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PREFACE 

This report is concerned w ith three-phase transport in porous media at two distinct levels: 

• microscopic or pore network scale: 
• macroscopic scale. 

The microscopic scak in reservoir modeling has undergone a paradigm shi ft initiated in the late 
I 980's: the introduction of randomness at the pore network scale to explain key mechanisms of 
multiphase transport underlying relati ve permeabilities and capillary pressure functions. 

Randomness is a dominating feature at the microscale. However. the final goal of most reservoir 
engineering tasks is at the macroscale. This is the reason why so many current re earch efforts 
dealing with complex porous media are concerned with upscaLing. One of the goals of upscaling is 
to replace microscopic randomness by more reliable deterministic variabl es and parameters. This is 
achieved by transforming multiscale systems into single-scale systems. /\n alternative approach to 
upscaling is that of multiscale modeling. Multiscale modeling does not involve any transformations 
of mult iscale systems to systems w ith a single scale. On the contrary, d ifterent models are employed 
at different phys ical scales to build a comprehensive description o f ystems that could not be 
modeled otherwise. More specifically, multiscale modeling is particularly suitable in the case of 
systems controlled by mechanisms requiring a very accurate and computationally expensive 
description at one scale and a coarser description at another scale. 

The role of multiscale modeling in this proj ect has been to provide the parameters pertaining to the 
multiphase flow (relative permeabilities and capillary pressure functions) with the same status as 
that created by geostatistical methods for their counterparts pertaining to the single phase tlow 
(porosities and absolute permeabilities). In the latter case, a large number of measurements is 
conducted by oil companies and routinely assigned to grid blocks. A successful completion of this 
task would stop the unfortunate practice of using a single relative permeability function in computer 
simulations of complex hydrocarbon reservoirs. 

One of the central themes of this proj ect has been the design of a two-scale reservoir simulator 
consisting of a network model sequentially linked w ith a macroscopic reservoir model. T his hybrid 
reservoir imulator was subsequently used to d~velop an iterati ve procedure for the determination of 
three-phase relative permeabilities for gas injection and WAG injection recovery processes, 
respectively. In the former case, the method performed satisfactoril y leading to a set of relative 
permeabilities for the two-scale system. In the case of the WAG injection, however, emerging oil 
ganglia destroyed the coupling between the constituent models of the two-scale simulator. 
Consequently, the iterative procedure collapsed. The problem could be avoided by applying a more 
sophisticated network model. The design of uch a network model and its application in a 
multiscale reservoir simulator encompassing length scales spanning the microscopic to the 
macroscopic is a challenging topic for a new research proj ect. 

A natol Winter 

GEUS, A ugust 4, 2001 
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Introduction 

1. Introduction 

l. l Overview of the project 

Development of improved and enhanced oil recovery methods involves numerical simulations of 
multiphase fluid transport. Reservoir simulations require a reliable geological model of the 
reservoir. Geological models contain a faithful representation of spatial heterogenei ty consistent 
with available measurements of reservoir propertie , uch as poro ity and permeabili ty. In most 
cases, reservoir engineer have suffi cient in formation to define reliable distributions of these 
propertie . On the other hand, mul tiphase properties. such as relative permeabilities, arc usually 
given less attention. For improved oil recovery proj ects, such as e.g., water-alternating-gas (WAG) 
injection processes. accurate measurements or relative permeability functions, which control 
recovery rate, arc crucial. Unfortunately, cxperimental procedures fr> r determination of relati ve 
permeabilities are expensive, time consuming, and onen unreliable. In many cases, a single set of 
relative permeabilities is assigned to a given rock type, or even to whole regions of an oil field. 
Con equently, development decisions, concerning e.g., po sible improved oi l recovery projects, are 
o ften erroneous leading to huge financial losses and abandonment of planned activi ties. 

In principle, both absolute and relative permeabil ities can be computed numerically as space and 
t ime averages of the appropriate pore-scale quantities. These methods are feasible under condit ions 
not far from equilibrium. Unfortunately, many transport mechani ms. e.g .. that governing three
phase transport in WAG-injection processes, o ften occur very far from equilibrium. This is due to 
trong gradients o f pres ure and composition. Thi is why reservoir rock properties, uch as relative 

permeabilities, become history dependent emerging as highly non I inear functions of phase 
aturations. 

This proj ect deals with multiscale model ing of three-phase water-alternating-gas (WAG) injection 
processes. T he adopted research strategy consists of three steps. In the first tep, the displ acement 
phys ics is examined using art ificial pore networks (micromodels) as model media. A catalog of 
pore-scale transport mechanisms governing three-phase transport mechanisms is created and 
implemented in a network simulator. In the second step, the network simulator is coupled in series 
w ith a 1-D, grid-based reservoir simulator. The two models are then combined to determine relative 
permeabilities and capillary pressure functions for a prespecith:d ·cqucnce of saturation changes. 
Finally, the third step is to assign the relati ve permeabilities and capillary pressure functions 
determined by the multiscalc reservoir simulator to a geological model impkmcnted in the grid
based reservoir simulator. 

l.2 Relative permeabilities and capillary pressures functions for three-phase transport 

Presence of three pha e may have important implication for hydrocarbon recovery efficiency. For 
example, it is well known that gas injection increases oil recovery efficiency because it enables oi l 
to fl ow at lower saturations than with water alone. 

Macroscopic model of three-phase tran port involve two basic ingredients: capillary pre sures and 
relati ve permeabilitie . 
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Capillary pre sures are defined by the following relationship: 

( 1.2.1) 

where the subscripts describe the three phases, gas, oil, and water and P, is the pressure of the phase 

i. 

Relative permeabilities can be determined from the Darcy law generali zed to multiphase fl ow, 

v, = kk,, ( 1.2.2) 
1-t/v(P,- p,g=) 

where v, is the Darcy ve locity of phase i. /.I, i the viscosity, p is the density, g is the gravitational 

acceleration, k i the absolute permeability , and: is the vertical coordinate. 

Three-phase relative perm1..:abil i ty functions arc u ually depicted using an equilateral saturation 
triangle. T he saturation of a single phase is represented by a vertex or the saturation triangle while 
the opposite base line represents a saturation of 0% of that phase corresponding to a two-phase 
situation (cf. Figure 1.1 ). In this limit, the transport problem is reduced to that of the classical 
Buckley-Leverett theory ( ef Buckley-Leverett, 1941 ). 

It is often convenient to draw the o-called iso-perm in the saturation triangle defined as the lines 
where the magnitude of the relative permeability functions are the same. The iso-perm lines parallel 
to a base line indicate that the relative permeability of a phase is a function of its own saturation 
only. On the other hand, curved iso-perm lines indicate that the relative permeability also depends 
on aturation of the other phases. 

Irreducible and res idual aturations of fluid phases are represented as regions in the three-phase 
saturation triangle with either two phases or a single phase mobile. The boundaries eparating these 
regions are dependent on the aturation history and, consequently, di fficult to establish 
experimentally. Considerable inter- and extrapolation may be needed to describe the residual 
regions within the entire saturation triangle. M oreover, the boundaries between the regions are not 
necessarily straight lines. Finally, it should be noted that all three phases arc mobile only within a 
limited region of the saturation triangle (cf'. Figure 1.1 ). 

Experimental measurements of three-phase relati ve permeabilities arc quite time consuming due to 
the large number of experiments required to obtain data points from the entire saturation triangle. 
Con equently, a limi ted number o f experimental mea urements has been reported in the l iterature. 

araf et al. ( 1982) gives an overview of the publi hed experimental studie of three-phase relative 
permeability functions. These measurements indicate that the relati ve permeabil ity to the water and 
gas phase in a water-wet system is a function of its own saturation only. On the other hand, the 
relative permeability function to the oil phase is dependent on two aturations. Moreover, the 
relative permeability function to oil is saturation history dependent. Chatzis et al. ( I 988 a), 
Kalaydjian et al. ( 1993), Zhou, Blunt ( 1997), and Blunt et al. ( 1995) presented resul ts showing that 
when the oil phase spreads between the gas and the water phases, the residual oil saturation 1s 
significantly reduced. In addition, the relative permeability to the oil phase generally increases. 
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- Single-phase Region 

- Two-phase Region 

CJ Three-phase Reg ion 

Figm·e I. I An idealized three-phase saturution triangle. The green color indicates the area where all three phases 
arc mobile. T he blue ,11·c11s arc saturation regions whe,·e two t)hases are mobile. The red areas are saturation 
regions where only II single plrnse is mobile. 

The choice of a mathematical model of the three-phase relative permeabili ty functions is crucial to 
the ex istence of solutions of a three-pha e tlow problem. For the Corey-type models of relative 
permeabil ities (cf. eqs. (5. 1 ), (5 .2), (5.3) and ection 6.3.3) it has been hown that at an isolated 
point in the three-phase aturation triangle, the eigenvalues or the .Jacobian matrix of/ in the (2x2) 
system of partial differential equations de cribing mas (volume) conservation, 

S, +fr= 0 ( 1.2.3) 

are real but coincident. In eq. ( 1.2.3) s is a vector of conserved quantiti es (e.g. mass),/ is the vector 
of tlux terms, x is the space dimension, and t is time. This point is referred to as the umbilic point. 

One of the models for relative permeability that have been ·tudied by many authors is the Corey
type model. It is based on the assumption that the relative permeabili ty of each phase is a unique 
function of its own aturation, and that the first and econd derivatives of the relative permeabi I ities 
are positive at all points of the saturation lriangle where the phases are mobile. In tone-type models 
the relative permeabilities to the wetting and nonwetting phases are assumed be unique functions of 
their own saturations. One the other hand, the relative permeability to the intermediate phase is 
assumed to be dependent on two saturations. 

In a seminal paper dealing with the three-phase flow problem with gravity eftects Trangenstein 
( 1989) has shown that the only models that always result in hyperbolic equations are those in which 
relative permeabi li ties are unique functions of their own phase saturation. He also demonstrated that 
for the Stone-type relative perrneabi l ity functions the o-called elliptic regions might arise within 
the aturation triangle ( cf. Chapters 5 and 6). 
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Direct measurements o f three-phase relative permeabilities for all possible saturation paths in the 
saturation triangle are not yet established as a part of standard indu trial practice. In fact, tone 
( tone, 1970, I 973) assumes that the relati ve permeabil ity functions can be extracted from two ets 
of two-phase relative permeabilitie . However, some of the predictions obtained from his models 
were found to be inconsistent wi th experimental measurements (c f. Nordvedt 1996). This is why 
one of the aims of this proj ect has been to find out why the existing models of three-phase fl ow lead 
to relati ve permeability functions that in many cases are incompatible with available experimental 
data. Our initial strategy was to test one o f the important assumptions of macroscopic models o f 
multiphase tlow in porous media, namely the assumption that the three fluid phases coexisting in 
the pore space do not interact with each other. A nother questionable assumption underl y ing 
multiphase transport in porou media is that relative permeabilities to a phase depend only on the 
aturation of that phase. In fact, the in tluence of all other propcrtie . such as e.g., saturation history, 

v iscos ity ratio (cf. Morrow and Collin , 196-. Killough, 1976, Chatzis et al., 1988 and Avraam and 
Payatakes. I 995) has been entirely neglected. This is probably the main reason why reliability of 
empirical model o f three-flow is much lt:ss satisfactory at low oil saturations in comparison w ith 
high oil saturations. 

In addition to relative permeabilities, another key parameter governing three-phase transport in 
porou media are capillary pressure functions associated w ith the interfaces occurring in the pore 
space: oil-water. oil -gas and gas-water interlace. Three-phase capillary pressure measurements are, 
like three-phase relative permeabili ty functions. difficult to conduct and are rarely measured in the 
laboratory. This is due to the vast number of measurement points required, di fficulties in 
imultaneous handling of the three phase and interpretation of the results. However, knowledge of 

three-phase capillary pressure functions is indispensable in most reservoir imulators. U ually, only 
oil-water and oil -gas capillary pressure functions are measured and the third capillary pressure is 
deduced from a relation between the three capillary pressures given by 

( 1.2.4) 

where P.~.., is the gas-water capill ary pres ure, P.0 w the oil-water capillary pressure, and P,:oi; the oil
gas capillary pressure. This relation assumes that the three phase coexisting in the ubsurface are 
continuous with oil preading as a thin layer between water and gas. 

T he capillary pressure usually i · regarded as a static property, which describes a static equilibrium 
between gravitational forces and capillary forces. However, viscous fo rces arising during fluid flow 
in the reservoir can balance capillary forces. In tht! latter case, the capillary pressure actually 
describes a dynamic equilibrium. In that case the pressure jump across the oil-water interface can 
not be determined from the Laplace equation alone. In most reservoir simulations, no distinction i 
made between static and dynamic equilibrium. Experimentally, it has been shown that the capi llary 
pres ures functions associated with the two equilibria are not the same ( cf Kalaydj ian, I 992a). 

The organization of this report is as follows. 

A ppendix A contains a description of structural properties of the mathematical network model 
underlying the quasistatic network simulator developed in the cour e of this proj ect. It ex tends brief 
in formation on this same topic given in Chapter 4. 

Appendix B describes a pilot study dealing w ith a method involving Nuclear M agnetic Resonance 
(N MR) techniques for determination of phase saturations in the case of three-phase tlow through 
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chalk reservoir rock amples. This study uses the model fluid y tern con isting of water, n-decane, 
and benzyl alcohol. The same mixture was used by Grader et al. ( 1988) in their investigations of 
three-phase relative permeabilities measured by conventional methods. The initial results indicate 
that the selected model sy tern is a suitable candidate for determination phase aturations via NMR 
techniques. Additional investigations of saturation trajectories determined by applying multiscale 
modeling and a compari on with their counterparts originating from NMR studies an.: needed. 

Appendix C contains three papers written during this project. The first paper entitled Three-Phase 
Immiscible WAC lnj eclion: Micromodel Experiments and Network Models was presented during the 

PE/DOE ymposium on Improved Oil Recovery held in Tulsa in April 2000. The second paper 
entitled Thin Films. Oil layers. and Three-Phase Flow in Porous Media was presented at the 14-th 
Symposium on Thermophys ical Properties held in Boulder. Colorado, in June 2000. It has been 
submitted to International Journal o f T hermophysic . Finally, the third paper entitled Multisca/e 
ModeLing of Relarive Permeabiliries has been accepted for presentation at the 22-nd Workshop and 
Symposium organized by the International Energy Agency (IEJ\) which will be held in Vienna. 
Austria (September 9- 12, 200 I ). 

Finally, Appendix D contains some additional details concern ing the iterative procedure described 
in Chapter 6 aimed at the determination o f three phase relative permeabi lity functions. 

l.3 Adopted research strategy 

T he research strategy adopted in this project consi t of the following steps ( cf. Figure 1.2): 

• A collection of micromodels is manufactured by applying the reactive ion etching (RIE) 
technique u ed in the semiconductor industry (c l'. Chapter 2). 

♦ The pore-level displacement mechanisms and configuration of the three phases coex isting in a 
pore space are studied for a given tran port process using a collection of micromodel as 
artificial porous media. A catalog of the observed transport mechanisms is created (cf. Chapter 
3). 
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Pore-level Displacement Mechani~ms 
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Figure 1.2 The overnll strategy: network simulators are used to derive petro1lhys ic11I properties like saturution 
paths, capillary 1u·csstffcs, and rehative permeabilities that also appl)' to the mncroscopic level. 
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♦ The pore-scale three-phase Lran port mechani ms obtained from Lhe micromodel experiment 
are implemented in a quas istatic network imulator (cf Chapler 4). The network simulator 
contain a mathematical network model descr ibing porous media as a lattice of pore chambers 
connected by constrictions called pore throats. Their effective size, length, and cross-sectional 
geometry describe the pores appearing in the network model. The three-phase quasistatic 
network imulator describes the transport in the pore pace as a eries of pore- cale events 
conlrolled by the magnitude of the capillary pressure. The motion of the tluid phases is as umed 
to be low. More specificall y, the selection of a particular pore-scale mechani m from the 
catalog containing all such mechanisms is controlled by the so-called criti cal capillary pressure, 

pc·, as ociated with a particular type of displacement /~.• can be calculated from the 

configuration of the fluid phases at the pore level and the local pore geometry. 

Maastrichtian chalk 

lVIicromodel - GEUS 3 

Pore chamber 

Figure 1.3. Two EM pictures: (I) 1>ore space of luastrichtiun chalk from the North Sea. (2) Pore s1)nce of nn 
nrtificinl porous network, (micromodel) etched in II silicon Wllfcr. 

♦ The three-phase quasistatic network simulator and macroscopic reservoir simulator are used in a 
iterative procedure to determine a scale- invariant, three-phase relative permeabil ity functions for 
a prespecified recovery trategy, e.g. the Water-A lternating-Gas (WAG) injection process. T he 
obtained relative permeabili ty functions are seljconsistent, i.e. they are representative of both the 
displacement processes related to the pore-scale level where the capillary force · control the 
transport properties and to the macroscopic level where the viscous forces dominate the flow (cf. 
Chapter 6). 
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+ Based on the pore-level configuration of the fluid phases, the conductance of a pore or throat is 
determined. The conductance between connecting pores is determined using the harmonic mean. 
By letting the network simulator follow a specific saturation path, the relative permeability 
functions for a specific saturation path is determined. Assuming that the saturation path obtained 
from the network simulator also represents the macroscopic displacement process the relative 
permeability functions can be assumed to create a link between the macroscopic level and the 
network level (cf. Chapter 6). 

l.4 Acknowledgements 

The micromodels ust:d in expt:rimental studies of three-phase transport during this project have 
been manufactured in cooperation with 1v/ikroelek1ronik Centre/ (lvl!C) at the Technical Univer ity 
of Denmark (DTU). 
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2. Design and manufacturing of micromodels 

2.1 Micromodels as artificial porous media 

This chapter describes design and manufacturing process of physical network models. also reterred 
to as micromodels, aimed at studies of three-phase transport mechanisms in chalk reservoirs. The 
appl icd design strategy is the same as that used in the production of printed circuits: the reactive ion 
etching (RI E) applied to silicon wafer . The micromodels were manufactured at the Mikroelektronik 
Centret (1\4/C) affi liated wi th the Technical University of Denmark (DTU). The applied design 
method has been developed in a prev ious EFP-project (c f. Winter et al. , 1998). 

The idea of using micromodcls as model porous media has been implemented by many researcher . 
Early investigators used containers filled with glass beads as artificial porous media (c f. Ng et al. 
l 978, Egbogah and Dawe. 1980). Another approach was to etch a pore network into a glas plate 
(cf. Mattax and Kyte, 196 1. McKellar and Wardlaw. 1982, Chen and Wilkinson, 1985, Chatzi et 
al., 1988 a, oil et al.. 1991. 0 rcn and Pinczew ki , 1994, Avraam and Payatakes, 1995, Co kuner, 
1997 and Bernadiner, 1998). till another widely appl ied manufacturing strategy was to etch two 
mirror images of a designed pore network into two separate glass plate . The two plates were 
subsequently fused together forming a transparent porous medium where pore-level events can be 
readil y observed. The networks etched in glass plates were equipped with varying coordination 
numbers. pore size distribution functions and chamber-to-chamber distances. Moreover, a layer of 
ilane covering the glass surface modified their wettability properties (cf. Laroche et al., 1998)). 

The etching process applied in the design of gla s micromodel resul ts in eye-shaped cross-sections 
of the pores because the etching depth is greater in the center of the pores as compared to their outer 
part . The malle t dimension of the pores in glass micromodels is typicall y in the range of 40-50 
microns. The permeability of the glass micromodels is typically several Darcies and thus much 
larger than in most authentic re ervoir rocks. 

The accuracy of the de ired pore geometry of capillary lubings was greatly improved by using a 
silicon wafer as matrix material etched by applying the reactive ion etching (RI E) technique (cf. 
Owete and Brigham, 1987 and Keller et al., 1997). In particular, pore widths as small as 3 microns 
and nearly perfectly square cross-sections or capillary tunings were obtained by Keller et al. ( l 997). 
The disadvantage of using silicon wafors is that they are not transparent. Consequently, a 
transparent glass plate must cover the etched network and a rellected I ight micro cope must be used 
for ob ervations of pore-scale transport mechanisms. The surface properties of the porewalls are 
nonuniform because the surface of the porewall etched in silicon in general has urface properties 
different from tho e of the encapsulating glass plate. 

When con tructing three-dimensional pore networks in micromodels, special con ideration must be 
given to the details of the design procedure in order to optimize the conditions for visual tudies of 
pore-scale transport mechanisms. For example, bead packs in combination with fluids with identical 
refractive indices have uccess fully been used in three-dimensional displacement experiments 
(Frette et al., 1992). Tzimas et al. ( 1997) constructed a non-planar micromodel with two layers of 
pore chambers and throats by fusing three glass plates together. Two networks were etched on either 
side of the center glass plate. The two etched networks were then connected by drilled holes in the 



center glass plate. Two mirror images of the networks situated in the center glass plate were etched 
in the bounding glass plates, which were subsequently fused on either side of the center glass plate. 

2.2 Design and Manufacturing of GEUS Micromodels 

The fabrication ofGEUS I , GEUS 2 and GEUS 3 involved four stages: 

• Lithographic process 
• Etching process 
• Surface treatment processes 
• Encapsulation of the pore network 

2.2.1 Lithographic Process 

The activities involved in tl1e lithographic and etching processes are shown in f-igure 2.1 . 
The goal of the lithographic process is to transfer an exact replica of the designed network pattern 
from a photomask to the surface of the silicon wafer creating a temporary mask for the etching 
process. A polymeric material sensitive to UV-radiation is used as photoresist. The resist is 
developed in a negative process where the surface or the resist is exposed to I ight remains on the 
wafer while photo res ist not exposed to light is rt:moved by a chemical treatment. In most cases, the 
photoresist is a poor mask for the etching process. Therefore, the wafer has to be covered by a thin 
layer of aluminium (JOOOA) using the Physical Vapour Deposition method (PYO). The PYO 
method involves three basic steps: 

• Evaporation 

• Transport 
• Condensation 

The first step of the PYO method is evaporation of aluminium by heat in vacuum. The Al atoms in 
the vapour have considerable kinetic energy and therefore move away from the heat source. Since 
the ambient pressure and corresponding gas concentration are low, the Ai atoms suffer only few 
collisions, if any, and travel along straight lines. The wafer, where they condense out as the solid 
aluminum forming a thin and homogeneous layer on the silicon wafer, intercepts some of these 
atoms. 

The wafer's pore network is covered by res ist and aluminum. The remaining areas of the wafer are 
covered by aluminum only. The wafer is then exposed to organic solvents leav ing only the 
aluminum deposited directly on the water while aluminum with underlying resist is lifted off. 
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2.2.2 Reactive Ion Etching (RIE) Technique 

The RIE technique i used to etch the pore network into the si licon wafer. RIE is a dry etching 
technique based on the u c of ionised ga e . There are two different processes involved in RI E: One 
or the ionised ga e has radicals reacting chemically with the wafer material (reacti ve etching). 
Another of the ioni ed gases provid1.:s atoms that are accelerated by electric lield acting toward the 
urface of the wafer. The ioni cd atom dislodge the silicon atoms by momentum transfer 

(non reactive etching - called sputtering). Thus, RI E is a combination or chemical and physical 
processc . The right combination of these two processes yie lds an anisotropic etching. The rate of 
etching in the vertical direction is much higher as compared to the horizontal direction. 

onsequently. capillary tubing with near! perfectly vertical porewall arc created (Figure 2.2). The 
election and quanti ty of gases in addition to a number of other process parameters infl uences the 

etching rate and the degree or anisotrop . r-or more detail on th1.: reacti ve etching proee . the 
reader i rcforrcd to Thompson et al. ( 1994) and nner ( 1990). 

Resist layer covering t he wafer 

Exposure to light through photomask 

Part ial remova l of photores ist 

Covering with aluminum 

Lifting off resist covered by aluminum 

Etch ing Process 

Stripping of aluminum [,ayer 

f 

, 
.___. 

½ 
c:i 7 

c::J Silicon v'lafer - Photo resist 

CJ Photomask Ill Aluminium 

Figure 2. 1 chematic representation of the ste1,s of the lithographic and etching processes in manufacturing of 
micromodels made of silicon. A Py rex g luss plute subsequently encapsulates the etched network. 

The combination of the lithographic technique and the RIE process allow the pore network to be 
designed with pore throats a small as 4 microns i.e., almost the same ize as pore sizes appearing in 
natural hydrocarbon reservoirs. However, th is is still one order of magnitude larger than the pores of 
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most North ea chalk reservoirs. The minimum pore width in GEU micromodels is 8 microns. The 
reason for using 8 microns, as the minimum pore w idth is that the quali ty of tht: images obtained by 
the reflected light microscope is better for the width to depth ratio not too small. 

2.2.3 urface Treatment 

Two surface treatment processes are applied prior to encapsulation of the network by a glass plate in 
order to reduce the roughness of the etched porewalls of the network. First. the porewalls are 
exposed to a wet oxidation process forming a layer of silicon ox id1.: 0. • microns thick. Th is layer is 
then removed with fluoride acid. The ccond surface treatment process is a dry ox idation proces 
forming a layer of ilicon oxide w ith thickness equal to 0. 1 J..-1 m. The two oxidat ion proce e level 

out mall irregularities resulting in a smoother ' urfacc. onsequently, roughness of the sil icon 
urface approaches that of the encapsulating glass plate. 

2.2.4 Encapsulation of Micromodels 

The final ·tep of the manufacturing proces i the encapsulation of the etched network by a 500 µm 

thick Pyrex glass plate. The thickness of the plate is a critical parameter because it limits the 
focusing depth of the microscope caused by collision of the lens of the microscope w ith the 
underly ing glass plate. The thicknes of the applied Pyrex plate is mailer as compared to the 
previous generation of micromodels (c f. W inter et al., 1998). T hi allows greater magnification of 
observed pore- cale transport events. Prior to chemically bonding of the wafer and the Pyrex glass 
plate, the inlet hole are drilled in th~ glass plate for injection and production of fluids from the inlet 
and outlet chambers. 

Figure 2.2 SEM photograph of a 1>ore thro11t und a pore chamber taken at the Mikroelektronik Centret (MllJ. 
The widths of the throllt and the chamber are 10 and JO microns, respectively. The channel de1>th is 10 microns. 
The anisotropic ion etching results in strictly rectangul11r cross-sections of the pores. The subsequent o:i:idation of 
the silicon ensures highly smooth 1>orewalls. The Pyre:< gh,ss is bonded to the top of the etched network. 
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2.2.5 Design of Pore pace in GEUS' Micromodels 

Three different pore networks were designed fo r GEU I, GEU 2 and GEUS 3 micromodels. A 
small Fortran program was written to create a file in the CIF format used by manufacturers of the 
photomasks containing blueprints for the designed pore networks. In particular, the pores were 
defined as rectangles with widths, lengths, and positions on the wafer. 

The pore pace of a micromodel was designed with 45000 pore chambers and approx imately twice 
the number of throats. The pore network was ub equently replicated three times on a single sil icon 
wafer. The pore chamber were positioned on a regular lattice which had been rotated 45° (cf. 
Figure 2.3). The rotation of the pore network gives a higher tortuosity as the shortest distance 
through the network is increased by a factor ✓2 . The distance between the centers of two pore 
chambers, the node distance, is 52 microns. The short node distance compared to the size of the 
largest chamber of 40 microns was chosen in order to capture the largest section possible with the 
maximum magnification. 

Figure 2.J EM picture ofGEU 2 taken nt the Mikroelektronik Centret (MICJ, OT . The etching de1>th of the 
inlet chamber is 40 microns while the etching de1>th of the network is 15 microns. The chambers arc positioned 
on a regular lattice, which is rotated -45°. The chamber-to-chamber distance is 52 microns. 

The main difference among the pore network implemented in GEUS I, GEU 2, and GEUS 3 
micromodels is in the distribution functions of their pore size (cf Table 2.1 ). More specifically, the 
GEUS micromodels contain nine different pore classes. GEUS l is designed with five pore classes 
fo r the pore throats and five pore classes fo r the pore chambers. The width of a pore is ass igned 
randomly. Two di fferent sets of seeds are used for the random number generators of the chambers 
and the throat . The frequency distribution of GEUS I is a discrctized lognormal distribution. 
GEUS 2 i de igned with nine pore classes of pore throats and chambers and the pore size 
distribution is uni form. 
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Model GEUSI GE llS 2 GEllSJ 
Node distance ·2 µm 52 fllll 52 µ111 

Throat depth 15 fllll 15 fllll 10 fllll 

Chamber 15 fllll 15 fllll 40 µ111 

depth 
1/0 deoth 40 fllll -IOµm 40 fllll 

Pore class Throm Chnrnbcr Frequency Thronl Chnmb. Frequency Throut Chnmb Frequency 
"1dlh "idlh Throat /chamber " 1dth II 1dth Thront/ chnmbcr width \\ ldth Thront/ chamber 
(fllll ) ( fllll ) (~1111) (~Lill ) (µIll ) ( ~11 11) 

I K - 16 . K N 11 k N 11 

2 - . 10 2(, 11 10 26 11 

3 I:! - 21 - 12 2X 11 12 2X 11 

4 30 I(, 14 30 11 14 30 11 

5 16 32 2(, 21 16 32 11 I(, 32 11 

6 34 2(, IK 34 11 IX 34 11 

7 20 36 21 21 .w 3(, 11 20 36 11 

8 3k - 1(, 22 3X 11 22 3X 11 

9 24 - 16 - 24 40 11 24 40 11 

Table 2.1. Main design parameters of G EU I , G EUS 2, and G EUS J micromodels. 

T he pore networks of GEU 3 micromodel (cf. Figure 2.4) contain some important teatures. T he 
distribution of pore sizes in GEU 3 i imilar to that of GEUS 2. These features are due to the fact 
that during the design process, in tead one etching mask used for the entire network, two etching 
mask are used. More precisely, the pore chambers are created with one etching depth and pore 
throats with another etching depth. In GEU I and GEUS 2 micromodels, the matrix of the 
micromodels' pore space appears as a sy tern of isolated pillars while in GEU 3 the shape of the 
matrix i more complicated and irregular. Initially, all pores were etched to the same depth. Later, 
however, the pore chambers were additionally etched to a greater depth. 

There are two significant advantages associated wi th the double etching depth. The first advantage 
is that in all prev ious micromodcls etching depths are of the order of the smallest pore. This means 
that capillary pressures within the pore network arc to a large extent controlled by the etching depth 
and not the assigned pore size. The econd advantage is that the wedges of the porewall are 
connected through the etched network. In all previous constructions o f micromodels, uni form 
etching depth throughout the network or eye-shaped pores caused the wedges to be isolated 
restricting the flow of the wetting phase controlled by thin wetting films. This was unfortunate, 
ince presence of continuous wetting films is believed to represent a crucia l transport property of 

natural porou rocks. 
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Figure 2.~ EM 1>icture of GE J htken at the Mikroelektronik Centret (MllJ at OT . Two etching de1>ths were 
used for the network. The corners of the pores form a network of wedges, which spans the entire etched network. 

2.2.6 Design of Inlet and Outlet hambers 

The properties of the inlet and outlet chambers can influence the flow of the etched network (Figure 
2.5). In GEUS' micromodel the inlet and outlet chambers were de igned as deep as possible 111 

order to reduce the resistance to tlow. 

The depth of the inlet and outlet chamber wa primarily limited by the time required for the etching 
process to reach a certain depth. Normally. the etching depth of a print plate is a tew microns. 40 
micron was chosen as a compromise for maximizing the depth of the inlet and outlet chambers 
without using exces ive etching time . A depth of 40 microns leads to an approximate capillary 
pressure of 3.500 Pa for a pertectly welling air-wut1.:r system with intcrfacial tension of 72 mN/m 
compared to a capillary pressure of 19.200 Pa for a pore throat with depth and width of 15 microns. 
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Figure 2.5. Top left: Sketch of three etched pore networks on a silicon wafer. Top right: The design of inlet and 
outlet chambers is shown with drilled holes in the Pyrcx glass 11late for injection of fluids. Bottom: Profile of the 
inlet chamber with the etched pore ne twork. 

The depth of the inlet and outlet chamber also determine the hydraulic conductance of the inlet and 
the outlet chambers. The hydraulic conductance i important because the pressure during tlow 
experiments is measured outside the inlet chamber. If the viscous pressure drop in the inlet chamber 
is comparable to the pressure drop of the network, it is necessary to compensate the measured 
pressure for the viscou pre sure drop in the inlet chamber in order to obtain the pressure of the 
fluid prior to entering the network. Likewise, the pressure in the outlet chambl!r, where the fluid 
leaves the network, is not the atmospheric pressure due to a viscous pressure drop in the outlet 
chamber. The pressure drop in thl! inlt:t can be estimated by assuming that the now in the inlet and 
outkt chambers is a Couette fl ow. The pressure drop is then given by 

(2. 1) 

where B i the width of the network and h i the di tance between the two parallel plates, µ is the 
vi cosity of the tluid, Q is the injection rate of the fluid, and dpl dx the pressure drop. 

For a di tance h = 40 microns, B= I I 00 micron , viscosityµ "" I cP, injection rate, Q = 1.0 ml/h, and 
the viscous pressure drop is 5· I 03 Palm. The permeabili ty of the network is I 000 mD. This yie lds 
the pressure drop of 2· 106 Palm. Thus, the pressure drop is three orders of magnitude larger in the 
network as compared to its counterpart in the inlet and outlet chambers. It should be noted that the 
depth of the inlet and outlet chambers enters the expression of the pressure drop in the third power. 



=D~e~s-ig=n~a~n=d~M--=a~nt=,t=a~ct=u=ri~n~g~o~f~Mc...=.=ic~ro=m~o=de=l=s ___________________ l7 

Consequently, a smaller depth would have greatly increased the viscous pressure drop of the inlet 
and outlet chambers. 

The inlet and outlet chambers were designed with two entrances. The two entrances make it 
possible to inject two fluids simultaneously at a constant rate and make steady state measurements 
possible. The entrance holes were placed sufficiently far away from the network in order to avoid 
the micromodel holder to obstruct the free movement of the lens of the microscope. The outlet 
chamber was designed with a wall in the middle of the inlet and outlet chambers fur support of the 
glass covering the micromodel. 

2.2.7 Petro physical Properties of C ElJS' Micromodels 

ome of the petrophysical properties of the GFUS micromod<.:ls can be calculated directly from pore 
geometry and structural propertit:s or the designed network. Some of the other macro copic 
properties were measured in the laboratory using micromodds as porous media by applying the 
usual measuring strategies. Table 2.2 shows some of the determined petrophysical properties of the 
GEUS micromodels. Typical values for chalk rocks are also shown for comparison. For calculation 
of the single-phase permeability and the poros ity. the depth of the network is assumed to be the 
same as the depth of the inlet chamber. 

GIWS I GElJS 2 GEUS3 M.aastrichtian chalk 
Porosity 0.23 0.24 0.45 0. 15-0.40 
Permeability 900 mD 900 mD 1000 mD 1-1 0 mD 
Specific Surface - S,01 5.4· 104 

111·
1 5.4· 104 

tn°
1 9.2• 104 

lll
01 2.5· 106 

tn'
1 

Table 2.2 Selected 1>etrophysical 1>ro1lerties of the pore networks in GElJS micromodels. Typical values for 
Maastrichtian chalk are also shown for com1>arison. 
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3. Experimental micromodel studies 

Thi chapter describes pore- cale mechanism ob crved during experimental tudics or multiphase 
transport in three different micromodels: GEU I, GEUS 2, and GEU 3. A ll micromodels were 
manufactured in cooperation with the 1\4ikroeiektronik Centret (MIC) at the Technical University or 
Denmark (DTU). The goal of the experiments has been twofold: ( I) to provide a basic 
understanding of the pore-scale, three-phase transport events governing gas injection and Water
/\ lternating-Gas (WAG) injection processes: (2) to create a catalog or elementary transport events 
for use in the network simulators de cribed in Chapter 4. 

It hould be noted that the catalog or transport mechanisms created during this proj ect i by no 
mean unique. Additional mechanism are likely to exi t in real l itc hydrocarbon re ervoirs. Also, it 
hould be kept in mind that micromodels arc 110 1 natural porous rm.:dia. Consequently, some of the 

ob erved transport mechanisms are closely I inked w ith the adopted micromodel design strategy 
and/or manufacturing processes or micromodcls. Recent micromodel ·tudies described in the 
I iterature have hown that pore-level transport mechanism · ob crvcd in nonplanar micromodels are 
imilar to their counterpart observed in two-d imensional micromodels (et'. Avraam et al.. 1994 and 

Tzimas et al., 1997). Thus, the l imitation of the adopted experimental program lo two-dimensional 
micromodels hould not have any serious impact on the nature of observed transport mechanisms. 

The displacement mechanisms ob erved during micromodel studie have been implemented in the 
quasistatic network imulator de cr ibed in Chapter 4. The difference in pre ure between the non
wetting and wetting phases must be larger than the criti cal capillary pressure associated with a given 
displacement mechani m in order to activate that mechanism. (cf. ection 3.4 and ection 4.4). 
More precisely, the mechani m with the lowest cri tical capillary pressure i assumed to be the most 
probable candidate to be activated. 

In the next cction, the influence of wettabil ity and pore geometry on the configuration of the 
coex isting phase at the micro calc i described. 

3.1 Configuration of Immiscible Phases in inglc Pore 

The de cription of configurations containing two and three immiscible phases is a tarting point for 
under landing multiphase tran port mechani ·ms. 

More speci fically. in the case of' two fluid phases coexisting in a single pore, the wett ing phase is 
ad orbed on the surface of the porewall. A lso, it is present in wedges, nooks and crannies of 
capillarie while the nonwetting phase occupies the center of pores. Configuration of reservoir 
fluids basically controls the tran port propertie at the pore level. For the pores with angular cros -
ection the area occupied by the coexisting phases can be calculated from curvatures of fluid-tluid 

interfaces and from macroscopic contact angle . 

In the case where three phases coex ist in a single pore, the phase placed between the remaining two 
phases can pread between the mo t wetting pha e and the least-wetting phase. A lternatively. it 
create a len . The choice between the configuration i governed by the relative magni tude of the 
interfacial tension associated with interface eparating the coexisting phases. In a confined space 
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the oil phase can ex ist as a layer which is much thicker than thin wetting films residing on a flat 
(unconfined) surface. The transport properties of oil layers are entirely different from those of thin 
wetting films, which often do not have the same properties as the bulk phase. 

In this chapter, only the case of uniformly water-wet pores is considered. Other wettability types 
may lead to quite complex phase configurations and entirely di fferent transport properties. In 
particular, fractionally-wet systems may result in phase configuration much different from those 
observed in uniformly wet systems. In addition, local wettabili ty changes in a pore caused by the 
injection of different fluid phases may lead to a change of transport propert ies during a displ acement 
process (cf Hui and Blunt, 2000a and 2000b and van Dijke et al., 2000 a-c). 

A lthough pores in natural porous media do not havc regular cross-sections, the influence o f phase 
configurations on the transport properties can be studied by investigating simple pore geometries 
such as triangular, circular or rectangular cross-sections. The cross-sectional geometry o f the 
capillary tubings implemented in G l :US I , Grus 2 and GEUS 3 rnicromodcls is rectangular. The 
configuration of the coex isting phases in more complcx angular cross-sectional pore cross-sections 
can be determined in the same manner as presented in this chaptcr (cf Wong ct al. , 1992, M ason 
and Morrow, 199 1 and I 994 and Tsakiroglou and Payatakcs). 

3.1. I Two Immiscible Phases in Square-sectional Capillary Tubes 

In a capillary tube with angular cross-section the configuration of two immiscible phases is 

determined by the capillary pressure Pm..,, the macroscopic contact angle 0t,,. and the half angle of 
the corner a. The subscript ow refers to an oil-water system where water is assumed to be the 
wetting phase. The interface separating the wetting and the nonwetting phase inter ect the porewall 
creating a macroscopic contact angle. The macroscopic contact angle depends, like in the case of the 
unconfined situation, on whether the advancing phase is the wetting or nonwetting phase and on the 
roughness of the sur face. 

For illustrative purposes an infinitely long tube made o f some mineral with a square cross-section o f 
constant area is shown in Figure 3. 1. It has been assumed that the head meniscus advances through 
the pore and the phase pressures are constant through the entire kngth of the capillary tube. 
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figure 3. I Conligur:ition of two phases in :1 square-sectional ca 1>ilh1ry tube. The interface se1111rating wetting and 
non-wetting 1>hase intercepts the porewall creating the macroscopic contact 11ngle (},,..,. The cross sectional 
geometry of an angular 11ore is defined by the hnlf angle a. In the case of a Slfmtre cross-section a = 45°. The 
rndius of curvature of the oil-water interface is r,,,,,. In areas where the oil-water interface is 1>nrallel to the 
1>orewall, the film thickness:: is controlled by the disjoining pressure isotherm of the augmented Young- Laplace 
equation. 

Tht: curvature of the oil-water inter face varies along the circumference of the interface. The 
interface follow the porewall away from the ides of the pore while it is curved in the corners 
forming an arc meniscus. For an interface in the mechanical equilibrium the intermolt:cular forces 
balance the capillary pressure. The balance is described by the augmented Young-Laplace equation. 
In the corners of the tube, where the distance between the oil-water interface and the porewal l is 
large, the disjoining pressure is negligible. Consequently, the augmented Young-Laplace equation is 
reduced to the classical Young-Laplace equation. Moreover. the curvature of the interface in the 
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direction perpendicular to the plane of the cross-sectional area the pore is zero when the phase 
pressures are assumed constant throughout the tube. Consequently, there is only one principal radius 
of curvature of the oil -water interface, which can be calculated by the Young-Laplace equation. It is 
given by the following expression, 

(3. I ) 

where r0 w is shown in Figure 3. 1. It should be noted that fo r a given capi llary pressure the meniscus 
changes position for different magnitude of the macroscopic contact angle. In particular. in a pore 
with square cros - ection and assuming positive capillary pressure, the men iscus move to the 

corner for contact angles larger than 45°. 

J.1.2 Cross-sectional Areu of Reservoir Fluids 

The cro s-sectional area of the wetting phase in the corners is usually much larger than the cross
sectional area of the thin wetting films along the porewalls. Thus. the cross-sectional area of the 
wett ing phase present in a corner of a pore determines many or the transport properties associated 
with the wetting phase. The area of the water phase Aw located in the corners can be given as a 
general expression for a pore with a polygonal cross-section as 

where n,."mer is the number of corners in the cross-section of the capi llary tube. 

The cros -sectional area of the oi l phase A0 is given by subtracting the area of the water phase from 
the area the total cross-sectional area of the pore A pore 

(3.3) 

I t hould be noted that the half-angle of the pore. the macroscopic contact angle and the curvature of 
the o il-water inter face determine the area of the coexisting fluid phase , w hich again is proportional 
to the capillary pressure. 

In the case of a circular tube water is present as a wetting film along the porewal I only. M oreover, in 
the case of a square cross-section there is a criti cal contact angle 0,w = 45°. For contact angles larger 
than 45° water is only present as a wetting film for positive cap ii lary pressures because the arc 
meniscus is forced towards the corner of the pore. Thus, the non wetting phase wi ll occupy the entire 
pore space except for the thin wetting fi lm. 
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3.1.3 Three Immiscible Phases in Single Pore 

When unlimited amounts of oil, water, and gas are present in an unconfined space, oil can either 
spread as a thin film on the surface of the water, or create lenses. Whether spreading occurs depends 
on the magnitude of the equilibrium spreading coefficient S defined as 

(3.4) 

where a:~w is the interfacial tension between gas and water phases. o;)"' is the interfac ial tension 
between the oil and water phases, and o;,>1 is the intcrfacial tension between the gas and the oil 
phases. If the equilibrium spreading coeffici ent is zero, oil spreads as a thin film on the water 
surface. Alternatively, if the equilibrium spreading coefficient is negative, oil is present as lenses 
(F igure 3.2). It should be noted that the initial spreading coenident can change as the system 
approaches the thermodynamical equilibrium. One possible scenario is that the oil phase initially 
spreads and then forms lenses as the interfac ial tensions are modified. The initial spreading 
coefficient is usually larger than the equilibrium spreading coefficient because the interfacial tension 
between the gas and the water phase is affected by the presence of the oil phase (cf. Adamson, 
1990). 

In the case of three phases present in the pore space, the watcr~sol id interface has the lowest 
interfacial energy. Consequently, water wets the porewall. The gas phase is typically the least 
wetting phase and therefore occupies the center of the pores. The oil phase is present either as a thin 
film between the water phase and the gas phase or as an intermediate layer separating the gas and 
water phase (cf. Figure 3.2). The configuration of the water and the gas phase is imilar to the two
phase case where the wetting water phase is located closest to the porewall while the gas phase 
occupies the center of the pore. Thus, the curvature of the oil -water interface and the cross-sectional 
area of the wetting water phase can be calculated by eq. (3. 1) and eq. (3.2) for a given oil-water 
capillary pressure. 
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Figure 3.2 Configuration of three phases in an unconfined s pace and in a square-sectional capillary tube. The oil
water interface intersects the porew11II at one contact angle, 0., .. while the oil-g11s interface intersects the 1>0rewall 
at another contact angle 0011• The curvature of the interfaces is given by eq. (3.1) and eq. (3.5) for prespecified oil
water- and oil-gas capillary pressure functions. 

The presence of an intermediate oil layer separating gas and water in a pore space, is important for 
the continuity of the oil phase and therefore also for the transport properties related to the oil phase 
(cf. Blunt et al. , 1994 and 1995). The presence of an oil layer is contro lled by the equilibrium 
spreading coe fficient of the oil-water-gas ystem, the contact angk s between oil and gas, oil and 
water, and the hal f angle of the pore. In the case of an unstable oil layer only gas and water wi ll be 
present in the pore and the configuration is similar to the two-phase case. 

3. l.4 Curvature of Oil-Gas Interface 

The curvature of the oil-water interface for a large distance between the oil-water interface and the 
porewall is given by eq. (3.1 ). The curvature of the oil -gas interface under similar conditions is 
given by the Young-Laplace equation 
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(3.5) 

where P i:og is the oi l gas capillary pressure and r0 g is the principal radius of curvature. 

The area of the intermediate oil phase can be calculated by considering the cross-sectional areas of 
the wetting water phase and the cross- ectional area of the intermediate and wetting oi l and water 
phase. The area of the oil phase is the difference between the two cross-sectional areas. For a 
polygonal cross-section the area of the o il phase can therefore be calculated as 

,./,, = nc,H'11,. ,.· ,;,,{ (co{a)•coi (a + 0,,.J}-(; - (a 1- 0,~,)) 1- co~a +0,,J si,~a + 0,J]-
11<,n·11.,.• 1;1.,[{co(a)· coi(a 1 0,,..)} ({ (a 1-(),,...)) 1 co{a 1-(),,..,) •sir(a I O,,.,)] 

(3.6) 

The area of the ga phase. 1/_1111,· . can Lhl.!n bi.! calculated as the total cross-sectional area of the pore 
minus the cross-sectional area of the oil and the water phase i.e., 

Ag = ,./ µore - A,, - A,., (3 .7) 

It should be noted that the saturation or the three phases in a singk pore can be defined by 
specify ing the cross-sectional area of the phases because the cross-sectional area o f the phases do 
not change along the tube. 

3.2 Visualization of Fluid Configurations in Micromodels 

Micromodel experiments described in the previous section have shown that two or more fluid 
phases may coexist in a single pore. However, the configuration of a fluid phase is not always 
accessible for v isual studies because one fluid phase may block for ob ervations of another tluid 
phase. Thus, the configuration of the fluid phases is often revealed by means of indirect 
observations. This is the reason why it is often necessary to deduce configurations of the coexisting 
fluid phases from pore-scale displacement mechanisms. Moreover, small dimensions of the etched 
pore spaces in the GEUS•family micromodels exclude using the naked eye for observations of the 
pore- cale di placement mechanisms. The pore-scale tudies are per formed using a reflected light 
microscope w ith a video camera mounted on top of a microscope. The signal from the video camera 
is forwarded to a monitor, which is hooked up to video.recorder. The pore-level displacement 
mechanism are recorded and inspected later for analys is of the pore- cale events. A schematic 
drawing of the experimental et-up i hown in Figure 3.3. The injection of tluids is either 
performed with a constant pres ure using a constant head of the injected fluid or by using a constant 
injection rate delivered by a pump. 
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Figure 3.3. Experimental setu11. The computer contro ls the pump delivering a constant injection rute and collects 
pressure data from the pressure transducer mounted on the pump unit. Alternatively, the fluid reservoir cun be 
elevated and a constant head acts as the driving force for in,jecrion. The camera, VC R, and monito r arc used for 
observations of trans1>ort mechanisms in the micromodels. The reflected light microsco1>e is not shown. 

In order to distinguish the phases in the micromodels the oil phase was colored by Olrot (Merck 
art. 11 669) which is a commercially available dye. The oil was saturated with dye in order to 
establish a distinguishable system or the coex isting fluid phases. Water appears transparent in the 
micrornodels while gas appears blue. The blue color of gas is due to the refractive indices of Pyrex 
glass and air. Along the porewall a black line is seen on all the photographs, which is a shading 
effect caused by the use of a rclfoctcd I ight microscope. The color of the images is affected by the 
focus ing of the microscope and the light intensity. Consequently, photographs are not readily 
comparable in terms of color and light intensity. 

3.3 Pore-Level Displacement Mechanisms of WAG-injection 

Pore-level displacement mechanisms were observed during a double WAG cycle of an air-water
dodecane system followed by injection of dodecane. The initial interfacial tensions of the fluids 
were 70 mN/m, 23 mN/m and 40 mN/m for the air-water, the dodecane-water and the dodecane-air 
system, respectively. Thus, the initial spreading coefficient was 7 mN/m. 

The study of the three-phase pore-level displacement mechanisms was conducted using the 
micromodel GEUS 2. The micromodel was initially cleaned with chromic sulfuric acid to ensure 
strongly water-wet conditions for the WAG injection sequence. It was subsequently saturated with 



=E~x-pe=r~i1~n=e=nt=a~l ~M=i=cr~o~m=o~d=e~l~S~tt=1d=ie=s=----_____________________ 26 

distilled water and filled with dodecane colored with Olrot at a constant pressure. The micromodel 
was then fl ooded with water and air was injected at a constant pressure to complete the first WAG 
cycle. Another WAG cycle was conducted prior to injection of dodecane into the micromodel. The 
reason for injecting dodecane was to observe the pore-level displacement mechanisms associated 
with increased oil saturation in a three-phase system. Increased oil saturations on the pore level may 
occur during WAG injection as a consequence of a travelling oil bank at the macroscopic scale. 

3.3.1 Two-phase Pore-Level Displacement Mechanisms 

During the two-phase WAG inje<.:tion involving dodecane and water, the pore-scale mechanisms 
reported in Section 3.2 were observed. Moreover, additional two-phase displacement mechanisms 
also occurred for dodecane-water interfaces. More precisely, air-invading dodecane created Haines' 
jumps. The invading air then displaced dodecane via a continuous dodecane cluster, which was 
connected to the outlet chamber. It should be noted, however, that dodecane only remained 
connected to the outlet chamber as long as the outlet chamber was filled with dodecane. If water 
was present in the outlet chamber dodecane was produced in droplets similarly to the dodecane
water system. 

The injection of dodecane into the micromodel sometimes led to retraction of dodecane-air 
interfaces. However, the motion was most often associated with displacement of the water phase 
because water was always connected to the outlet phase while the air phase was quickly 
disconnected and thus the air had to be produced as air droplets. However, the principles of the two
phase dodecane-air mechanisms were entirely analog to the two-phase dodecane-water mechanisms. 

Two-phase air-water displacement mechanisms were not observed because dodecane spread 
between the air phase and the water phase. However, in some cases the so-called direct drainage or 
imbibition mechanisms were observed where air displaced water only separated by a layer of 
dodecane. Alternatively, water displaced air separated by a layer of dodecane. It should be noted 
that the direct drainage mechanism and the direct imbibition mechanism along with the two-phase 
dodecane-water and dodecane-air mechanisms were the most frcqu~ntl y observed displacement 
mechanisms. [n addition, a number of displacement mechanisms where all three phases were 
involved have been investigated. 

3.3.2 Double Displacement Mechanisms during Air Injection 

The injection of air into the micromodel was an overall drainage process where dodecane and water 
saturation of the micromodel was continuously lowered because of injection of air. The invasion of 
dodecane by air was often associated with a second displacement event. The scenario was that air 
displaced dodecane by a Haines ' jump similarly to the two-phase case. Dodecane subsequently 
displaced the water phase at a different location by one or more Haines ' jumps (cf. Figure 3.4). The 
net result of the displacement mechanism was that air displaced water. However, the side effect was 
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that tranded dodecane ganglia were mobi I izcd and reconnected to the outlet chamber because 
dodecane spread on the air phase. 

The double displacement mechanism can be divided into a primary air-dodecane mechanism and a 
econdary dodecane-watcr displacement mechanism. Both the primary and the secondary 

disp lacement mechanisms arc drainage displacement processes. The combination o f the two 
mechanisms is thus o~en reforred to as double drainage displacement (Keller et al., 1997, Chatzis et 
al. , 1988 a. Kantzas et al., 1988 a, 1988b, oil, et al., 1993 and 0 ren et al ., 1992). 

IL should be noted that the inva ion of clodecane nor alway caused a secondary displacement. 
Dodecane was sometimes red istributed around the gas phase and no secondary event occurred. 
Especially, for larger ganglia, dodecane adjusted its dodccane-water interface and thu avoided the 
secondary displacement. M oreover. in the case where the ga phase di. placed a large pore chamber, 
it sometimes caused two ccondary displacement mechanisms. Thus, the vo lume balance o r the 
phases controlled whether one, two or no secondary event occurred. 

oil water 
Primary event 

Secondary event 
50 microns 

Figure JA Double drainage mechanism in GELJ 2. Air dis1>laced dodecanc in a 1>rimary event, which was 
followed, by a secondary event where dodec1111e displaced w11ter. The two dis1llncement mechanisms occur 
immediately after e:ich other. 
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3.3.3 Double Displacement lechani m during Water Injection 

During the lirst WAG injection cycle no air was pre ent in the network. Thus, three-phase overall 
imbibition only occurred during the econd W G injection cycle. imilarly Lo the injection or air 
injection or water led to two-phase imbibition processes where water displaced dodecane by I ,- and 
I2-mcchanisms. The so-called double imbibi tion mechanisms were observed during the water 
injection ( ee Figure J.5). The water phase displaced dodecane, which sub equenll displaced the 
ga phase. The primary event where water di placed doclecane was an imbibition displacement and 
occurred either a an I,- or an 11-mechani ·m. The ccondary event al o occurred a a dodecane-gas 
I 1- or I2-displaccment mechan ism. 

The double imbibition mechanisms occurred onl when the primar " at1.:r-dodecane displacement 
was ·c10 ·e' to the econdar dodecanc-air displacement and the air phase was continuous to the 
outlet. By ·clo e' we mean 1-2 pores av a . If the distance was longer than a couple of pores 
dodecane was produced directly al the oullet chamber without a secondary di placement. This 
showed that continuity of dodecane to the outlet chamber might inhibit other displacement 
mechani ms from occurring. In other words the double imbibition 1111.:chanism was a local 
phenomenon which dependc:d on the local phase pressure conditions. 

P11mary event 

f-i 
50 microns 

air OU water 

Secondary event 

Figure J.5 Double imbibition mechanism in GE ' 2. Water dis1>laced dodec:tne, which subsequently displaced 
air. The rwo events typically occur in the 1>roximity of each other. 



3.3.4 Dodecane-dragging-air during Dodec.rne ln.iection 

Aller the completion of the two W /\G cycles dodecane was i1tjectcd into the micromodel. The 
di placement mechanisms were primarily dominated by Haines· jumps where dodecanc displaced 
watt:r and by I 1-and b -mcchan i ms of dodecanc displacing air. I lowcvcr, the spreading dodccarn.: 
was sometimes capable o r ' dragging· the air phase into the next pore chamber as a consequence or 
dodecane performing a Haines· j urnp (cf. r:igurt: 3.6). The mechanism occurred by dodecam: 
performing a Haines' j ump and because;: or insufficient conductance of dodecane. Dodccanc 
pre sure was locally lowered cau · ing dodecane to drag the air phase into the pore chamber. 
Sometime the dodccanc-air interface was not stable and the air retracted backwards out of the pore 
chamber it had just filled. Dodecane v as supplied to the pore chambt:r via thc wetting layer . 

The occurrence of the dodecane-dragging-air mechanism depends. like tht: double imbibition 
displacement, on tht: local pressure condition ·. I odecane-dragging-air onl occurred o er a length 
o r a ingle pore. Consequent! . dodecane-dragging-air displacement mechanisms appear to be 
sensitive to the conductan ce;: or dodccane layer or film separating the air from the water phase. It 
·hould be noted that the dodecane-dragging-air displacement mechanism contributed rar less to the 
overall displacement of air than the I 1- and 12-mcchanisms of dodccam: displacing air. I lowever, the 
dodecane-dragging-air displacement mechanism created by the injection o f dodccane was the only 
mechani · 111 that could mobilize the stranded air ganglia. 

50 microns 

Figure J.6 Dodecanc-dragging-gas dis1>laccmcnt. Oodecane advances into a pore chamber and the local 1>ressure 
of dodecunc decreases, which causes an invus ion of' the ,,ore chamber by air. T he air sometimes retracts from the 
pore chamber when oil enters the pore chamber through the oil layers. 

JA ritical Pres ·ure for Di placement Mechanisms 

The micromodel tudy ha · hown that the pore- level displacement mechanisms are initiated as 
sudden movement or pore ·pact: fluids cau cd by instabilitie of tatic interface con fi guration . 



More precise ly, when the difference in phase pressure exceed a critical value, which cannot be 
supported by the curvature of a static interface separating the coexisting fluid phases, a sudden 
movement of an inter face occurs. Thus, each elementary pore-level displacement mechanism is 
associated with a critical pressure P ,·nrh·1tl that must be exceeded in order for the displacement 
mechanism to occur. 

The criti cal pressure for displacement mechanisms defines the probabili ty of occurrence or pore
level displacement in the quasistatic network simulator described in Chapter 4. More precisely, for a 
given change in capillary pressure, the sequence of admissible pore-level mechanisms is ordered 
according to the same principle as that underly ing the invasion percolation process: the size of a 
pore is equivalent to its critical pressure. However. in order to avoid confusion it is useful to 
distinguish between a local capillary pressure associated with the pore level and a global capillary 
pressure associated w ith the network level. The local capillary pressure is defined as the di fference 
in pressure between two pha~es located on either side or a particular interface. On the other hand, 
the global capillary pressure is detim.:d as the difference bctwecn two phases in the case where both 
phases are connected to the inlct or outlet and there is no pressure gradient within the two phases. 
T hus. global capillary pressure is usually the condit ion imposed on the system while the local 
capillary pressure typically is associated w ith movement of an inter face. 

When pore-level displacement mechanisms take place the distribution or the phases in the pore 
space changes and several new pore- level displacement mechanisms may become possibk. A a 
consequence of more than one possible pore-level displacement mechanism it is necessary to order 
the displacement mechanisms according to their displacement potential. The displacement potential 
<P can be regarded as the ' driving force' of a displacement mechanism. 

For a two-phase single displacement mechanism the displacement potential is defined as 

(f> <Ill gfo - I' ,, ,, 
llli't-' / l(U lf.\f/1 - I - .! - Cl'l f l('(I( ' 

(3.8) 

where P1 is the pressure of the displacing phase and P2 is the pressure of the displaced phase. It 
should be noted that this defini tion of potential requires assignment of negative cri tical pressures to 
imbibition mechanisms. On the other hand, drainage mechanisms arc assigned a positive critical 
pressure. Thus, for a given set of phase pressures. the mechanisms can be ordered according to their 
displacement potent ial. 

Double displacement mechanisms are essentially a combination of two ingle displacement 
mechanisms where phase I in a primary displacement displaces phase 2 which in turn displ aces 
phase 3 (cf. 0 ren et al., I 994). Two critical pressures can thus be defined, one for each elementary 
displacement mechanism. The potential of the double displacement mechanisms can be defined as 

(3 .9) 

where P, is the phase pressure of the displacing phase, P 3 the phase pressure of the displaced phase, 

/>,.'.-,,;,"' the critical pressure for the primary elementary displacement mechanisms and Pc;.,,,cai the 

critical pressure for the secondary elementary displ acement mechanisms. The phase pressures o f the 
displacing phase and the displaced phase are global phase pressures for the network. Consequently, 
the displacing and the displ aced phase must be connected to the inlet or the outlet of the network. 
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0 ren et al. ( 1994) added film flow resistance to eq. (3 .9), i.e. they modeled the pressure drop inside 
the oil pha e and examined the effect of resistance to flow in the oil phase on the global 
displacement efficiency. Re istance to tl ow in the oil phase causes secondary event to occur closer 
to the primary event because the difference in pha e pressure between phase l and phase 2 must 
exceed the res i tance to flow in addition to the critical capillary pressure of the primary and 
econdary events. 

3.4.l Haines' Jump 

In order for the o il phase to perform a l laines· j ump. the oi l-water head meniscus must enter the 
pore throat connecting two port: chmnbas. Thus, the capillary pressure must exceed the entry 
pre sure of the pore throat. The entry pressure depends on the intcr fac ial tension, contact angle, and 
the ize of the pore. It can be calculated lb r various simple cross-sectional geometries (cf. Mason 
and Morrow. 199 1 and Lenormand et al.. 1983). The entry pressure also controls the piston-like 
motion of the meni cus inside a square tube. The critical pressure for the l laines ' j ump is referred to 
as the critical pressure for piston-like displacement. Lcgai t ( 1983) ca lculated the entry pressure for 
tubings of quare cross-section. For an oil-water system it is given by 

(3 .10) 

For a tube of rectangular cro - ection in GEUS I , GEUS 2, and GEUS 3 micromodels, the cri t ical 
capillary pressure for an oil-water interface can be calculated as 

(3. 11 ) 

where x and y are the height and w idth of the rectangular cross-section and 6 = y/x is the ratio of 
height to w idth. f (6) is a complex function of the height to width ratio but general ly varies between 
0.94 and 1.0. Thus, a rough estimate of the critical pressure tor a square-sectional tubing can be 
obtained by assuming/ (6) = l . It should be noted that the cri tical pressure for a pore chamber could 
be defined as well. 

3.4.2 Piston-like lmbibition 

The mechanisms controlling the piston-like motion of a meniscus inside a pore throat are similar to 
those underlying the drainage displ acement. For the oil-water capillary pressure equal to the entry 
pressure of a pore, the meni cus is in mechanical equilibrium and its motion is reversible provided 
that the advancing and receding contact angles are identical. Thus, the capillary pressures smal lcr 
than the entry pressure result in the retraction of the meniscus from the pore throat provided that a 
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head meniscus exists in the throat. Thus, the critical cap ii lary pressure of the imbibition process of a 
pore with square cross-section is given by the fo llowing expression. 

er [ 0,11 ., , . cos 2 (00 .,, )- !!.. - sin(0,1.,, )cos(011.., ) 
p 111s1nu,m,lnlu11,111 = _ ~ 4 c,·,11cal _____ / ________ , 

rpm·, cos(0mv)--v : - 0""' ~sin(0""' )cos(0"'., ) 

(3 .12) 

lt should be noted that the piston-like imbibition displacement from a pore throat often follows the 
retraction of a meniscus from an adjacent pore chamber. The piston-I ike retraction occurs as a 
consequence of break-up of an oil filament after an 12-mechanism or following an I 1-mechanism. 
The piston-I ike imbibition displacement in a pore throat is an unstable process because the potential 
for the piston-like displacement usually is much larger than the potential as ociated with the 
preceding retraction from a pore chamber. 

3.4.3 111-Mechanisms 

The criti cal capillary pressure for l11·mechanisms depends on the contact angle, the interfac ial 
tension, the number of pore throats fi lled with nonwetting phase, the geometry of the tilled pore 
throats and the relative position of the filled pore throats ( cf. Lenormand et al., 1983 and 
Tsakiroglou and Payatakes, 1998). Tsakiroglou and Payatakes ( 1998) presented a detailed analysis 
for calculation of the critical capillary pressure for various I11-mechanism based on the eye- haped 
geometry of the pores of their glass micromodels. They included the size and depth of the pore 
chamber and the adj acent pore throats. Also, they differentiated between the position of filled pore 
throats. In general exact calculation of the cri ti cal pressures 111-mechanisms higher than n = I can be 
rather complex. 

The phase configurations of the 11 - and 12-mechanism ofGEUS I , GEUS 2and GEUS 3 (Figures 3.6 
and 3. 7) may be analyzed in a similar manner as done by Tsakiroglou and Payatakes ( 1998). 
However, the rupture of the oil fil ament of an r2-mechanism may occur at four different points on 
the matrix pillar. The point where the oil fil ament ruptures depends on quite a few parameters 
including the ize of two pore chambers and three pore throats. The variation in critical pressure is 
small and for practical reasons the criti cal pressure of the l11·mcchanisms may be summarized in a 
more simple expression given by Fenwick and Blunt ( 1998) 

p I,. - cr,.v . ( .II 
c1·111m l - -

1'i:homhur 
(3. 13) 

where C11 is a constant dependent on the number of neighbors n filled with nonwetting phase and the 
contact angle, and r 1,:1wmhi:r is the size of the pore chamber. The number of neighbors can be as large 
as the coordination number, but in general C,, decreases with increasing number of tilled pore 
throats. Thus, the criti cal capillary pressure of an I 1-mechanism is generally favored over 12-

mechanisms, which is in agreement with the observations in GEUS t , OEUS 2, and GEUS 3 
micromodels. 



3.4.4 Snap-off and Choke-off 

The mechanism underlying production of dodecane at the outlet face has previously been described 
by Roof ( 1970) who observed nonwetting phase leaving a constriction. Roof ( 1970) named this 
mechanism ·'snap-off'. The instability of the snapped-off oil occurs because the curvature of the oil
water interface is mud, larger than the interface curvature at the front of the meniscus (cf. Figure 
3.7). For static conditions the oil phase pressure inside the constriction and at the lip of the head 
meniscus must be the same. However, if the curvature o f the of the oil-water interface is different at 
the points a, band c in Figure 3.7, the waler pressure at the lhree locations is different. This leads to 
a pressure gradient in lhe water phase. The curvature of the oi l-waler interlace is larger inside the 
throat. Consequently water flows towards lhe constriction and snaps the oil phase off. 

Roof ( 1970) defined a criterion for the instability to occur for a simple tore shaped pore constriction. 
He has shown that the meniscus had to trave l at least 7 times the radius of the tore in order for the 
instability to occur. This is in agreement w ith the observations p1.:rformed in GEUS I , GEUS 2 and 
GEUS 3. Consequently, it appears that the volume o f the droplet governs the snap-off mechanism. 

dchamber 
dthroat 

Figure 3. 7 Snail-Off by Roof ( 1970). Warer enrers rhe consrricrion and chokes rhe oil filament off. The curvature 
of rhe inrerfoce can be evaluated at various points along the length of the oil filament by rhe Young- Laplace 
equation. For static conditions the curvuturc of the oil-water interface must be the same everywhere. 

3.4.5 Snap-off in Pore Throat 

The snap-off event inside the network of GEUS l , GEUS 2, and GEUS 3 micromodets was 
effectively suppressed by 11- and 12-mechanisrns due to the short lengths of the pore throats. 
However, several authors (cf. Lenormand et al. , 1982) have observed snap-off inside a pore throat. 
The critical pressure is quite easy to derive for a square cross-section and thus easy to implement in 
a quasistatic network model described in Chapter 4. 
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Consider now the fluid configuration shown in Figure 3. 1. Assume that the capillary pressure has 
decreased causing a smaller curvature of the fluid interface. The nonwetting fluid collapses at a 
critical capillary pressure where the two arc menisci intercept the porewall at the same point. The 
critical pressure for snap-off can be derived for a quare cross-sectional pore by simple geometric 
consideration, assuming small curvature in the longitudinal direction of the pore throat, as 

p ·"'"f'- n/f = cos(0,,,. )- sin(0""' ) 
c,•11/rol 

r/J/H'• 

(3. 14) 

Lenormand et al. ( 1983) stressed that piston-l ike displacement is always favored over snap-off in a 
pore throat and that snap-off only takes place when piston-I ike motion is not possible for 
topological reasons i.e. no head meniscus is present in the pore throat. The snap-off mechanism is 
sensitive to the supply of wetting phase to perform the snap-o ff. Thus, in reali ty snap-off is o ften 
controlled by the access to the wett ing phase and, consequently, the potential for the mechanism 
might be igniticantly lower than its counterpart corresponding to globally imposed phase pressures. 
Consequently, the snap-off mechanism may be inhibited in systems where transport of the wetting 
phase is controlled by fi lm fl ow. 

3.4.6 Double Displacement Mechanisms 

In order to determine the critical pressures associated with double displacement mechanisms one 
has to consider six elementary double displ acement events, see Figure 3.8 (cf. Blunt and Fenwick, 
1995). These elementary displacement events may be either drainage or imbibition process. A lso, 
the combination of the elementary processes may lead to an overall drainage or imbibition process. 
However, only double drainage, double imbibition and oil.dragging gas was observed in GEUS 2 
micromodel during the WAG injection. The oil•dragging-gas mechanism can be clas ified as 
imbibition drainage with overall drainage (DID) in the scheme of Keller et al. (cf. Figure 3.8). 

Double drainage and double imbibition are indeed the most common double displacement 
mechanisms (Keller et al., 1997). Keller et al. ( 1997) observed oil displacing water displacing gas 
which was referred to as drainage imbibition with overal l imbibition (IOI) and gas displacing water 
displacing oil which was reterred to as drainage imbibition with overall drainage (DD[). The latter 
mechanisms were only observed prior to oil contacting the gas phase. One of the reasons why not all 
theoretical displacement mechanisms have been observed is that some pore-level double 
displacement mechanisms are local phenomena. Consequently, tht:y are only possible when one of 
the phases is restricted in its movement causing a build up of a local pressure gradient. The 
quasistatic flow condition is therefore a global condi tion that is not always fulfilled on the local pore 
level. 
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Gas --+ Oil -+ Water Double Drainage (DO) 

Water -+ Oil --+ Gas Double lmbibition (11) 

Oil -+ Water .... Gas Drainage - lmbibition with overall lmbibition (IOI) 

Oil -+ Gas _. Water lmbibition - Drainage with overall Drainage (DID) 

Gas --+ Water ..... Oil Drainage - lmbibit ion with overall Drainage (DDI) 

Water --+ Gas -+ Oil lmbibition - Drainage w ith overa ll lmbibition (I ID) 

figure J.8 List of admissible double dis1>lncement mechanisms. The arrow indicates that 1>hase I to the left 
displaces 1>hase 2 which 11e11in dis1>laces 1>hase J to the rieht. The Inst two letters in the 1>arenthesis indicate the 
nature of the elementnry dis11lacement mechanisms where D stands for drainage and / for imbibition. The first 
letter indicates the combined nature of the two elementary 1>rocesses. 

There are two separate criti cal pressures that control the possibility for a double drainage 
displacement mechanism. 

T he cri tical pressure for the primary event of gas invading oil is given by 

pi - I ' c·r111cal - L1111rV.r)!.t, (3. 15) 

where Pcniry.oy is the critical pressure for gas entering an oil fil led pore throat. 

The critical pressure for the second event is for o il invading a water fill ed pore which is given by 

, , 2 - ) 
Uilil;al - / ,mlrv ,0111 ' (3 .16) 

where Pcntry. ow is the critical pre sure for oil entering the water fi lled pore throat. In this case the 
critical entry pressures can be ca lculated by eq. (3. 13 ). It should be noted that oil needs not to be 
continuous to the outlet chamb~r and the oi I pressure does not necessaril y have to be known for 
calculation of the potential of the displacement mechanism because the potential is related to the 
pressure drop of the gas and water phast:. 

It should be stressed that the oil phase involved in the two elementary displacement mechanisms 
must be continuous between the locations of the primary and the secondary event. Moreover, when 
a large oil cluster is invaded by gas the o il may have several options of pores from which water can 
be displaced. However, the location where the water phase is displaced is the one w ith the largest 
displ acement potential. The potential of the double displacement mechanism is readily calculated by 
eq. (3 .12) once the criti cal pressures are known. 

The critical pressures used to calculate the potential of the double imbibition mechanism are defined 
by the critical pressure of the first imbibition mechanism minus the cri t ical pressure of the second 
imbibition mechanism. Like in the case of the double drainage displacement mechanism, the oil 
phase must be continuous between the locations of the primary and the secondary event. Double 
imbibition displacements may occur for combinations of different imbibition mechanisms. In other 



=E~x~pe=r~im;..:..:-=,e~nt~a~l~M~i~c~ro~,n~o~d~e~l~S~tt~rd~i~es....._ _____________________ 36 

words, the primary and the secondary imbibition mechanism could be a combination of a piston-like 
imbibition of a throat an I 1- or an Ii-mechanism. Consequently, quite a tew combinations for 
double imbibition may ex ist. 

The criterion for the oil -dragging-gas displacement mechanism is di fferent from the other three
phase displacement mechanisms presented. The criterion for the oil phase entering the pore throat is 
straightforward and can be calculated by eq. (3. 12). However, the criterion for the gas entering the 
pore throat is that the local di ffe rence in pressure between the oil phase and the gas phase exceeds 
the entry pressure of the pore throat for an oil-gas piston-like drainage displacement. Thus, the oil
gas displacement criterion is a local condition. Consequently, the phase pressures are contro lled by 
the conductance of oil in the region separating the oil -gas and the oil -water menisci. 
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4. Quasistatic network simulator 

4.1 rntroductory remarks 

The network imulator developed in the course of this proj ect control the aturation in a two-step 
procedure: ( I ) modification of the global capillary pressure acros the oil-water or tht:: o il -gas 
interfaces: (2) per formance of di crete pore-level displacement mechanisms. M ore precisely, for a 
given change in capillary pressure the network simulator follows a five-step algorithm: (a) the 
criti cal capillary pressure is selected: (b) all admissible transport mechanisms arc looked: (c) the 
mechanism with the highest criti cal capillary pressure is chosen: (d) the elected transport 
mechani m is activated: {c) pore contents are updated leading to a change in fluid aturations. 

Another function of the network simulator is to keep track or the continuity of the fluid phase in 
the porous network and to examine the stability of o il layers separating the aqueous and gas phases. 

Fluid saturations in the pore space are determined by analyzing the di ·tri bution of the reservoir 
tluids within a pecified section of the pore network. l::ach pore is assigned one of the basic fl uid 
phase configurations containing either one. two, or three phases in the pore. Calculations of the 
saturation at the pore-level are based on the fluid configurations shown in f- igure 3. 1 and 3.2. I t 
should be noted that fluid saturation depend on the invasion history and the capillary pressures 
associated with inter faces separating the coexisting fluid phases. 

The relati ve pcrmeabil itie associated w ith a given aturation in the porous network are obtained by 
assigning conductances to each phase in all the connection . The conductance of a phase depends on 
the fluid phase configuration, the capillary pressure and the continui ty of the phase in the porous 
network. The pressure field in the porous network is determined by adopting the analogy of the tluid 
conductance to a conductance of a network of electrical res istors. Finally, the relative permeability 
of a tluid phase is obtained by inserting the pressure drop and the fl ow rate to Darcy's law extended 
to the multiphase tlow. 

T he network simulator is et up on a regular lattice in two or three patial dimensions. The number 
of nodes in each direction is Ix, Ly, and f=. The total number of nodes is N = lx-fy-l:. The distance 
between the nodes, Lmule, is set equal to a latti ce constant. Each node is connected to four or ix other 
nodes for the two- and three-dimensional network, respectively. The inlet face is represented by the 
fir t row of nodes in the x-direction and the outlet face by tht:: last row o f nodes. Flow takes place 
from the inlet face towards the outlet face. Periodic boundary conditions are imposed on the faces 
transversal to the flow direction in order to reduce the finite size effects. 

The nodes represent pore chambers and the I inks between the nodes stand for pore throats. Pore 
sizes are described by the uni form distribution function with the limiting values given by r ,.max, r c:. max 

and r ,.mm, r c:.min for the pore chambers and the pore throats, respectively. 

The cross-sectional areas of the pores are assumed to be squares with half angles of the corners a= 
1t/4 and the roundne r d = 0. The pore chamber are assumed cubic and the length of the pore 
chamber Le: is thus given by the size of the pore chamber while the pore throats are assumed to be 
tubes with length!, calculated as the node distance minus the size of the connected pore chambers. 
For a more detai led description of the network model the reader is referred to A ppendix A. 
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4.2 Basic Fluid Configurations and Stability of Oil Layers 

T he coexistence of three fluid phases in a ingle pore was described in si.:ction 3. 1.3. The cross
sectional area of the oil layer was calculated using eq. (3.9) and the curvature or the oil-gas inter face 
by eq. (3 .7). As pointed out in the Chapter 3, the stability of the oil layer depends on equilibrium 
spreading coefticients (cf. eq. (3 .4)). contact angles, and the cross-sectional geometry of the pore. 
By analyzing the admiss ible two- and three-phase fluid configurations described in Chapter 3, one 
can establish that there are 4 basic configuration of f-luid phases in quarc-sectional pores (er 
Figure 4. l ). 

1. Water 

2. Oi I - 'Nater 

3. Oil - Water - Gas 

4. Water - Gas 

Figure -'. l The four busic pore- ·cale phase configurntions implemented in the quasistatic network s imulator. 
W<1ter can occupy an entire pore, oil , water, and gHs can t" oexis t in a pore, and all three 1>h11se can coexist in a 
pore provided that the oil layers are stable. 

Stability of the fluid configurations depends on properties of the capill ary pressure functions 
associated with the oil -water and oil -ga in ter faces, tfluid properties and pore geometry. The 
stability criterion for the two-phase conligurations (configuralions 2 and 4) is that the capillary 
pressure between the coexisting phases cannot be lower than the criti cal pressures or the snap-off 
imbibition mechanisms. imilarl y, lhe oil -gas capillary pressure must be larger than the critical 
pres ure for snap-o ff of the gas phase in the configuration 3 pores. 

In an unconfined space oil in the presence of gas and water either forms lenses or spreads at the 
water-gas inter face. More precisely, for the equilibrium spreading coe fficient smaller than zero, oil 
forms lenses while it spreads as a thin wetting fi lm for the equilibrium spreading coefficient equal 
zero. Experimental results have shown that residual oil saturations less than I 0% for sys tems w ith 
(nonequilibrium) positive initial spreading coefficient can be obtained (cf. Fenw ick and Blunt, 1996 
a, 0 ren and Pinczew k i, 1994 and V izika and Lombard, 1996). The high recovery effi ciency was 
attributed to the dynamic effoct due to spreading of o il at the water-gas interface ensuring hydraulic 



continuity of the oil phase in the pore space. The importance of hydraulic continuity of the oil phase 
for low saturations of the oil phase has been stressed by several authors (Kantzas et al., 1988 a and 
b, Chatzis et al., 1988 a, 0 ren et al, 1992. Kalydjian et al. , 1993, Zhou and Blunt, 1997, Blunt et al. , 
1995 and Fenwick and Blunt, 1998). Moreover, the presence of oil layers has important 
consequences for the gas phase. More precise ly, the gas phase cannot destroy continuity of oil by 
breaking up a connected oil cluster into a number of maller. individual clusters. 

Several experiments described in the literature have shown that low residual oil saturations can also 
be obtained for fluid systems with negative initial spreading coefficients. Moreover, the gravity 
drainage experiments described in the literature indicate that the rate of oil production is much 
higher than can be justilied by film fl ow where the typical dimension is in the order of nanorneters 
(Blunt et al., l 995). The above conclusions are consistent with the calculations performed by Dong 
et al. ( 1995) who argued that oi l may exist as stable layers in the corners of angular pores even 
though the equilibrium preading coeflicient is less than zero. The thickness of the oil layers is of 
the order of microns and can thus account for the higher drainage rates observed during gravity 
drainage experiments. 

Blunt and Fenwick ( 1995) developed a simple criterion for stability or an oil layer used in their 
quas istatic network imulator. Th is stabi I ity cri terion operates with the distance from the corner of a 
pore to the intersection of the oil-water interface with the porewall , L"w and the distance to the oil
gas intersection with the porewall , l 0 !!. ( cf Figure 4.2). Calculations of l ,JW and l ":,; are based on 
geometric consideration . In particular, l ""' and l 0g depend on contact angles Bog and 0,JW, the half 
angle of the wedge a, and the curvature o f the fluid interface r""' and r"/.:· 
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Log 

Low 

Figure ~-2 Ca lculation of the c ritical rutio of' intcrfaciul curvatures based on the distance between the corner and 
the oil-water interface and oil-gas interface intersection with the porewall. 

The point where L11g = l 11.., is characterized by the critical ratio or the interface curvatures Re given by 

(4. 1) 

Thl.: ratio or the interracial curvatun.!s R or thl.: oil -water interface and the oil-gas interface is defined 
as 

(4.2) 

Thu . for the ratio or interface curvature mailer than R0• the oi l layer arc table whi le for larger 
ratios of interface curvatures the oil layers arc unstable. 

In the network model where all pores have the half angle of a = 45°, the critical ratio of interface 
curvature i the same over the entire network and can be calculated at the beginning of the 
imulation. Moreover, the ratio of interface curvatures during imulation i given solely by the 
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global capillary pressures because the inter facial tensions of the phases are con tant during the 
simulations. 

4.3 Continuity of Fluid Phases 

Continuity of a fluid phase in a pore has an impact on the fo llowing two tluid properties: ( I ) 
connecti v ity of the phase to the inlet or outlet; (2) the location of discontinuous clusters. /\ phase 
may be connected to the inlet or the outlet, which ensures that the phase respond to changes in 
global capillary pressure i.e. the saturation, may gradually change in response to the external 
pressure changes. A lso, the phase may participate in pore-level displacement mechani ms (cf. 
Figure 4.3). Fluid phases connected to both the inlet and the outlet contribute to conductance of the 
phase through the network. An isolated phase docs not contribute to transport of the phase and is 
considered as being immobile except for the case or the oil phase participating in double 
displacement mechanisms. 

The water phase is assumed to be always continuous in the pore space because the water phase wets 
the surface o f the pores. Consequently, only the continuity of the oil and gas phase need to be 
checked. The continuity of the pha es is checked after each pore-level displacement event. More 
precisely, fol lowing a pore-level displacement the contents of the pores arc updated and each pore is 
assigned one of the 4 possible phase configurations. It should be noted that updating the continui ty 
status or a phase res iding in the pore network follows every pore-level displacement mechanism. In 
fact, any ingle pore- level displacement event resulting in a break-up or coale cence of oil clusters 
may change transport properties of the oil phase. 

C: 

0 
C: 
~ 
Cl) -oJ· 
(") 
Cl) 

■ W a t e r 

■ Inle t Cluste r 

Ill Outle t Clus ter 

□ Spa nning C lus t e r 

Figure -t3. ontinuity properties of the oil phase in a SO x SO network. The water 1>hase (blue) is always 
connected to the inlet and the outlet face of the network. However, oil may be connected either to the inle t face 
(red duster), the outlet face (green cluster) o r connect the inle t and outlet by a spanning cluster (yellow cluster). 
Moreover, oil may be isolated in ganglia (not shown). It should be noted that only the spanning c luster 
contributes to the transport of reservoir nuicls. The clusters containing gas can be characterized in the same way. 

In computer algorithms implementing network models, integer labels are assigned to all pores 
containing oil. Each pore containing oil is then checked to find out whether it is in direct contact 
with another pore containing oil. I f thi is the case, both pores are assigned the mailer label value 
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of the two labels. The network is traver ed until no more pores are assigned smaller label values. 
The resull is a labeling of all the oil clusters in the network by an integer. T he gas phase is labeled in 
a similar manner. The algori thm for labeling the clusters is rather slow because everal sweeps of 
the network is necessary before all pore belonging to the same cluster have been assigned a single 
label value. The algorithm may be igni ficantly reduced by starting out w ith the old label values and 
j ust ass ign new label values to the pores where a pore-level displacement has caused a change in 
content of a pore. 

As soon as all the clusters have been labeled, the connection of the pha es to the inlet or the outlet is 
checked by imply checking whether a pore has a cluster label which can be found on either the 
inlet outlet or both faces of the network. 

4.4 Critical Pressures of Pore-scale Displacement Mechanisms 

The mechanisms observed in lhc rnicromodcl experiments described in Chapter 3 were 
implemented in the network simulator except for the oi l-dragging gas mechanism. Moreover. the 
snap-of mechanism was implcml!nted becau e unstable fluid phase configurations may otherw ise 
develop in the network. The parameter needed for the determ ination of cri tical pres ures of the 
single event displacement mechanisms are the interracial tensions between oil, water and gas ar,.,,, 
a;1g and c,:11,., and the contact angles ~'"'" 00g and01-1 11, which are given as input parameters. Single 
displacement mechanisms are allowed for both oil-water, gas-oil and gas-water interfaces. 

The double drainage (DD) and double imbibition (II) have been defined as admiss ible double 
displacement mechanisms. M oreover, direct drainage and imbibition art: allowed. The oil-dragging
gas mechanism has not been implemented because the calculation of the critical pressure for that 
mechanism to occur requires knowledge of the local pressure condi tions, which was not determined 
in th i proj ect. 

The choice of pore-level displacement mechanism includes two tages: (a) e tablishment of the 
criteria for a pore-level mechani m to occur have been met; (2) calculat ion and compar ison of the 
pore-level displacement potentials (critical capillary pressures). alculation o f criti cal pressures of 
the single di placement mechanisms involving oil -water, oil-gas and gas-water can be performed 
and stored prior to commencing the tracking the macroscopic saturation traj ectory. M oreover, each 
displacement mechanism may be ordered according to its criti cal pressure. 

The two-phase displacement mechanisms in pore throats include the piston-like drainage and 
imbibition w ith critical pressure determined from eq. (3. 10) and eq. (3. 12), respectively. A lso, the 
snap-off mechanism with the critical capillary pressure calculated from eq. (3. 14) is implemented. 
For the pore chambers the two-phase displacement mechanisms include I 1- and I2-mechanisms using 
the critical pressure given by Fenw ick and Blunt ( 1998) given by eq. (3 .13) w ith C1 = 2.0 and C1 = 
1.25. A llowing the piston-like drainage of pore cham bers and calculating the cri tical pressure from 
eq. (3. 10) incorporates Haine · j umps. The sizes of the pore chamber are signi ficantly larger than 
the pore throats. Consequently, piston-I ike drainage of a pore throat is naturally followed by piston
like drainage of a pore chamber in agreement with micromodel observations of the Haines ' j ump 
event. 

The critical pressures of the double displacement mechani ms are calculated by summing the 
critical pressures of single di placement mechanisms. In particular, the cri tical pressures for double 
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imbibition mechanisms are calculated as superpos1t1ons of the snap-off, r 1-mechanism, 12-

mechanism. and piston-I ike imbibition displacement mechanisms. This leads to quite a few possible 
combinations for double imbibition displacements. Te cri tical pressures for double drainage 
mechanisms are calculated by summation of their counterparts for two pi ton-I ike displacements. 

Pcow 

--~01-----t■--~ 

■ Piston-like drainage 

111 Snap-off 

o Ii-mechanism 

■ Double drainage 

111 Double imbibition 

Pcog 

Figure 4.-4 Critical pressures of 1>ore-level displacement mechanisms depicted in the capillary pressure s1>ace for 
a pore throat and u pore chamber. It should be noted that critical 1>ressures assigned to imbibition mechunisms 
are negative with their absolute values depicted in the figure. The oil-water displacement mechanisms are shown 
as horizontal dashed lines, oil-gas mechanisms as vertical solid lines, and gas-water mechanisms are depicted as 
dotted lines with the slo1>e equal to - I. 

The fluid saturations of the micromoders pore network are contro lled by the change in global 
capi llary pressure associated with the three phases. The change of the capillary pressure is described 
by summing two quantities: the change in oil-water capillary pressure Pm.,, and the change in oi l-gas 
capi llary pressure P wg• More precisely, the total capillary pressure between water and gas, Pcwg, is 
calculated as the sum of the oil-water and oil-gas capillary pressures. 

(4.3) 

where P,.0 .,,, Pcog , and P0 • .,,g are the global capillary pressures. The absolute values of the criti cal 
pressures of single displacement mechanisms can be depicted in the capillary pressure space as 
horizontal and vertical lines for the oi l-water and oil-gas displacement mechanisms, respectively (cf. 
Figure 4.4). The water-gas displacement mechanisms can be depicted as lines with slope - I 
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corresponding to a certain global water-gas capillary pressure. The ab olute value of the cri tical 
pressures for double imbibition mechanisms are also lines that require a certain water-gas capillary 
pressure to be activated. Similarly, the double drainage mechanisms require a certa in water-gas 
capillary pressure in order for the displacement mechanisms to occur and the critical pre surcs arc 
thus also lines with gradient - I in the capillary pre sure space. 

Thus. when the capillary pressure is changed in the network simulator, either for the oi l-water 
interface or the oil-gas interface, a number of criteria regarding the cri tical pressures may be met 
and new displacement mechanism become poss ible. The choice of mechanism then depends on 
which displacement mechanism has the largest critical capil lary pressure. 

In order for two-phase drainage and imbibition di placement mechanism to occur the displacing 
phase must be connected to the inlet and the displaced phase to the outlet of the network. 
Discontinuous phases can not be mobi lized by two-phase displacement mechanisms. For double 
di placement mechanisms the displacing phase of the primary event and tJ1c displaced phase of the 
econdary event must be connected to the inlet or the outlet of the network. Moreover, the phase 

being displaced in the first event must be connected to the phase displacing the third pha e in the 
second event. In other words, one can not displace an oil ganglion and obtain a second displacement 
proce involving a different ganglion. 

It should be noted that double displacement mechanisms may lead to vol ume inconsistencies in the 
network model (cf. Mani and Mohanty, 1998). This is due to the fact that volume changes of the 
phases involved in the elementary events constituting double displacement mechani m are in 
general di fterent. More precisely, con ider a double drainage mechanisms where gas displaces oil 
from a pore chamber. The displaced oil ubscquently displaces water from another pore chamber. In 
general, the sizes of the pore chambers arc different and thu they have different volume . 
Consequently, the computational effort required to keep track of different vo lumes of the 
disconnected phases can be quite extensive. 

4.5 Algorithm for Choosing Pore-level Displacement Mechanisms 

The algorithm for the selection of pore-level displacement mechanisms is based on a prespecified 
set of capillary pres ure functions, Pi:11 111, Pi:ox, and P~-~"'· The pore-level displacement mechanisms are 
successively checked one by one to veri fy whether the pore mechanism is feas ible or not. For the 11-

and Ii-mechanism this includes check ing that the right number of adjacent pores are filed with the 
phase considered. For each pore the relevant continuity properties or the phases are checked and the 
potential (critical capillary pressure) of the displacement mechanism is calculated and compared 
against the max imum potential of the previously checked displacement mechanisms. If the new 
potential is larger than those assigned to those previously checked, it is selected as the next 
displacement mechanism. The contents of the pores, which the selected di placement mechanism 
affects, are updated and the continuity of the pha e is examined. The sweeping of the network in 
the search for the di placement mechanisms is quite laborious. Consequently, i t limits the size of the 
pore space in network simulators. 
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4.6 Fluid Saturations in Pore Space 

Phase saturations in the pore space are calculated for a specified section of the network limited by 
two rows of nodes in the x-direction. The section is usually placed in the center of the network. 
A lternatively, it can be placed in the part of the network close to the outlet to avoid inlet effects. The 
volume of each phase is calculated for each pore as the cross sectional area of the phase multiplied 
by the length of the pore. The volumes of each phase are summed over all the pores in the specified 
section of the network and divided by the total pore volume o f the section, 

i = w,o,g (4.4) 

where n101a1 is the total number of pores in the prespeci fled t.!Ction of the network and A 1•1 is the cross 
sectional area of phase i in pore j. The volume of discontinuous gangli a is calculated in the same 
manner. The only exception was that the capillary pressure corresponding to the moment where the 
ganglion became disconnected from the inlet or outlet face is used instead o f the global capillary 
pressure. Thus, the saturation changes due to changes in global capillary pressure only affect the 
aturation of the continuous part of a t1uid phase. 

4.7 Tracking Macroscopic Saturation Path 

Tracking the saturation path originating from the macroscopic simulator S111acro = (S:11.mal·ro, S w.macr,, ) is 
conducted by controlling the movement in the global capillary pressure space (c f. Figure 4.5) by 
imposing a capillary pressure on the network. A t the microscopic level, movement in the capillary 
pressure space requires that the network simulator follow the saturation traj ectory originating from 
the macroscopic simulator. Consequently, a di fference in saturation of the network model S,1e1 and a 
desired saturation point of the macroscopic saturation traj ectory S111o,·m larger than a specified 
tolerance must be associated with a change in either oil -gas or o il -water capill ary pressure in order 
to control the saturation of the network simulator. 

The task of finding a change in capillary pressure corresponding to the correct change in saturation 
path is not trivial: in general , there exist no function relating points o f the saturation triangle to 
po ints in the capillary space. In other words, a saturation point can be obtained by more than one 
path in the capillary space and a point in capillary space may correspond to different saturations 
depending on the followed saturation path followed (c f. Fenwick and Blunt, 1996). 

Considering the configuration of the phases in a single pore, it appears that the water saturation 
decreases for increasing oil-water capillary pressure because the oil-water interface is pushed 
towards the corner of the pore. Likewise, gas saturation increases for increasing oil -gas capillary 
pressure because the oil-gas interfaces of the continuous parts of a phase are pushed outward. These 
observations are in agreement with the plot of the displacement mechanism in the capillary pressure 
space (cf. Figure 4.4). Increased o il-water capillary pressures lead to the displacement mechanisms 
where oil displaces water and increased oil-gas capillary pressure leads to the displacement 
mechanisms with gas displacing either oil through single displacement mechanisms or water 
through ingle or double displacement mechanisms. The oil saturation depends on both the o il-water 
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and the oil-gas capillary pressures. However, it is indirectly given by the saturation of the water and 
the gas phase. Experience derived from using the developed tracking algorithm indicates that 
adjusting tht: capillary pressure of the oil-water interface accelerates the tracking of the macroscopic 
saturation trajectory by the network simulator. 

Sa 

Pcow 

• 

• 
Sg Pcog 

Figure 4.5. Tracking the snturation path. The goal of tracking is to control the saturation change in the network 
model by moving from the current saturation of the network S,,.1 to the next 1>oint on the macrosco1lic saturation 
trajectory . ., ... , . Tracking is performed by modifying the global capillary 1>ressure from P.,"•' to P; . 

Tracking of the macroscopic saturation trajectory by a network model ends either when all points of 
that trajectory have been 'visited' in a correct sequence, or when the residual saturation of oil or gas 
has been reached. The residual saturations of oil or gas are obtained when either gas or oil can no 
longer be displaced from the pore network in spite of the fact that this is required in order to 
continue tracking of the macroscopic saturation trajectory. 

The · tracking rules' can be summarized in the fo llowing algorithm. 

IF Sw.,,~, > Sw.m<"·m ⇒ Increase Pcow - GOTO 5 

ELS E IF Sw.nc, < Sw.mao·m ⇒ Decrease Pcow - GOTO 5 

ELSE IF Sg.n,11 > S,".mao·m ⇒ Decrease Pcog - GOTO 5 

ELSE IF S..i:.ne, < S.~.mavm ⇒ Increase Pcoi; - GOTO 5 

Perform displacement mechanism with largest potential 

Calculate Sm, 

IF I S,111,-Smacro I 2 > Tolerance GOTO I ELSE continue to next macroscopic saturation point. 
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The tolerance of the saturation deviation was typically set to 0.5 saturation units where the deviation 
was calculated as the two norm of the vector S11f 1-Sma,•ro, 

4.8 Determination of Relative Permeabilities 

The relati ve permeability functions are determined for a limited ection of the pore network. More 
precise ly, the total tlow of each phase through the network is determined by solving the pres ure 
field of each phase for a given pressure drop across the conducting cluster. The conductance of a 
phase in a connection between two node points depends on the content or the pore. the capillary 
pressure between the phases, and the continui ty of the phase. Conservation of volume is then 
invoked at each node point under the assumption that the phases is incompressible. Once the 
conductances of the phases have been establ ishcd for all the connections. the pressure field can be 
found by olving the equation system 

G · P = Q , (4.5) 

where G is the conductance matrix. P the pressure of the node points. and Q is the flow rate vector 
representing the boundary conditions. The equations arc linear and unlike the dynamic simulator the 
conductance matrix does not depend of the pressure solution because the capillary pressure is 
assumed fixed. As oon as the pressure tfold has been solved, the tlow rate and the pressure drop 
can be inserted into Darcy's law for multiphase flow and solved for the relative permeability of the 
phase. The absolute permeability of the network is determined at the beginning of the imulation by 
assuming that all pores are fill ed wi th water. 

The conductance matrix depends on the content of the pores and the continui ty of the tlowing phase. 
It is thus only necessary to solve the pre sure field for the spanning cluster, which reduces the size 
of the conductance matrix. In principle, it is only necessary to determine the pressure field for the 
backbone of the cluster, because the ·dangling· bond do not contribute to flow of the fluid phase 
through the network. In parti cular, it should be noted that if no panning cl uster connecting the inlet 
to the outlet ex i ts in the network for a given fluid phase, the conductance of that particular phase is 
zero. Consequently, the relative permeability is also zero. 

Moreover, the lineari ty of the matrix equation (4.5) makes the relative permeability independent of 
the viscosity of the phase. Thus. the relative permeabi li ty on ly depends on the di tribution of the 
coexisting phases w ithin the network and the capillary pressure i.e. the path followed in the 
capillary pressure space. 

4.9 Relative Permeability of Water Phase 

The water phase is assumed to be connected throughout the network. Thus, all four basic tluid 
configurations (cf. Figure 4.1) must be con idered when calculating the conductance of water 
between two nodes. In the configuration I where water is the only phase present in a pore the 
conductance is calculated as 
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(4.6) 

w here Lpore is the length or the pore and the effective radius re/fi:,•,;V(: is given hy eq.(A-6). For the 
configurations 2 and 3 the conductance of the water phase is given by 

1 

Aw· r,;11 
~{{\II = ----

lf·J.1,., ·I //Or• 
(4,7) 

where row is the curvature o f the oil-water inter face given by, Aw the area of the water phase and /J is 
the dimensionless resistance factor introduced in Section A.3. l . Calculation of the conductance of 
the water phase for configuration 4 is similar to eq. (4.7) with the exception that r ,,w is repl aced by 
the curvature of the gas-water interface r wg given by the capillary pressure of the gas-water interface 
P cwi;• 

It should be noted that for pores where disconnected oil or gas ganglia arc present the curvature of 
the oil-water inter face and the gas-water inh::r face is in reality unknown because the capillary 
pressure of a ganglion is a local capillary pressure which is not related to the global capillary 
pressure. Therefore the curvature of the oi l -water or a gas-water interface is calculated based on the 
local capillary pressure. The local capillary pressure is assumed to be given by the global capillary 
pressure at the moment the gang! ion became isolated. 

4.10 Conductances of Oil and Gas Phases 

T he pores belonging to the configuration 2 and the configuration 3 pores may conduct the oil phase. 
In the configuration 2 pores the conductance of the oil phase is given by eq. ( 4. 7) where the 
effective radius i given by eq.(A -1 9). In the configuration 3 pores the conductance of the oil phase 
is calculated by 

(4.8) 

where A0 +A.., is the sum of the area of the oil phase and the area of the water phase in the pore. 
T hus, the conductance is given by the total conductance of the oi l and water phases as i f there was 
no interface present minus the conductance or the water phase. Thus, it is inherently assumed that 
the presence of the oil-water interface does not affect the conductance of the oil. 

The conductance of the gas phase is calculated by use of eq. (4.6) where the effective radius is 
calculated by eq. (A- 19) using the area of the gas phase instead of the oil phase. In the configuration 
3 the area of the gas phase is calculated based on the position of the oil-gas interface w hile for the 
the configuration 4, the area of the gas phase is calculated based on the position of the gas-water 
interface. 
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4.11 Conductance of Connection 

The conductance of an entire connection is given as the sum of the resistance to flow of the pore 
throat and the two connecting pore chambers 

g 1<11a/ ,1/ = ----------- (4.9) 

---+ ---+---

Thus, the conductance between two nodes is a function o f the contents of the two pore chambers 
and the connecting throat It should be noted that th1.: conductance of the water phase in pores w ith 
gas or oil connected to the outlet or inlet is independent o f the size o f the pore. In other words, given 
the curvature of the oil.water interface and the gas•water interface, the conductance of the water 
phase is given by the hal f angle o f the pores alone which is constant for a similar pore geometry. In 
other words, the relative permeability o f the water phase is controlled by the geometry of the corners 
at low water saturations. 



5. Macroscopic reservoir model and three-phase transport 

A imple 1-D ECLIPSE model has been et-up for the study of WAG injection into an oi l reservoir. 
It is as wned that the re ervoir i horizontal and homogeneous with a uni form initial saturation 
di tribution. The three phases are incompressible, the tluid and rock properties arc constant and the 
aturation functions are simple Corey type power functions. We use the same values as do 

Marchesin and Plohr ( 1999) except for the capillary pressure. which is set to zero in order to 
facilitate theoretical analysi . Two injection wells, one for water injection and one for gas injection, 
are located in the first grid cell. One producer is located in the last grid ce ll . The simulator input 
data arc: 

5.1 Reservoir Dimensions and Grid 

Reservoir dimensions: 

Grid cell number : 

Grid cell lengths: 

5.2 Rock Properties 

Poro ity: 

Absolute permeability: 

Rock compressibility: 

5.3 PVT Properties 

The oil is dead and the gas i dry. 

Viscosity of oil : 

Viscosity of gas: 

Viscosity of water: 

Formation volume factors: 

5.4 Saturation Functions 

L1x = 0.00 I m, L1y i i: = I . m 

<p = 0.2 

K = 100. mD 

Crock = I . E-6 I /bar 

µ/!. 0.3 cp 

J1 111 0.5 Cp 

A ll critical and irreducible saturations are zero. 

Relative permeability of water: 
Relative permeability of oi l : 
Relative permeability of gas: 
Capi llary pressure: 

(5. 1) 
(5.2) 
(5.3) 
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5.5 Initial Conditions 

Pressure: 

Oil saturation: 

Water saturation: 

Gas saturation: 

5.6 Operating Conditions 

p(x. 0) = I. bar 

S,,(,-c. OJ = 0. 76 

Sw(,-c. O) = 0.16 or 0.10 

S.d-c,O) = 0.08 or 0.14 

Each WAG cycle comprises of 67% water fo llowed by 33% gas. During each cycle L/ 100 of the 
pore volume is injected. The total number of cycles is 40. The pore volume is 0.2 m3

. 

5.7 Results 

Figure 5.1 shows the calculated saturation distributions after injection or 0.4 pore volumes. In both 
cases the left state is the same corresponding to the injection condition 67% water fo llowed by 33% 
gas while the right states are still undisturbed and equal to the initial conditions. In Figure 5.2 are 
shown the calculated aturation paths. 
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Figure 5.2 WAG_6733 saturation paths for two different initial conditions 
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Considering that the rwo ea e are pretty close to each other the calculated solutions are remarkably 
different. In order to under tand what happens reference is made to Figure 5.3 which shows possible 
rarefactions, i.e. continuous solution of the hyperbolic conservation laws, corresponding to the fast 
and slow characteristic peed, re pectively. The two sets of curves are defined as de cribed below. 

1/ 
Sg Sw Sg Sw 

Figure 5.3. Rarefaction curves for the fast (left figure) and slow characteristic sr>eecls. 

The fast and slow characteristic peed are equal to the eigenvalues of the matrix A, where 

(5.4) 

The eigenvalues are 

(5 .5) 

The corresponding eigenvectors (x,, I) T and ( I, x1) are given by 

(5.6) 
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where ), = ),,, ),2 

Now, the conservation laws in the quasilinear form can be written as follows 

Substituting in eq. (5 . 7) 

X 
u =-

t 

leads to the following equation which the rarefactions or continuous solutions must obey: 

{A- lu}~ = 0 
du 

where / is the identity matrix. This means that the two eigenvectors are 

r {dSw dS~} , = cons! --,--
du du 

and hence 

dSg 
X'? = -
- dSw 

eqs.(5 .6), (5.7), (5 .12) and (5 .13) th~n show that 

_dS_w = _ A12 = _ (A22 - .-l) 

dSR (A11 -11.) A2 1 

JSg (A1 1 -,l,) ,-121 =- =-
JSw A1 2 (A22 - ,l,) 

(5.7) 

(5.8) 

(5.9) 

(5. LO) 

(5. 11 ) 

(5. 12) 

(5. 13) 

(5. 14) 

(5. 15) 

Now, each of the rarefaction curves in Figure 5.3 are calculated by integrating either eq. (5. 14) or 
eq. (5 .15) from 0.0 to 1.0 with the eigenvalue), equal to ),1 and J2, respectively. 



The point in the saturation space where the two eigenvalues, eq. (5.5) are equal is called the umbilic 
point. It can be shown (Trangenstcin ( 1988)) that when the relative permeabil itics arc all of the 
Corey type, as are eqs. (5.1) - (5.3) then the umbilic point is given by 

(5. 16) 

(5. 17) 

(5. 18) 

Now we return to the two qui te different solutions obtained corresponding to the two ets of initial 
conditions, Figures 5. 1 and 5.2. In the lirst case with ( ·w. R) = (0.16. 0.08). T his olution has the 
classical wave structure consisting of a slow wave group and a fast wave group (Marchesin and 
Plohr ( 1999)). The slow wave group comprises a slow rarefaction fan from the state s'· to the state 
s4 ( ee Figures. 5.2 and 5.3) and an adjoining slow shock wave from s4 to the constant state S.n. The 
fast wave group is a Buckley-Leverett shock wave, i.e. an oil bank from S11 to the state ~/<. 

In the second case with the initial state ( w, S:11) = (0. 10, 0. 14) the olution is different. containing 
three wave groups. The slow wave group contains only a rarefaction fan from s'· to s4 , ee Figures 
5.2 and 5.3. The fast wave group is a Buckley-Leverett shock from sH to S'. Between the low and 
fast wave groups is a transitional shock wave w ith left state S'1 and Right State s.R. 

Now. Marche in and Plohr ( 1999) ob erve that the amplitude of the transitional wave is larger than 
the ampl itude of the fast shock wave and conclude that the tran itional shock wave makes a 
substantial contribution to total oil recovery. This conclusion is however not substantiated by the 
results presented in the paper and neither by our results. The total oil recovery after injection of 0.4 
pore volumes in the first case with (Sw, S:11 ) = (0. 16, 0.08) where no tran itional wave occured is in 
fact 2% larger than in the second case (Figure 5. 1 ). 

A nother thing is, that some of the parameters used in the present example arc not very realistic in 
relation to Danish chalk reservoirs. The gas visco ity is much too large and the capi llary pressure is 
neglected. Consequently. new calculations were run with the gas viscosityµ~ 0.03 cp and an oil
water capillary pressure measured on a North Sea chalk plug. The results can be summed up as 
fo llows: 

• Due the high capillary pressure the front of the injected water is smeared out and the transitional 
waves disappear . The cumulative amount of oil produced at a given time is however, more or 
less unaffected. 

• The reduced gas viscos ity smears out the front of the injected gas, whereas the height of the 
waterfront is increased. The transitional wave till exists but it moves slower and the cumulative 
amount of oil produced at a given time is somewhat smaller. After injection of about 40% pore 
volume the total amount of oil produced are 54% and 43%, respective ly. 
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6. Multiscale modeling of relative permeability functions 

6.1 Introduction 

Hydrocarbon reservoir simulators describe transport processes at the scale of a grid block (~ 1000 
m·1 

). However, relative permeabilities are measured in laboratory experiments using small plugs cut 
from reservoir core(~ 100 cm' ). Thus, the characteristic size of a typical plug represents a minute 
fraction of the total grid block volume. Consequently, a major task in performing realistic field 
simulations is that of relating laboratory core measurements to the grid-block cale. This is the 
upscaling problem reducing a multiscale system to a system with a single effective scale. 

This chapter describes an alternative approach to modcling of relative permeabilities. In contrast to 
upsealing, none of the models pertaining to a single scak would suffice to reliably describe the 
entire system. More precisely, the modelling problem under consideration requires a very accurate 
and computationally expensive description at one scale and a coarser description at another scale. 
Consequently, the models pertaining to each scale arc applit:d in combination to build a 
comprehensive description of the entire system exhibiting multiple scalc.:s. 

More specifically, this chapter deals wi th the application of two-scale modeling to determination of 
three-phase relative permeabilities for gas injection and Water-Alternating-Gas injection processes. 
respectively. It is assumed that a large separation exists between the two scales, and, consequently, 
that they are weakly coupled. The models describing three-phase transport at the pore- and 
macroscopic scales are formulated. The relative permeabilities determined from a computation at a 
pore-scale are iterat ively fed into a computation at a grid scale. At the fixed point of the iteration 
procedure the set fconsistent aturation trajectories and the associated relative permeability functions 
for three coexisting phases (o il , water, and gas) are determined. Finally, conditions under which the 
iterative procedure leads to the selfcons istent three-phase relative permeabilities are discussed. In 
particul ar, the class of relative permeability functions ensuring hyperbolicity of the model equations, 
properties of transitional waves as the solutions to these equations, and their impact on hydrocarbon 
recovery efficiency are described. 
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6.2 elf'consistcnt Relative Permeability Functions 

Consider a one-dimensional horizontal reservoir of the extent of I 000 m (cf. Figure 6.1 ). 

r 
Relative 

Permeability 

L 

Macroscopic Flow Model 

1000 merers 

Mathematical Network Simulator 

- -
J . 

J 

-I 
11-18 
11-:.._ - . 

- Sg 
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Saturation 
Trajectory 

So 

Figure 6. 1 chcmatic diagram of the ·clfconsistcnt 1► 1·occdure. An initial f!:ucss of relative permeabi lity is fed to 
the macroscopic now model, which generates a saturation trajectory. The saturation trajectory is followed by the 
network simulator, which f!:ivcs II set of rel11tive perrne11bility functions. The iterative procedure continues until 
there is no more change in the s11tur11tion path. 

Gas or water is injected in onc end of the reservoir and oi l i produced in the oppo ite end of the 
re ervoir. t the macroscopic cale (the characteristic ize i appro, imatel I 00 m) the viscou 
force dominate and control the flow. The variation of' water and gas saturations with po ition along 
the reservoir, dS. i mall except for the region where the front of the di placement is advancing. 
However. on thc microscopic scale of a few thousand pores. even on the front, the aturation 
changes are small and the aturation can be as umed constant. Thu • tran port propertie are mainly 
governed by the capillary force . 

The macroscopic cale is repre ented by a horizontal. one-dimensional macro copic reservoir model 
set up on an ECLI P E I 00 imulator of three-phase fluid tran port. The underlying reservoir mode l 
neglects the capillary and gravitational forces. More precisely, the transport problem is described by 
the classical Buckley-Leverett model extended to three-pha e flow. The input to the macro copic 
model con ists of three relative permeability functions and the visco ·ities of the three phases. 
Moreover, the injection condition are given by an injection equence of water. oi l and ga . The 
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output of the macroscopic model is a aturation trajectory in the saturation triangle connecting the 
initial and final phase saturation in the reservoir. 

The microscopic scale is represented by a quasistatic network simulator. The equence of the pore
scale displacement mechanism in the network simulator is controlled by a series of changes in the 
capillary pressure associated with the curvature o f the fluid phase inter faces. More precisely, the 
sequence of changes in the capillary pressure creates a path in ?,./(,, - f..,, ... space (cf. Figure 6.5). The 

two-phase displacements are limited to P,..
0

.,, and P,..i(,, axes. 

The relative permeabili ty functions for the three phases are calculated by the network simulator. 
which determines the pressure field corresponding to a prespecified path in the capillary pre sure 
space, or in the aturation triangle. 

M ore precise ly, the applied procedure for obtaining scl fconsistent three-phase relati ve permeability 
function for three-phase flow in porou medium is as follows: 

I . G iven initial conditions. inj ection conditions, viscosities of the phases. the network simulator 
performs a displacement into three-phase region of the saturation triangle. 

2. T he displacement results in a set of three-phase relative permeabilities tabulated as functions of 
their own saturations for the selected path. 

3. The tabulated values are input into a one-dimensional reservoir simulator based on Buckley
Leverett model for three-phase tlow. The reservoir imulator performs displacement for the 
ame initial and injection conditions. The resulting saturation path is obtained by plotting the 

saturations of all grid plots on a ternary triangle. 

4. The saturations paths produced by the network imulator and tho e determined by the re ervoir 
simulator are compared. If the two paths are di fferent, the network simulator follows the path 
obtained from the reservoir simulator. If the paths coincide, the iteration stop . 

The above iteration procedure was applied by Fenwick and Blunt ( 1997) for gas inj ection into a 
watertlooded reservoir. By linking the relative permeability functions determined by the network 
simulator to the macroscopic reservoir simulator and iteratively computing a saturation path, until 
the relative permeability functions converged to a tixed point, the sel fconsistent saturation paths and 
the associated relative pl.!rmeabili ty functions were obtained. Thus, the relative permeability 
functions create a link betwe1::n the pore-level scale and the macroscopic scale. 

In another publication, Fenwick and Blunt ( 1998) emphasize the role or stable oi l layer to ensure 
high conductivity of the oil phase at low oil saturation for high recovery effic iencies in gas injection 
processe . 

A nother recovery method, which received considerable attention, is the water-alternating-gas 
(WAG) injection process. Its populari ty is due to the increased recovery efficiency as compared to 
the single-phase injection of either gas or water (Christensen et al., 1998). WAG injection on the 
field scale leads to saturation traj ectories on the pore level much different than those typical for gas 
injection investigated by Fenwick and Blunt ( 1998). Consequently, traj ectories in the capi llary 
pressure space are also much different from those appearing during gas injection. The goal o f our 
inve tigations of the iterati ve procedure for W AG processe has been to characterize the WAG 



~M~u~l~tis~c~a~le::....:....:.M~o~d~e~li~ng=o~f~R~e~la~t1~·v~e~P~e~rr~n~e~ab~i~li~ty......_F:un~c~t~io~n~s ______________ 59 

tr~jectories in the saturation space, to investigate the role of oil layers on the microscopic scale, and 
to evaluate their impact on recovery efficiency. 

6.3 Macroscopic Three-phase Flow Model 

Macroscopic three-phase now model in two- or three spatial dimensions leads to complex flow 
scenarios which depend on a large number of parameters such as gravity, capillary fo rces, injection 
rate of water and gas and shape of the reservoir. Consequently, a number of simplifications of the 
macroscopic model were nece sary in order to establish a practical macroscopic model for the 
iterative procedure. The adopted simplifications are as fo llows: 

• Negligible capillary fo rces, 
• Negligible gravitational forces, 
• Incompressible phases, 
• Gas is insoluble in oil, 
• One-dimensional flow. 

The mathematical model is thus reduced to specification of initial conditions for the phase 
saturations, relative permeability functions. viscosity and an injection sequence of the fluid phases. 
The solution to the one-dimensional three-phase Buckley-Leverett model is quite challenging and 
far from understood ( cf. Trangenstein, 1988). Consequently, it deserves to be reviewed for better 
understanding of the behavior of the macroscopic model. 

6.3. l Three-Phase Flow: Buckley-Leverett Model 

Under the assumptions stated above the pressure equations of the three-phase flow become 
equivalent to the three-phase one-dimensional Buckley-Leverett model. By introducing 
dimensionless time and space variables the conservation of the gas phase may be described by 

asq q/',, 
. + ,, = 0, 

a, a.t ( 6.1) 

where S.i: is the gas saturation and /I/ is the fractional fl ow curve of gas. Similarly the conservation of 
water is given by 

(6.2) 

where Sw and.f.v are the saturation and fractional fl ow curves fo r water. The fractional fl ow functions 
are defined as 

(6.3) 

and 
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(6.4) 

where krw, k,.g and k,.o are the relative permeability functions for water, gas and oil. µ111 , µ'<, and I-'" 
are the viscosities of water, gas and oil respectively. Only two fractional flow functions are needed 
to describe the flow due to the restriction that the sum of the phase saturations must equal unity 

w+S,+S.li = I. (6.5) 

For analys is of a given injection sequence such as gas injection or WAG injection, the Buckley
Leverett model is referred to as the Riemann problem. The solution to the Riemann problem with a 
given injection sequence depends solely on '7 = x/1 and the initial saturations of the model. The 
initial conditions and the injection sequence are given as a right state, describing the initial phase 
saturations of the model, defined by 

(6.6) 

and a left state, describing the injection equence, defined by 

(6.7) 

By invoking the self-s imilarity '7 = xl t, the Riemann problem is transformed into an eigenvalue 
problem given by 

a.1·w qrw 
--17 

asg as"' = 0. (6.8) 8/~ oJk --, 
[1,'-,'111 tt·,:(; 

The resolution of eq. (6.8) leads to a quadratic equation. The solutions to eq. (6.1) and eq. (6.2) 
propagate as waves through the medium with propagation speeds equal to the eigenvalues 
determined by eq. (6.8). More precisely, the eigenvalues are given by 

~I' ar 
q,.,, + .I ~ ±✓O 

as.. as~ 
'7 = ' 

2 
(6.9) 

where n is the discriminant given by 

(6. 10) 

The eigenvectors are given by 
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(6. 11 ) 

The eq. (6.1) and eq. (6.2) are said to be hyperbolic if all eigenvalues (cf. eq. (6.9)) are real. The 
ign of the discriminant (eq. (6. 10)) dclcrmines whether the eigenvalue are real or cornplex. 

Furthermore, if the two eigenvalues arc different (Q = 0) for al l permissible aturation values, the 
equations are aid to be strictly hyperbolic. Finally, the equations are aid to be genuinely nonlinear 
if 

(6.12) 

mall Fortran program wa wriuen to evaluatt: the eigenvalues of different polynomial forms of 
the relative permeability functions similar to those proposed b Sahni cl al. ( 1996). The eigenvalues 
of a Corey-type relati ve permeability function with identical vi cositics or the three phases are 
hown in Figure 6.2. The smaller eigenvalue corresponding to the minus sign in eq. (6.9) is called 

the slow characteristic peed and the larger eigenvalue corresponding lo the plus ign is called the 
fast characteristic speed. 

Figure 6.2 Eigenvulue plot of a Ricm11nn 1>r·oblcm using Corey-type relative permea bility functions and equal 
viscos ities o f the ph11ses. The left side shows the eigenvalues corres 11onding to the fas t charucteristic speed and 
the right side the eigenvalues correspondinJ? to the slow chnractcris tic speed. The red dot indic11tcs the location of 
the umbilic 11oint. The lines correspond to cigcnvulucs that arc within 5 11crccnt o f the difference between the 
maximum and the minimum cigenvulues. 

6.3.2 Solution of Three-phase Buckley- Leverett Model 

olutions to the two-phase Buckley-Leverett model are constructed from two kinds of basic 
solut ions: shock and rarefaction waves. Rarefaction waves arc continuous solutions and shocks are 
discontinuou olutions to the underlying Riemann problem. The solutions can be constructed by 
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use of Oleinik chords or Lax' s characteristics which are simple versions of the so-called entropy 
condition. These conditions basically state that the solution of eq. (6. 1) and eq. (6.2) must be the 
limit of the tlow problem including capillary pressure for capillary forces approaching zero (cf 
Trangenstein, 1988). 

For three-phase Buckley-Leverett flow the construction of the solution is more complex, but till 
involves rarefaction and shock waves. For strictly hyperbolic genuinely nonlinear equations the 
wave solutions may be constructed by determining a constant state which connects the elementary 
solutions ( et: Trangenstein, 1988). 

Unfortunately, the Rit!mann problem underl ying three-phase Buckley-Leverett model is in general 
neither strictly hyperbolic nor genuinely nonlinear. In fact. simple forms of the relative permeabili ty 
functions and certain combinations of phase viscosities can yield the so-called elliptic regions in the 
saturation triangle where the eigenvalues are compkx numbers corresponding to a negative 
discriminant (fl < 0). On the boundary of the elliptic regions the eigenvalues are identical 
corresponding to the discriminant being zero. ror special types of relative permeability functions the 
curve where the discriminant is zero is located at a single point call ed the umbilic point. The 
umbilic point generall y acts as the so-called organizing center for the solution of the Riemann 
problem (Guzman and Fayers. 1996 and M archesin and Plohr. 1999). 

The location of the umbilic points and exi tence and extent of elliptic regions depends on viscosity 
and relative permeability functions of the three phases. The variation of the eigenvalues can be 
analyzed by considering the terms of the discriminant (eq. (6. 10)). The first term of eq. (6.10) 
contains the difference between the diagonal elements of the Jacobian matrix and is never negative. 
On the other hand, it is equal to zero only when the diagonal elements are identical. The second 
term can be either positive or negative depending on the viscosities of the phases and tht:ir 
respective relative permeability functions. For oil viscos itie much larger than the viscosity o f water 
and gas the term is pos itive for most the aturation space (Fayers, l989). Consequently, an elliptic 
region is small if it exists. 

6.3.3 Special Types of Relative Permeability functions 

Because of the complexity of the solution to the Riemann problem underlying the three-phase 
Buckley-Leverett model it is often necessary to use simple forms o f the relative permeability 
functions in order to study the effects of various parameters. Especially, Corey-type relative 
permeability functions have been studied because they are easy to difterentiatc and generally capture 
many features of experimentally measured relative permeability functions. A special feature of the 
Corey-type relative permeability functi on is the absence of an elliptic region and the presence of a 
single umbilic point (Marchesin and Plohr, l999). For fi xed relative permeability functions the 
position of the umbilic point is determined by the viscosity ratios of the phases. 
For the case where km = Sr/, k,..v = S./ and k,,1: = s/, the position of the umbilic point can be 
calculated analytically by insertion of the differentiated fractional flow curves into eq. (6.8). The 
umbilic point given by 

(6. 13) 

and 
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(6. 14) 

With increasing viscosiLy or a phase Lhe umbilic point is attracted towards the vertex of tht..: 
saturation triangle or representing that phase. T hus, for fixed relative permeability functions the 
umbilic point can be moved around the aturation triangle by change of viscosity ratios (cf. Figure 
6.3). 

Figul'e 6.3 Eigenvalues with Corey-type 1·elative pe1·me:1hility functions. The viscosity of oil and water is 1.0 while 
the viscosity of gas is 0.1. The umbilic point (red point) i · 'pushed away' from the vertex of the saturation 
triangle representing the 1>hase which viscosity is lowered as com1rnl'ed to the other lwo 1>hases. 

6.JA. Numerical Solutions to Riemann Problem 

The solutions or the Riemann problem may be found by use o r u numerical simulator such as the 
ECLIPSE I 00, which is a commercial reservoir imulator. Despite the possibility of encountering 
elliptic regions it hould be noted that the prescnct..: or elliptic regions docs not necessaril y leads 
numerical problems. If the lell and the right states or the solution to the Riemann problem arc 
located away from Lhe elliplic region (Figure 6.4), the system behaves as if it were strictl y 
hyperbolic (cf. Bell el al., 1986). Numerical solution · indicate that in the case where the left or the 
right state arc located on either side of the elliplic region, stable meaningful solutions may be 
obtained (cf. Bell et al. , 1986 and Jackson and Blunt, 2000). T hi is also the case when either the 
left or the right stale is localed within Lhe elliptic region. 

However, even though capillary force have been ignored in the formulation of' the problem, the 
numerical discretization or the problem sLabilizes the sys tem because numerical diffusion has a 
similar effect on the governing equations as inclusion o f capi llar y terms in Lhe governing equation. 
fn fact. introduction of capillary terms into problems where both the le ft and the right state o f the 
Riemann probkm are located inside tht: elliptic region can have such a ' tabilizing cffoct ensuring 
that smooth meaningful olutions can be obtained (cf. Jackson and Blunt, 2000). 
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Figure 6A ketch of elliptic regions (red ) in the suturution tdunglc with diftcrcnt left }Ind right states. Top left: 
Both le ft and right stute urc for away from the elliptic region. Top right: Right s tate is located inside the elliptic 
region while the left state is located outside. Bottom left: Left state is inside the elliptic region while the right 
state is located outside the elliptic region. Bottom l'ight: Both the left and the riJ!ht states are located ins ide the 
elli11tic region. 

6.3.5 WAG-injection and Tran ·itiorrnl Waves 
Water lternating-Ga (W ) injection is a ·1.x:ondary recover method. WAG injection u ually 
yields higher reco ery efficiency than injection of only water or ga . The wave tructure of the 
W G rcco ery i pecial because of' the pre ·encc or a o-callcd tran itional wave which i a third 
wave group in addition to the rarelaction and hock wave (Marche in and Plohr. 1999). The 
transitional wave can contribute ignilicantly to the overal l oil recovery. Consequently. 
under tand ing the role or the tran itional wave is important for the efficient design of WAG 
procc sc . The transi tional wave are sensitive to the form of the capillary pressure. Unfortunately, 
it is omctime difficult to separate the effect of numerical disper ion and the capillary term. 
Marchesin and Plohr ( 1999) have hown that a olution to the WAG injection problem is practically 
indistinguishable from its counterpart pertaining to the Riemann problem. Tht: reason is that fast 
moving osci llating wave originating from the alternating injection equence either decay with time 
and turn into a rarefaction wave, or harpen into a hock wave. 
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6.4 elfconsistent Relative Permeability Functions for Gas ln.iection 

The iterati ve procedure was initially applied to a gas injection process. A saturation trajectory was 
generated by the macroscopic tlow model by using Corey-type relative permeability functions, krw = 
,}, ki-11 = } and k,.i;= S/ , and viscosities µw= 1.0, µ0= 0.3 and µ~= 0.2. Initial conditions were w= 

0.4 and S0 = 0.6. The injection of gas corresponded to the left state given by S1 = ( 1.0, 0). The 
network simulator was tested both on a 50x50 network with coordination number 4 and a 30 x 15 x 

15 three-dimensional network. The key parameters of the iterative procedure are shown in Table 
6.1. Contents of the pores are only shown for the 50 x 50 network while the relative permeability 
function of the three coex isting phases are shown for the three-dimensional case. T he initial gues 
of relative permeability functions resulted in a saturation trajectory shown in Figure 6.5. 

6.4.l Network- and Fluid- Parameters and Initial Conditions 
The initial condition of the network prior to the start of the iteration procedure was obtained by an 
invasion percolation process filling of the reservoir w ith oil. T he injection pressure was set to a 
fraction of the entry pressure of the smallest throat. The saturation of the water phase was "' = 0.3 
after injection of oil. The network was then all owed to imbibe water to reach the initial saturation 
point at Sw = 0.4. It should be noted that the first part of the saturation traj ectory is a two-phase 
displacement process where no gas was present. Thus. the gas aturation did not increase until w = 
0.34. T he tracking algorithm successfull y followed the saturation traj ectory of the macroscopic 
flow model. The distance between the nodes was typically 0.5 saturation units and the network 
model needed between 20-40 pore-level displacement mechanisms to reach the each desired 
saturation point on the macroscopic saturation trajectory. It should be noted that some pore-level 
displacement mechanisms did not lead to a change in saturation because the pore was located 
outside the zone where saturation was calcu lated. In the case where no critical pressure lines were 
crossed by a change in capi llary pressure, no pore-level displacement mechanisms occurred. 
However, the saturation still changed because inter faces changed curvature on the pore-level leading 
to a small change in saturat ion. 
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Viscosity water 1.0 cP 
Viscosity oil 0.3 cP 
Viscosi ty gas 0.2 cP 
ln terfacial tension oil-water 45 mN/m 
lnterfacial ten ·ion oil-gas 25 mN/m 
l nterfacial tension water-gas 70 mN/m 
Spreading Coefficient 0 mN/m 
Contact angle oil-water 0 rad 
Contact angle oil-gas 0 rad 
Contact angle gas-wHter 0 rad 
r 1,111i,1 5 µm 
r1,max 10 µm 
rc,min 15 µm 
rc,11111x 20 µm 

Table 6. 1 etwork and Fluid parameters 

6A.2 First Iteration by Network Simulator 

The network simulator success fully fo llowed the macroscopic saturation traj ectory during the first 
iteration w ithin a deviation of the pecitied 0.5 saturation units (cf. Figure 6.5). The corresponding 
movement in the capillary pressure space is shown in Figure 6.6. [n most cases. the injection of gas 
resul ted in both increased oil-gas and oil-water capillary pressure. It hould be noted that the oil 
layers remained stable along the entire saturation traj ectory. Con equently. the oil phase remained 
well connected. The stable oi l layers were a consequence of the direction of the aturation trajectory 
which generally ·demanded' less water cau ing increased oil-water capillary pressure and more ga 
causing increased oil-gas capi llary pre sure. 



~M~u=l=ti=sc=a=le.___M=o~d=e~li=ng'-'-"o~f~R=e=la=t~iv~e~P~e~rm:..:..:..::.e=ab=i~li~ty......:....F=un=c=t=io~n=s-------------- 67 

So Sa 

Sg Sw Sg Sw 

Figure 6.5 Tracking of the snturation trajectory by the network simuh1tor. The sntunition triangle to the left 
shows the snturation tra,jectory to be followed in red and the actual saturnrion tr:1,jectory followed by the 
network simulator in green. To the right the actual followed saturlltion trn,jectory llt the finnl stnte of the 
s imulation. An accu racy of 0.5 saturntion units was used. 

Thus, the displacement mechanisms were dominated by singk oi l-watl!r Haines · jumps fo llowed by 
Haines· jumps of gas into the continuous oil phase. The oil-gas Haines· jumps have significant ly 
lower critical pressure than double drainage mechanisms because secondary events are absent when 
gas invades the continuous oil phase. Consequently, no double drainage mechanisms were activated 
during tracking of the macroscopic saturation trajectory. 

Figure 6.6 also shows the calculated relative permeability functions of the three phases and the 
ini tial Corey type relative permeability functions on a logarithmic scale. The relative permeability 
functions span 4 orders of magnitude. The relative permeability function of the gas phase was zero 
fo r saturations below S.li = 0.32. At s:i: = 0.32 the gas cluster first spanned the network and connected 
the inlet to the outlet. The relative permeabil.ity at this point was 10·2. For gas saturations in the 
interval 0.32 < Si; < 0.43 the relative permeability of the gas slightly increased because the 
conductance of the gas phase was controlled by the · red' bonds in the backbone of the gas cluster. 
Consequently. the increased relative permeability was solely due to larger effective flow area of the 
gas phase inside the pores making up the backbone of the gas cluster. At a gas saturations above S.'4 
= 0.43 the gas phase began to form a well-connected cluster. 
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Figure 6.6. Relative permeability functions for oil, water and gas calculated by the network simulator a re shown 
in blue. The initial Corey-type relative permeability functions arc shown in red. The movement in cnpillary wace 
is shown in the lower right hand corner where the red line indicates the line of stability. 

The water phase was continuous through the entire saturation trajectory. At the initial two-phase 
condi tions Sw = 0.4 the relative permeability was approximately I 0·2. The relative permeabil ity 
function decreased gradually to a value as low as 10--1_ A crossover in relative penm:ability behavior 
was observed around Sw = 0.35. This cross-over heralds a transition from the relative permeability of 
the water phase contro lled by the configuration I pores entirely fil led with water to the 
configuration 2, configuration 3 and configuration 4 pores with the conductance of the water phase 
controlled by the corner flow. The relative permeability of water below the crossover point 
approximately scaled with saturation to the second power in agreement with the observations of 
Fenwick and Blunt ( 1998). 

The relative permeability of the oil phase was initially controlled by the the configuration 2 pores 
where oil flowed through the pore centers. It quickly decreased as gas displaced oil. In particular, 
the conductivity of the oil phase was reduced nearly two orders of magnitude with a corresponding 
change of the oil saturation from Su = 0.6 to S,, = 0.5. Further reduction of the oil saturation led to an 
interesting phenomenon. The increased oil-water capillary pressure forced the oil to invade new 
pores and the oil phase therefore formed a better-connected cluster on the network level. Although 
the effective fl ow area of the oi I phase within the individual pores was reduced, the overall 
conductance of the oil phase on the network level increased. Thus, below the oil saturation S,, = 0. 5, 
the relative permeability to oil fluctuated between 10·-1 and 10·3_ Con equently, the relative 
permeability of the oil phase below S0 = 0.5 was primari ly controlled by how well that phase was 
connected in the porous network. 
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Figure 6. 7. lnitinl, intermediate, and final stages of 1>hase distributions in a SO x SO network during gas injection. 
Blue color indicates water-tilled 1>ores; red color represents oil-tilled pores and water tilled 1>ores. The 1>ores with 
three coexisting 1>hnses nre represented by green color. 

The initial, intermediate, and final phase distributions in the 50 x 50 nelwork are shown in Figure 
6.7. The three stages of the phase distributions in the network show how gas displaced oil that was 
forced to displace water. The initial distribution corresponds to the condition Sw = 0.4 and S0 = 0.6 
with the o il phase spanning the pore space. Continui ty of the oil phase is controlled by the 
configuration 2 wi th the oil phase flowing lhrough pore centers (see Figure A2, A ppendix A ). A t the 
intermediate stage, the gas phase has displaced the oil phase from some of the pore centers causing a 
significant reduction of the oil phase relative permeability. A t the final stage, gas has effectively 
displaced the oil phase to the corners of the pores where it forms stable layers. Thus, at the final 
stage the gas phase occupies the pore centers creating a well connected cluster with a high relative 
permeability. Similarly, the effect of higher oil connectedness appearing at the final stage leading to 
higher oil relative permeabilities at lower oil saturations can be attributed to spreading of the oil 
phase on the water-gas inter face at high gas saturations. 

6.4.J Selfconsistent Relative Permeability Functions for Gas Injection 

The search for sel fconsistent relative permeabili ty functions was pursued by the iterative procedure. 
The sel fconsistent relative permeability functions of the seventh iteration arc shown in Figure 6.8 
along with the relative permeability functions o f iteration 6 and the various movements in capillary 
pressure space performed by the network simulator in the prev ious iterations. The complete iteration 
series is shown in Appendix D. The selfconsistent re lative permeability functions of water and gas 
were found in the second iteration. T he relative permeabili ty functions of gas and water did not 
change much during the remaining iterations. Consequently, the water and gas relative permeability 
functions appeared to be functions o f their own saturation only during the search for sel fconsistent 
relative permeability functions although the movement in capillary pressure space was very different 
during the seven iterations. 

The relative permeability function of oil posed some difficulties because the ECLIPSE 100 
simulator requires that relative permeability functions for the o il phase are monotonically increasing 
as the oil saturation increases. This requirement w as not always fulfilled by the relative permeability 
functions delivered by the network imulator. In particular for the higher oil saturations the network 
model yielded increasing relative permeability for decreasing oil saturation. The higher conductivity 



was caused by the fact that oil displaced water which caused formation of highly conductive 
configuration 2 pores while the gas displaced the oil from pores which did not belong to the 
backbone of the oil cluster. Consequently, smalkr oil saturation could cause an increase in oil 
conductance and thus non-increasing relative permeabili ty functions of the oil phase. 
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Figure 6.8 Selfconsistent relative 1>ermeability functions for gas injection with initial conditions S "" (0.0, 0.4) 
using Corey- ty1>e relative permeability functions as initial guess for the saturation trajectory. The movement in 
the capilh1ry pressure space is shown for all seven iterations. 

Consequently, it was necessary to approximate the relative permeability function of the oil phase in 
the range 0.176 < S0 < 0.57 by a straight line and search for the selfconsistent relative permeability 
function by changing the slope of the line. Thus, tracking of the relative permeability functions 
originating from the network model by the macroscopic model was associated with non~physical 
adjustments of the relative permeability function. Nevertheless. the iterative procedure converged in 
spite of the fact that as much as seven iterations were needed. The slow convergence was caused by 
oscillations of the relative permeabili ty function of the oil phase around the scl fconsistent relative 
permeabi lity function. More prec isely, every second relative permeability function had a significant 
part of its saturation trajectory located on the oil-gas base line in the region of very low water 
saturations (cf. Figure 6.9). 

The movement in the capillary pace can be interpreted by considering the aturation trajectories 
associated with the movements in capillary pressure space. The saturation trajectories oscillated 
around the selfconsistent saturation trajectory. This oscillation retlects the movements in the 
capillary pressure space either above or below the selfconsistent trajectory. More precisely, the 
saturation trajectories with their significant parts located on the oil-water base line correspond to 
movements in capillary space with the oil-water capillary pressure being too large as compared to 
that associated with the final selfconsistent trajectory. 
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Figure 6.9 Munition trajectories o f the seven iterations followed by the network simulator. The initia l 
saturation of ull the trnjectories is S, = (0.0, OA), but is only shown for the saturation trajectory o f the initial 
Corey-type relative llermc:t bility functions. T he convergence of the iterative ,,rocedure is slow becnuse the 
iterations oscillate around the selfconsis tcnt saturation trajectory. It should be noted thut ·ome of' the trnjcctories 
arc located on the gas-oil base line corresponding to no water. Low water content corres1>onds to a high oil
water capillary pressure. 

Comparisons of' the different movements in capillary pressure space and the corresponding 
movement in the saturation triangle have shown that the capi llary pressure response is structurally 
stable: it appears to be moderate for moderate changes in saturation trajectory. In other words. two 
aturation trajectories close to each other are fo llowed by movements in capillary pressure space, 

which are also close to each other. 1 lowever, that is not to say that the relati ve permeability 
functions do not change drastically. Moreover, the macro copic imulator docs not exhibit the 
property of structural stability in the case where a small change in relative permeabi l ity functions 
results in a drastic change or a saturation trajectory. 

6.5 elfconsistency of WAC Injection equenccs 

The iterati ve procedure was applied to a WAG 1n,1cction sequence. Three case were tc ted 
corresponding to different injection ratios between water and gas. The initial state was chosen as r 

= (.S:11, S..,) = (0.08, 0.16). Injection ratios corresponding to the left state S1 = (S,r:, 111) = (0.3 ", 0.6- ), 1 

= ( I,! , w) = (0.40,0.60) and , = (.S:t:, w) = (0.45, 0.55) were investigated using the Corey-type 
relative permeability functions. More speci ficall y, k,,., = ,}. kro = S} and krg = s/ were used a 
initial relative permeability functions. The applied viscosities were as fo llows: µ .., = 0.5 µ 0 = 1.0 and 
/.~i; = 0.3. The initial saturation trajectories of the macroscopic model are shown in Figure 6.10. 
lnterfacial tensions and contact angles were identical to those given in Table 6. 1. 
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6.5.1 Movement in Capillary Pressure pace 

Tht: movement in the capillary pressure space for the WAG ir,jection sequence with S1 = (~,:, S111) = 

(0.45, 0.55) is shown in Figure 6.10. T he combination o f increased water and gas saturations of the 
trajecLOries led to the use of the snap-oft: I ,- ,and h- imbibition displ acement mechanisms 
implementing the mechanism responsible for water displacing oil. The decreasing o il -water 
capi llary pressure caused the irnbibition displacement mechanisms. In addition, the increasing gas 
saturation resulted in increasing o il -gas capillary pressure. Consequently, the movement in the 
capillary space occurred in the region o f the capillary pre sure pace where o il layer were unstable. 

So 

Sg Sw 

Saturation trajectories 

Pcow 
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Pcog 

Capillary pressure path Instability of oil layer 

Figure 6.10. Tra,jectories in the saturation and ca 1>ill11ry pressu re spaces during WAG injection. The movement is 
generally towards the unsh1 ble oil h1yer. T he satu ration trajectories impose higher water saturation and higher 
gas saturation cuusing the oil-water and the oil-gas interfaces to move towards each other caus ing the collapse of 
the oil layer. 
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The movement in the capillary pressure space in the network simulator corresponds to movement of 
the oil-water interface towards the center of the pore. The oi l-gas interfaces are pushed towards the 
corner of the pores ( cf. Figure 6. 10) which reduces both the effective tlow area available to the oil 
phase on the pore-level and the connectivity of the oi l phase in the pore space. 
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Figure 6.11 . S11turation trajectories for the initial two iterations. The initial trajectory of the macroscot>ic 
simulator is shown to the left while the second iteration trajectory based on the relative 1>ermeability functions of 
the first trajectory is shown to the right. 

6.5.2 Residual and Discontinuous Oil 

The movement in capi llary pressure space causes the network model to encounter the residual oil 
saturation much earlier than the saturation corresponding to the injection condition given by the left 
state S,. Once the oi l layers became unstable, the injection of gas caused break-up of the oil phase 
into discontinuous oil ganglia, which could be mobilized only by the double drainage mechanisms. 
This was in particular the case with S1 = (~i:, Siv) = (0.35 , 0.65) and S1 = (Si;, Siv) = (0.4, 0.6). The 
lowest residual oi l was encountered for the leh state S1 = (Sg, Sw) = (0.45, 0.55). This case was then 
investigated more thoroughly. 

In the first iteration of the network model residual oil was t:ncountered atS,, = 0.3. Consequently, the 
macroscopic saturation model cannot yie ld a aturation trajectory below the residual oil saturation, 
because the oil phase becomes immobile at this saturation. 

The iterative procedure collapsed after the second iteration when the network model generated 
relative permeability functions, which caused the macroscopic model to return a aturation 
trajectory, located in the upper third of the saturation triangle. The oil phase had lost continuity at 
the oil saturation S0 c = 0.59 (cf. Figure 6.12). It should be noted that the relative permeability of a 
discontinuous phase by definition is equal to zero. However, in a network model an isolated oil 
filament can be connected to the inlet and the outlet face and is thus classified as a displaceable oil 
phase. 
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There were two causes of the high S"~· saturation. The first cau e was that the gas phase invaded the 
oi l phase by Haines· jumps while the oil layers were still stable and good connectivity of the oil 
phase existed. This invasion of oi l by gas took place in the larger pores. ubsequently, when oil 
layers became unstable, the connectivity of the oil phase was effectively reduced in the most 
conductive pores. The second cause that leading to high discontinuou oil aturation was that the 
gas phase invaded the oil phase unable to establish stable oil layers. Consequently, it broke up into 
ganglia, which could not conduct oil. Nevertheless, the gas phase was capable of pushing the 
discontinuous oil phase thereby reducing the saturation of that phase. 
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Figure 6.12 Relative 11ermeability functions obtained for the two first iterations of the S, = (0.55, 0.45). The blue 
markers indicate the relative 1>erme11bility functions obtained by the ne twork model while the red lines indicate 
the relative 1>e rmeability function forwnrded to the mncroscopic now model. S,,, indicates the residual oil while 
S,,,, marks discontinuous oil saturation where the conductance of the oil 11hase becomes zero. 

6.6 ollapse of Iterative Procedure for WAG Injection Process 

The collapse of the iterative procedure during WAG injection process raiSl;!S two questions 
concerning the iterative procedure aimed at determination of sel fcon istent relative pl;!rmeability 
functions. The first question concern calculations of conductance of the oil phase for saturation 
below the discontinuous oil aturation. The second question deals with the high residual oil 
saturations, which appears to be in disagreement with the field observation according to which 
WAG recovery yields increased recovery efficiency. 

Mani and Mohanty ( 1998) have studied problt:ms concerning the definition of relative 
permeabilitie in the network model. In their work the saturation of a phase in the pore space can 
change in ide the network even in the case where the relative permcabil ity to a phase is zero. 
However, the macroscopic flow model can describe changes in phase saturation only in the case of a 
nonzero mob ii ity of that phase. Consequently, the area in the saturation triangk where the phase is 
mobile is different for the two models. This creates an obstacle for the convergence process, 
because by changing saturation of the oil phase in the network model one cannot follow the 
saturation trajectory produced by the macroscopic model into the region of re idual oil saturation. 

Mani and Mohanty ( 1998) have developed a network model where the conductance of a phase 
consists of two contributions: teady- tate conductance and unsteady-state conductance. They 
proposed the following formulation of Darcy's law extended to the multiphase tlow 
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The mechanisms governing steady-state Lransport are similar to that underlying determination of 
relalive permeabi lities in the quasi-static network model. Given the total flow into or out or the 
section of the network, the phase v iscosily, the imposed pressure drop, and Lhe absolute 
permeability, transport coefficients are calculated from the multiphase Darcy' s law. The flow can 
take place through tilms, layers or in pores where the conductance of tht: phase can be dl!scribed by 
the laminar flow. The key assumplion in the definition of the steady-slate conductance is that the 
fl owing phase is continuous and the pressure drop can be detennined from the generalized Darcy's 
law. 

The unsteady- tate conductance is represented by the response of the syslem Lo a change in capillary 
pressure. The respon e kads to a time dependency or the saturalion change and the time for an event 
to happen must be introduced in the network model as a dynamic element. More precisely, a 
dynamic network simulator must replace the quasislaLic network simulator in order to capture the 
relative permeability concept of the network model. 

T he change in capillary pressure due to change in one phase pressure therefore can cause changes in 
the saturation of another pha e. Consequently, the inclusion of the unsteady-state conductance can 
be regarded as a coupling between the conductance of one phase and the pre ure gradient within a 
different phase. 

In conclusion, the use of the iterative procedure in the search for sel fconsi tent relative permeability 
functions can be affected by improper formulation of the mathematical models. 

6.7 Recovery Efficiency of WAG ln.iection Processes 

T he high res idual oil saturation of the WAG injection processes predicted by the network imulator 
is in disagreement with high recovery efficiencies reported in field studil!s (cf. Christensen, Slenby, 
and kauge, 1998). The recovery factor is usually controlled by three basic recovery mechanisms: 
the vert ical sweep, horizontal sweep and microscopic displacement efficiency. The negligence of 
these effects by the network- and macroscopic models may significantly influence efficiency of oil 
recovery. 

In general, increased oil-water capillary pressure in the network model leads to thicker o il layers. 
Compared to gas injection, the WAG injection is characterized by a movement in the capillary 
pressure space towards the region where oil layers are unstable. Thus, it appears that the increased 
oil recovery effic iency may not be explained by the presence of oil layers on thl! pore- level. In 
addition, the network imulations have hown that computational results were sensi tive to the initial 
placement of the gas phase in the network. More precisely, oil conductivity was lost faster when gas 
was assigned to the entire end-face of the network as compared to the assignment to a single pore or 
to a limited number of pores. 

Gravitational segregation and compre sibil ity of the gas phase were ignored in the macroscopic 
model in spite of their signiticance for the vertical sweep effic iency. A nother property of the 
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iterative procedure is that the solutions to macroscopic model equations appear ini tially as the 
travelling waves. However, they are subsequently transformed into shock fronts or, alternatively, 
decay into rarefaction waves. Unfortunately, in many cases the well pacing is rather dense and, 
consequently, the travelling waves might not have sufficient space to develop. Consequently, the 
two mathematical models applied in the iterati ve procedure do not necessaril y adequately represent 
the essential mechanisms responsible for increased oil recovery efficiency of the WAG injection. 



7. Elliptic regions and three-phase Buckley-Leverett problem 

In the ideal ized case with zt:ro gravity and relative permeabilities of Corey type. the eigenvalues are 
always real (Trangen tein ( 1988)). With gravi ty included and w ith di fferent relative permeability 
relationships this is not necessarily the case. Several author have tudied the probk:m of imaginary 
eigenvalues (Jackson and Blunt (2000). Fayers ( 1989), Trangenstein ( 1988)). Jackson and Blunt 
(2000) show that elliptic regions (i.e. regions in the saturation space where the eigenvalues are 
imaginary) occupying a igni ti cant part of the saturation space are pre ent for a phys ically realizable 
model of a porous medium (a bundle-o f- tubes model). They conclude that ell iptic regions appear to 
be an inevitable consequence of a non-tri v ial three-phase tlow model. But, is it phys ically possible 
fo r a real flow system to attain tates located inside an elliptic region? Trangenstein ( 1988) does not 
think that this is the case and concludes that the practical meaning of the non-hypcrbol ic regions is 
that they represent regions of unattainable saturations. Nature cannot create reservo irs w ith these 
unstable mixtures, wells cannot inject them, and the resulting reservoir tluid can never reach them. 
Nevertheless, in real-life reservoir simulation relative permeability relationships arc used that arc 
not necessarily phys ical. This holds in particular when upscaling and pseudo function arc involved. 
Therefore we must consider ell iptic region a fact of Ii fe. 

The y tern examined by Jackson and Blunt (2000) is phys ically realizable. Unfortunately. it is not 
representative for the conditions found in a typical Danish North ' ea chalk reservoir. In the rest o f 
this chapter we wi ll try to answer the question whether elliptic region are omething to worry about 
in conjunction w ith the simulation of thi type of reservoirs. 

7.1 The Equation System 

The three-phase Buckley-Leverel1 problem may be pccitied as follows: 

asff ovg rp-· + - =0 a, ax 

where 

Vw = fw (vr +[A.o(Pw - Po)+ 11.,,/Pw - Pg ) lgxK} 

Vg = Jg {vr + [11.o(P.Q - Po)+ Aw(Pg - Pw )JgxK} 

Vo = fo ( vr + [11.w (Po - Pw) + A.g (Po - Pg )]gx K} 

dD 
gx =g dx 

(7. 1) 

(7.2) 

(7.3) 

(7.4 ) 

(7.5) 

(7.6) 

(7.7) 



).'l' = ).\II + )..I; + ).(/ 

Vt = A.w + Vg + v0 

The assumptions are: 

I . Constant porosity 
2. All phases are incompressible 
3. No capi llary pressure 

(7.8) 

(7.9) 

(7.10) 

( 7. I I ) 

(7. 12) 

The three phase Buckley-Leverett problem exhibi ts ell iptic regions if the eigenvalues of the matrix 
A are complex, where 

(7.13) 

7.2 ,Jackson and Blunt Example Case 

Jackson and Blunt (2000) have posed the question whether the elliptic regions are an inevitab le 
consequence of three-phase tlow or just a non-physical artifact of extrapolating relative permeabil ily 
functions beyond regions studied experimentally. They answered the question by demonstrating that 
elliptic regions may occupy a significant portion of the saturation space for a physically realizable 
bundle-of-tubes model of a porous medium. 

The following parameters and functions were used in their example case: 

Viscosities: 

;., .. = l cp 
Po = 0.75 cp 
/.lg = 0.2 cp 

Relative permeabilities: 

k = S l .4 1667 
\II \II 

(7.14) 
(7. 15) 
(7.16) 

(7. 17) 
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Figure 7.1 Elli11tic region for Jack.son & Blunt cxam11lc case 

k = I -( I _ ) 1.4 1667 g . . g 

Gravity to viscous forces: 

K (Pw - Po )gx = l.S 
vrA, 

K(Po - Pg )g_,. : I._ 

V'/'Jl11 

K(Pw - Pg )gx = 3. 

V'l'AJ 

A ll critical and residual saturations are zero. 

(7. 18) 

(7. l 9) 

(7.20) 

(7.2 1) 

(7.22) 

The elliptic region calculated for this problem is the black region shown in Figure 7.1. The region is 
different from the one given by Jackson and Blunt (2000). The reason for this is not apparent. 
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7.3 Visco ity Dependence 

Now, while the above problem i phy icall realizable it is not t pica! of what you would find in a 
North ea chalk re ervoirs A more real is tic ·t:t of viscosities would be: 

1.1 .. , = 0.4 cp 
/,lo = 0.3 cp 
/,lg = 0.04 Cp 

(7.23) 
(7.24) 
(7.2 -) 

As seen in Figure 7.2 this change in viscosities has very little influence upon the elliptic region. 
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7A Realistic Gas Rcl:1tive Permeability Fu nction 

Next, we try to introduet: a more realistic ga relative permeability functions: 

k = 1.4 1667 
g g 

1..2 1 4 

(7.26) 

Thi change in the hape of the gas re lative perm cab ii ity function has a more profound influence of 
the ize and hape of the elliptic region (F igure 7.3) 
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Figure 7.3 Elli1>tic rei:ion for J11ckson & Blunt ex11mplc with rculistic viscosities and g11s rel11tive permeability 

7.5 Realistic Water Relative Permeability Function 

Now, for North ea chalk the power in the expression for the water relative permeability is typically 
larger than 1.7. To ee the effect or this parameter the elliptic region was ~valuated for the relative 
permeability functions 

k 111 = S~· 

k S1.4 g,,,, g 

(7.27) 

(7 .28) 

A comparison of the elliptic regions in r igures 7.3 and 7.4 shows that the elliptic region is sensitive 
to the form of the water relative permeability. 
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Fig. 7.4. J&B example with realistic viscosities, gas and water relative permeabilities 
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7.6 Introduction of Non-Zero Residual and Critical Saturations 

The calculations made so far have been carried out with residual and critical saturations set equal to 
zero. We will now introduce values that are typical for North Sea chalk reservoirs: 

Sw,· = 0.05 
S/.(c = 0.01 
Surw = 0.25 
S org = 0.20 

The relative permeabilities are given by 

where 

(7.29) 
(7.30) 
(7.31) 

(7.32) 

(7.33) 

(7.34) 

(7.35) 
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• S, = 
~ (1. - Sorg - Sw,· - gc ) 

(7.36) 

The introduction of non-zero critical and residual saturations moves the ell iptic region a I ittle bi t 
towards smaller gas aturations (Figure 7.5). The shape is not changed very much. 

1.2 
Fig. 7.5. J&B ex. with realistic visc., gas and water rel. perms. and residual/critical saturations 
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The oil relative permeability function used so far (eq. (7.34)) is not normally used in reservoir 
simulations. For example, in the commercial reservoir simulator ECLIPSE the oil relative 
permeabilities in an oil-water and an oil-gas system are specified separately. The three-phase oil 
relative permeability is calculated from one of three models. The default model is obtained from the 
assumptions that in each grid cell I) the oil is homogeneously distributed and 2) the gas and water 
phases are completely gravity segregated. This model is referred to as the segregated model. The 
two other models available are the Stone I and Stone II model, respectively. 

The oil relative permeabilities in the oil-water and oil-gas systems are specified as fo llows: 

(7.37) 

(7.38) 
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where 

s• = (So - Sorw) 
ow s ( I · - orw - w,· ) 

(7.39) 

(7.40) 

Next we wi ll examine how the elliptic region depends upon the applied three-phase oil relative 
permeabili ty model. The relative permeabilities for water and gas are given as above in eqs. (7.32) 
and (7.33). 

Fig. 7.6. J&B ex. with realistic fluid parameters, Segregated 3-phase oil relative permeabiliy 
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7.7.l The Segregated Model 

The expression for the three-phase oil relative permeability is 

(7.4 1) 



The resul ting elliptic region is shown in Figure 7.6. It is seen to be completely different and much 
smaller than the region obtained when the three-phase oil relative permeabili ty is g iven by eq. 
(7.34). 

7.7.2 The Stone I Model 

The expression for the three-phase oil relative permeability is 

where 

c,c, = ( So - Som ) . f' S S 
uu0 S I O · 0111 

(I . - um - we ) 

I)= 0. if So > Som 

Sum = mi 11 [ S,-11,r, Sorg } 

(7.42) 

(7.43) 

(7.44) 

(7.45) 

(7.46) 

(7.47) 

(7.48) 

It turns out that there is no elliptic region in this case. The umbilic point (where the two real 
eigenvalues are equal) is given by (Sw, i;, 0 ) = (0. 15, 0.60, 0.25). T he eigenvalue is equal to 
0.00 188. 

7.7.3 The Stone II Model 

The expression for tht: three-phase oil re lative permeability is 

(7.49) 

The elliptic region in this case is di fferent from what ha been seen before regarding shape as well 
as location in the saturation space, cf. Figure 7.7. 

lt must be concluded that the presence, size, shape and location of an elliptic region is very much 
dependent upon the shape of the relative permeability curves. 



Fig. 7.7. J&B ex. with realistic flu id parameters, Stone II 3-phase oil relative permeabiliy 
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7.7.4 Effect of Gravity to Viscous Forces Ratios 

The effect of the gravity to viscous force ratios is examined by using the segregated three-phase oil 
relative permeability model. 

Reduction of the gravity to viscous forces ratios by a factor of I 0 to 

K(Pw - Po)gx ,,,, 0.15 
vr µ o 

K(po - Pg )gx = 0. 1 S 
vrµo 

K(Pw - Pg )gx = O.) 

vr µo 

(7.50) 

(7.51) 

(7.52) 
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result in a reduction of the ellipti c region, cf. Figures 7.6 and 7.8. This is to be expected as the 
elliptic region disappears completely when the gravity to viscous forces ratios are zero. 

Fig. 7.8. J&B ex. with realistic fluid parameters, reduced gravity to viscous forces ratio 
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When the ratio of gravity to viscous forces is increased by a factor of I O to 

K(P111 - Po)gx = 15. 
vrµo 

K(po-Pg )gx = 15. 
VT A ) 

K(p\V - Pg)gx = 30. 
vr µ o 

The elliptic region is still present, but it is reduced, Figure 7.9. 

1.2 1.4 

(7.53) 

(7.54) 

(7.55) 
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Fig. 7.9. J&B ex. with realistic fluid parameters, increased gravity to viscous forces ratio 
1.2 .------.------------,,----------,.--------.--------.--------..-----~------, 

0.8 

0.6 

0.4 

0.2 

0 
Sg 

So 
\ 

' ' ' \ 
' ' \ 

' ' ' ' ' \ 
\ 

' ' ' ' ' ' ' \ 
' ' ' \ 

\ 

' ' 
' ' ' ' ' \ 

' ' ' ' \ 
' ' ' ' 

Segregated 3-phase oil relative permeability model 

\ 
' ' ' ' \ 

' ' ' ' ' \ 
' ' 

Sw 

-0.2 ---------------- ----------------------------"----..__---..__--___. 
-0.2 0 0.2 0.4 0.6 0.8 1.2 1.4 

7.8 Discussion 

The results obtained indicate that elliptic regions can indeed occur in realistic reservoir problems, 
but for conditions typical of North Sea chalk reservoirs they appear to be small. 

Jackson and Blunt (2000) present some example solutions for three-phase flow with gravity and 
capillary pressure. They find that for cases where the aturation path goes through an elliptic region 
even small amounts of capillary pressure have a significant stabilizing effect on the solution. Now, 
in North Sea chalk reservoirs the capi llary pressures are high. This in combination with only small 
elliptic regions lead to the conclusion that elliptic region pose no problem in the simulation of this 
kind of reservoirs. 

The assumption that the gas is incompressible appears to be rather severe. Trangenstein ( 1988) 
shows however, for a strictly hyperbolic black-oil model, that neither compressibility nor interphase 
mass transfer effects influence the characteristic speeds. [t seems reasonable to expect that the same 
holds for elliptic regions. 
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8. Concluding remarks 

The goal of micromodel experiments is to l ink pore-scale transport mechanisms to hydrocarbon 
recovery efficiency. Consequently, the art ificial porous networks should reproduce as many pore
scale tran port mechanisms as possible. The use of the RIE etching technique and the doublt: 
etching depths has made it possible to create micromodel , which imitate chalks in a more efficient 
manner than the older micromodels. In particular, pore sizes of the developed micromodels are only 
a single order of magnitude larger than the typical pore sizes of North ea chalk. A lso. the film flow 
can be studied by creating micromodels with ·connected corners'. On the other hand. the absolute 
permeability of the new micromodels i at least three orders of magnitude higher than the 
permeability or real North Sea chalks. Thus, the micromodels manufactured during this project 
might be unable to reproduce some transport mechanisms that are active at the pore- cale in real-life 
chalk reservoirs. In addi tion. one or the drawbacks or micromodels w ith smaller dimen ions of the 
pores is that measurement of inj ection pressure during experiments and phase aturations in the 
micromodel · pore space become much more complicated. In particular, the injection of flu ids into 
a micromodel requires ex tremdy accurate control or the injected volumes. This. in turn. impo es 
high precision demands on the equipment as well as on experimental conditions. Moreover, in 
GEUS I , GEUS 2, and GEUS 3 micromodels observations were l imited by shading effects and 
estimation of saturation could only be performed on small sections of the micromodels. This means 
that phase saturations can only be measured w ith limited precision by the numbers method. 

One of the conclusions derived from this proj ect is that quasistatic network simulators can act as a 
link between the pore-scale and the macro copic cale in the iterati ve procedure for establishing 
el fcon istent relative permeability functions. However, it turns out that the quasistatic model of the 

three-phase transport cannot explain increased recovery efficiencies of WAG inj ection as compared 
to water or gas injection. More precisely, the instabili ty of oil layers and the associated high residual 
o il saturation encountered in the network model eem contradictory to the observations of 
increased oil recovery on the field scale. It is possible, however, that improved recovery efficiencies 
could be attributed to other effects present on a di fferent scale e.g .. a ·cak where the grav itational 
ef fects or other effects such as solut ion o f the gas phase in the oil phase arc important. 

Finally, it should be noted that a success ful use of the iterative procedure presupposes that the 
concept of relative permeabili ty is well defined both at the macroscopic and microscopic levels. For 
some recovery processes this might require an expansion of the relati ve permeability concept in 
order to capture all the essential parts o f the displacement process. In particular. the network 
simulator hould include both the steady state and the unsteady-state tran port mechani ms. 
Consequently, for more complex recovery processes, uch as WAG injection, a dynamic network 
simulator (cf. e.g., Mani and Mohanty ( 1998)) might be a suitable replacement of its quasi tatic 
counterpart in the iterative procedure aimed at determination of sel fcon istent relati ve permeability 
functions. 
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Appendix A: Structural Properties of Network Models 

A L. Network Model 

This appendix describes a cla s of mathematical models underlying the network simulator 
implemented in cour e of thi project. It is an extension of the overview given in Section 4.2.1. 

The implemented network model consists of a regular cubic lattice contain ing Ix nodes in the flow 
direction and Ly and I= nodes in the two directions transversal to the tlow direction ( cf. Figure A I ). 
The total number or nodes is = /x· ly·I=. A node is connected to a neighboring node through a link. 
which repre cnts a pore throat and two adjoining pore chambers. The distance between two adjacent 
nodes /1111c1e and the coordination number Z arc the same f'or all nodes. For two-dimensional latti ces 
the coordination number Z is either 4 or 8. For three-dimensional lattices each node can have either 
Z = 6, 8, 12. 14, 18, 20. or 26 neighbors. 

The nodes located in the first or the last row or the lattice are connected to the forward or backward 
pointing node representing the inlet and outlet chamber, respectivel y. Periodic boundary conditions 
are impo ed on the latti ce faces tran versa! to the y- and z-direclion reducing finite size effects 
during the simulations. A random number varying between O and I generated by the uni form 
distribution function gives the size of a chamber. Similarl y, the size of the pore throat. r, . is 
assumed to be described by a random number varying between O and I. 

A connection between two nodes consists of a node representing the first chamber, the link 
representing the pore throat, and another node repre enting the second chamber. The length of the 
pore chamber. [, . • is given by its pore size, re: , while the length of the pore throat, /, , is given by the 
distance between two neighboring nodes reduced by the size of two adjacent pore chambers 
belonging to the same connection. Thus, pore chambers must be mailer than hal f the node distance 
in order for the pore chamber not to overlap. 
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Fi!!ure A l. tructurnl 1>ro 1,e rties o f the ne twork mod el. Euch pure c hamber is connected to o the r 1>ure chambers 
by pure throuts. Connections can be of three principnl types: corner, edge or face o f the cu be. Thus, coordination 
numbers be tween -' and 26 can be im1>lcmented in the network. T he pore sizes ore randomly chosen heh\' ecn a 
minimum and a maximum 11o re s ize, wh ich arc input rmrameters. 

Both pore chambers and pore throaL arc as umcd to have 'qu,ue cro ·s-s<.:ctions. The volume of a 
pore chamber V,. is given by 

(A- 1) 

while the volume or th<.: pon.: throat V, i · given b 

(/\-2) 

The porosity of the rn.:twork i given by 

(A-3) 

and the total cross- ectional area of the network ample is calculated by 

( -4) 
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A2. Conductance of Single Phase 

ingle-phase flow between two nodes is assumed to be laminar with negligible inertial forces. The 
conductance g of a single pha e through a pore with a constant quare cross-section and length. 
lrm,,, is given by 

(A-5) 

whereµ is the viscosity or the flowing phase and the effecti ve radiu , r 1:tfi:,.,,,.11 • is given by 

(A-6) 

where Apor11 is the cros - ectional area of the pore. 

The total re istance to flow between two nodes i and j is given by the sum of the resi ranee 
associated with the pore throat, 1 lg,.,1 • and by the resistances of the two adjacent pore chambers, 
1/g,·,; and 1/g,._ ,. The total conductance g,.,1 betwet::n two nodes is therefore given by the following 
expression 

= + (A-7) 
g /(Jlllf .lJ .l!c I g, I/ g C, / 

Thus, for pore chambers larger than the pore throats. the resistance to flow is primarily contro lled by 
pore throats while pore chambers control the saturation. Consequently, the volumetric flow rate of a 
single phase q,1 between two nodes i and j is given by 

(A-8) 

where P, and P1 are tht:: pressures of the flowing phase at the nodes i and} . respectively. 

The flowing phase is assumed to be incompressible and the mass balance of a single node is given 
by 

(A-9) 

The total conductance of the pore network can be calculated by solving the system of equations 
describing the conservation of volume for all nodes. More preci ely, this y tern of equations is 
obtained by sub tituting eq. (A-8) into eq. (A-9). More precisely, the volume balance for each node 
leads to N equations with N unknown pressures, which can be formulated in a matrix form as 
follows 

G·P = O (A- 10) 
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where G is an N x N matri x containing the conductances bctween the adjacent nodes and P is a 
vector of length N that contains the pressure at the node . 

Depending on the choice of boundary conditions, either the total flow rate through the network Q,11:1 
or the pressure drop across the network. tlP11v,, can be calculated. The absolute permeability, k,,,, . of 

the network is subsequently determined from Darcy's law 

(A-11 ) 

AJ. Conductance of Two Immiscible Phases 

Micromodcl t:xperiments conducted during this project involving GEUS J micromodel have hown 
that close to the outlet chamber oil was produced as droplets. This phenomenon is probably caused 
by the flow through the four triangular-I ike corner regions of capillary tubings. The break-up of the 
oil phase was also observed in experimental studie conducted by other research groups. In 
particular, Aker et al. ( 1998) observed the break-up of the oil phase during drainage in their 
micromodel studies. However, due to negligence of the corner tlow, they were unable to give a 
plausible explanation of this phenomenon. 

Movement of ganglia in two-phase flow requires high capillary numbers, which are rarely 
encountered in natural core experiments fl ooding chemes. Consequently, discontinuous oil 
tran port has been excludcd as an admissible mechanism in the network imulator developed in the 
course of this proj ect. This leaves the following four basic pha e configurations for the drainage 
displacement (c f. Figure A2): 

• on figuration I: The connection is entirely filled with water and there is only flow of water 
and no flow of oil between the two pore chambers. 

• Configuration 2: Water is located in the corners and oil in the center of the pores with a quare 
cross-section. The water and the oil phases are considered as flowing in compartments eparated 
by the oil-water inter face. There is no interaction between the phases. 

• Configurations Ja and Jb: The oil phase displaces the water phase or, alternatively, the water 
phase displaces the oil phase depending on the direction of motion of the meniscus. Moreover, 
the water phase can escape around the meni cus along the corners similarly to configuration 2. 
Thus, the water can enter the water fill ed pore either because it is displaced by the head 
meniscus or because it flows from the opposite pore chamber along the corner and into the water 
filled pore throat and chamber. 

• Configuration 4: The presence of two menisci in the connection is treated as a uperposition of 
the configurations Ja and Jb. The motion of the menisci is there fore independent of each other 
which is in accordance with the observations of the from the micromodel experiments where 
two menisci were also een to enter the same connection and ubsequently coalesce. 
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Figure 2. Four 1>rincipal nuid configurations between two nodes. Water is always connected and the wate ,· 
pressure is defined for all nodes. The water and the oil phuscs flow in two sepnrntc compartments in the 
configura tion 2. Configurations Ja and Jb arc symmetric and essentially can be considered as representing the 
same transport mechanism. In (Ja) oil displaces water, in (Jb) the roles of oil and water are reversed. In 
configuration-' oil dis 1>laces water by two or>posite menisci. Th ick arrows indicate now of oil while thin arrows 
indicate now of water along the corners of the capillary tube. 

A.3.1 Conductance of Water Pha ·e 

[n the case of configuration I the conductanc.:c of tht: aqut:ous phase. g111111 , is c.:alculatt:d in tht: same 
manner as in the single-phast: case (eq. (/\- -)). 

In the case of configuration 2. water may bt: present in the c.:orners or the pore. Ransohoff and Radke 
( l 988) performed finite element ca lculations of the res istanc.:e to fl ow for the wetting phase in the 
corner of an angular lubl;!. They calc.:ulated the so-called resistance l'ac.:tor /J for different sets or hal f 
angle of the corner a.. contact angles 0,,w. roundness of corner rd. and boundary conditions desc.:ribed 
by the factors!, and f .? dclincd below. Thus, the c.:onductance of the water phase prest:nt in the corners 
is given by 

t(! WW = 
' Au, · r,)~'' 

/J •f.1 .. ·l ,,111., 
(A-1 2) 

where A ,v is the flow area or the water phase and J.lw is visco ity of the water phase. 

Zhou ( I 996) approximated the dimen ion le s resi tance factor by an analytical expres ion given by 
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/J = 12 ·sin {a)· (1 - !p ~ ) 2 
· (lfl1 - If! .1 · If/ 2 ) • (1// i I· h · If/ 1 · If/ 2 - r ,1 · (1 - .Ii · If/ 1 ))2 

(1- sin{a}Y •lf/J ·(f//1 - If! 1 ·lflz - (I- If/~ )·r,;}.1 ' 
where 

1/fi = cos 
1 (a+ 0,,"' )+ cos{a + 0"'" )• sin{a + 0""' )· tan{a ) , (A-1 4) 

I 0,,.,, 
1/1 1 = --ff- ' (A-1 5) 

- a 
2 

cos(a +0,,,. ) 
If' 1 = cos(a) ' (A-1 6) 

If~ = ( f-a} tan{a ) . (A- 17) 

The degree of roundness or the corner is described by r d as a number between O (sharp corner) and l 
(round corner). In this work the cross-sections are assumed to be perfectly square and the roundness 
r ,1 = 0. The factor ft describes the boundary condition of the flow at the wetting phase and the 
porewall and / 2 describes the boundary condition at the oil-water interface. A no slip condition 
corresponds to an f value = I while a no stress value corresponds to an f value = 0. For the water 
porewall boundary conditions a no slip condition eem reasonable considering that roughness of 
the porewall might restrict the movement of the water molecules close to the porewal I. On the oil
water interface a no slip condition is more appropriate because the molecules are less restricted in 
their motion. 
In the case of configurations 3 and 4, the resistance to tlow of the water phase is calculated as a 
I inear combination of inverse expressions of eq. (A-5) and eq. (A- I 2). The weight of the two 
contributions is determined by the fraction of pores occupied by oil, X11w111.1·c11./lpore. where X11111nl.Yc11s is 
the distance between the beginning of the chamber or throat and the position of the head meniscus. 

The principal radius of curvature of the oil water interlace, r,,w , used to calculate the conductance of 
the water phase in eq. (A- 12), is determined by the local phase pressures. The curvature of the arc 
meniscus is determined by the local phase pressure. 

A.3.2 Conductance of Oil Phase 

The conductance of the oil phase between two oi l nodes, g<)<) , in configuration 2 is calculated by eq. 
(A-5) using the viscosity of oil p" instead of the viscosi ty of the water phase and an effective radius 
calculated by 

(A-18) 

where A0 is the cross-sectional area of the oil phase. 
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A.3.3 Oil Displacing Water 
The configurations 3 and 4 arc fundamentally different from the configurations I and 2. This is due 
to one or two head menisci present between two nodes. In the configurations I and 2, the driving 
force of oil or water is the pressure difference between either the oil phase or the watt:r phase 
pres ure in the two nodes. In other words, the flow of oil and water is not influenced by the presence 
of the head meniscu . 

In the case of configurations 3 and 4 the pre ence of the head meniscus makes the problem more 
difficult to resolve. The motion of the meniscus is determined by the oil phase pressure at the node 
from which the meniscus has advanced into the pore and by the water pha e pres ure of the opposite 
node. Consequently, a conductance must be assigned to the connection between the oil phase 
pres urc and the water phase pressure of the two connected nodes. The resistance to flow between 
oil filled and water tilled node (configuration 3) is calculated as the resistance to flow of the oi l 
phase given by eq. (A-5) and eq. (/\-1 8). This resistance is weighted by the fraction of the pore 
filled with oil plus the resistance to flow or the water phase given by eq. (A-5) weighted by the 
fraction of the pore fi lled with water. The conductance of a connection with the configuration 3 is 
thus given by 

- .. ,mm1\cm ,. o ptwe I ~\ uwm\'CU\' ,- w /Hlt't' - . ~ - . I r 8· 11 -I ( .. J 8- ,, ./ 

g ""' I fHll't' lr · r,~ircllve I poru lr · r,ljiicll l'I' 
(A-I 9) 

The calculation of the effective radii of the water and the oil phases are based on the areas of the 
water and oil phases re pecti vely. For symmetric rea ons the conductance of configuration 3b is the 
ame as for the configuration Ja, 

(A-20) 

Configuration gww goo gow gwo 
/Conductance 
I A- 11 - - -
2 A- 12 A-11 , - . 

A-19 
Ja A- 11 , A-12 - A-11, A- 19, A-5 -
Jb A-11, A- 12 - - A- 11, A-19, A-5 

-' A- 11, A- 12 - A-11 , A- 19, A-5, A-11, A-19, A-5, 
A-12 A- 12 

Table Al. Summa ry of conductance calculation. The conductances are calculated b y the equations shown based 
on the four cases. 

It should be noted that conductance of the aqueou phase is calculated twice. Both as the water 
displaces water and as the oil displaces water. Thus, the network simulator most likely 
overestimates the conductance of the water phase. However, once the meniscu is inside the 
connection, the water-water conductance, g..,"' , i considerably smaller than the conductance where 
the oil phase displaces the water gtJI,,, The advantage of using this description of the motion of 
menisci is that for configuration 4 the oil phase can displace the water phase from two opposite 
nodes having a connection filled with oil phase from either side. Thus, the menisci can advance into 
a connection independently of each other being control led by the phase pressures. The conductances 
of the configuration 4 are calculated as in the ea e of the configuration 3 by taking into account 
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different positions of the two menisci. In contrast to the case 3, the two conductances arc generally 
not the same. An overview of the conductance calculation is hown in Table A I . 

The calculation of the conductances can be regarded as separate tubes connecting the water phase 
pressure of two nodes and the oil phase pressures of the two node (cf. Figure A3). 

Oil Node I Oil Node 2 

Water Node I All ascs - gww 
Water ode 2 

Figure AJ. chcmatic drawing of the connection of the two 11huscs between two nodes. 

In principle, the water and oil nodes could al o be connected within the same node. This 
corresponds to motion of the oil-water interface a sociated with storage of tluid in a pore. I lowever, 
the movement of the interfaces within a pore is di fficult to quanti fy but is probably controlled by the 
abi lity of the water to e cape along the corners of the pore. The movement of interface within a 
node is due to the change of water and oil phase pressure in this model is neglected and only the 
conductances of the phases are changed with change in phase pressures. 

A.JA Conservation of Mass for Two Phases 

In the case of two-phase flow there are two mass balances, one for the water phase and one for the 
oil phase. imilarly to the single-phase flow. the two phases arc assumed incompressible and the 
mass balance of each phase is equivalent to the volume balance. If a node point is occupied by oi l 
the flow of oil into the node must equal the flow of oil out or the node and the volume balance is 
equivalent to the volume balance for a single phase (cf. eq. (A- 10)). If a node point has not been 
invaded by oil there is no flow of oil into or out of the node and the mass balance is automatical ly 
ful fi lled. 

Water is present in all nodes becau e it acts as the wetting phase. The flow of water is due to water 
entering a node from a neighboring node because the water pres ure i higher in the neighboring 
node. Alternatively, water can enter the node because a meniscu i entering the connection from 
neighboring oil filled node. The volume balance of the water assumes the following form 

I. 

L q 'f ,w w + lf,1 .111v = 0, 
,-1 

(A-2 l ) 
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where q,,. ww is the flowing rate of water entering the node from another water node and q,1.0 .,, is its 
counterpart pertaining water entering the node by meniscus displacement. 

Similarly, the oil phase can enter a node from a neighboring node either because of a gradient in the 
oil phase, or because a meniscus is retracting. onsequently, the volume balance for the oil phase is 
given by 

I. 

Llf1,.,HI +'f ,, ... ,, = 0' (A-22) 
I I 

where q,,.oo is flowing rate of the oil entering the node from another oil node and q,,.1,·o pertain to oi l 
entering the node by meniscus displacement. 

In a matrix formulation the conservation or mass can be written as 

G -P = O, (A-23) 

where G i 2N x 2 matrix containing all the conductance elements of the nt:twork. P i a I x 2N 
matrix containing the phase pre sures of the nodes. The phase pressures at the nodes are represented 
by the pair of oil and water pha e pressures. Using both phase pressures leads to a matrix 
containing 4 times as many elements as compared to the formulalion of Aker et al. ( 1998). 
Consequently, considerable more computational effort is needed to determine the pressure field for 
a network of the same size. 

A.3.5 apillary Pressure and 'urvature of Fluid Interfaces 

The description of the tlow has so far been ba ed olely on the conductance of the two phases 
between node . However, the presence of a head meniscus between two nodes a in configuration 3 
or 4 is associated with a pressure j ump across the inlerfacc. The pre sure j ump depends on the size 
of the pore in which the meniscus is located. The cnlry pressures of pore chamber and throats are 
calculated prior to invasion of the network. 

One of the major difference · between the existing network models is the treatment of the variation 
of the capi llary pressure wilh the position of a meniscus while it enters a connection. Lenormand et 
al. ( 1988), van der Marek ( 1997), Blunt and K ing ( I99l). Pereira et al. (1996) and Koplik and 
Lasseter ( 1985) do nol allow non-zero conductances of the phases in a connection where the 
pressure field in the preceding time slep was less than the entry pressure of the connection. 

Mogensen et al. ( 1999) recognized that the pressure olution depends on whether the connection is 
open to flow. He argued that closing a connection could result in a pressure field where that 
connection would be open. Mogensen et al. ( 1999) argued that since a finite number of possible 
combinations of open and blocked connections exist and the ystem is realizable, there exists a 
combination of open and blocked connections where the new solution of the pressure does not 
change the combination of open and blocked connections. 

Aker et al. ( 1998) studied a drainage case where the pre sure jump across a meniscus was allowed 
to change with the position of the meniscus. They a sumed that the cross-sectional area of 
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connecling tube was hourglas haped. onsequenlly, the cap ii lary pressure j ump aero a 
meniscus also varies moothly with the po ition or Lhe meniscus although the cross-seclional area i 
as wned con tant. The capillary change zone i placed in the connecl ion where the capillary entry 
pre ure varies linearly betwet:n the pore chamber value and the pore throat value (cf. f- igure 4). 
More precisely, il is situated ymrnetrically around the lwo chamber-throat boundaries or a 
connection. The length of the capillary change zone l:oni: i given as a fraction or the distance 
between the nodes and can be changed as an input parameter. For positions or the meniscus in ide 
the chamber, but out ide the capillary change zone, the capillary pressure j ump across a meniscus is 
equal to the entry pressure of the pore chamber. For po ition of the meniscus inside the pore throat, 
but out · ide the capi I lary change zone, thl! entry pr·e 'Sure of the pore throat is used. 

The rational\.! behind the gradual change or tht.: capi llary pre sure is that in reali ty the capillary 
pre ·sure is well defined for any pos ition or the meniscus inside the connection between two node . 
The curvature of the tlu id interfaces wil l adju L according to the local pha e pre urc even though 
the meniscus docs not enter the throat. M icromodcl experimt.:nts show that the curvature of the 
interface change as a mcni cus i ' about to cntcr a pore throat. I o. the change in po ·ition of the 
meniscus is accompanied b "ater no" in the connecting porc. Thus. in ·tead or letting the local 
phase pres ure change b blocking the connection, the meniscus is allowed to adjust its posi tion 
in ide the pore according to the pre sure field. 

P c.th,·ont 

P c.chnml)er I / 
Capillary 'hangc Zone 

Fi~ure A-t. Change of capillary 11rcssure with the position of the meniscus. The ca11illary pressure vurics lineurly 
between the \'1t lue of the pore thro:it and the pore chamber. 

The effoct of includ ing the capillary prt:ssure j ump across a meniscus ti.:rm i that flow between two 
node points (cf. eq. ( -9)) must be rewri tten to includt.: tht: pressure jump across the fluid interfaces 
if a head meni cu i pre ent in a connection. 

q I/ - g/11//// I/ /Ill' • (,~ .II - I', II - I', I/ ) ' (/\-24) 

In order to pre erve the matrix representation of the problem the capillary pressure j ump times the 
conductance term is moved to the right hand iclt: (RH ) of the matrix equation which transforms 
eq. (A-24) to the following form 

G · P = Rf-1 , (/\ -25 ) 

where RH a 2N vector contain ing all the capillary terms of the connections where meni ei are 
pre cnt. 
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A.3.6 Boundary Conditions 

A set or boundary conditions concerning the faces of the network i specified. In particular, periodic 
boundary conditions are imposed on the network face transversal to they- and z-direction. For the 
remaining two network faces it is necessary to specify one boundary condition for each face. For the 
inlet face, either a constant injection rate or a constant injection pressure of the oil phase can be 
specified. For the outlet face, a constant outlet pressure is always pecified for the water phase. The 
constant pressure boundary condition is introduced by adding a conductance to the diagonal element 
of the conductance matrix and adding the same value multiplied by the desired pressure to the right 
hand side. This is done for both the inlet and the outlet side. 

The constant injection rate is usually adopted in core experiments because it is easier to contro l a 
constant injection rate and measure thc prcssure drop aero s the core than control a constant 
injection pressure and measure the inj ection rate. A constant injection rate boundary condition can 
be invoked in the model by introduction or a pseudo inlet chamber that works as a source of the oil 
phase. 



Appendix B: Pilot Study of Three-Phase Saturation Determination 

BI. NMR Pilot Study of Three-phase System 

This appendix describes a pilot study undertaken to investigate the feas ibility of quantitative 
saturation determination by Nuclear Magnetic Resonance (NM R) techniques in a three-phase 
system that could serve as a model for investigating WAG processes. The intention of the study is to 
decide whether it technically is practicable to make patially resolved quanti tative determinations of 
the tluid saturations of a three-phase system within a chalk sample mounted in a core holder. [t is 
not the intention of the study to make W /\G experiments or to discuss the relevance of the fluid 
system in question. 

Grader & O' Meara ( 1988) presented 1..:xperimental work using the fluid system water - decane -
benzyl alcohol. T his fluid system consists of three immiscible phases, with a mutual solubility of 
approximately 5 p.u. between the water component and the benzyl alcohol component. The mutual 
solubility of decane w ith both the water component and the benzyl alcohol component is very low. 
Grader & O' Meara ( 1988), working with three-phase re lati ve permeabil ity, used the system as a 
model of the system water - oil - gas, w ith the benzyl alcohol phase being a model of the oil phase 
and the decane phase being a model or the gas phase. They used glass bead amples and bulk fluid 
saturations determined by separator data for their work. 

The present pilot study uses the water- decane- benzyl alcohol fluid system of Grader & o· Meara 
( 1988) in connection with chalk samples and spatially resolved fluid saturation determinations by 
NMR, w ith the aim o f prov iding a relevant model for future experimental WAG studies on chalk 
samples. A method for prov iding spatially resolved tluid saturation data is necessitated by the trong 
capillary forces in chalk, as opposed to the glass bead samples of Grader & O' M eara ( 1988). The 
primary aim of the study is to evaluate the potential o f the Chemical Shift Imaging (CSI) principle 
o f N M R to provide such fluid saturation data. This principk has been used for some t ime at GEUS 
to obtain tluid saturation data in connection w ith core flooding experiments (Olsen et aL 1994, Bech 
et al., 2000), but only for two-phase system. T he challenge of the pilot study is to extend the 
existing techniques to a three-phase fluid system. 

B2. Experimental Technique 

8.2.1 Core Flooding Technique 
A cylindrical plug sample of Maastrichtian chalk from the oil zone of the Tyra gas field was 
selected for the study. Table B I reports some petrophysical parameters of the sample, which is 
named T3A. ft is fairl y homogeneous, but contains some hairlines. The sample is considered typical 
for the reservoir. 

Table B2 reports some parameters of the fluid system water - n-decane - benzyl alcohol. Distilled 
water was used for the water phase. 

Only one experimental cycle of sample preparation and following NMR measurement was 
conducted. The sample preparation procedure aimed at creating a sample containing significant 
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Table BI . Petrophysical parameters of 
sample T3A. 
Length = 68.3 mm 
Diameter = 37.5 mm 
Bulk volume = 75.9 ml 
Pore volume = 34.9 ml 
Porosity = 0.460 
k = 5.0 mD 

Table 82. Fluid 
Fluid 

Water 
n-decane 
Benz I alcohol 

20 °C. 
Density 

(cp) (g/ml) 
1.04 0.998 
0.92 0.730 
4.98 1.045 

concentrations of al I three phases at one end, and the phases water and 11-decane only at the other 
end. In this way a well-known experimental condition would ex i t at one end of the sample, which 
could be compared to the new three-phase condition at the other end. The desired condition was 
created by the following procedure: 

I . ample T3A was cleaned by Soxhlct cleaning with methanol followed by Soxhlet cleaning 
with toluene. 

2. The sample was saturated to S" = I 00 p.u. (percent units) by imbibition in vacuum. fo llowed 
by fl ooding with water at 5 ml/h with a back pressure or 4 bar. 

3. A flooding with n-decam: at 16 ml/h was conducted resulting in a bulk S" = 29. 7 p.u. and a 
bulk S0 = 70.J p.u. At this time the fluid distribution within the sample probabl y was 
dominated by a strong end effect (Bech et al., 2000). 

4. To reduce the end effect a flooding with water at 16 ml/h was conducted resulting in a bulk 
" = 80.7 p.u. and a bulk O = 19.J p.u. An NMR measurement confirmed that the fluid 

distribution within the sample now was fairly homogeneous. 
5. A three-phase fluid distribution was created by injecting benzyl alcohol at 16 ml/h into the 

sample. The injection was topped before breakthrough, leaving two-phase water - n-decane 
region in the outlet end of the ample. 

Degas ed fluids were u ed for all preparations. Between preparation step 5 and the N MR final 
measurements, a 21-hour time lapse allowed the fluid distribution within the sample to equilibrate. 
From preparation step 2 to the end of the NMR measurements, the ample resided in a non
magnetic Hassler-type core holder, with a confining pressure of 18 bar. Due to the fragile nature of 
the sample, the displacement pressure was kept low during the whole experiment. The maximum 
differential pressure across the sample was 5.5 bar. 

13.2.2 NMR Experimental Technique 

A 4. 7 T SI CO experimental NMR scanner was used for the NMR work. It was equipped with a 
154 mm diameter insert gradient set, capable of producing magnetic gradient up to 140 mT/m along 
any of three orthogonal directions, with a ri se rate of 5.4* I 0., mT/m*s. The gradient se t provides 
active hielding and eddy current compensation. A Radio Frequency (RF) coil of slotted tube 
re onator design with good signal homogeneity until a maximum length of 9 cm was used. 

The tluid di tribution in the sample was determined by a chemical shill (C I) technique that allows 
resolution of NMR signals at specific chemical shift values in two spatial dimensions (2D). The 
pulse equence is a spin-echo type sequence, which uses a gau s-shaped RF pulse to selectively 
excite the desired signal. This method requires that the water and oil resonances are wel I
separated (Horsfield et al., 1990), which was the case for the pre ent work. The water and n-decane 
resonances were 700 Hz apart, and the benzyl alcohol and water resonances were 400 Hz apart. 
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Linewidth was 119, 74 and 167 Hz (FWHM), respectively for the benzyl alcohol, water and n
decane resonances. A selective gauss- hapcd pulse of 8. 19 ms with a nominal selectivity of 490 Hz 
allowed separate excitation of the three main ignal . However, benzyl alcohol in addition to the 
main resonance has minor resonance clo e to the water resonance. An interference correction 
procedure calibrated on a water - n-decane - benzyl alcohol phantom corrected the main part of the 
interfe rence. A gauss-shaped pul e was used for slice selection resul ting in a slice thickne s of 4 
mm. 

B.2.3 NMR Calculations. 

The experimental NMR data were proces ed according to the following procedure to produce 
quantitative aturation data. 

B.2.3.1 Interference Correction. 

The interference between benzyl alcohol and water was quantified by NMR measurements on a 
phantom containing benzyl alcohol, water and n-decane. The measurement were conducted with 
the same pulse sequence as the measurements on sample TJA. As a re ult of the measurements the 
water signal of every voxel of sample T3A were corrected by 40 % of the benzyl alcohol signal of 
the same voxel. The validity of the correction is indicated by the condition that a strong signal in the 
inlet end fitting of the raw water sensitive image is nearly removed, in accordance with the 
condition that the occurrence of large amount of water in the inlet fining is unl ikely. The 
interference correction i estimated to remove most of the interterence from benzyl alcohol on 
water, but inev itably increases the noise in the water sensitive image. The measurements on the 
benzyl alcohol - water - n-decane phantom confirmed that no other interferences exi t between the 
three fluid pha es. 

B.2.3.2 Relaxation Correction. 

Single-exponential modelling is known to provide good relaxation correclion in chalk samples 
(Bech et al., 2000), and the present work therefore corrects measured magnetisation 's according to 
the model 

/v/(l)=M(l=0)exp(- 1/ T1 )+£ .................................................................................... (B-1 ) 

where £ is the signal level (noise) at r-oo. The CS! pulse sequence u ed in the present work has a 
large tu.mm, I 0.45 ms, which resu lts in long extrapolations from M(t=t~.111111) to 1\1/(1'=0) . The apparent 
pin-spin time constant r; for the three flu id phases varies from 3.5 to 12.6 ms, wi th the lowest 

values relating to water and the highe t value relating to n-decane. The ratio M(t t~.111111)/ /\;/(t=O) 
varies between 0.05 and 0.44. These long extrapolations for the models with low M(t =ti!.111111)/ M(t=O) 
ratio are the main cause of the poor signal/noise ratios in some parts of the saturation models 
(F igures B I, B2 and 83). The signal/noise ratio is particularly bad in the water-dominated images 
close to the inlet end of the sample, where the water content is low. 
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B.2.3.3 Proton Density Correction 

The calculated voxel M(t=O) magnetisation's were transformed to voxel relative tluid volumes by 
appl ying a proton density correction. The proton densities were calculated from the chemical 
formula of the fluids. 

B.2.3.4 Fluid Saturation Calculation 

Voxel fluid saturations were calculated form the voxel relative fluid volumes assuming that 

S w11l<r + S,,_d"cmi, + l1tJ11:1•/ ,1/co/10/ ""' I ... .. ... .. .. .... .. ..... .. .... ... .. .. .. ......... ... ................. .. .. ..... ... . .. .. . . (8-2) 

This assumption is justified by the consistent use of degassed fluids, and the initial water flooding 
wi th a backpressure of 4 bar. 

83. Results 

Maps of s ... 11,er' s 11- d,•c·n11e and S h,11:vlt1/co/111/ are presented in Figures B I , B2 and 83, respectively. Each 

map shows the distribution of a particular tluid phase in an axial slice of thickness 4 111111 throughout 
the sample. The grey scale and sample position in the three maps are identical, allowing direct 
comparison. 
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Figure 8-'. Position of characteristic rej!ions within sam1.llc TJA in the ternary fluid diagrum water - n-dccanc -
benzyl alcohol. 

The inlet end fitting is seen at the right end of the sample, and the outlet end fitting at the left end. 
The distribution of fluids is characterized by four regions. Region no. I occupies approximately 
cm along the length of the sample adjacent to the inlet end fitting. It is characterized by a high 
saturation of benzyl alcohol, 94.0 ± 3.8 p.u., a low saturation of n-decanc, 6.0 ± 3.8 p.u., and a 
saturation of water below the detection I imit which is approx imately 5 p.u. for water. The variation 
in fluid saturation within the regions is quantified by the standard deviation of thl! mean of the pixel 
fluid saturations. Going through the sample towards lhe outlet end, Rcgion no. 2 occupies a length 
segment that measures approximately 2.5 cm measured along the length of the sample. It is 
separated from Region no. 1 by a sharp, irregular boundary with a significant change in the 
saturation of all three fluids. Thi! aturation of benzyl alcohol drops to 5-.o ± 3.8 p.u., the aturation 
of n-decane increases to 19.7 ± 1.4 p.u., and the saturation of water incrl!ases above the detection 
limit to 25.3 ± 4.7 p.u .. Further along the ample axis, Region no. 3 occupies a length segment of 
approximately 1.0 cm. It i separated from Region no. 2 by a very sharp, gently curved boundary 
with a pronounced change in the saturation of water and benzyl alcohol, while the aturation of n
decane remains nearly unchanged. The saturation of benzyl alcohol drop below the detection I imit, 
which i e timated to be at approximately 3 p.u., the saturation of n-decane decreases to 
18.7 ± 1.3 p.u., and the saturation of water increases to 81.2 ± l.8 p.u. Further along the sample 
axis, adjacent to the outlet end fitting, Region no. 4 occupies a length segment of approx imately 1.5 
cm. It is grades from Region no. 3 without any sharp boundary by an increase in the saturation of n
decane and a matching decrease in the saturation of water, and an increased variation in the 
saturation of both phases. The saturation of benzyl alcohol remains below the detection limit 
(undoubtedly it is zero), the saturation of n-decanc increases to 22.3 ± 6.9 p.u., and the saturation of 
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Table 83. Bulk fluid determinations of ample 
TJA. 

Separator NMR 
data (p.u.) data (p.u.) 

Swmcr 44.2 4 1.4 
S11.c/11ca11a 19. 1 18.7 
Shen:vl c11'-ohol 36.7 39.9 

water decreases to 77.J ± 6.9 p.u. Small 
regions within Region no. 4 have saturations of 
n-decane above 50 p.u. Figure B4 gives the 
positions on the four main regions in the 
ternary diagram water - n-decane - benzyl 
alcohol. The symbols Sr. and " in parentheses 
denote the phases for which respectively 11-

d,m mi: and sh,m:yl (lfoo/111I act as models in the work 
of Grader et al. ( 1988). 

Region no. I is interpreted to represent a sample volume where tlow of benzyl alcohol has depleted 
the content of water by dissolution. Pure benzyl alcohol may dissolve approx imately 5 p.u. of water, 
and the flow of pure benzyl alcohol close to the inlet have carried most or all of the water that 
remained behind the benzyl alcohol shock front further downstream. A peculiar condition is that the 
saturation of n-decane is also depicted in Region no. 4. Benzyl alcohol and n-decane are reported to 
have very little mutual solubility and, therefore, benzyl alcohol should not be able to deplete the n
decane by dissolution. A possible explanation is that the depiction or the water phase enabled the 
residual n-decane droplets that remained after the passage of the benzyl alcohol shock front to pass 
downstream through the pore throats. Region no. I thus is interpreted to be the result of the benzyl 
alcohol phase not being in equilibrium with the other two J-luid phases. In future experiments with 
th is fluid system the benzyl alcohol phase should be equilibrated with the other two phases before 
entering the sample. 

Region no. 2 is interpreLed to represent the normal condition behind the benzyl alcohol shock front, 
with the three fluid phases being in equilibrium. It is noteworthy that saturation gradients are 
virtually absent within this region. The benzyl alcohol shock front between Region no. 2 and Region 
no. J is remarkably sharp with no sign of fingering. Indeed the shock front is even sharper than 
apparent from Figure BI and BJ. because these are based on filtered data sets. From the raw data, it 
is seen that the whole saturation change takes pl ace in less than 0.5 mm. 

Region no. 3 is interpreted to represent the normal condition ahead of the benzyl alcohol hock 
front. In this region too, saturation gradients are virtually absent. Compared to Region no. 3., 
Region no. 4 is characterized by a larger mean saturation of n-decane, and a much more 
heterogeneous tluid distribution. The raw NMR data clearly shows that the heterogeneous fluid 
distribution is connected with sample heterogeneities. It is suggested that the increased content of n
decane represents the capillary ~nd effect. 

The reproducibili ty of pixel fluid saturations may be es timated from the standard error of the mean 
in regions assumed to be homogeneous. In this way the reproducibility of the pixel fluid saturation 
at the l cr level is estimated to be 2-5 p.u. for water depending on the amount of interference from 
benzyl alcohol. The appearance of regions of low water saturations is the main problem because the 
relaxation modelling becomes very imprecise. The reproducibility of pixel fluid saturations is 
estimated to be 1.5 p.u for n-decane, and approximately 3 p.u for benzyl alcohol. 

The accuracy of pixel fluid saturations cannot be directly determined. However, the mean NMR 
fluid saturations of the whole sample region agree well with the bulk saturations of the sample 
determined from separator data, cf. Table B3 . The deviation between the two methods varies 
between 0.4 p.u. and 3.2 p.u. This deviation includes any error caused by comparing the fluid 
saturation of a 4 mm slice with the fluid saturation of the whole sample. An estimate of the pixel 
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accuracy may be given as the bulk accuracy plus the pixel reproducibili ty. i.e. accuracy between 2 
p.u. and 7 p.u. at the I a level. 

B-L Test of 10 CSI method 

A preliminary test of the 1D CSl method of Olsen et al. ( 1994) was made. The acquired data have 
not been processed. but a raw data et is presented in Figure B5. The water, n-decane and benzyl 
alcohol signals arc well resolved, and the sample and fluid system is considered well suited for I D 
flooding experiments similar to the work of Bech et al. (2000). 

Relative to the 2D CSI method the ID CSI method has the following advantages and disadvantages: 
I . The I D method acquires ignal from the whole ample volume. 
2. Much shorter echo times may be used resulting in significantly better accuracy and precision. 
J. Acquisition timc for thc I D method is approximately one third for comparable measurements. 

while the data processing time is approximately one half. 
4. In formation for one spatial dimcn ion is lost l·or the I D method. 

In ea e of' fl ooding cxperimcnts, the I D method wi ll ollen be advantageous. because such 
experiments are essentiall y ID cxpi.!rimcnts. The existence or transverse fluid movements and 
longitudinal lingering may b1.: checked by a 2D method. 

Figure B5. Raw MR dutu set acquired with 11 ID C I pulse sequence. The frequency axis is vertical 
with u range of8000 hz. The spatia l dimension is horizontal with a range of9 cm. The spatial dimension 
has the same orientation as in figs. BI , B2 and B3, i.e. the snmple inlet is towards the right. The top trnce 
is the oil signal, the middle trnce is the water signal with interfering benzyl alcohol, and the bottom trace 
is the main benzyl nlcohol sigm,1. 
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85. Conclusions 

* 2D quantitative saturation maps u ing the fluid system water - n-decane - benzyl alcohol may be 
produced for chalk samples with a 2D CSI technique. The reproducibility or the pixel fluid 
saturation is between 1.5 and 4 p.u. at the I cr level. The accuracy of the mean fluid saturation for 
the whole sample is 3 p.u. or better. 

* For fl ooding experiments that are essentially ID experiments a I D C I technique appears to be 
an attractive alternative to the 2D method. 
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Abstract 
This paper is concerned with planning and optimization of 
three-phase immiscible Water-Alternating-Gas (WAG) 
injection processes. This goal is achieved by applying an 
iterative procedure linking the pore-level displacement 
mechanisms with a macroscopically defined WAG process. 

Introduction 
The adopted investigation strategy starts with an 

experimental micromodel study of a WAG injection process. 
Micromodels are physical analogs of a discrete mathematical 
model of porous media. In micromodels used in this study pore 
networks were etched in silicon and covered by transparent 
glass plates with similar surface properties. 

The goal of the micromodel experiments is to identify the 
pore-scale displacement mechanisms ensuring small residual 
oil saturations and increased oil relative permeabilities in 
three-phase sweep displacement patterns. The pore-scale 
mechanisms identified during micromodel experiments are 
then incorporated into a three-dimensional mathematical 
network model based on percolation theory. The role of the 
network model is to determine the relative permeability 
functions for a prespecified saturation path traversing the 
domain of three-phase coexistence. The relative penneability 
functions is then used as input to a 1-D reservoir simulator 
which computes its own saturation trajectory. 

The saturation path used by the network and its counterpart 
produced by the reservoir simulator may not be the same. 
Consequently, an iterative procedure, similar to that suggested 
by Fenwick and Blunt', is started. The goal of the iterative 
procedure is to compute a set of relative permeabilities for the 

three coexisting phases that yield identical saturation paths for 
the network model and the macroscopic 1-D simulator. 

Injection and Initial Conditions for the WAG Process 
The petrophysical parameters used in the computations 
described in this paper are the same as in Marchesin and 
Pio~. 

Three sets of macroscopic WAG injections coresponding to 
different proportion of injected fluid volumes are considered. 
The injection cycles of the three sets are as follows: 
• 65% water and 35% gas, 
• 60% water and 40% gas, 
• 55% water and 45% gas. 
During each cycle one percent of the total pore volwne is 
injected. The total number of cycles is 43. The initial state of 
the reservoir is the same in the three cases, namely 76% oil, 
16% water and 8% gas. 

In all cases the initial point of the saturation path traversing 
the triangular domain of the three-phase coexistence is situated 
near the oil vertex (see Figure 1). The final point appears at the 
opposite edge corresponding to a depleted oil reservoir. 

The saturation profiles versus position for the three sets of 
initial conditions for the oil, water, and gas phases, obtained 
using a 1-D reservoir simulator (Eclipse JOO) with 1000 grid 
points are shown in Figures 2,3, and 4, respectively. 

In the case where capillarity is ignored, the oj.l saturation 
profiles are practically identical to those obtained by solving 
the Riemann problem underlying WAG injection processes2. 
The Riemann problem is defined as a conservation law 
together with in.itial data consisting of two constant states 
separated by a discontinuity (see LeVeque'). A state is defined 
as a point in the saturation triangle, i.e., a value of a vector 

s = (S
O

, S.,., S g) . More specifically, for three-phase flow, 

the Riemann problem is defined as the solution of the 
following system of partial differential equations: 

s, +Asx =0, (1) 

inside the domain Q defined as follows 
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for - ao < x < oo and t~ 0, with the initial condition 

s( X, l = 0) = { 
S1 X < 0, 

S, X > 0, 
(2) 

where s I and s, are constant states usually referred to as the 

left state and the right state, respectively. 
The solution of the Riemann problem underlying a three

phase WAG injection process contains in addition to classical 
Buckley-Leverett shock waves and auxiliary slow waves two 
new types of waves: a shock wave of intennediate speed and a 
fast, decaying, oscillatory injection wave2

• 

The three wave groups can also be seen by inspecting the oil 
saturation profile computed by the 1-0 reservoir simulator 
corresponding to the initial condition where 60% of injected 
fluid volume consists of water and 40% is gas (cf. Figure 2). 

The first group is a slow wave group extending from SL to 
S\ SA being a constant state. The second constant state, S8

, is 
connected to the right state SR by a weak Buckley-Leverett 
shock wave representing the fast wave group. The shock wave 
connecting the slow· and fast wave groups, extending from to 
SA to S8

, represents a new type of shock wave. It is referred to 
as a transitional shock wave. The amplitude of this new type 
of wave can be considerably larger as compared with the 
classical Buckley-Leverett shock wave. Figure 2 shows three 
oil saturation profiles corresponding to initial conditions 6S% 
water and 3S% gas, 60% water and 40% gas, and SS¾ water 
and 45% gas, respectively. Mru-cbesin and Plohr2 pointed out 
that presence of transitional waves is associated with 
substantial improvement of recovery efficiency of WAG 
injection processes. 

Network Model for Three-Phase Flow 
Three-phase flow displacement mechanisms observed in 
micromodel experiments consist of the classical two-phase 
mechanisms10 and a new class of mechanisms referred to as the 
double mechanisms where one two-phase mechanism is 
associated with another two-phase mechanism. Keller et al5 

and 0ren et al. 12 have presented a number of double 
mechanisms appearing in three-phase flow based on 
micromodcl experiments. 

All three-pbase double mechanisms ru-e associated with a 
critical pressure thresholds which must be reached to ensure 
their activation. Consequently, the injection of one of the three 
phases for a given fluid configuration in the network will lead 
to a well defined sequence of pore events associated with a 
given capillary pressure sequence. 

The network model is made up of a regular cubic lattice 
with 30 x 15 x 15 pores. The nodes of the lattice correspond to 
pore bodies while bonds correspond to throats. In order to 
reduce finite size effects periodic boundary conditions are 
imposed on the faces of the lattice perpendicular to the flow 
direction. 

The pores are asswned to have square cross sections . The 
pores and throats are assigned sizes corresponding to the 

inscribed radius of their square cross section. The pore size 
distribution is uniform in the intervals [ I 0 µm , 20 µm ] and 

[5 µm -10 µm] for the pores and throats, respectively. 

Moreover, the distance between the pore bodies is set equal 
to 52 microns. The length of the pores is set to twice the pore 
radius. Finally, the length of the pore throats varies and is 
calculated as the distance between the pore bodies minus their 
radii. 

Phase Saturations in a Single Pore 
In a single pore there are four possible flujd configurations 
with different numbers of participating phases. The four cases 
are as follows: 

• water 
♦ water and oil 

• water and gas 
♦ oil, water, and gas. 

All three phases are assumed to be incompressible. 
Consequently, the saturations of the three phases are given by 
the capillary pressures of the three possible interface 
configurations, the geometry of the pore and the contact angles 
of the phases. 

The volume of the pore bodies is given by the following 
expression 

(3) 

where rb is the inscribed radius of the pore body. The volume 
of the throat is given by 

(4) 

where ,, is the inscribed radius of the throat and I, is the length 
of the throat. 

In the case of oil and water present in a pore throat or pore 
body, the volume of the water in the pore is given by 

V.., = A ... -/,, (5) 

where 

cot(a)-cos1 (a + 0)+ 

A,. = 4r01,.. - ( ; - (a+e))+ (6) 

+ (cos(a + 0)· sin(a + 0)) 

where r uw is the curvature radius of tJ1e water-oil interface, a 
is the half angle of comer, and 0 is the contact angle between 

oil and water. 
The volume of the oil phase is given by 
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(7) 

The area of the oil phase is given by 

(8) 

For pore bodies the expressions are the same except that the 
lengths and radii are for the pore bodies. 

In the case of a gas-water system the expressions for the 
volume and area of the gas phase are similar to eq. (7) and eq. 
(8) as gas essentially plays the same role as oil. However, 
different values for the contact angle and the interfacial 
curvature are used. 

In the case of three phases coexisting in the pore, oil appears 
as a layer separating gas and water 3·

4
. The area of the oil in 

this case is given as the difference of the wetting area in the 
case where oil and water are pressent and the case in which gas 
and water are present. If this area is negative due to the actual 
capillary pressures, the oil layer is absent'·4• 

Conductance of the phases in a single pore 
In the simplest case when a pore or throat is completely filled 
by one phase the conductance can be determined using 
Poiseuille's law (Fenwick and Blunt 3•

4
) 

4 
7Ue/J 

g==81, 
µ,~ 

(9) 

where r,ff == J?i , µa is the viscosity of the a phase, 

and A, is the area of the cross-section of the pore or throat. 

Finally, r and I are the inscribed radius and the length of the 
pore or throat. 

Aw 2 
w I rnw 

g, = R /' fa,µ,. 
( 10) 

where A;-" stands for the cross-sectional area of the aqueous 

phase in pore i, rn,., is the interfacial curvature of the interface 

separating the aqueous phase and the nonwett.ing fluid, and 

R fa is a dimensionless resistance factor. 

In the case where three phases coexist in a pore or throat, 
one can still use eq.(9) and eq .( I 0), but this time with 

r <ff = ½( i4: + r) . The conductance of an on pha,c is 

given by the expression 

Acr:o 
g = - ----- g.., ' 

o µ I PRfo 
( I I) 

where Ac is the area in the comer covered by oil and gas and 

R fo is the dimensionless resistance factor corresponding to 

the flow conditions of the oil phase. 
The analytical expression for the dimensionless resistance 

factor developed by Zhou et al. 11 have been used in the 
calculations of phase conductances. 

Computation of Three-Phase Relative Permeability 
The incompressibility of the three phases leads to the mass 
balance equation in the foUowing form 

z 
Iqa,lj == o. (12) 

J 

where Z==6 is the coordination number and q a .If stands for the 

flow rate of phase a between the pores i and}. 
The flow rate is given by the following expression 

qa;J == ga,u{ paJ - P<1.j), (13) 

where gaJJ stands for the conductance of phase a between 

the neighbouring pores i and J. It is defined as the harmonic 
mean of the conductance between the centers of pores i and}. 
More specifically, 

I I I I I 
-=-+ - (-+-) (14) 
gaJJ gaJ 2 ga,/ gCl./ 

where ga.l represents the conductance of phase a in pore i, 

ga.J is the conductance in pore}, and ga., is the conductance 

of the throat connecting pores i andj. 
One of the important tasks performed by the network model 

is to determine the relative penneability functions as it 
traverses a saturation path in the three-phase region. The main 
steps of the calculation procedure are as follows (Fenwick and 
Blmtt4): 

♦ A representative section of the network model is 
chosen for the calculation of relative pcnneabilities to 
avoid inlet and outlet boundary effects. 

♦ The saturation of the desired phase is determined using 
the method outlined in the preceding section. 

♦ The non-wetting phase and intermediate phase are 
examined to find out whether either of the phases is 
continuous from one end of the selected section to the 
other. If a phase is not continuous its relative 
permeability is assumed to be zero. 

♦ The conductance of a phase between the pores i and j 
in the selected section of the network is detennined 
using the harmonic mean. 



4 [J.K. LARSEN, N. BECH, ANO A. WINTER) 
134 

SPE 59324 

♦ Constant boundary conditions are imposed on each 
side of the selected section of the network. 

• The mass balance condition (eq. (12)) is combined 
with eq. (13) for the flow rate between each pore. 

• The computed pressures of the pores are used to 
determine the flow rates the phase in and out of the 
selected section of the network using eq. ( 13). 

• Toe multiphase version of Darcy's law is used to 
determine the relative penneabiJities of each phase at 
the desired saturation. 

The Iterative Procedure 
Flow at the pore level is described by the network model. At 
the field-scale it is computed by means of a reservoir 
simulator. The link between the two levels is provided by 
relative permeabilities and saturation paths obtained from the 
network model and reservoir simulator, respectively. 

Toe field scale model is one-dimensional ( 1-D) with given 
fluid properties, initial and operating conditions. For a giveo 
set of relative penneabilities the reservoir is produced for a 
time, ,_ sufficiently large to ensure that any shocks and 
rarefaction waves are resolved. The resulting saturation path is 
given by the saturations { S,.0 S0 • s,,. i = 1, ... , n,.} 
corresponding to the time I = lmax. Using this field-scale 
saturation path a three-phase displacement is now carried out 
with the network model. This displacement produces a new set 
of relative permeabilities. If the relative permeabilities from 
the network model are equal to those used in the reservoir 
model the relative permeabilities are called self-consistent. 
This means that the network model computes relative 
permeabilities for a sequence of saturation changes that is the 
same as the sequence that results from a 1-D field-scale 
simulation using the same relative penneabj(jties (Fenwick and 
Blunt (1998))3' 

In general, however, the two sets of relative permeabilities will 
be different. The relationship between them can be written as 
follows 

k ra ,nm "" g(k ra ,slm ), a "" w, o, g (15) 

where subscripts nm and s im refer to the network model and 
reservoir simulator, respectively. The function g represents the 
sequence of field- and micro-scale calculations outlined 
above. In order to compute the set of self-consistent relative 
permeabilities we must solve the non-linear equation system 

k ra,nm - g{k ra,slm) = 0, (X "" W, O, g (16) 

In both the simulator and the network model the relative 
penneability for each phase is specified as function of the 
phase saturation by means of tables. If each tabel has ntab 
entries the total number of unknowns in Eq. (16) is 

n = 3 * (n
10

b - 1) ), {17) 

assuming that only the enuies k a (0) ... 0 are given. In order 

to reduce the number of unknowns the relative permeabilities 
are approximated by means of analytical functions, viz.: 

(l 8) 

( 19) 

(20) 

The non-linear function defining tbe self-consistent set of 
relative penneabilities can be written as follows 

F (a) = 0 (2 1) 
where 

F('ll ) = 'l! - j(ll) (22) 
and 

The function F is defined by the following sequence of 
calculations: 

For a given (guessed or computed) set of parameters, ll 

♦ Compute the relative penneabilities from Eqs. ( 18- 20). 
• Calculate the corresponding field-scale saturation path. 
• Using this field-scale saturation path a three-phase 

displacement is now carried out with the network model 
producing a new set of relative permeabilities. 

♦ New values of the parameters li are then detennined by 
least-square-fitting the analytical expressions Eqs. ( 18-20) 
to the relative penneabilities from the network model. 

♦ If the new and old parameter values agree within a 
specified tolerance then stop else return to step I and 
repeat the iteration cycle. 

The field-scale reservoir simulations are carried out by 
ECLIPSE 100. The non-linear equation system (eq. (20)) is 
solved by the MINPACK algorithm HYBRD (Garbow et al. 
(1980)). 
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Nomenclature 

A = 2x2 matrix 

A,, = area of phase a 
a = parameter in analytical expression 
cl vector of parameters 

a =r fluid phase (a = {o, w, g }> 
f = nonJinear function 
f, .. relative permeability specified analytically 
F = nonlinear function 
g .. nonlinear function 
g gas 
g ,.. conductance of a Ouid phase 

g,,_/ = conductance of phase a in pore i. 

ga}j "' conductance of a phase between i andj 

k, = relative permeability, fraction 
k,., '"' relative permeability to water, fraction 
k = Number of unknowns 
nrab = Number.of table entries 
nx = Number of axial grid cells in the simulator 
0 = oil 

Ria = dimensionless resistance factor for a phase 

Caw .. curvature radius of the water-oil interface 
rb = inscribed radius of pore body 
ft - incribcd radius of pore throat 
s = vector of three phase saturations (S0,S,.,Sg) 
Sb Sx .. partial derivatives of s w.r.t I, x 

s,, = saturation of a phase, fraction 

I = time, days 
q ,.. flow rate 
Vb .. volume of pore body 
v, = volume of pore throat 
w = water 
z = coordination number of a lattice 

Subscripts 
g = gas 
j .. phase index 
max = maximum 
ng number of parameters in analytical 

expression for the gas relative permeability 
no ... number of parameters in analytical 

nw 
expression for the oil relative permeability 
number of parameters in analytical 
expression for the water relative 
permeability 

nm .. network model 
0 "' oil 
s = 
sim .. vector of three phase saturations 

simulator or simulation 
w .. water 

Superscripts 
T = transposed 
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Fig. 3. Water Saturation vs. Axial Length 
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ABSTRACT 
This paper is concerned with two transport mechanisms governing three-phase 

displacement in porous networks. The first mechanism appears in three-phase 
mixtures near a tricritical point. In this case the system is in the complete wet
ting regime. The oil phase creates thin films situated between aqueous and gas 
phases through which it can be drained. The thcrmodyn:un:ical model involved 
in planning of oil recovery processes near a tricritical point is described. It con
sists of the model of van der Waals of a diffuse interface ::ind that o f Griffi.tbs' of 
near-tricritical mixtures. The second transport mechanism involves thick oil layers 
sandwiched between wat~r and gas in wedges of angular capillaries. Calculations 
using an idealized model of a capillary tubing with angul:ir cross section show that 
for adequate combinations of pore geometry and fluid properties such layers are 
thermodynamically favorable even for three-phase systems in the partial wetting 
regime. 

KEY WORDS: complete wetting; oil film; oil layer; oi l reservoir; par
tial wetting; pore network; spreading coefficient. 
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1. INTRODUCTION 
The oil phase in hydrocarbon reservoirs appears in two different connectivity 

regimes: 

• the continuous regime in which oil spans large portions of the porous net
work extending over many pore diameters. 

• the ''blob regime'' in which oil mainly exists as disconnected ganglia. 

The continuous regime cao be found in virgin reservoirs, i.e. before the start 
of oil production. On the other hand , as more and more of oil is produced and 
the reservoir pressure gradually decreases. the continuity of the oil phase breaks 
down. 

The transition between the two regimes takes place after some amount of oil 
has been produced. Thus, the oiJ phase remaining in the reservoir consists of 
myriads of disconnected ganglia. 

Consider now an isolated oil ganglion blocking a capillary of a nonuniform 
cross-section. 

The ganglion is assumed to be under the influence of an external pressure 
gradient and the opposing force due to the capillary pressure . The balance of 
forces acting on the ganglion can be stated as follows: 

(1) 

(2) 

where <Yow is the oil-water interfacial tension. R 1 and R2 are the downstream 
and upstream mean radii o f curvature, respectively. P1, P2, P3, and P,i are the 
pressures associated with the ganglion's rear and front oil-water interfaces (see 

Figure 1). 
Combining eq.( I) and eq. (2) gives, 

(3) 

The pressure drop in the aqueous phase is given by 
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(4) 

where .6. ll' w is the drop of pressure potential. Substituting for P1 - P,. io eq.(3) 
gives, 

(5) 

The transport velocity of the aqueous phase can be estimated from the Hagcn
Pouseille equation: 

{) = _ a2 
( .6. W w ) 

w 8µ l 
(6) 

.vhere l is lhe approximate length of the pathway, a is its average radius, and µ is 
:be viscosity of the aqueous phase. 

Combining eqs. (4) and (6) gives the following expression: 

20'ow( .!_ _ _!._) = 8µw~wl . 
R1 R2 a2 

(7) 

Thus the length, l, of the ganglion is given by the following expression, 

(8) 

The approximate volume of the ganglion (neglecting its extreme ends) is as 

follows: 

(9) 

The above expression can be stated in a more compact way by introducing 
a dimensionless group of parameters, Ne, defined as follows, 

N 
- µ{)w 

e- . 
<Tow 

Ne is often referred to as the capillary number. 
Equation (9) can be reformulated as follows. 

2 = 0.25R~va
2 

( __!.. _ ...!._ ). 
Ne R1 R2 

(10) 

(11) 
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The total amount of oil left in the interconnected network of capiUaries can 
be obtained by replacing the quantities appearing in eq.(J 1) by their statistical 
averages. Consequently, cq.( 11) can be rewritten as follows, 

{12) 

where Sur is the residual oil saturation representing the total volume of the oil 
phase left in the network afler the loss of continuity. 

Typical values of Ne at the eod of a water injection arc approximately 10- 7 
-

10- 6 . It is usually assumed that Ne must be increased to 10- 4 - 10- 2 in order co 
mobiljze a significant amount of the residual oil. Such an iocrease of the capillary 
number can be achieved, for example, by injecting water a into the formation. 
However, a significant increase of water velocity, iJw, is only possible to the ex
tent one can increase the pressure gradient created by the injection pumps by the 
same order of magnitude. S imilarly, one can increase the viscosity of water by 
injecting water-soluble polymers. However, such action will be hampered by its 
limited effect on the o il flow rate. This is the reason why the only way to achieve 
a significant increase in capillary number, Ne, in eq.(12) is to decrease the inter
fac ial tension u (cf. eq.(10)). The oil-water interfacial tension can be reduced, for 
example, by injecting a surfactant into the formation. This leads to creation of a 
three-phase fluid mix ture in the subsurface characterized by the ultraJow oil-water 
ioterfacial tension and modified wetting properties Wetting properties of near
critical three-phase fl uid mixtures relevant to enhanced oil recovery processes are 
described in the next section. 

2. WETTING REGIMES IN OIL RESERVOIRS 
Hydrocarbon reservoirs contain three coexisting phases: water, oil, and gas. 

Depending on the value of the initial spreading coefficie nt, Si ,oil can either spread 
as a thin wetting film or create a lense situated between the water and gas phases. 
The initial spreading coefficient S' is defined by the following expression, 

(13) 

where u stands for the intcrfacial tension, the subscript g stands for gas, w repre
sents water, and o indicates o il. 

Figure 2 shows the forces acting at the three-phase contact line along which 
water, oil, and gas phases meet. The oil phase at the gas-water interface originates 
either from adsorption from the vapor phase or can be attributed to spreading. The 
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equilibration of the three coexisting phases leads to a notion of the equilibrium 
spreading coefficient, 

( 14) 

The equilibrium spreading coefficient, seq, is either negative or equal to zero. 
More specifically, when seq = 0, the oil phase completely wets the gas-water 
interface. On the other hand, for seq < 0, -it only partially wets the gas-water 
interface. It should be noted that the equilibrium spreading coefficient s eq can 
never be positive. lf, momentarily, it were gas-water interface would immediately 
coat itself with a layer of the aqueous phase, replacing the supposedly higher f:ree 
energy per unit area of the direct gas water contact, O' 9,.,,by the supposedly lower 
sum of the free energies per unit area of gas-oil and oil-water contacts, a 90 + a ow, 

thereby lowering the free energy of the system [ l ]. 
The message contained in the above statement is that the spreading coefficient 

may change as the thermodynamic state of the system varies. Over a certain range 
of a chemical potential (or another tbermodynamical field) the spreading coeffi
cient may be negative. Otherwise, it is equal to zero (see Figure 3a). The transition 
between the two regimes occuring at µ, = JJ.* is the wetting transition predicted 
theoretically by Cahn [l]. In particular, presence of a wetting transition can be 
deduced theoretically in threc-pbase mixtures close to a tricritical point. The de
duction procedure is based on van der Waals-Cahn-Hilijard theory of near-critical 
interfaces briefly described in the next section. 

3. VAN DER WAALS THEORY OF INTERFACES 
This section describes van der Waals theory of an interface separating two 

coexisting phases in its modem version applicable to a large family of multicom
ponent systems whose bebavior can be described in terms of a suitable order pa~ 
rameter. Before we state a formal definition of the order parameter, we make a 
distinction between two types of intensive thermodynamic variables: fields and 
densities [2]. By fields we understand those variables, that have the same values 
in the coexisting phases (e.g., pressure, temperature, chemical potential, etc.). On 
the other hand, the variables which have different values in each coexisting phase 
(e.g., mole fraction, composition, etc.) are referred to as densities. 

The order parameter can be thought of as some linear combination of density 
variables characterizing the system under consideration. It is usually interpreted 
as a numerical measure of the "amount of order" that exists in the neighborhood 
of the thermodynamical state characterizing the system under consideration. 
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Consider first a multicomponent mixrure consisting of two coexisting phases 
(e.g., two liquid phases or a liquid phase in equilibrium with its vapor). The order 
parameter is denoted by X. X 0 and X/3 stand for the values of X in the bulk a 
and (3 phases, respectively. When the coexisting a and (3 phases correspond to a 
one-component liquid and its vapor, X can be interpreted as equal top - Pc where 
p is the specific density of the liquid and Pc is its value at the critical point. In the 
region of two-phase coexistence. the order parameter takes the value X 0 in lhe o 
phase and Xp in the (3 phase. 

Let's denote the interfacia.J free energy density of a two-pbase system by f (X). 
It is well known that J(X) is a continuous function in X with a characteris tic 
''hump" corresponding to the two-phase region Po. - Pc = Xo. -< X.p = Pp - Pc 
[3]. The fundamental assumption of van der Waals theory is that the interfacial 
free energy is a sum of two components. The first component is the function 
- V(X) defined as the difference between /(.X) and the s traigh t line. The second 
component is an expression proportional to the square of the composition gradient 

i.e., 

(15) 

where z is a distance in a direction perpendicular to the plane of the interface and 
m is a positive constant. 

The total free interfacial energy per unit area is defined as follows. 

1
00 1 dX 2 u = _
00 

{-V(X(z) + 2m( d;;) }. (16) 

It should be noted that 

lim X = X0 z--oo 
(17) 

and 

lim X = Xp. (18) 
= .... oo 

The equilibrium density profile is the function X(z) that minimizes u in eq.(16). 
The equilibrium density profile can also be obtained in a different way utilizing 

an analogy between the above mentioned minimization problem and the particle 
moving in a one-dimensional space subject to potential V(X) [1]. In the parti
cle analogy, the X(z) that minimizes u is the position coordinate of the particle 
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moving between X 0 and X p (H::uniltoo's principle). Thus the equilibrium density 
profile can be obtained from the Euler-Lagrange equation (L is the Lagrangian of 
the system). 

( 19) 

or, equivalently 

<Px av 
m( dz2 ) = - DX . (20) 

Thus eq.(16) can be restated as follows, 

u = {°° (-V + I<)dz = f xo J - 2mV(X)dX J_oo :<,. 
(21) 

where K = ½m( f )2 is the kinetic energy of the particle and u corresponds lo 
the action defined as the integral of momentum over coordinate. 

The above equation will be used in the calculations of the equilibrium spread
ing coefficient in a multicomponent mixture exhibiting tricritjcal behavior. Toe 
necessary framework for such calculations is the Van der WaaJs-Landau-Griffiths 
model of three-phase equilibria near a tricritical point This model is briefly de
scribed in the next section. 

4. GRIFFITHS MODEL 
The main assumptions of the Griffi ths model of a tricritical behavior are as 

foJlows [2]: 

l. Toe free energy density is an analytic function of the fields and densities. 

2. In a sufficiently small ncigbborhood of a tricritical point, the free energy 
density can be expanded in a power series of the one-dimensional order 
parameter 'V , 

(22) 

The ~ are model fields that are related lo the physical fields f" (such as e.g., 
temperature and pressure) by the linear relations, 

" ~ = L O:ik( /k - 1kt), (23) 
lc: l 
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The coefficients a,k are initially unknown and appear as a matrix of constant 
coefficients. f kt are the values of fk at the tricritical point. 

The absence of tbe term a5 is due to the fact Lhat it can always be eliminated by 
replacing W by \JI+ '110 in choosing w0 appropriately. Furthermore, the coefficient 
a6 must be positive (for thermodynamic stability) and can be set equal to unity. 

In his model Griffiths uses a free energy defined by the following relation 

(24) 

where the regular part, Or, is an analytic function of the fields and Lhe singular 
part, Ds, is given by the foUowing equation, 

n$ = ~nF(a1,a,z,a3,a4; '11) . (25) 

The order parameter w takes different values in the coexisting phases. More 
precisely, these values appear at the absolute minima (with respect to Ill) of F (cf. 
eq.(22) ) for a fixed value of a = (ai, a.i, aj, a~; \JI). If these minima occur for 
several values of (II then eacb of these values can be ascribed to a distinct pbase 
and { a;} belong to an appropriate coexistence manifold in the fie ld space diagram. 

Griffiths [2] bas shown that for the class of mixtures exhibiting tricritica1 be
havior one can associate the temperature with the field a4, i.e. a4 ~ (T -Tc)/Tc 
where Te is temperature corresponding to the tricritical point. Consequently, by 
keeping a 4 fixed one obtains an isothermal section of the phase diagram. Ao ex
ample of such a section is shown in Figure 4. Three-phase region is spanned by 
an infinite series of triangles. The points in the interior of each triangle represent 
the overall compositions of the three-phase mixtures. The compositions of the 
three phases lie at the triangles' vertices. As the tricritical point is approached, a4 
traverses a range of negative values toward a4 = 0. This approach is not arbitrary: 
it is controlled by three different exponents describing the geometry of the three
phase region near the tricritical point. More specifically, thickness of the stack 
of triangles shrinks as la,il312; the altidude of each triangle vanishes as la4j; and 
the length of the three-phase region (measured as the length of the longest side of 
the triangle) varies as la,il112. As shown in Figure 5, near the tricritical point the 
three points representing the coexisting phases become asmptoticaJly collinear. 
Consequently, there is always a phase, which in all its properties, is intermediate 
between the two other phases. 

Prediction of multiphase behavior of a concrete mixture requires know ledge of 
the relation between the model variables and their experimental counterparts [4]. 
However such knowledge is not necessary if ooe is only interested in qualitative 
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properties of the phase behavior. In this case ooe can disregard the rcguJar part of 
the (ree energy, Or, because it does oot affect the nature of the phase diagram. By 
a "phase diagrom" we mean here tbe set of points at which two, or more phases, 
coexist. Thus a phase diagram is essentially a "map" of the singular part of the 
free energy, n, 

The minimization of lhe total thermodyn:unical potential, n, with respect to 
'1t results in a cubic equation (1 ,21, 

3 1 1 
'11 + 2a,. ,r, + 2a3 = 0, (26) 

with three real roots W 0 1 \JI /3, and ,r,., provided Lhat a4 --< 0 an<l I a3 lj 4(- a4/6~ ) . 
The solution of eq.(26) can be written in a unified way as fo llows, 

where 

120+ 0 
120 - 0 j f 

ff o = a 
0 = {3 

0 if 0 = 'Y 

(27) 

(28) 

It should be noted that 0 lies io the interval O < 0 -< 60° , A = ( -~) ½ , aod 
a4 < 0. 

The fields ~ can reformulated as follows [4], 

3 5 
a1 = 8A cos0, (29) 

(30) 

(3 1) 

According to the van der Waals theory of interfaces, the intcrfac iaJ tension 
between phases a and /3 is given by the expression. 

q = m1 1"'/J / -V(\f! )d\J/, 
'Po 

(32) 

where m 1is a smoothly varying function of fields. 
Following Griffiths (2,5,6] the excess free energy density is given by, 
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(O'o = const.), (33) 

(34) 

Surmnarizing, the calculation of interfacial tensions in the three-pbase region 
are performed according to tbe following algorithm: 

1. Specify the overall composition p = (p(), Pp,P--,) aod fix a4 -< O. 

2. Select a3(p) such that I a3 I~ '1(- i-)! and find 0 (cf. eq. (31). 

3. Calculate '11a, 'if!13, and W13 from eq. (27). 

4. Find 0'0 p, O'p7 from eq. (33) and eq. (34). 

The equilibrium spreading coefficient seq(cf. eq.(14) and, consequently, the 
type of wetting regime, can be now readily determined. The interfacial tension 
plots corresponding to the path 2 in the composition space which enters Lhe three
phase region through a tieline wbere two phases are in equilibrium (cf. Figure 4) 
and leaves it through a similar tieline is shown in Figure 6. 

5. OIL LAYERS IN THE PORE SPACE 
This section is concerned with a simple model describing behavior of three 

phases in a wedge appearing in pore space [7,8] . The oil-water contact angle is 
assumed to be smaller than the gas-oil contact angle i.e, 0 uw < 0 go (see Figure 
7a). In addition, only the radii of the curvature, row and r 90,of the oil-water, and 
gas-oil interfaces in the plane of the edge are assumed to be finite. Consequently, 
the oil-water- and gas-oil capillary pressures are given by Pcuw = <l' =I r (YU) and 
Pcgo = <190/r9Q, respectively. The oil layer ceases to be stable as soon as the oil
water-solid contact line coincides with the gas-oil-solid contact line (see Figure 
7b). In this case, the distance AB shown in Figure 7b for an interface of radius r 
and contact angle 0 is given by the following expression, 

AB = ,,. cos( 0 + /3) , 
sin /3 

where /3 is half angle of the wedge and 0 + (3 < 1r /2. 

(35) 
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A ratio of intcrfacial curvatures associated with oil-water and g::is-oil interfaces 
is defined as follows, 

R = Tew = P cgo Clcw . 

r go Pccw O' go 
(36) 

If r90 >> row,lhen the oil Jayer becomes very thick. As R- > 0, only oil 
remains in the wedge. The coincidence of the oil-water-solid and gas-oil-solid 
contact lines occurs at the critical ratio Re of interfacial curvatures Re, 

R-c _ cos(09o + /3) 
- cos(0.,.v + /3). 

(37) 

Thus, a stible oil layer separating gas and water is possible only when R < 
Re. For R > Re, the oil layer is absent and there is a. gas-water interface in the 
wedge. 

Assuming that a molecular film of water covers the porewalls and that the 
system is water-wet (i.e., 0<YW = 0gu, = 0), the balance of forces at the gas-oil
solid contact line gives the following relationship, 

09'» = O'goCOS0go + <fow

Eq.(38) can be restated as follows, 

seq 
cos090 = 1 + - . 

(! go 

(38) 

(39) 

Using the above relationship, the critical ratio Re defined by eq.(37) is given 
by the following expression, 

(40) 

Figure 3b explains behavior of oil layers present in a wedge as the spreading. 
coefficient decreases from zero to a negative value. It turns out that the critical 
ratio Re decreases as the spreading coefficient seq decreases. This explains why 
in strongly water-wet systems oil layers roay be present for s eq < 0, aod absent 
for 5eq = 0. 
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6. FINAL REMARKS 
The simultaneous equilibrium of three phases bas been described in two cases: 

(a) the complete welting regime near a tricritical point and (b) in a capillary tubing 
of polygonal cross-section. In the former case the macroscopic condition that 
must be imposed on the three coexisting phases is absence of a Une of, three
phase contact or, equivalently, that the equilibrium spreading coefficient seq = 0. 
In the case where three-phases are situated in the edge of a polygonal tubing, it 
is possible to link tbe capillary pressures associated with the water-gas, oil-gas, 
and oil-water interfaces with their ioterfacial curvatures using Laplace equation 
of capillarity. Consequently, unlike the former case, the oil layers in wedges of 
capillary tubings can be found even when seq < ·o. However, as the spreacling 
coefficient decreases, the the critical ratio ~ also decreases and oil layers become 
less likely to exist. 
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CAPTIONS 

Figure 1: Entrapped oil ganglion blocking a capillary. 

Figure 2: (a) Oil phase spread on water in the presence of their common 
vapor prior to equilibration. The initial spreading spreading coefficient S' < 0. 
(b) The configuration of three equilibrated phases in the complete welling regime 
(Seq = 0). (c) The coo.figuration of three equilibrated phases when seq < 0. 

Figure 3: (a) Variation of the equilibrium spreading coefficient se"as a ther
modynamic field Jt changes. At µ = µ• there is a transition between the complete 
and partial wetting regime:; (1). (b) Variation of the equilibrium spreading coeffi
cient 5eq in a square-sectional tubing as the critical ratio of capillary pressures Re 
decreases. 

Figure 4: TI1ree-phase region in an isothermal composition space. It is a three
dimensional volume spanned by an i.n6:oite series of triangles (three of which arc 
shown in the Figure. The points in the interior of each triangle represent the 
overall compositions of mixtures whose phase compositions lie at the triangles' 
vertices. The lines K 1,2 and K2,3 are critical phases in equilibrium with a noncrit
ical phase (C and A). Also shown are paths 1 and 2 along which the interfacial 
tension is often experimentally investigated. 

Figure 5: Scbematical representation of the three-phase .region as a tricritical 
point is approached (after [l]). 

Figure 6: lnterfacial tension determined using the Landau-Griffiths model. 
vs. distance in the isothennal density space corresponding to path 2 shown in 
Figure 4. 

Figure 7: (a) Configuration of oil, water, and gas in an angular comer with 
half angle {3: the oil layer is stable (b) Configuration of the three-phases where the 
gas-oil and oil-water interfaces touch at point B: the oil layer is unstable (modified 
after [7]). 
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MULTISCALE MODELING OF RELATIVE PERMEABILITIES4 
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University of Denmark, DK-2800 Lyngby, Denmark2 

Abstract: 

Hydrocarbon reservoir simulators describe transport processes at the scale of a grid block ( ~ 1000 

m3 
). However, relative permeabilities are measured in laboratory experiments using small plugs cut 

from reservoir core (~ I 00 cm3 
). Consequently, a major task in performing realistic field 

simulations is that of relating laboratory core measurements to the grid-block scale. This is the 
upscaling problem. 

This paper describes a two-scale strategy aimed at determination of three-phase relative 
permeabilities for gas injection and Water-Alternating-Gas (WAG) injection processes, 
respectively. A large separation and weakly coupling is assumed between the individual scales. 
More specifically, two models describing three-phase transport at the pore- and macroscopic scales, 
respectively, are introduced. Jn particu lar, a network simulator and 1-D grid-based reservoir 
simulator of three-phase displacement arc implemented and sequentially resolved in separate 
calculations. The relative permeabilities determined from a computation at the pore-scale are 
iteratively fed into a computation at the macroscopic scale. At the fixed point of the iteration 
procedure the self-consistent saturation trajectories and the associated relative penneability 
functions for three coexisting phases (oil, water, and gas) are determined. Finally, the conditions 
under which the iterative procedure leads to self-consistent three-phase relative permeabilities are 
discussed. 

3 Present address: Maersk Oil and Gas AS, Esplanaden 50, 1263 Copenhagen K, Denmark. 
4 Accepted for presentation at the 22-nd IEA Workshop and Symposium, September 9·12, 2001, Vienna, Austria. 
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1. Checkerboards and Balloons: Two Classes of Complex Model Systems 

Checkerboards 

The checkerboard-type systems can be viewed as model systems in which the spanning vectors of 
length ,; are invariant under spatial translations. The magnitude of ,; represents the range of 
statistical correlations. More precisely, a checkerboard-type system consists of identical squares of 
length,; . It appears as a homogeneous one when observed using an optical instrument with a 
minimal resolution scale a>,; . On the other hand, when the range ,; of the statistical correlations 
between the squares is too short to generate collective macroscopic effects, the scales decorrelate. 
Consequently, fluctuations taking place inside an elementary square do not affect the system as a 
whole. Thus, an investigation of the system can be reduced to a study involving only a single 
square. Another useful interpretation of ; is to view it as a value separating the microscopic 
properties pertaining to a single square from the macroscopic scale pertaining to the entire system. 
In local microscopic analyses, the quantities associated with scales larger than ,; are constant and 
can be considered as parameters. Thus, the impact of microscopic fluctuations on the macroscale is 
accessible only by averaging which effectively eliminates randomness. 

(a) (b) 

Figure l. Two types of complex systems: (a) checkerboard-type system: after several "inverse decimations" of a 
continuous porous medium, the microscopic scale Is reached. (the initial cbeckerboard-type system and the result 
of the last inverse decimation are shown). The microscale properties, such as pore geometry and topological 
properties of the porous network and those of the checkerboard-type system are described by two different 
models. (b) Balloon-type systems with infinite characteristic lengths. The bold line preserves its structural and 
topological properties as the balloon surface is dilated (modified after Lesne, 1998). 
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Balloons 

Entirely different model porous media are balloon systems that have a self-similar structure 
throughout a large range of scales. Balloon systems do not have any characteristic length with 
exception of their size and a minimal scale below which the model is no longer valid. More 
precisely, in self-similar systems a characteristic scale ; > 0 must coincide with its dilationsk;. 

Consequently, it must be infinite. This is why in balloon-type systems, in contrast to checkerboard 
systems, the microscopic fluctuations can be observed at the macroscale. Blowing the balloon leads 
to dilations and deformations of the balloon surface. However, its topological and structural 
properties remain the same. It should be noted that in the case of balloon-type systems it is not 
possible to introduce decomposition into a set of statistically independent subsystems. Any 
fluctuation on the microscale is reflected on every other scale. 

2. Scales and Characteristic Sizes 

The notion of characteristic size occupies a central position in the study of mathematical models of 
multiphase fluid flow in porous media. Broadly speaking, it links properties of pore spaces to the 
scale on which they are investigated. Also, it provides means to impose stratification on external 
parameters controlling mechanisms of multiphase transport. 

There is no unique definition of characteristic size. This reflects the fact, that only its magnitude has 
a real physical meaning. Three examples of alternative ways to define the characteristic size of a 
hypothetical petrophysical property K ( x), which depends on a position coordinate x, are given 

below (cf. Lesne, 1998): 

♦ The dominating behavior of K ( x) is oscillating. The characteristic scale can be determined by 

performing Fourier analysis of K ( x). In the case where there is only one peak in the spectrum, 

qK is uniquely defined as the wavelength of the maximal spectral component. 

♦ Presence of multiple peaks in the spectrum indicates that K ( x) has several characteristic scales. 

An average over a large number of oscillations ( ) is given by an approximate analytic 

formula: 

supK - inf K 
dK 

dx 

(1) 

♦ In the case where K is of the form Ka ( x) = k ( x I a), the characteristic sizes of K and k are 

linked by i;K = ai;k where a is a dimensionless quantity. 

One of the key issues in multiscale mode ling is how the different scales are linked to each other. 
The degree of coupling between the scales depends on the physics governing the system under 
consideration. Consequently, in some computational approaches to mode ling of multiscale systems 
the scales are treated sequentially in separate calculations. In other, they are treated concurrently. It 
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should be noted that sometimes the scales are so strongly coupled that multiscale modeling cannot 
be used. 
It turns out that in systems with weakly coupled scales, the phenomena associated with each scale 
are most efficiently treated sequentially: parameters determined from the computation at small scale 
and subsequently fed into a computation at a larger scale. The iterative procedure for the 
determination of self-consistent relative permeabilities described in Section 6 is an example of a 
sequential coupling between two scales. 

3. Quasi-static Network Simulator 

The network simulator is set up on a cubic lattice in three spatial dimensions. The number of nodes 
in each direction is Ix, ly, and Jz. The total number of nodes is N = Ix -Ly . /z . The distance between 

the nodes, lno,1,, is a lattice constant. Each typical node is connected to six neigh boring nodes. The 

inlet face is defined as the first row of nodes in the x-direction and the outlet face as the last row of 
nodes. Flow takes place from the inlet face to the outlet face. Periodic boundary conditions have 
been assumed on the faces perpendicular to the flow directions to minimize the finite size effects. 

The lattice nodes represent pore chambers. The links between the nodes stand for pore throats. Pore 
sizes are defined by the uniform distribution function with the limiting values given by r,,max, r,,min, 

for the pore throats and rc,max, rc,min, for the pore chambers, respectively. The pore throats and pore 

chambers are assumed to have square-sections. 

A number varying between O and 1 described by the random probability distribution function gives 
the size of a chamber. Similarly, a random number varying between O and I describes the size of the 
pore throat, rt. 

The network simulator developed in the course of this project was based on a quasi-static network 
model. In quasi-static network models the capillary pressure is imposed on the network. The final, 
static positions of all fluid-fluid interfaces are subsequently determined. Dynamic aspects of 
pressure propagation within the model and interface dynamics are not considered. For more details 
about quasi-static network models the reader is referred e.g. to Fenwick and Blunt (1996; 1997, 
1998). 

4. Macroscopic Model of Three-Phase Flow 

Macroscopic model of three-phase immiscible and incompressible flow in one dimension consists 
of the following relationships stated for each of coexisting phases (cf. eq. (2)): 

♦ Darcy's law generalized to three-phase flow, 
♦ the mass conservation equation, 
♦ the condition for the capillary equilibrium relating the phase and capillary pressures. 



The equations defining the model are as follows. 

u =-kJ Bp, 
, 1 Bx, 

1 = k,, ( Si, S2) ( . = 1 2 3) 
" 1 , , ' ' ' 

µ , 

,I. Bs, + au. I = 0 (i = I 2 3) 
'f' a, ax ' · · · 
s, + S2 + S3 = I, 

PJ - P, = Pi (s,,s2) , 

Pi - PJ = Pi (s"s2 ) , 
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(2) 

where i={ 1,2,3} (i= I , represents the phase with the strongest wetting preference with respect to the 
porewalls, i=2 is its counterpart with the weakest wetting preference, and i=3 is the phase with the 
intermediate wetting preference. Thus, in the case of a water-wet hydrocarbon reservoir the indices 
1,2,3 stand for water, oil, and gas, respectively. On the other hand, for an oil-wet reservoir these 
indices represent oil, gas, and water. Moreover, u, is the flow velocity, µ, - viscosity, p, - pressure, 

<), porosity, Pi and P,_ are the capillary pressures, k- the absolute permeability, k,1 - the relative 

permeability to i-th phase, and x the coordinate. 
By eliminating the phase pressures p, the model is reduced to following system of coupled 

equations 

(3) 

The flux functions, F;(s"s2 ) (cf. eqs. (3)), are defined in the saturation triangle described by the 

inequalities 4 = {s, ~ O,s2 ~ O,s1 + s2 ~ 1} and F..~ O,F; ~ O,F; + F2 ~ I.Moreover, F, = 0 for s, = 0 

and F, = 1 for s, = 1 . Consequently, the map s ➔ F ( s) transforms the saturation triangle into 
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another triangle, LIF. The vertices and sides of LI, are mapped into their counterparts belonging to 

LlF . More precisely, the triangle LlF can be decomposed into three domains corresponding to one
phase flow, two-phase flow. and three-phase flow, respectively. As the saturation of any of the three 
phases decreases, its continuity breaks down. The capillary forces are usually much stronger than 
the avai lable pressure gradient keeping the emerging ganglia immobile. Thus, both the relative 
permeability k,1 and the flux function F, become equal to zero. 

5. Evolvability of Macroscopic Models of Th rcc-Phase Transport 

One of the key properties of the macroscopic model of three-phase transport with negligible 
capillary forces is its evolvability (cf. eq. (5) w ith ;: ;::: 0, Pi ~ 0 ). It has a simple geometric 

interpretation. Consider two saturations, s1 and s2 in the saturation triangle and the flux functions 

F; (s1,s2 ) and F; (s.,s2 ). 

Small increments of saturations, ds1 and ds2 , result in modifications of the two flux functions: 

F, ( s1 + ds1, s2 + ds2 ) = F, + dF, (i= 1,2). Eq. (5) with negligible capi I lary forces at the point ( s1, s2 ) is 

referred to as being evolvable if there exist two directions resulting in proportional increments of 
the flux functions (cf. Varchenko et al., 1992). 

dF(I) :::;; ( dF;(I)' dF?) 

dF(i ) - (dF(2) dF.<2>) 
- I ' 2 

On the hand, the increment (dsi,dsi) results in a change of direction and magnitude of the vector 

( dF; ,dF2 ) , the system is referred to as being non-evolvable ( cf. Figure 2). An important issue is 

whether the loss of evolvability at the macroscale can be related to pore-scale transport 
mechanisms, such as e.g., the snap-off mechanism. 

(4) 



0 0 

0 0 

0 0 

Figure 2. Evolvability of macroscopic models of three-phase transport in porous media. The two upper rows 
represent evolvable system; the bottom row shows a non-evolvable system (after Varchenko et al., 1992). 
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Figure 3. Schematic drawing of the self-consistent procedure. An initial guess of relative permeability functions 
is fed to the macroscopic flow model that generates a saturation trajectory. The network simulator follows that 
trajectory producing a set of three relative permeability functions. The iterative procedure continues until there 
is no more change in the saturation path. 

6. Iterative Procedure 

Fenwick and Blunt (1997) described the iterative procedure for determination of self-consistent 
permeabilities. More specifically, in their paper gas is injected into a waterflooded reservoir. By 
linking the relative permeability functions determined by the network simulator to the macroscopic 
reservoir simulator and iteratively computing a saturation path, until the relative permeability 
functions became scale-invariant, the self-consistent saturation paths and the associated relative 
permeability functions were obtained. Thus, the relative permeability functions create a link 
between the pore-level scale and the macroscopic scale. 

The iterative procedure applied for obtaining self-consistent three-phase relative permeability 
functions for three-phase flow in porous medium is as fo llows (cf. Figure 3): 

• Given initial conditions, injection conditions, viscosities of the phases, the network simulator 
performs a displacement into three-phase region of the saturation triangle. 

• The displacement results in a set of three-phase relative permeabilities tabulated as functions of 
their own saturations for the selected path. 

• The tabulated values are input into a one-dimensional reservoir simulator based on Buckley
Leverett model for three-phase flow. The reservoir simulator performs displacement for the 
same initial and injection conditions as those adopted at the microscale. The resulting saturation 
path is obtained by plotting the saturations of all grid plots on a ternary diagram. 
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• The saturation paths produced by the network simulator and those determined by the reservoir 
simulator are compared. If the two paths are different, the network simulator follows the path 
obtained from the reservoir simulator. If the paths coincide, the iteration stops. 

7. Self-consistent Relative Permeability Functions for Gas Injection 

The iterative procedure was initially applied to a gas injection process. The saturation trajectory was 
generated by the macroscopic model using Corey-type relative permeability functions: krw = Sw2. k,0 

= S/ and k,g = S/, The phase viscosities were µ.. = 1.0, Jlo = 0.3, and µg = 0.2. The initial phase 
saturations were Sw = 0.4 and S0 = 0.6. The injection of gas corresponds to the left state given by S1 
= ( 1.0, 0). The network simulator was tested on a 30 x 15 x 15 three-dimensional network. The 
initial guess ofrelative permeability functions resulted in a saturation trajectory shown in Figure 4. 

The initial condition of the network was obtained by the invasion percolation process mimicking the 
filling of the reservoir with oil. The injection pressure was set to a fraction of the entry pressure of 
the smallest throat. The saturation of the aqueous phase was Sw = 0.3 after injection of oil. The 
network was then allowed to imbibe water to reach the initial saturation point at Sw = 0.4. It should 
be noted that the first part of the saturation trajectory is a two-phase displacement process where no 
gas is present. Thus, the gas saturation did not increase until Sw = 0.34. The tracking algorithm 
successfully followed the saturation trajectory of the macroscopic flow model. The distance 
between the nodes was typically 0.5 saturation units. The network model needed between 20-40 
pore-level displacement mechanisms to reach the each desired saturation point on the macroscopic 
saturation trajectory. It should be noted that some pore-level displacement mechanisms did not lead 
to a change in saturation because the pore was located outside the zone where saturation was 
calculated. In the case where no critical pressure lines were crossed by changing capillary pressure, 
no pore-level displacement mechanisms occurred. However, the saturation still changed, because 
changes of interfaces' curvature on the pore-level led to a small change in saturation. 

The network simulator successfully followed the macroscopic saturation trajectory during the first 
iteration within a deviation of the specified 0.5 saturation units (cf. Figure 4). The corresponding 
movement in the capillary pressure space is shown in Figure 5. 1n most cases, the injection of gas 
resulted in both increased oil-gas and oil-water capillary pressures. It should be noted that the oil 
layers remained stable along the entire saturation trajectory. Consequently, the oil phase remained 
well connected. The stability of oil layers was a consequence of the direction of the saturation 
trajectory which generally 'demanded' less water causing increased oil-water capillary pressure and 
more gas causing increased oil-gas capillary pressure. 

The displacement mechanisms were dominated by single oil-water Haines' jumps followed by 
Haines' jumps of gas into the continuous oil phase. The oil-gas Haines ' jumps have significantly 
lower critical pressure than double drainage mechanisms because secondary events are absent when 
gas invades the continuous oil phase. Consequently, no double drainage mechanisms were activated 
along the macroscopic saturation trajectory. 
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Figure 4. Tracking of the saturation trajectory by the network simulator. The saturation triangle to the left 
shows the saturation trajectory to be followed In white and the actual saturation trajectory followed by the 
network simulator in black. To the right is shown the actual followed saturation trajectory at the final state of 
the simulation. An accuracy of 0.5 saturation units was used. 

Figure 5 shows the calculated relative permeability functions of the three phases. Also shown are 
the initial Corey-type relative permeability functions. The relative permeability functions span four 
orders of magnitude. The relative permeability function of the gas phase was zero for saturations 
below Sg = 0.32. At S8 = 0.32 the gas cluster first spanned the network and connected the inlet to the 
outlet. The relative permeability at this point was 10·2. For gas saturations in the interval 0.32 < Sg < 
0.43, the relative permeability of the gas only increased slightly because the conductance of the gas 
phase was controlled by the 'red' bonds in the backbone of the gas cluster. Consequently, the 
increased relative permeability was solely due to larger effective flow area of the gas phase inside 
the pores making up the backbone of the gas cluster. At a gas saturations above S8 = 0.43 the gas 
phase began to form a well-connected cluster. 

The aqueous phase was continuous throughout the entire saturation traJectory. At the initial two
phase conditions Sw = 0.4 the relative permeability was approximately I o· . The relative permeability 
function decreased gradually to a value as low as I 0·4• A crossover behavior in the relative 
permeability function was observed around S,., = 0.35. This reflected the relative permeability of the 
water phase changing from being controlled by the configuration I with pores entirely filled with 
water to configuration 2, configuration 3 and configuration 4 with pores where the conductance of 
the water phase is controlled by the corner flow (cf. Figure 6). The relative permeability of water 
below the crossover point approximately scaled with saturation to the second power in agreement 
with the observations of Fenwick and Blunt (1998). 
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Figure 5. Relative permeability functions for oil, water and gas calculated by the network s imulator is shown in 
black. The initial Corey-type relative permeability functions are shown in gray. The movement in capillary space 

is shown in the lower right hand corner where the straight line R = Re indicates the stability limit for oil layers. 

The relative permeability of the oil phase was initially controlled by the configuration 2 appearing 
in pores with oil flowing through the pore centers. The relative permeability of the oil phase quickly 
decreased as gas displaced oil from the center of the pores. The conductivity of the oil phase was 
reduced nearly two orders of magnitude with a change of oil saturation from S0 = 0.6 to S0 = 0.5. 
Further reduction of the oil saturation led to an interesting phenomenon. The increased oil-water 
capillary pressure forced the oil to invade new pores. Consequently, the oil phase formed a well
connected cluster on the network level. Although the effective flow area of the oil phase within the 
individual pores was reduced, the overall conductance of the oil phase on the network level 
increased. More precisely, below the oil saturation S0 = 0.5, the oil relative permeability fluctuated 
between 10-4 and 10·3. Thus, the relative permeability of the oil phase below S0 = 0.5 was primarily 
controlled by how well that phase was connected in the porous network. 
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Configuration 1 Pwater Pwater 

Poil 
Configuration 2 

Poil 

Pwater-- Pwater 

Poll --
Configuration 3a Pwater 

Pwater 

Poil 
Configuration 3b Pwater -· -

Poil 

Configuration 4 

Figure 6. Four principal nuid configurations between two nodes. Water is always connected and the water 
pressure is defined for all nodes. The water and the oil phases now in two separate compartments in 
configuration 2. Configurations 3a and 3b are symmetric and essentially can be considered as representing the 
same transport mechanism. In (3a) oil displaces water, in (3b) the roles of oil and water are reversed. In 
configuration 4 oil displaces water by two opposite menisci. Thick arrows indicate now of oil while thin arrows 
indicate now of water along the corners of the capillary tube. 

8. Convergence of Iterative Procedure for Gas Injection 

The search for self-consistent relative permeability fonctions was pursued by the iterative 
procedure. The self-consistent re lative permeability functions of the seventh iteration are shown in 
Figure 7. Also shown are the relative permeability functions determined in the sixth iteration and 
the corresponding movements performed by the network simulator in the capillary pressure space. 

The relative penneability functions o f gas and water did not change much during the remaining 
iterations. Consequently, the water and gas relative penneability functions appeared to be functions 
of their own saturations during the search for self-consistent relative permeability functions. 
However, it should be noted that the movement in capillary pressure space was very different for 
each of the seven iterations. 
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Figure 7. The self-consistent relative permeability functions for gas injection with initial conditions S = (0.0, 0.4) 
using Corey-type relative permeability functions as initial guess for the saturation trajectory. The movement in 
the capillary pressure space is shown for all seven iterations. 

The relative penneability function of oil posed some difficulties because the ECLIPSE 100 
simulator requires that the relative permeability functions for the oil phase is monotonically 
increasing with increasing phase saturation. This requirement was not always fulfilled by the 
relative permeability functions delivered by the network simulator. In particular, for the higher oil 
saturations the network model yielded increasing relative penneability for decreasing oil saturation. 
The higher conductivity was caused by the fact that oil displaced water that caused formation of 
highly conductive configuration 2 (cf. Figure 6). On the other hand, gas displaced oil from pores 
that did not belong to the backbone of the oil cluster. Consequently, smaller oil saturation could 
cause an increase in oil conductance and non-increasing relative permeability functions of the oil 
phase. This is the reason why in the range 0. 176 < S0 < 0.57 it was necessary to approximate the 
relative permeability functions of the oil phase by a straight line and search for the self-consistent 
relative permeability function by changing the slope of that line. Thus, using the relative 
permeability functions from the network model in the macroscopic model was associated with a 
subjective adjustment of the relative penneability function. Nevertheless, the iterative procedure 
converged in spite of the fact that as much as seven iterations were needed. The slow convergence 
was caused by oscillations of the relative permeability function of the oil phase around the self
consistent relative permeability function. More precisely, during the iteration procedure significant 
parts of the saturation trajectories were located on the gas-oil base line corresponding to very low 
water saturations (cf. Figure 8). 

The movement in capillary space can be better understood by considering the saturation trajectories 
associated with the movements in capillary pressure space. The saturation trajectories oscillated 
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around the self-consistent saturation trajectory. The oscillation reflects the movements in capillary 
pressure space that are located either above or below the self-consistent trajectory in the capillary 
pressure space. The saturation trajectories with a significant parts located on the oil-water base line 
corresponded to movements in capillary space where the oil-water capillary pressure was too large 
as compared to the final self-consistent trajectory in capillary pressure space. 

So 
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Third iteration 
Fifth iteration 

Self-consistent 
trajectory 

Corey type 

Fourth Iteration 

Second iteration 

Sw 

Figure 8. Saturation trajectories of the seven iterations followed by the network simulator. The initial saturation 
of all the trajectories is S, = (0.0, 0.4), but is only shown for the saturation trajectory of the initial Corey-type 
relative permeability functions. The convergence of the iterative procedure ls slow because the iterations oscillate 
around the self-consistent saturation trajectory. It should be noted that some of the trajectories are located on 
the gas-oil base line corresponding to no water. Low water content corresponds to a high oil-water capillary 
pressure. 

Comparisons of the different movements in capillary pressure space and the corresponding 
movements in the saturation triangle have shown that the capillary pressure response is structurally 
stable: its changes appear to be moderate for moderate changes in saturation trajectory. In other 
words, two saturation trajectories close to each other are associated with movements in capillary 
pressure space, which are also close to each other. However, that is not to say that the relative 
permeabilities do not change drastically as functions of phase saturation. Moreover, the 
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macroscopic simulator does not exhibit the property of structural stability in the case where a small 
change in relative penneability functions results in a drastic change of a saturation trajectory. 

9. Self consistent WAG Injection Sequences 

The iterative procedure was applied to a WAG injection sequence. Three cases corresponding to 
different injection ratios between water and gas were tested. The initial state was chosen as Sr = (Sg, 
Sw) = (0.08, 0.16). The injection ratios corresponding to the left state S1 = (S8, Sw) = (0.35, 0.65), S1 = 
(Sg, Sw) = (0.40,0.60) and S1 = (S8, Sw) = ~0.45, 0.55) were investigated using the Corey-type relative 
permeability functions knv = S}, k,0 = S0 and krg = s/ The adopted values of fluid viscosities were 
as follows: f.Jw = 0.5 I-lo = l .0 and µg = 0.3. The initial saturation trajectories determined from the 
macroscopic model are shown in Figure 9. 

The movement in capillary space for the WAG injection sequence with S, = (S8, Sw) = (0.45, 0.55) is 
shown in Figure 9. The combination of increased water and gas saturations along the saturation 
trajectories led to use of the snap-off, 11- , and h- imbibition displacement mechanisms of water 
displacing oil. The imbibition displacement mechanisms were a consequence of decreasing oil
water capillary pressure. In addition, the increased gas saturation caused increasing oil-gas capillary 
pressure. Consequently, the movement in the capillary space occurred towards the region in the 
capillary pressure space where o il layers were unstable. 

So So 

Sg Sw 

Figure 9. Saturation trajectories for the first two Iterations. The initial trajectory of the macroscopic simulator is 
shown to the left while the second iteration trajectory based on the relative permeability functions of the first 
trajectory is shown to the right. 
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Figure 10. Trajectories in the sa turation and capillary pressure spaces during WAG injection. The movement is 
generally towards the unstable oil layer. The saturation trajectories impose higher water saturation and higher 
gas saturation causing the oil-water and the oil-gas interfaces to move towards each other causing the collapse of 
the oil layer. 

The movement in the capillary pressure space in the network simulator corresponds to movement of 
the oil-water interface towards the center of the pore. The oil-gas interfaces are pushed towards the 
corner of the pores (cf. Figure I 0). This reduces both the effective flow area available to the oil 
phase on the pore-level and the connectivity of the oil phase on the network level. 

The movement in capillary pressure space causes the network model to encounter the domain of the 
residual oil saturation much earlier than the saturation corresponding to the injection conditions 
given by the left state S1• Once the oil layers became unstable the injection of gas caused break-up 
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of the oil phase into discontinuous oi l ganglia which could be mobilized by double drainage 
mechanisms. This was in particular the case with S, = (Sg, Sw) = (0.35, 0.65) and S1 = (Sg, Sw) = (0.4, 
0.6). The lowest residual oil was encountered for the left state S1 = (S8, Sw) = (0.45, 0.55). This case 
was then investigated more thoroughly. 

In the first iteration of the network model residual oil was encountered at S0 = 0.3. Consequently, 
the macroscopic saturation model cannot yield a saturation trajectory below the residual oil 
saturation because the oil phase becomes immobile at this saturation. 

The iterative procedure collapsed after the second iteration when the network model generated 
relative permeability functions which caused the macroscopic model to return a saturation trajectory 
which was located in the upper third of the saturation triangle. The oil phase had become 
discontinuous at an oil saturation S0c = 0.59 (cf. Figure 11 ). Recall that the oil phase relative 
permeability of discontinuous oil by definition is zero. However, during computational experiments 
oil remained connected to the inlet and the outlet face and was thus displaceable in the network 
simulations. 

There are two causes of the high S0c saturation. The first cause was that the gas phase invaded the • 
oil phase by Haines' jumps while the oil layers were still stable and good connectivity of the oil 
phase existed. This invasion of oil by gas took place in larger pores. Subsequently, when the oil 
layers became unstable the connectivity of the oil phase was effectively reduced in the most 
conductive pores. The second cause that led to high discontinuous oil saturation was that the gas 
phase invaded the oil phase. The oil phase could not establish stable layers and, consequently, broke 
up into ganglia unable to conduct oil. However, it should be noted that the gas phase was capable of 
pushing the discontinuous oil phase thereby reducing the saturation of that phase. 
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Figure 11. Relative permeability functions obtained for the two first iterations of the S1 • (0.55, 0.45). The 
markers Indicate the relative permeability functions obtained by the network model while the gray lines indicate 
the relative permeability function forwarded to the macroscopic now model. S0 , indicates the residual oil while 
Soc marks discontinuous oil saturation where the conductance of the oil phase becomes zero. 



178 

10. Concluding Remarks 

The collapse of the iterative procedure during WAG injection process raises two critical issues 
concerning the iterative procedure. 

The first issue concerns calculations of conductance of the oil phase for saturations below the 
discontinuous oil saturation. The second issue deals with the high residual oil saturations which 
seems to be in disagreement with the field observations where WAG recovery has been reported to 
yield increased recovery efficiency. 

Problems concerning determination of relative permeabilities by the network model and its 
definition in Darcy's law have been addressed by Mani and Mohanty ( 1998). In their model, the 
saturation of the pore space can change inside the network even in the case where the relative 
permeability to a phase is zero. However, the macroscopic flow model can describe changes in 
phase saturation only in the case of a nonzero mobility of that phase. Consequently, the area of the 
saturation triangle where a phase is mobile is different for the two models. This creates an obstacle 
for the convergence process, because by changing saturation of a phase in the network model one 
cannot follow the saturation trajectory produced by the macroscopic model into the region of the 
residual oil saturation. 

Mani and Mohanty ( 1998) have suggested a network model where the conductance of a phase 
consists of two contributions: steady-state conductance and unsteady-state conductance. They 
proposed the following formulation of Darcy's law for multiphase flow 

k•k,, VP 
VI = - -- I + Vunst,Qdy• stc1tr 

µ , 
(5) 

The mechanisms governing steady-state transport are similar to those underlying relative 
permeabilities in quasi-static network models: given the total flow into or out of the section of the 
network, the phase viscosity, the imposed pressure drop, and the absolute permeability, transport 
coefficients are calculated from the multiphase Darcy's law. The flow can take place through films, 
layers, or in pores where the conductance of the phase can be derived by assuming the laminar flow. 
The key assumption in the definition of the steady-state conductance is that the flowing phase is 
continuous and the pressure drop is given by the generalized Darcy's law. 

The unsteady-state conductance is represented by the response of the system to a change in 
capillary pressure. This response leads to a time dependency of the saturation change in the network 
model controlling the time for a pore-scale event to take place. More precisely, in order to 
adequately capture the relative permeability concept, a dynamic network simulator must replace the 
quasi-static network simulator 

It should be noted that changes in capillary pressure due to changes in one phase pressure could 
affect the saturation of another phase. Consequently, the inclusion of the unsteady-state 
conductance can be regarded as a coupling between the conductances of one phase and the pressure 
gradient associated with a different phase. 
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The high residual oil saturation of the WAG injection processes predicted by the network simulator 
is in disagreement with high recovery efficiencies reported in field studies (cf. Christensen, Stenby, 
and Skauge, 1998). The recovery factor is usually controlled by three basic recovery mechanisms: 
the vertical sweep, horizontal sweep and microscopic displacement efficiency. The negligence of 
these effects by the network- and macroscopic model may significantly influence efficiency of oil 
recovery. 

In general, increased oi l-water capillary pressure in the network model leads to thicker oil layers. 
Compared to gas injection, WAG injection is characterized by a movement in the capillary pressure 
space towards the region where oi l layers are unstable. Thus, it appears that the increased oil 
recovery efficiency may not be explained by the presence of oi l layers on the pore-level i.e. the 
microscopic displacement efficiency. Moreover, the effects of gravitation might actually also play a 
role on the network level. In addition, the network simulations have shown that computational 
results were sensitive to the initial placement of the gas phase in the network. More precisely, oil 
conductivity was lost faster when gas was assigned to the entire end-face of the network as 
compared to the assignment to a single pore or to a limited number of pores. 

In conclusion, the two models used in the iterative procedure do not necessarily adequately 
represent some of the essential processes responsible for increased oil recovery efficiency of WAG 
injection processes. 

'References 

Christensen, J.R., Stenby, E.H., and Skauge, A.H., "Review of WAG Field Experience", SPE Paper 
No. 39883, 1998. 

Fenwick, D. H. and Blunt, M.: "Calculating Three-Phase Relative Permeabilities Using Network 
Modeling", presented at the 5th European Conference on the Mathematics of Oil Recovery, 
Leoben, Austria, 1996. 

Fenwick, D. H. and Blunt, M.: " Use of Network Modeling to Predict Saturation Paths, Relative 
Permeabilities and Oil Recovery for Three-phase Flow in Porous Media", SPE 38881. Paper 
presented at the 1997 SPE Annual Technical Conference and Exhibition, San Antonio Texas, 
U.S.A. 5-8 October 1997. 

Fenwick, D. H. and Blunt, M.: "Network Modeling of Three-phase Flow in Porous Media", SPEJ, 
3, 86-97, 1998. 

Lesne, A.: "Renormalization Methods. Critical Phenomena, Chaos, Fractal Structures", J. Wiley & 
Sons, 1998. 

Mani, V. and Mohanty, K. K.: "Pore-level Network Modeling of Three-phase Capillary Pressure 
and Relative Permeability Curves," SPEJ, pp. 238-248, September 1998. 

Varchenko, A.N. and Zazovski, A.F.: "Three-Phase Flow oflmmiscible Fluids" (in Russian), ltogi 
Nauki (Ser. Mekhanika), 4, pp. 98-153, 1992. 



Appendix D 

01. Convergence of Iterative Procedure 

This appendix contains additional information about the convergence of the iterative procedure 
aimed at determination of the selfconsistent relative permeability functions for the gas injection 
process. The initial saturations of oil and gas phases are S0 = 0.6 and Sw = 0.4, respectively. The 
result for each iteration is shown as a path in the capillary pressure space along with all the previous 
paths. The relative permeability functions are shown in blue for the current iteration, the previous 
iteration in red, and the iteration that was forwarded from the network simulator to the macroscopic 
simulator in the previous iteration as a green line. The continuous line is used to indicate that the 
relative permeability functions of the macroscopic simulator are continuous functions of phase 
saturations, whereas the network simulator yields the relative permeability functions at discrete 
vat ues of phase saturations. 
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