Among the three avai lable fluids in the reservoir, some heavy oils show 

non-Newtonian behavior. Max imenko and Kadet (2000) considered non-

Newtonian fluids in their network model . In this model , Newtonian behaviour is 

cons idered. 

5.2.3. Compressible and incompressible fluids 

Oil and water are slightly compressib le, but gas is compress ib le . G a s 

compressibi l i ty plays a large role in the bubble expans ion and flow behavior of the 

gas bubbles. This model does not account for the fluid compressibil i ty. However , 

by consider ing that the macroscop ic pressure difference is low due to the smal l 

length of the network model (approximately 4 mm), pressure changes are not very 

large and the incompressible assumpt ion of fluids even for gas phase might be 

sufficient. 

For the study of bubble expans ion, a network model should have the 

compress ib le fluid feature. 
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5.3. Driving and resisting forces 

In this section different driving forces that act on gas bubbles to move them 

will be d i scussed . 

5.3.1. Capillary forces 

Due to the low flow rates of the fluid phases and narrow passages in the 

porous medium, capillary forces are important. This model includes capillary 

forces. P l e a s e refer to Chapter 2 and 4 for further d iscuss ion about interface 

movements and capillary forces. 

5.3.2. Viscous forces 

Due to the high viscosity ratio between the phases in foamy oil flow the 

v iscous forces play an important role in the movement of the gas phase. 

Therefore, the effect of v iscous forces is included in this study. For further 

explanat ion p lease refer to Chapter 4. 

5.3.3. Gravity forces 

Due to the large density difference between the phases of interest (oil and 

gas) in foamy oil flow, it s e e m s that gravity forces are important. However, this 

model is a horizontal 2-D model. Therefore, despite knowing that gravity forces 

are important, the effect of gravity forces is not included. 
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5.4. Pore-level processes 

Different phenomena at pore level such as v iscous coupl ing, precursor 

wetting film, bubble nucleation, bubble expans ion , bubble motion, bubble break­

up and coa lescence of the bubbles will be explained in this sect ion. 

5.4.1. Viscous coupling 

V iscous coupling or the effect of one phase on the mobility of another 

phase is an area of active research in petroleum engineer ing. V i scous coupling 

between fluid phases for two-phase flow in porous media leads to a matrix of 

relative permeabil i t ies. This feature is not included in this model . For further 

d iscuss ion about v iscous coupling p lease refer to G o o d e (1991). 

5.4.2. Precursor wetting film 

Constant in ides and Payatakes (2000) have deve loped a computer-aided 

simulator of immiscible displacement in strongly water-wet consol idated porous 

med ia that takes into account the effects of the wetting fi lms. Precursor wetting 

films are assumed to advance through the micro-roughness of the pore wal ls. 

Two types of pore wall micro-roughness are cons idered. In the first type of micro-

roughness, the film advances quickly, driven by capillary pressure. In the second 

type, the wetting film often forms a collar that s q u e e z e s the thread of oil caus ing 

oil d isconnect ion (they studied oil and water system). E a c h pore is assumed to 

have either one of the aforementioned micro-roughness types, or both. The type 
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of micro-roughness in each pore is ass igned randomly. The simulator is used to 

predict the residual oil saturation as a function of the pertinent parameters 

(capillary number, viscosity ratio, fraction of pores with each type of wall micro-

roughness). These results are compared with those obtained in the absence of 

wetting films. It was found that wetting film causes substantial increase of residual 

oil saturation. Furthermore, wetting film causes extensive disconnect ion and 

entrapment of non-wetting fluid. The action of wetting film intensifies as the 

oil/water viscosity ratio increases. 

In this study, the precursor wetting film is not included. However, it s e e m s that 

precursor wetting film acts to entrap the gas bubbles. It means that by modifying 

the model to account for the precursor wetting film, smal ler va lues of gas relative 

permeabil i ty might be obtained compare to the current study. 

5.4.3. Gas bubble nucleation 

There have been a lot of chal lenging efforts in order to define the 

mechan ism of bubble nucleation. There are three main models to descr ibe bubble 

formation (Jones, 1999); c lass ica l model, pseudo-c lass ica l (crevice) model , and 

non-c lass ica l model . In c lassical model , there is no pre-existing gas (nuclei). 

Pseudo-c lass ica l model (crevice model) considers that there is pre-existing gas , 

but the radius of these pre-existing nuclei are less than the critical bubble s ize , 

therefore, macroscop ic bubble may or may not form. In non-c lass ica l model the 
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radius of the pre-existing nuclei are larger than the critical radius, therefore, 

macroscop ic bubbles will form. 

In this model , gas clusters are ass igned in ordered posit ions. For example, for the 

case that gas bubble s ize is 2 - C E V S ( 2 - C E V S in x-direction), a few lines from 

each s ide boundar ies are left free of gas bubbles. Based on the total gas 

saturation in the network, the gas bubbles are distributed in equal d is tances in 

both x and y direction. Figure 5.1 shows a portion of a typical network with 2-

C E V S gas bubbles distributed regularly. It is worth to mention that the solution 

might depend on gas distribution, but ordered and fixed distribution has been 

chosen to be able to compare the effect of other parameters such as viscosi ty 

ratio. The effect of gas bubble distribution is not studied. 

5.4.4. Gas bubble expansion 

In solution gas drive reservoir, the generated gas bubbles would expand 

with time (depletion) and with distance because of lower pressure c lose to the 

wellbore. 

Pressure decl ine rate is a function of the bubble generation and expans ion, and 
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Figure 5.1: A portion of a 2-D model with 2-CEVS bubbles distributed 
regularly. 

bubble growth is a function of mass transfer (diffusion) rate from liquid phase to 

the gas bubble, and compressibil i ty of the gas. Al though the reservoir pressure 

decl ines with time, but for the cases that the production is constant, the 

macroscop ic pressure difference over the entire sys tem is constant. In this model , 

a constant macroscopic pressure difference is cons idered across the porous 

element. Bubble expansion is not al lowed in this model . 

As bubbles move downstream, the pressure will dec rease and consequent ly the 

bubbles will grow. The length of the network model is usually short (in this study 4 
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mm). Therefore, the pressure difference is not large. It might be acceptable to 

a s s u m e constant bubble s ize. 

Different gas bubble s izes have been considered. The s izes used in this work are 

2 - C E V S (in x-direction), 4 - C E V S (2 by 2), 9 - C E V S (3 by 3), and 1 6 - C E V S (4 by 

4). 

5.4.5. Gas bubble movement 

Gangl ion motion and interactions result in an overall dynamic equilibrium 

giving a t ime-averaged steady state flow. Such a flow pattern is highly sensit ive to 

the capil lary number, viscosity ratio, saturation, contact angle, coa lescence , and 

geometry and topology of the pore network (Constant inides and Payatakes , 

1996). 

It is well known that the mobility of a phase is related to the saturation of that 

phase. In this study, different simulation runs have been conducted at different 

gas saturations to find the gas relative permeability curves versus gas saturation. 

Al l the model parameters are kept constant, and only the number of gas bubbles, 

i.e. gas saturation is changed. 

Contact angle is another important parameter that g ives some knowledge about 

the effect of wettability on gas relative permeabil ity curves. In this model , 
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advancing and receding contact angles are used for the advancing and receding 

interface movement, respectively. However, the effect of the velocity of the 

interfaces on the contact angle and also the effect of the mixed wettability 

(different wettability at different locations) are not included. 

Interfacial tension is considered constant in this model. In a foamy oil flow system 

due to the composit ion changes of the phases (gas components diffusion from oil 

to gas by declining the pressure), the interfacial tension between oil and gas could 

change. However, because the composit ion variation is likely to be insignificant, 

interfacial tension could be considered constant. 

In Chapter 2, different mechan isms of the gas bubble break-up are expla ined. 

From those cases , dynamic break-up seems to be important in heavy oil 

reservoirs. O n c e a large gas bubble breaks into two or more daughter gas 

bubbles, the movement tendency of these small bubbles will dec rease . In other 

words, gas mobility of the smaller bubbles is lower than larger bubbles. The 

current model does not include the gas bubble break-up feature. In order to 

investigate the effect of gas bubble s ize on the gas relative permeabil ity, different 

simulat ion runs with different gas bubble s izes have been performed while other 

model parameters have been kept constant. The obtained results are presented 

in Chapter 7 to show the effect of gas s ize on gas relative permeability. 
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Adding gas bubble break-up feature is highly recommended for the future network 

studies in foamy oil reservoirs. 

Bubble coa lescence is another phenomena that may occur during bubble motion 

in porous media. The main problem of modeling such phenomena in network 

models ar ises when two interfaces move toward each other in a gate unit cel l . 

The oil between these two interfaces is trapped, and the gas bubbles could not 

reach each other to coa lesce. By connecting a sink in the center of gate unit cel ls 

to drain the trapped oil, this problem could be handled. However, this modif ication 

makes the model very compl icated. Other investigators (Constant inides and 

Paya takes , 1996) developed network models that include coa lescence . 
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CHAPTER SIX 

Determination of relative permeability and simulation algorithm 

In this chapter, the calculation method of gas relative permeability (k ) based on 

Darcy equation for two phase flow, the methodology of krK determination in our 

network model , and the simulation algorithm will be presented. 

6.1. Determination of gas relative permeability (k^) 

In this sect ion, the methodology of gas relative permeability determination 

in the developed model is expla ined. 

6.1.1. Background 

Experimental observat ions of steady-state flow of water and oil through 

planar and non-planar chamber-and-throat pore networks etched in g lass 

(Avraam et al . , 1994; Av raam and Payatakes , 1995) have shown that over a 

broad range of values of the important d imension less parameters of capil lary 

number 
u v ( \ 

, viscosity ratio nw , and water saturation, oil is d isconnected 

in the form of gangl ia in the f looded region. A portion of the oil in the pore network 

is stationary in the form of stranded gangl ia, whereas the flowing part of the oil 

moves in the form of multisized gangl ia by exerting higher macroscopic pressure 

difference. 
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Gangl ion motion and interactions result in an overall dynamic equilibrium giving a 

t ime-average steady state, and can be descr ibed as "steady state" gangl ion 

dynamics . 

The experimental observations of Av raam et al . , (1994), and Av raam and 

Paya takes , (1995) elucidate the flow mechan isms at pore level during "steady-

state" two phase flow experiments and show that moving disconnected oil is 

solely responsible for the oil flow rate. These observat ions chal lenge the common 

assumpt ion that d isconnected portions of oil do not move at all (Honarpour and 

Mahmood , 1988). 

In this study, it is believed that the nucleated d ispersed gas bubbles generated in 

the depletion process of the solution gas drive heavy oil reservoir are moving 

even at low gas saturations. Therefore, gas relative permeabil i ty can be obtained 

based on the movement of the d isconnected d ispersed gas bubbles. 

6.1.2. Derivation of "steady state" gas pseudo-relative permeability 

The governing equation of gas phase flow including the effect of oil phase 

on the mobility of gas phase (coupling effect) in a gas-oi l system is (Kalaydjian et 

al.): 

L 
(6.1) 
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where, gg, pg, p„, A /? x ,and A/?„ are the gas flow, gas viscosity, oil viscosity, 

macroscop ic gas pressure difference, and macroscopic oil pressure difference, 

respectively, k is the effective gas permeability due to flow of the gas phase 

and kg0 is the effective gas permeability due to flow of the oil phase. Finding the 

tensor of the effective gas permeabilit ies is quite compl icated. Therefore, an 

effective gas permeability which is a combination of both effective permeabil i ty 

tensors is considered in this study and is cal led gas pseudo-relat ive permeabil i ty 

after dividing by absolute permeability. G a s pseudo-relat ive permeabil i ty can be 

obtained using the general form of Darcy equation for two-phase flow in a one 

d imensional system: 

along with a similar equation for oil. In this equation, r\ is the degree of inclination. 

The attractiveness in obtaining a pseudo-relative permeabil ity for gas is in that, 

most mathematical models of multi-phase flow and all reservoir simulators use 

Equat ion 6.2. In this study, horizontal model is assumed . Therefore, rj is equal to 

zero , and the gravitational term becomes zero. 

Op 
(6.2) -PggSHlTl 

Capi l lary pressure is expressed by P c = p g - p0, therefore, 
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a _ K j P ^ J _ K ( 6 3 ) 

dx cbc dx 

From ?^ = ^s-x—!L, and assuming uniform gas saturation in entire sys tem, 

8S 8P 
—- is equal to zero, therefore, —- = 0. Equation 6.3 will simplify to Equat ion 
dx dx 

6.4. 

d-^Jj± (6.4) 
dx dx 

Equat ion 6.4 ignores capillary forces. This is a good assumpt ion under flow 

condit ions where capillary forces are negligible compared to pressure forces. 

S u c h a assumpt ion is bel ieved to be good in high permeabil ity network model at 

high pressure gradient. 

By knowing that, v g = — and using equation 6.4 in equation 6.2 and integration 

of the new equation, the final solution for the gas pseudo-relat ive permeabil i ty will 

be obtained. 

/ vgqg l 
k„ = (6.5) 

kA APn 
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In which, q g is the total gas flow rate at each time step and Apa is the 

macroscop ic pressure difference along the system in the direction of flow. Tang 

and Firoozabadi (1999) used the same method to determine the krf, in depletion 

experiment in a heavy oil sand pack. 

6.1.3. Methodology of ^determination in a network model 

A gas bubble is shown in Figure 6.1. As it is shown, the interfaces at the 

upstream and downstream will move after exerting macroscopic pressure 

difference (Figure 6.1b,c). Line A - A is a reference line for the gas bubble 

movement at each success ive time. The s a m e movements would happen in 

network model . 

Let 's consider a network of d ispersed gas bubbles as it is shown in Figure 6.2. 

Now consider a hypothetical line perpendicular to the macroscop ic pressure 
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A 

Figure 6.1: Schematic representation of the gas bubble movements. 
(Modified from Dias, 1984) 

difference direction and c lose to the outlet of the network (line A ' -A ' in Figure 6.2). 

Th is line could be considered at any point perpendicular to the macroscop ic 

pressure difference direction. 

As it is shown in Figure 6.2, line A ' - A ' pass ing through gate unit cells (the last 

gate unit cells c lose to the outlet). At time zero the interfaces ass igned to be at 
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Figure 6.2: Schematic representation of dispersed gas bubbles in a network 
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the middle of the gate unit cells as it is shown in the inset zoom. O n c e the 

simulation starts, the interfaces will move until one or more of the interfaces reach 

the hypothetical line. In this model , the hypothetical line is ass igned at point 0.55 

of the gate unit cell . The line A ' -A ' is slightly to the downstream of the middle point 

(point 0.5) of the gate unit cel ls. Once the interface(s) has (have) passed the 

hypothetical line, the volume of the portion that passed by the line will be 

calculated (please refer to chapter 4 for further d iscuss ions on interface 

movements) . The e lapsed time is also calculated as descr ibed in Chapter 4. By 

knowing the volume of the gas that passed through the line and e lapsed time, 

flow rate can be calculated at each time step. Using Equat ion 6.5, k is then 

calculated. 

It is worth to mention that absolute permeability and porosity of the network can 

be tuned by the model constants, c,, c 2 , and c 3 . For this study, the exper imental 

data of an unconsol idated sand have been used to find the model constants. The 

experimental data is given in Table 6.1. 

6.2. Simulation algorithm 

In this study a two-dimensional converging-diverging network model has 

been developed to study the effect of oil viscosity on gas relative permeability. 

The model accounts for random pore s izes , and includes capil lary forces, and 

v iscous forces. The model is also capable of handling d ispersed gas bubbles with 
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different s izes . For each bubble s ize, model was run at different capillary number, 

viscosity ratio, and gas saturation. This model gives the gas relative permeabil ity 

based on the movements of the d ispersed gas bubbles. 

Calculat ions are performed in two steps, model initialization and two-phase flow 

calculat ions. In the next sect ions a short description of each step is presented. 

6.2.1. Model initialisation 

In most porous media such as sand-packs or sandstone, both pore-throat 

and pore body s izes are random variables. This can be accommodated in a 

converging-diverging unit cell of Figure 6.3, representing a pore-throat and its 

adjacent half-pore bodies. In a converging-diverging network model , throat 

diameter, pore body diameter and length of a unit cell are related by some 

constants, which we would call geometr ical constants. For a particular porous 

medium, the geometrical constants can be found from laboratory measurements 

such as porosity measurement, initial drainage curve, and grain s ize distribution. 

Tab le 6.1 gives the physical properties and the constants of the porous medium 

used here. 

Table 6.1: Experimental and theoretical analysis of the used porous medium 
Parameter Exper imental (Dias, 1984) Theoret ical 

Porosity (<j>), % 39.5 40.1 
Permeability (K),(j.m2 3.55 3.50 
Mean throat diameter (< d >), |am 20 20 
Geometric constants (c,, c2, ci) — 6.1, 4.9, 0.69 
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Figure 6.3: Typical unit cell (UC) of the porous medium model (Dias, 1984) 

O n c e the geometrical constants and the pore-size distribution are known, the 

network model can be set-up. A pore s ize is randomly selected from the pore-

s ize distribution curve (Figure 6.4). The next pore is chosen similarly, and is 

p laced in the network. The process is continued until the desired space is filled. A 

two-dimensional representation of a random cubic network of constricted unit 

cells is given in Figure 6.5a. 
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Equat ions have been developed for the conductivity of the unit cel ls based on 

their d imensions (further d iscussion is given in Chapter 4). Initially, s ing le-phase 

flow calculat ions are performed in the 

1 oo 
d(yu.m) 

Figure 6.4: Plot of the cumulative throat size distribution function Fd(d) 
(From Dias, 1984) 

n n n n n 

U ^^Br u ti u 

L i ? 9 ¥ ? 9 

(a) (b) 

Figure 6.5: (a) Depiction of an 8-CEVS ganglion on a two-dimensional 
square network and (b) its electric analog network (from Dias, 1984) 
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following manner. A constant pressure difference is exerted across the network 

model , and the flow rates are calculated, knowing the conductivity of each unit 

cel l . The total calculated flow rate along with the total pressure drop is used for 

absolute permeability calculat ions. The calculated value is compared with the 

measured permeability of the actual sample. In our calculat ions, minor adjustment 

of the geometr ical constants was required to match the experimental va lues of 

porosity and permeability given in Table 6.1. 

Next, some of the unit cells are filled with gas. Figure 6.5a shows part of the 

network model , with a gas bubble occupying 8 - C E V S . A C E V S is composed of 

four adjacent half unit cel l , as shown by the circles in Figure 6.5a. A unit cell 

occup ied by a gas-oi l interface is denoted as a Ga te Unit Ce l l ( G U C ) . G a s 

saturation is obtained knowing the volume and the number of the unit cel ls 

occupied by gas and the total space . 

In Figure 6.5b, the analogous electric circuit is shown. The unit cel ls filled with 

gas and oil are shown by thick and thin line resistors, respectively. Ga te unit cel ls 

( G U C ) are partially thick line resistors. There is a voltage source at each G U C 

corresponding to the capillary pressure between the interfaces. 
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6.2.2. Two-Phase fow calculations 

Initially, the gas bubbles are distributed uniformly to achieve a particular 

gas saturation (see Figure 6.2). Two-phase conductivit ies are then calculated, 

this time accounting for the viscosity of the particular fluid occupying the unit cel l . 

In this model each unit cell is divided into 80 compartments, such that the location 

of a gas bubble interface can fol lowed as it moves through a unit-cell. Next, 

capil lary pressure at the gas-oi l interfaces is calculated using the radius of unit 

cell at the interface position, interfacial tension and the contact angles. Interfacial 

tension, receding and advancing contact angles are input parameters (See Tab le 

6.2). In order to initiate flow, a macroscop ic pressure difference is posed . F low 

rate through each unit cell is calculated similar to what is performed in electrical 

circuit analysis. The required input parameters are, the macroscopic pressure 

drop, the pressure drops due to capillarity and the conductivity of the unit cel ls. 

As the gas bubbles move through the unit cel ls, the pressure drops due to 

capillarity and the conductivity of the unit cel ls are updated. W h e n gas bubbles 

start to move, k will be calculated by the method descr ibed in section 6.1.3. 
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Table 6.2: Input parameters and the range of the investigated parameters 
Parameters B a s e case Range 

Equil ibrium contact angle (9e) 25 15-25 
Advanc ing contact angle (9a) 30 20-30 
Reced ing contact angle (9 r) 20 10-20 
Interfacial tension (a), mN/m 20 0.1-20 
G a s bubble s ize, C E V S 16 2-16 
G a s saturation (S g ) , % 12-13 3-23 
Capi l lary number (Ca) 1e-4 0.00001-0.01 
Viscos i ty ratio (k) 1e-5 0.000001-0.1 
Aspec t ratio (AR) 5.8 4.8-6 8 
Network s ize (no. of UC) 40 by 40 40 by 40 and 100 by 100 

The calculation flow diagram is depicted in Figure 6.6. A more detailed descript ion 

of the steps involved is given in the following. 

A. Input Data 

• Input physical properties of fluids (gas and oil), e.g. : viscosity, interfacial 

tension. 

• Speci fy porous medium model constants and throat s ize distribution 

function. 

• Speci fy network s ize, and the number of compartments at each U C . 

• Speci fy equilibrium, advancing and receding contact angle. 

• Ass ign unit cell throat s izes . 

• Speci fy the capillary number or macroscop ic pressure gradient. 
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B. Partitioning of unit cells 

• Partition unit cell in compartments and calculate volume, position and 

curvature of interface for each compartment. 

C. Gas bubble position, shape, and volume. 

• Speci fy gas bubble position and shape, as well as the vo lume of gas in 

each gate unit cell . Calculate the total gas vo lume and gas saturation. 

D. Calculation of unit cell conductance 

• Calcu la te conductance for each unit cell filled with oil and filled with gas, as 

well as conductance for gate unit cel ls. Calcu late pressure difference due 

to interface at each Gate Unit Cel l ( G U C ) . 

E. Network analysis 

• So lve the network analysis to determine the pressure at each node. 

• Calcu la te the pressure drop and flow rate along each unit cel l . 

F. Time increment calculation, and updating 

• Calcu late the time increment such that the interface in each gate unit cell 

advances or recedes, at most, one compartment. 

• Update the volume of gas in all G U C ' s . 
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G. Motion rules 

• If a unit cell is filled or emptied of gas, apply motion rules. 

H. Gas pseudo-relative permeability 

• Calcu la te the gas relative permeability. Report the total time, and gas 

relative permeability value. 

A Iteration 

• Repea t steps D through H until the total number of time steps reached. 
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\y. 
Ass ign unit cell throat s izes 

\k 
Ass ign gas bubbles 

y 
Calculate gas saturation 
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Calculate UC conductances & pressure drop at interfaces 
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Network analysis 
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Calculate 

k r g 

V 
Update interface 
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Figure 6.6: Block diagram of the gas relative permeability code 
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CHAPTER SEVEN 

Results and discussion 

The deve loped model is used to investigate gas mobility in heavy oil systems. This is 

for the first time that a network model has been used to find the effect of oil v iscosity 

on gas mobility. In the next sect ions the model verifications and obtained results on 

gas pseudo-relat ive permeability will be presented. 

7.1. Model verification 

In order to validate the model a volume balance criterion was added to the 

model to find total gas and oil vo lume in the network model . This should remain 

constant with time prior to gas production. Differences of the order of 1 .e-4 |j.m3 was 

observed. For compar ison the volume of an average unit cell is about 3.e4 ( im 3 . 

Other model verifications will be given along with results and d iscuss ion. 

In the next section of this chapter, the obtained model results of the effect of 

different parameters such as network s ize , gas saturation, viscosity ratio, capil lary 

number, gas bubble s ize, aspect ratio, contact angles, and interfacial tension on the 

gas pseudo-relat ive permeability will be d iscussed . 
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7.2. Model results 

Figure 7.1 shows a typical gas relative permeabil ity curve versus time. G a s 

relative permeabil i ty is zero at the initial t imes. This is because the hypothetical line 

expla ined in sect ion 6.1.3 is to the downstream of the gas-oi l interface and slightly 

away from it. The last interfaces (close to the outlet) move toward the reference line. 

After pass ing through this line, the gas flow rate will be calculated. Figure 7.1 

indicates that the 
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Figure 7.1: Typical model results of &rj, versus time (16-CEVS bubble, Sg=13%, 

IFT=15mN/m, M * / =1e-5, Ca = 1e-4, 0 e = 25) 
/ Mo 
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instantaneous relative permeability to gas (kr>,) osci l lates periodically around a mean 

value. Our model showed more oscil lations for the c a s e s that capil lary number and 

viscosity ratios were very low. 

The krK value, corresponding to the mean value after the early time response is 

cons idered as the obtained krt, value for all the studied cases . In the next sect ions, 

the effect of network s ize, gas saturation, viscosity ratio, capil lary number, gas 

bubble s ize, aspect ratio, contact angles, and interfacial tension on the gas relative 

permeabil i ty are presented. In order to verify the model results, at each sect ion, the 

related experimental and modeling results of other investigators is a lso g iven. 

In all the cases , interfacial tension and advancing, equil ibrium and receding contact 

ang les are considered equal to 20 mN/m, 30°, 25°, and 15°, respectively. In Sect ion 

7.2.7, however, the contact angles have been changed to do the sensitivity analys is 

on contact angles. Similarly in Sect ion 7.2.8, the IFT has been changed. 

7.2.1. Effect of network size 

Figure 7.2 shows the effect of network s ize on the gas relative permeabil i ty for 

the case that gas bubble s ize is equal to 1 6 - C E V S (4 by 4) and gas 
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Figure 7.2: Effect of network size on kr), (16-CEVS bubble, Sg=13%, 

IFT=20mN/m,Cfl=1e-4, 6e = 25) 

saturation around 13%. Other input parameters are given in the figure capt ion. 

Figure 7.2 indicates that by increasing network s ize the value of gas pseudo-relat ive 

permeabil i ty will increase too. By considering that the larger the network model the 

better representation of the real porous medium, it can be concluded that larger 

network s ize results are more reliable. However, computation time is a limiting factor. 

As a compar ison the computation time of the above 100 by 100 network took 430 

minutes to complete 2500 time steps, whereas the above 40 by 40 network took 

about 15 minutes. By increasing the network s ize by a factor of 6.25, the 

computat ion time increased by a factor of 28. Figure 7.2 shows a similar trend of 

relative permeabil ity variations with viscosity ratio for both network s izes . Therefore, 

it is thought that a smal l network s ize will exhibit results that are qualitatively correct. 
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Qualitative investigation of different parameters on gas pseudo-relat ive permeabil ity 

is sufficient for this study. Therefore, network s ize of 40 by 40 was considered and all 

the simulation runs were performed based on this network s ize using PC 

(Geniunintel Pent ium III processor, 128 MB R A M ) . 

Figure 7.3 shows the results of the network studies, which were conducted by V iz ika 

et al . (1994) to find the effect of network s ize on residual oil saturation in an oil/water 

sys tem. This figure shows that by changing the network s ize, the obtained residual 

oil saturation is changing too. 

0.5 

-8.0 -7.0 -6.0 -5.0 -4.0-

log(Ca) 

Figure 7.3: Effect of network size on residual oil saturation in oil-water system. 
(From Vizika et al., 1994) 
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7.2.2. Effect of gas saturation 

Figure 7.4 shows relative permeability values as a function of gas saturation. 

Figure 7.4 shows that by increasing gas saturation, gas pseudo-relat ive permeabil ity 

is increasing. Al l other cases of varying gas bubble s izes , capil lary number, and 

viscosity ratio showed the same trend of increasing k with increasing gas 

saturation. 
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Figure 7.4: krj, versus gas saturation (9-CEVS bubble, IFT=20mN/m, = 1e-

5, Ca = 1e-5,t9, = 25) 
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7.2.3. Effect of capillary number 

Figure 7.5 shows the effect of capil lary number on gas relative permeabil i ty at 

different viscosity ratios. The trend lines show that gas relative permeabil ity 

increases by increasing capillary number. The reason is that by 
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Figure 7.5: Effect of capillary number on gas relative permeability at different 
viscosity ratios (9-CEVS bubble, Sg=12%, IFT=20mN/m, 9 t = 25) 

increasing capil lary number while keeping oil viscosity ( / / „ ) and interfacial tension 

constant, f low velocity (v) is increasing, which means that pressure forces are 

increasing. This tends to increase gas mobility. As it is shown in Figure 7.5, variation 

of krg is low, in the regions of capillary numbers less than 1e-4 and more than 1e-3. 

Between these two regions, the variation of is different. We do not have any 

explanat ion for this trend. 
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Exper imental results of the oil relative permeability in oil/water system showed that 

by increasing the capillary number (Ca), oil relative permeability (km) increases 

(Avraam and Payatakes , 1995). T h e s e results are shown in Figure 7.6. 

Constant in ides and Payatakes (1996) performed network simulation to show the 

effect of capil lary number on km in oil/water systems. Figure 7.7 shows their results 

and indicates that, k n increases by increasing capillary number. 
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Figure 7.6: Effect of capillary number and viscosity ratio on relative 
permeability in oil-water system. (From Avraam and Payatakes, 1995) 
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In a gas-condensate system study, Mott et al . (2000) showed the effect of capil lary 

number on relative permeability of the liquid and gas. The results of relative 

permeabil i ty measurements on a sandstone core from a Northsea gas condensate 

reservoir are shown in Figure 7.8. As it is shown in this 
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Figure 7.7: Effect of capillary number on relative permeability in oil-water 
system. (From Constantinides and Payatakes, 1996) 
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Figure 7.8: Effect of capillary number on relative permeability in gas-
condensate system. (From Mott et al., 2000) 

f igure, by increasing the capillary number, relative permeabil i ty to both phases 

increase. 

7.2.4. Effect of gas bubble size 

Figure 7.9 shows the effect of gas bubble s ize on gas relative permeabil ity. As 

it is shown in this figure, by increasing the gas bubble s ize at a specif ied gas 

saturation and capillary number, the gas relative permeabil ity increases. T h e s e 

graphs are plotted for three different viscosity ratios. Al l the graphs show that by 

increasing the gas bubble s ize, gas mobility is increasing. The physical interpretation 

is that, larger gas bubbles have larger pressure difference along them, leading to 
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higher driving force to move the gas bubble. A l so higher number of gas bubbles 

means higher number of interfaces and therefore more resistance to flow. 

bubble size (No. of CEVS) 

Figure 7.9: Effect of gas bubble size on gas relative permeability (Ca=1e 4, 
Sg=12%, IFT=20mN/m, 0e = 25) 
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Kumar and Pooladi-Darv ish (2001) showed that gas bubble growth is lower in 

heavier oils in a depletion process. The results of their work are shown in Figure 

7.10. This figure shows that for equal period of time and the same pressure decl ine, 

the gas bubble s izes are smaller in heavy oils compare to conventional (light) oil. 

Lago et al . (2000) conducted a ser ies of pressure depletion exper iments in g lass 

micro-model using five Venezue lan oils. They found that during depressur izat ion 

tests in a micro-model, there are more bubbles in heavy oils than in light oils, while 

the bubble s ize is smaller. 

Our model results show that smal ler gas bubbles move slower than large gas 

bubbles. By combining these two results, one observe that low gas mobility in heavy 

oil reservoirs as suggested previously is in line with the fact that (1) the nucleated 

gas bubbles remain smal ler during the depressuriz ing process in heavy oil sys tems, 

and (2) smal l gas bubbles move slowly. 
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Figure 7.10: Comparison of bubble growth for gradual decline in pressure (100 
psi/hr) for various cases. (From Kumar and Pooladi-Darvish, 2001) 

Micro-model studies of Bora et al . (2000) showed that gas bubbles break to smal ler 

daughter gas bubbles at high flow rates (Figure 7.11). Based on our model results on 

the effect of gas bubble s ize on gas relative permeability, once a large gas bubble 

breaks to smaller gas bubbles, the generated smal l gas bubbles move slower than 

the original large gas bubble. This might give a clue why high production rates are 

found a suitable production scheme in cold production of solution gas drive heavy oil 

reservoirs. Our model does not account for the gas break-up. But it g ives the above 

idea implicitly by running the model at different gas bubble s izes . 
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b. 

Figure 7.11: Illustration of bubble break-up mechanisms by tip splitting [(a) 
and (b), and break-up of elongated gas bubbles [(c) and (d)]. (From Bora et al., 

2000) 

Ettinger and R a d k e (1992) conducted experimental studies on the influence of 

texture on steady foam flow in Berea sandstone. The main conclusion of their study 

w a s that finer-textured foam leads to larger flow resistance. Figure 7.12 shows the 

effluent foam texture for a weak foam (dBi_=700 iim) and a strong foam (dBi_=300|im). 

Figure 7.13 shows the effect of gas bubble s izes on gas velocity. As it is shown in 
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this figure, gas velocity increases by increasing the gas bubble s ize . Our model 

showed the s a m e results. 

Figure 7.12: Effluent foam texture for (a) a weak foam (dBL=700 fj,m) and (b) a 
strong foam (dBL=300 ^m). (From Ettinger and Rodke, 1992) 
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Figure 7.13: Effect of average bubble densities and sizes on gas velocity for 
pre-generated and in-situ-generated foam flow experiments. (From Ettinger 

and Radke, 1992) 

7.2.5. Effect of aspect ratio (AR) 

The effect of aspect ratio or the ratio of the pore body diameter to the pore 

throat diameter is studied by setting all the variables constants except the value of 

aspect ratio. The throat s izes are kept constant and the pore body s izes are being 

changed. Therefore, by increasing the A R , the porosity ($ and absolute permeabil i ty 

(K) of the model increase too, but the gas saturation remains constant. The obtained 

results are shown in Figure 7.14. As it is shown in this figure, by increasing A R , krK 

increases. 
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Figure 7.14: Effect of aspect ratio (AR) on gas relative permeability (16-CEVS 

bubble, Sg=13%, =1e-5, Ca=1e-4, IFT=20mN/m, 0e = 25) 
/ Mo 

Unconsol idated sand, which is usually the sand type in Canad ian heavy oil 

reservoirs has lower aspect ratio compared to the consol idated sand type. Therefore, 

aspect ratio might be one of the reasons that keep k low in these heavy oil 

reservoirs. 

Mode l gave scattered results of gas relative permeability for the simulation runs of 

low va lues of aspect ratio (AR<2.8). 

In another set of simulation runs, the effect of aspect ratio is studied by keeping the 

pore body s ize constant and change the pore throat s izes. The results showed that 
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by decreas ing pore throat diameter ( increasing aspect ratio), porosity and 

permeabil i ty of the network decreased, and the gas pseudo-relat ive permeabil i ty 

increased, the same as the cases of constant throat s izes and increasing pore body 

s izes . 

7.2.6. Effect of contact angles 

In this model , different values are used for the advancing and receding 

contact angles. Figure 7.15 shows the effect of the contact angles on gas pseudo-

relative permeability. As it is shown in this figure, by increasing the contact angles 

(equilibrium, advancing and receding) the gas relative permeabil i ty increases. 

Advanc ing and receding contact angle values are 5 degree higher and lower than 

the equil ibrium contact angle, respectively. The explanation is that by increasing the 

contact angles, capillary forces decrease. Therefore, capil lary number (ratio of 

pressure forces to capillary forces) increases which causes increasing gas relative 

permeabil ity. 
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Figure 7.15: Effect of contact angle (equilibrium, advancing, and receding) on 

gas relative permeability (16-CEVS, Sg=13%, 
Mo 

= 1e-5, Ca=1e-4, 

IFT=20mN/m) Advancing and receding contact angles are 5 degrees higher 
and lower than the equilibrium contact angles, respectively. 

7.2.7. Effect of Interfacial Tension (IFT) 

Figure 7.16, shows that by increasing interfacial tension between gas bubble 

and oil, k dec reases . In this model by decreas ing IFT and keeping the capillary 

number 
( \ 

constant, oil velocity or macroscop ic pressure difference will 

dec rease . Therefore, the oil and gas flow will dec rease . However, the relative 

movement of gas bubbles will increase because of reducing capil lary forces due to 

reducing IFT. Li and Firoozabadi (2000) studied relative permeabil i t ies in 

gas /condensa te systems using a network model . Figure 7.17, shows their results. As 
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it is shown in this figure, relative permeabiit ies of both phases dec rease by 

increasing interfacial tension. Model for the IFT values less than 0.05 mN/m fai led. 
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Figure 7.16: Effect of interfacial tension (IFT) between oil and gas on gas 

relative permeability (16-CEVS bubble, S g =13%, / "y = 1e-5, Ca=1e-4, 0, = 25) 
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Figure 7.17: Effect of interfacial tension on the relative permeability in 
gas/condensate system. (From Li and Firoozabadi, 2000) 

7.2.8. Effect of viscosity ratio 

In this section the effect of viscosity of wet t ing-phase on the relative 

permeabil i ty to the non-wetting phase is studied. 

O d e h (1959) conducted relative permeability experiments at various viscosity ratios 

for different oil-brine systems and observed that the relative permeabil i ty for the non-

wetting phase was a function of the viscosity ratio. Figure 7.18 shows the results 

obtained by Odeh (1959). This figure shows that kro decreases by 
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Figure 7.18: Effect of viscosity ratio on relative permeability in oil-water 
system. (From Odeh, 1959) 

decreas ing viscosity ratio ( —) in a water/oil system. P l e a s e note that the symbols 

in Figure 7.18 are not ordered. 

A v r a a m and Payatakes (1995) conducted experimental studies using a model of 

chamber and throat type, etched in g lass. S o m e of their results are shown in Figure 

7.6. T h e s e graphs show the same trends as the experimental works of Odeh (1959), 

that kro dec reases by decreasing the viscosity ratio (K). 
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Network simulation results of Constant in ides and Payatakes (1996) showed the 

s a m e trend. Figure 7.19 shows their obtained results. As it is shown in this figure, 

relative permeabil i ty to the disconnected non-wetting phase (oil ganglia) dec reases 

by decreas ing the viscosity ratio (K). 
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Figure 7.19: Effect of viscosity ratio on relative permeability in oil-water 
system. (From Constantinides and Payatakes, 1996) 

Wal l and Khurana (1972) studied the effect of viscosity on relative permeabil i ty to 

gas . They showed that the gas relative permeabil ity dec reases with increase in oil 

v iscosity. Figure 7.20 shows their results. 
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It has been suggested that in gas-oi l systems, gas relative permeabil ity is lower in 

some heavy oil sys tems than in light oil systems. The experimental and simulation 

results of Poolad i -Darv ish and Firoozabadi (1999) indicate that the gas mobility in a 

Figure 7.20: Gas relative permeability at different oil viscosities. (From Wall 
and Khurana, 1972) 

heavy oil sys tem is much less than that in a lighter oil system under solution gas 

drive. Their results are shown in Figure 7.21 in terms of ratio of relative 

permeabil i t ies, where relative permeability to oil remains constant. 

Studying the effect of oil viscosity on gas relative permeability is our main goal in this 

work. None of the previous network models investigated gas oil sys tem for this 

purpose. As it is shown in Figure 7.22, by increasing oil viscosity; i.e. by decreas ing 
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the viscosity ratio , relative permeabil ity to gas decreases. This behavior might 

explain why in heavy oil reservoirs, the tendency of gas bubbles to be produced is 

lower than that in conventional light oil reservoirs. Figure 7.22 shows this behavior at 

three different capillary numbers. The same behaviour was found at different gas 

bubble s izes , and gas saturations. 
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Figure 7 .21: Comparison of relative permeability ratio in heavy and light oil. 
(From Pooladi-Darvish and Firoozabadi, 1999) 
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Figure 7.22: Effect of viscosity ratio on gas relative permeability. (9-CEVS 
bubble, Sg=12%, IFT=20mN/m, 0C = 25) 

The obtained results are in line with the experimental work of Odeh (1959), and 

Av raam and Payatakes (1995), network model ing of Constant in ides and Payatakes 

(1996), and experimental and simulation results of Pooladi -Darv ish and Firoozabadi 

(1999). 
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CHAPTER EIGHT 

Conclusions and recommendations 

8.1. Conclusions 

A converging-diverging network model including the capil lary and pressure forces 

was deve loped. Relative permeability of the d ispersed gas bubbles in an oil 

saturated porous media is simulated using the developed network model . The 

following conclus ions are obtained from the simulation results: 

• G a s relative permeability is a function of gas saturation, viscosity ratio (/jg/ju0), 

capil lary number, interfacial tension (IFT), contact angle, pore-aspect ratio, 

and gas bubble s ize. 

• A m o n g the variables studied, viscosity ratio had the largest impact on relative 

permeabil ity to gas. The results indicated that a ten-time increase in oil 

v iscosity leads to an approximate ten-time decrease in relative permeabil ity to 

gas, all the other d imensionless numbers remaining the same. Th is is shown 

for the first time for the very low values of viscosity ratio (down to 1CT6), 

appl icable to heavy oil/gas systems. This observat ion confirms previous 

hypothesis (Pooladi-Darvish and Fi roozabadi , 1999 and Kumar and Poo lad i -

Darvish 2000) that relative permeability to gas is extremely low in heavy oil 

sys tems under solution-gas drive, leading to improved oil recovery. 
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• Larger gas bubbles showed higher gas relative permeability. This suggests 

that smal l gas bubbles in heavy-oil systems under solution gas drive could 

lead to reduced gas mobility. 

Based on the above conclus ions the following suggest ions can be provided. 

• For experimental determination of relative permeability, one should choose 

the rock and fluids of interest. This would ensure similarity of viscosity ratio, 

interfacial tension, and aspect ratio. Another d imensionless number that 

should be properly sca led between the field and the laboratory is the Capi l lary 

number. Flow rates in the laboratory should therefore be chosen such that 

the capil lary number is properly scaled with field condit ions. 
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8.2. R e c o m m e n d a t i o n s 

Our results indicated that a more d ispersed gas phase exhibits a lower relative 

permeabil ity, everything e lse being similar. Therefore, flow physics that determine 

bubble s ize in porous media should be included. One of the important p rocesses 

affecting bubble s ize is the dynamic break-up of gas bubbles. The effect of break-up 

and other similar p rocesses on gas relative permeability and their inclusion in the 

mathematical models is recommended. 
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