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ABSTRACT 


Foams are used for mobility control in Enhanced Oil Recovery operations 

involving injection of gases or steam. The ability of foams to lower the mobility of 

vapour phase, under certain conditions, helps in reducing gravity override and 

channelling leading to improved sweep efficiency and hence oil recovery. A series of 

foam-flood experiments were carried out for implementing the process in a carbonate 

reservoir currently under miscible flood. The present research focuses on simulation of 

few of these experiments using empirical foam and reaction kinetics models with an 

objective of establishing parameters critical to field implementation. 

The mobility reduction factor and the saturation at which the foam breaks down 

were studied using numerical models that simulated laboratory experiments. Effect of 

Surfactant Alternate Gas Injection (SAG) cycle, reservoir heterogeneity and economic 

aspects of the process were evaluated using a field scale numerical model validated by 

actual foam-tests. Foam flooding was found economically favourable in reservoirs with 

high permeability intervals near the top. 
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Chapter 1 

INTRODUCTION 


1.1 General 

Most enhanced oil recovery (EOR) processes involve mobilization and production 

of hydrocarbons through injection of a fluid into a reservoir by joint use of two or more 

wells. Currently most of the enhanced oil production in the world comes from injection 

of gas or vapour phase into a petroleum reservoir - 96% in Canada, 99% in US and 47% 

in the rest of the world (Moritis, 1996). The injected fluid is normally steam, miscible 

or immiscible hydrocarbon gases (viz. methane through butane), C02 or other gases like 

air or N2 • However, these gases have high mobility compared to oil and thus, tend to 

finger through oil, and selectively channel through zones of high permeability. Also, 

because of high density difference with respect to oil, the injected gas tends to override 

and occupy structurally higher portions of the reservoir bypassing the oil rich zones. Gas 

channelling and gravity override thus lead to poor volumetric sweep efficiency (Shi and 

Rossen, 1996). 

As a result of widespread use of gas-flooding in enhanced oil recovery operations, 

and large potential for increasing oil recovery by improving sweep efficiency, interest 

in mobility control agents has sharply risen over the past decade (Mannhardt and 

Novosad, 1994). Foams can significantly reduce gas mobility and overcome the 

problems of gas channelling and gravity override under certain conditions, and therefore, 

improve sweep efficiency (Hirasaki, 1989, Schramm, 1994). 

Following Mannhardt and Novosad (1994), an analysis of recent enhanced oil 

recovery statistics (Table 1.1) indicates that the hydrocarbon-flooding dominates in 

Canada where it accounts for 85% of the country's EOR production. Table 1.1 also 
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shows the statistics on the types of reservmr subjected to enhanced oil recovery 

production. Most of the EOR projects, particularly hydrocarbon-floods in Canada, are 

being conducted in carbonates. Hydrocarbon-gas and C02 injection in the US is mostly 

in sandstone reservoirs. There has been a growing concern in recent years to improve 

sweep and thereby recovery efficiency in a large number of carbonate reservoirs 

subjected to hydrocarbon-flooding in Alberta, Canada. 

Table: 1.1 Enhanced Oil Recovery Statistics* 

Enhanced Oil Recovery Process EOR 
Prodn 
barrels 
per day 

% of 
Total 
EOR 

Number of Projects 

Sand 
stone 

Carb
onate 

Other Total 

Canada 
Hydrocarbon miscible-immisc. 277564 85 4 36 0 40 
Steam 5830 2 3 0 0 3 
C02 and other gas 28212 9 3 2 0 5 
Total EOR 324859 100 14 39 0 53 

United States 
Hydrocarbon miscible-immisc. 96263 13 11 3 0 14 
Steam 419349 58 105 0 0 105 
C02 and other gas 203082 28 28 35 7 69 
Total EOR 723568 100 163 42 7 212 

Others 
Hydrocarbon miscible-immisc. 41500 6 0 2 0 2 
Steam 264552 39 73 0 2 75 
C02 and other gas 15515 2 4 1 0 5 
Total EOR 684552 100 102 3 2 107 

* Source : G Moritis, Oil and Gas Journal, Apr 15, 1996, pp 39-61. 

Towards this end, a series of core-flood experiments were carried out at the 

Petroleum Recovery Institute (PRI) in Calgary under simulated reservoir pressure and 

temperature conditions. Since foams can significantly reduce gas mobility and overcome 

the problems of channelling and gravity override, the experiments focused on evaluation 
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of their effectiveness at reservoir conditions. The implementation of the positive results 

obtained in the laboratory, in the field was a logical end for which a candidate reservoir 

was selected by PRI in consultation with an operator in Alberta. 

1.2 Objective of the Present Work 

The objective of the present research is, 

a) to understand the mechanism of foam flow in porous media at a macro level, 

and 

b) to study the role of foam in alleviating channelling and gravity override. 

These are accomplished by simulation of some selected laboratory experiments of PRI 

and their scale-up for field application using the Computer Modelling Group (CMG)'s 

steam and additives reservoir simulator (STARS). The present work had full access to 

the experimental results of PRI as also to the data pertaining to the candidate reservoir 

obtained through the files of Alberta Energy and Utility Board, Canada. 

1.3 Organisation of the Thesis 

The work presented in this thesis focuses on the above objectives. Chapter 2 

reviews the literature surveyed and encompasses the basics of foam propagation in porous 

media, physical nature of the foam and its properties in reducing the mobility of the 

injected gas. Different concepts used in simulating the foam flow in porous media are 

reviewed. An examination of the factors influencing the success of a foam-flood project 

in the field ( on the basis of foam applications in the past, in few selected reservoirs), 

is also included. 
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Chapter 3 describes some relevant laboratory investigations carried out at PRI. 

The simulation of selected experiments on a one-dimensional model using STARS is 

discussed next. The results obtained from the history matching of these experiments are 

analyzed and the limitation of both the experimental procedure and simulation process 

are reviewed. Suggestions are made regarding improvement in the data capture during 

experimentation for more effective use of the same while translating the process to the 

field. 

The simulation of foam-flood at field scale is divided into two parts. The first 

part, discussed in Chapter 4, relates to the impact of foam injection on the injection 

pressure. An attempt has been made to qualitatively replicate the foam tests carried out 

in a carbonate pool in Alberta. The second part, also in Chapter 4, examines 

effectiveness of foam in improving the gravity override and sweep efficiency of a layered 

reservoir. Two hypothetical cases have been studied to demonstrate the role of foam 

applicability to fields with different degrees of reservoir heterogeneity. 

Chapter 5 consists of a discussion of the results obtained during laboratory and 

field scale simulations with an emphasis on the mechanism of foam effectiveness at core 

and reservoir scales. Chapter 6 summarises the findings of the present study , areas for 

future research and recommendations for improvement in laboratory investigations, and 

factors to be considered for a successful field implementation of a foam flood. 



Chapter 2 

LITERATURE REVIEW 


2.1 General 

The interest in the use of foam for improved oil recovery started nearly four 

decades ago in 1958 when the first patent on foam for mobility control in oil recovery 

was awarded to Bond and Holbrook (1958). According to them, foam could be 

generated in the reservoir by consecutive injection of surfactant and gas. The foam 

process was claimed to greatly improve the efficiency of miscible and immiscible gas 

drives as the foam was considered to be less mobile than air and had a more favourable 

mobility ratio for oil. 

The role of foam as a mobility control agent has been investigated since early 

1960' s. The research in foam-drive processes for increasing oil recovery commenced 

with the work of Fried (1961) and was seriously pursued by various workers (Bernard 

and Holm, 1964; Bernard, Holm and Jacobs, 1965; Marsden and co-workers, 1966, 

1967, 1970; Holm, 1968; and Minssieux, 1974). Hirasaki (1989) summarised the pre

nineties history of foam research in porous media. 

The early works focused on determination of conditions for generation of foam 

in porous media (Bernard and Holm, 1964) and identification of surfactants best suited 

for this purpose. The subsequent efforts were directed towards determination of 

properties of the foam in porous media specifically, its effective permeability and 

apparent viscosity. 

In 1980's, a large number of field test results and laboratory and theoretical 

investigations were published dealing with foam generation, destruction and transport 

mechanisms. This literature of past 20 years forms the foundation for study and 

5 
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modelling of foam transport in porous media (Kovscek and Radke, 1993). Conflicting 

views regarding physical nature of the foam and the mechanisms of its transport can be 

seen in the literature. 

This chapter is an attempt to develop an understanding of fundamentals of foam 

transport in porous media, and an effort to summarise the results of major works and 

field trials pertaining to usage of foams in enhancing the oil recovery by controlling 

channelling and gravity override. 

2.2 Laboratory Work 

The bulk of laboratory work is reported in the area of, 

a) identifying surfactants which could form foam at reservoir pressure 

and temperature conditions. 

b) measuring the amount of mobility reduction to gas, due to 

presence of foam. 

c) stability of foam especially with respect to presence of oil. 

d) adsorption of surfactant on the rock surface. 

Majority of the effort, however, appears to have been directed towards b) and c). 

The experiments range from study of foam flow in micro-models to flooding in glass

bead packs, Berea cores, Indiana limestone, Baker dolomite and in native sand-packs and 

reservoir cores. The experimental procedures adopted by different researchers have been 

quite different (Schramm, Turta, Ristic-Petrovic, and Novosad , 1989) involving for 

instance, 

injecting preformed foam into either a surfactant pre-equilibrated on non

equilibrated core; 
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injection of gas into a surfactant saturated core; 


alternate injection of gas and surfactant solution; 


different sequences of foam initiation and flow (increasing or decreasing 


order of differential pressures); and 


oil saturations equal to or greater than residual oil saturation. 


2.3 Physical Structure of Foam 

Foams discussed in the present work are defined as non-equilibrium dispersion 

of gas bubbles separated by liquid lamellae, in a continuous liquid phase. The dispersed 

phase is sometimes referred to as internal phase and the continuous phase as the external 

phase (Schramm and Wassmuth, 1994). Schramm and Wassmuth present a two 

dimensional structure of the general foam as depicted in Figure 2. 1. The general 

structure contains the bulk liquid on the bottom and bulk gas phase on the top. The 

magnified part shows the various parts of the foam structure. The gas phase is separated 

from the thin liquid film by a two dimensional interface. A lamella is defined as the 

region that encompasses the thin film, the two interfaces on either side of the film, and 

a part of the junction to other lamellae. The connection of the three lamellae, at an angle 

of 120°, is referred to as plateau border. In three dimensions, four plateau borders meet 

at a point at the well known tetrahedral angle of 109° 28' 16". 

Most foams, for their persistence, require presence of foaming agents which may 

comprise one or more of surfactants, macromolecules, or finely divided solids. The 

foaming agent is polar in nature, reduces surface tension and thereby increases interfacial 

area with a minimum of energy input. It may be needed to form a protective film at the 

bubble surfaces to prevent coalescence with other bubbles. 
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Figure 2.1 A Generalised Foam System (Schramm and Wassmuth, 1994). 
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2.4 Foams in Porous Media 

In porous media, foams have a continuous liquid phase, including the lamellae, 

and a gas phase which is either continuous or dispersed (Friedmann, Chen and Gauglitz, 

1988; Ransohoff and Radke, 1988; and Falls, Gauglitz, Hirasaki, Miller and Patzek, 

1988). By definition, the gas phase is discontinuous in a foam. (But the porous medium 

may have areas where the gas phase is continuous, in addition to areas where foam is 

present.) 

Figure 2.2 depicts the configuration of lamella at pore scale. The pore-throat is 

shown as a constriction between pore walls drawn in heavy solid lines. The border of 

gas droplets is indicated by dotted lines. The rock being water-wet (in this particular 

instance, the aqueous phase clings to the rock surface) a liquid lamella is formed in the 

pore-throat between the two bubbles. The lamella is stabilized by the adsorbed surfactant 

which is polar in nature. The behaviour of foam in porous media is intimately related 

to the connectivity and geometry of the pore spaces in which it resides. Foam generation 

and destruction mechanisms in porous media depend strongly on the body to throat size, 

referred to as aspect ratio (Kovscek and Radke, 1994). 

2.5 Nature of Foam in Porous Media 

There have been varying opinions in the literature as to whether the foam moves 

as a body or whether water and gas move at separate velocities. While Marsden and 

Khan (1966) treated flow of foam as that of a viscous fluid, the pioneering work of 

Holm (1968) using tracer technique demonstrated that in the presence of foam, with 

bubble size of about 0.1 mm or greater, gas and liquid flow separately through porous 
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media. The study also revealed that foam did not flow through porous medium as a body 

even when liquid and gas were combined and injected as foam. Instead, according to 

Holm, the liquid and gas forming the foam flowed separately as the foam bubbles broke 

and subdivided inside the porous medium. Holm also concluded that the flow rates of 

gas and liquid are a function of the number and strength of the films in the porous 

medium. As such, foams could be used for improving a water flood or gas drive by 

decreasing the permeability to the displacing fluid. 

Dietz et al(l 985) in an interesting paper contend that in a flow experiment we can 

observe foam before it enters a core and we may see foam being formed as gas and 

liquid exit the core. Within the porous rock there is two phase flow, but there is seldom 

reason to believe that this flow can be described as a quasi-single phase flow of "foam" 

showing the same viscous behaviour as observed (microscopically) outside the rock. 

Based on theoretical considerations the implication is that foam drive would be 

meaningful only if permeability exceeds certain value (e.g. about 50 md for 50% foam 

quality to 490 Darcy for 99% foam quality). 

2.6 General Characteristics of Foams 

Foams in porous media have been characterised by many attributes in the 

literature. A lack of clear understanding of the mechanisms involved in has led to a 

diversity of parameters as indicators of foam efficiency (mobility reduction factor, 

reduction of relative permeabilities, increase of apparent gas viscosity, etc) . The 

characteristics relevant to foams in porous media are discussed below. 



12 

2.6.1 Foam Quality 

The volumetric percentage of gas in a foam which is often referred to as foam 

quality ( r or fg ) is defined as, 

r - [ gaseous volume l * 1()() (2 . 1) 
total foam volume 

In the flow situation foam quality is often used synonymously with fractional flow of gas 

(fg ), 

(2.2) 


The foam quality can be considered as a measure of its dryness . Normally foams 

possessing a quality of 90% or less are called wet foams whereas those with a quality 

higher than 90% are referred to as dry foams. 

2.6.2 Compressibility 

The presence of a gas phase makes foams compressible. Marsden and Khan 

(1966) expressed the foam quality as a function of pressure using Boyle's law. By 

choosing foam injection conditions (pressure p0 and quality r.) as reference conditions , 

the foam quality at a given pressure p is, 

(2.3) 
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2.6.3 Rheological Properties 

Several investigators (Marsden and Khan, 1966; David and Marsden, 1969; and 

Minssieux, 1974) conclude that foams have non-Newtonian behaviour due to their two 

phase nature. Minssieux (1974) through extensive laboratory investigations found that 

the apparent viscosity of the foams increased with foam quality (Figure 2.3). Rheograms 

were found to be similar irrespective of the foaming agent used. In addition to high 

apparent viscosity values, the study also showed pseudo-plastic nature of the foams. de 

Vries and Wit (1990) from their experimental work on rheology of gas/water foam show 

that the pressure gradient increases with increased foam quality, reaches a maximum and 

then decreases. 

Hirasaki and Lawson (1985) developed a theory to predict the apparent viscosity 

of foam in smooth capillaries, µs. Three major factors resist the flow of foams, 

1) viscosity of any liquid slug between bubbles, 

2) the viscous resistance of liquid between the foam bubbles and capillary 

wall and 

3) the surface tension gradient that results when surface active material is 

swept from front of a bubble and accumulates at the back of it. 

When the average bubble density in the flowing phase is less than the density of pore 

constrictions and krg ~ 1, measured apparent velocities were correlated by Falls, Hirasaki, 

Patzek, Gauglitz, Miller and Ratulowski (1988) using the expression, 

(2.4) 

where, G, a, nv Re and v
8 

are, geometrical factor, gas liquid interfacial tension, number 

of lamellae per unit length, equivalent capillary radius and interstitial velocity of gas 

respectively and µs is smooth tube contribution of viscosity. 
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Through experiments and theoretical analysis they showed that the most important 

variable affecting foam viscosity in uniform smooth capillaries is foam texture (bubble 

size). Foams of finer texture have more lamellae per unit length and as a result offer 

greater resistance to flow. The combined effect of equivalent bubble radius ( r8 ) and 

capillary radius ( R e ) on apparent viscosity ( µapp ) as given by them is shown in Figure 

2.4. 

2.6.4 Relative Permeability 

Through laboratory experiments for determination of relative permeability under 

steady and unsteady state, Huh and Handy (1989) inferred that foam flow may be 

described as a three-phase flow process. However, they argued that foam would not 

travel as an independent phase but its existence would be felt in terms of effective 

permeability to gas. They showed that the steady-state and unsteady-state relative 

permeability to gas in presence of foam will be much lower compared to the same in 

absence of foam (Figure 2.5). The relative permeability to gas was found to be reduced 

significantly in presence of a foaming agent even at low and at very high foam qualities. 

The relative permeability to water was, however, found to be insensitive to the presence 

of the foaming agent. 

2.6.5 Measures of Foam Effectiveness 

Core-floods have been conventionally used to provide the means for characterising 

the strength of foams in porous media. The following two parameters are routinely 

obtained during core-flood experiments for evaluation of foams. 
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2.6.5.1 Mobility Reduction Factor 

One of the direct measures of foam effectiveness is the pressure drop along the 

length of the core during a foam flood. This pressure drop is compared to what one 

would get in the absence of foam. The ratio of former to latter is known as mobility 

reduction factor (MRF). Thus, 

MRF = ~Pfoam (2.5) 
~Pnofoam 

This is typically determined in the laboratory by measuring the pressure gradient during 

simultaneous injection of gas and surfactant solution (~PJoam) and during brine and gas 

injection (~Pnofoam) under identical conditions. The MRF is a good indicator of presence 

of foam and its effectiveness, but trends at different experimental conditions may be 

overwhelmed by experimental errors (Mannhardt, 1995). 

2.6.5.2 Foam Flow Resistance 

The effectiveness of foam is also sometimes expressed in terms of foam flow 

resistance (Persoff, Radke, Pruess, Benson and Witherspoon, 1991) which is a pressure 

gradient that has been normalized with respect to liquid phase viscosity and gas velocity, 

and non-dimensionalised by permeability according to Darcy's law. It is defined as, 

kFFR -'Vp 
VgµL 

(2.6) 

µg 

krgµL 
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where, k, v
8

, µv and Vp are, absolute permeability, gas superficial velocity, wetting 

liquid viscosity and pressure gradient respectively. The FFR provides a means of 

normalizing pressure gradients by taking into account absolute permeability, wetting

liquid viscosity and gas flow velocity. A calculated foam flow resistance does not 

provide an immediate indicator for presence of foam, unless it is compared with the same 

parameter for baseline experiment for brine/solvent flow under similar conditions 

(Mannhardt, 1995). As can be seen, the FFR is inversely proportional to krg· 

When applied to the steady state experiments, the above indicators do not 

explicitly take into account the differences in fluid saturations in the absence and 

presence of foam (i.e. between baseline and foam experiment). 

2.7 Mechanism of Foam Generation in Porous Media 

The fundamental, pore-level mechanisms of foam generation were investigated by 

Ransohoff and Radke (1988) in mono-disperse glass bead packs. The three mechanisms 

of creating foam in porous media were identified as leave-behind, snap-off and lamella

division (Figure 2.6). In leave-behind, a continuous gas phase retains continuity as it 

invades the aqueous surfactant-laden phase. A lamella is formed when two gas fingers 

converge at a pore-neck. This lamella is stationary and blocks part of the pore-network 

to gas flow; accordingly the gas phase relative permeability is reduced. Leave-behind 

lamellae are known to be the dominant mechanism of foam generation at low velocities 

(Ransohoff and Radke, 1988; Friedmann, Chen and Gauglitz, 1988). 

The snap-off mechanism creates discrete bubbles which either flow or lodge at 

some point in porous medium thereby blocking gas pathways as with leave-behind 

mechanism. Gas flowing as discrete gas bubbles offers much greater resistance to flow 
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than gas flowing as continuous gas (Hirasaki and Lawson, 1985; Falls, Musters and 

Ratulowski, 1986). Snap-off is observed to be the primary foam generation mechanism 

at high injection rates. 

The third mechanism, lamella division, only occurs when previously generated 

lamellae move in the pore network. Thus snap-off must first generate discrete bubbles, 

or stranded lamellae must be mobilized. Division occurs when a lamella encounters a 

branch in the flow field and advances into two or more channels downstream of the 

branch, generating two or more lamellae from one. This mechanism is similar to the 

snap-off mechanism in that a separate bubble is formed which can flow or block gas 

pathways. It is difficult to distinguish between the effects of bubble generation by snap

off and by lamellae division without considering pore-level events. 

The principal mechanisms of gas mobility reduction due to foam in reservoir 

applications partly depend on the mode of gas injection. Surfactant solution and gas may 

be alternately injected (known as surfactant alternating gas or SAG) or co-injected at a 

set fractional flow (Friedmann, Chen and Gaugli tz, 1988). 

2.8 Conditions for Foam Generation in Porous Media 

Based on laboratory experiments conducted on short and long cores, Chou(1991) 

observes that foam generation strongly depends on the initial saturation of the core. 

Foam is readily formed wherever the core is pre-saturated with surfactant solution 

regardless of flow rate or pressure gradient. He further observes that foam generation 

is greatly delayed whenever the core is not pre-saturated with surfactant solution. In 

cases when foam is not readily formed, foam can be initiated by first creating regions of 

high surfactant saturation in-situ, such as injecting a slug of surfactant, alternate or pulse 

injection of gas and surfactant, or injecting a wetter foam, followed by drainage. 
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According to Chou(1991), the role of flow rate is not critical because foam does 

not appear everywhere in the core simultaneously when the flow rate increases. Nor 

does it collapse when flow rate is reduced to its previous value, or to zero. However, 

this finding is contrary to what Ransohoff and Radke ( 1988) report after their 

experiments in glass bead packs. Chou's argument is that the homogeneous bead packs 

(of 40 to 370 Darcies) are not representative of the consolidated porous media or sand

packs where flow velocities are much lower than the critical velocities of Ransohoff and 

Radke. Studies by many other investigators (Holm, 1968; Bernard, Holm and Jacobs, 

1965; Bernard and Holm, 1964; Raza, 1970; Huh and Handy, 1989 and Yang and Reed 

1989) do not indicate existence of a critical velocity. Yet, there are studies by many 

other investigators (Falls et al, 1988; Khatib et al, 1988; etc.) which report critical 

velocity for foam generation/collapse. 

Chou's study (1991) also indicated that fewer pore volumes of injection are 

required to generate a stronger foam than a weaker foam even though the latter had a 

higher mobility. The foam is formed during drainage, not imbibition, as the onset of 

foam generation coincides with the onset of drainage in situ. Increasing capillary 

pressure does not necessarily destabilize foam as strong foams usually have lower water 

saturation and hence higher capillary pressures. This conclusion is contrary to that of 

Falls, Hirasaki, Patzek, Gauglitz, Miller and Ratulowski (1988) who argue that foam can 

only be formed below a critical capillary pressure. 

Based on his experiments on short and long cores, Chou(1991) also concludes that 

the experiments conducted in short cores may greatly over-estimate the amount of 

surfactant injection needed to generate foam. 
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2.9 Stability of Foam - Coalescence and Decay 

A foam composed of a multitude of gas/liquid interfaces forms a 

thermodynamically unstable system whose surface energy naturally tends to decrease 

(Minssieux, 1974) . Two basic reasons have been cited for foam coalescence - capillary 

suction and gas diffusion (Kovscek and Radke 1993), capillary suction having been 

described as the primary mechanism of lamellae breakage in porous media. For 

evaluating and comparing foam stability, Minssieux ( 197 4) used a glass bead filled 

generator and measured the amount of liquid drained from foam samples of known

volumes. From these investigations he showed that stability of foam increases with an 

increase in the foam quality. 

Khatib, Hirasaki and Falls (1988) directly measured capillary pressures in 70 to 

9000 darcies glass bead packs during steady foam flow over gas fractional flows varying 

from 10 to 99%. For a given surfactant system they observed drastic foam coarsening 

at a specific capillary pressure, called the limiting capillary pressure, pc· (Figure 2. 7) . 

They observed that if the gas fractional flow is increased after the limiting pressure has 

been attained, coalescence increases the coarsening of the foam texture, the liquid 

saturation remains constant, and relative gas mobility becomes proportional to the ratio 

of gas-to-liquid fractional flow . Khatib, Hirasaki and Falls (1988) further point out that 

the limiting capillary pressure varies with surfactant formulation , gas velocity and 

permeability of the medium. 

Kovscek and Radke ( 1993) mention that the second mechanism of foam 

coalescence, gas diffusion , pertains primarily to the stagnant, trapped bubbles. The gas 

on the concave side of a curved foam film is at a higher pressure, and hence at a higher 

chemical potential than that on the convex side. Driven by this difference in chemical 
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potential, gas dissolves in the liquid film and escapes by diffusion from the concave to 

convex side of the film (Kovscek and Radke, 1993). 

2.10 Effect of Oil Phase on Propagation of Foam in Porous Media 

The effect of presence of oil phase on propagation of foams in porous media has 

been extensively researched (Manlowe and Radke, 1988; Rao, Wasan and Manev, 1981; 

and Schramm and co-workers, 1989, 1994). Core-flood experiments by different 

researchers suggest that a liquid oil phase becomes detrimental to foam at saturations 

above 5 to 20%. The degree of destabilization depends on the type of surfactant as well 

as on the type of oil. Lighter oils in general tend to be more detrimental to foam 

stability compared to heavier oils. However, exceptions to these general findings have 

also been reported. 

Jensen and Friedmann (1987) performed laboratory experiments to determine the 

effects of a residual oil phase on the propagation of foam in Berea sandstone. They 

concluded that the effect of a residual oil phase on propagation of foam in porous media 

is strongly surfactant-specific. It was found that "oil-insensitive foams", formed from 

surfactants designed to foam in presence of oil, propagated faster than "oil-sensitive 

foams" in hot nitrogen core-floods and steam-foam sand pack experiments. 

2.11 Retention of Foam-Fonning Surfactant 

The propagation of surfactant is crucial to propagation of foam in porous media. 

However, the surfactant may be retained in the reservoir due to a number of 

mechanisms. Mannhardt and Novosad (1994) indicate the following mechanisms to be 

responsible for retention of surfactants in porous media, 
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1. adsorption at the solid liquid interface 

2. precipitation 

3. chemical degradation 

4. partitioning of surfactant from the aqueous phase into the oil phase 

5. surfactant adsorption at the oil-water interface 

6. deactivation of surfactant by binding to crude oil asphaltenes 

7. co-adsorption of surfactant and oil 

The first three factors cited above are usually the major contributors to surfactant loss 

in an oil-free porous medium, while all of them may influence surfactant loss during the 

presence of oil. 

Novosad, Maini and Huang(1986) have studied retention of foam forming 

surfactants at elevated temperatures. Mannhardt and Novosad(l994) discuss in detail the 

mechanisms of surfactant adsorption and mention that in EOR applications the relative 

contribution to overall adsorption is determined by factors like lithology, mineral 

composition, wettability, surface charge, specific surface area, brine salinity and brine 

composition, surfactant type, surfactant composition, surfactant solubility and 

temperature. 

The adsorption characteristic is most commonly expressed using the Langmuir 

adsorption model. The model used by some investigators to calculate adsorption assumes 

that surfactant adsorption takes place from the monomer phase but not from micelles. 

Adsorption in single surfactant systems, therefore, reaches a plateau at surfactant 

concentrations exceeding the critical micelle concentration (Mannhardt and Novosad, 

1994). 

Adsorption of surfactants in the reservoir is a serious problem considering the 

large volumes of reservoir rock involved even though the adsorption levels may be low 
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(only a few milligrams per gram of rock). The economics of the whole EOR project is 

governed by the amount of surfactant required which, in tum, is dictated by the potential 

surfactant adsorption on the rock. At times, the surfactant costs determine the feasibility 

of a foam-flood process. It is therefore imperative to minimise the surfactant adsorption. 

The experiments show that mobility reduction factors for a specific group of surfactants 

with different adsorption levels could be of the same order of magnitude. The choice of 

surfactant is then determined by adsorption. Mannhardt and Novosad (1994) discuss 

three approaches that may be used to minimise surfactant adsorption. These are, 

a) matching surfactant type to specific reservoir rock type based on 

surfactant ionic character and solid surface charge, 

b) application of surfactant mixtures and, 

c) sacrificial adsorbates. 

Based on the above Mannhardt and Novosad (1994) suggested criteria for 

matching a surfactant with a given rock. 

The second method of reducing surfactant adsorption is use of surfactant 

mixtures. Ideally, the properties of the mixture are such that overall adsorption from the 

mixture is lower than the sum of adsorption levels measured for each surfactant by itself. 

Sacrificial adsorbates are cheaper chemicals which are used as pre-flush, in order 

to block the adsorption sites and reduce subsequent surfactant adsorption. Their 

effectiveness is based on the assumption that no significant desorption sacrificial agent 

takes place when the surfactant solution makes contact with the surfaces with the pre

adsorbed materials and the sacrificial agent adsorbs on the same adsorption sites as the 

surfactant. 
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2.12 Modelling Approaches 

A number of modelling techniques based on theoretical and empirical studies are 

available in the literature for simulation of foam flow in porous media. These techniques 

can be broadly classified as, 

a) Network Models, Percolation Theories 

b) Population Balance Methods 

c) Fractional Flow Theories 

d) Empirical Models 

Out of the above four techniques, only network or percolation models and 

population balance methods are derived from first principles. 

2.12.1 Percolation or Network Models 

The basic premise of percolation theory is that flow channels available to each 

phase are modelled as chaotic, interconnecting components of a pore network 

representative of the morphology of the porous medium (Chou, 1990). Chou extends the 

percolation theory to describe flow of foam in porous media. He has investigated the 

mechanism of foam generation and foam stability, their relationship with the pore 

structure and phase permeabilities as well as, the influences of the flow rates, rock 

wettability and residual oil. 

The theory assumes that foam lamellae are generated by snap-off in certain pores 

of the porous media. The probability of snap-off is governed by pore-geometry. The 

porous medium is modelled by pore-throat and pore-body size distribution functions. 

The permeability reduction results from blockage of pore channels. The parameters 

modelled to calculate the relative permeabilities in absence of foam are the pore-aspect 
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ratio and parameter in gamma distribution, the power law exponents for the pore-volume 

and specific conductivity, capillary number, weight given to throat in calculating pore 

volume and Bethe tree coordination number. 

Rossen (1988) presented a theory for the minimum pressure gradient (''Vpmin) 

required to keep a foam flowing through a porous medium. The theory accounts for pore 

shape, foam texture, contact angle hysteresis and fraction of pore-throats blocked by 

lamellae. According to Rossen's theory, which relates V~in to the fraction of pore 

throats blocked by lamellae, the geometry of the pore throats and the morphology of the 

pore network, foam can begin to flow only at a relatively high Vp found near the well. 

Thus effective reservoir sweep depends on the propagation of foam formed near the well. 

In another case, a well-established foam flows as "bubble trains" through regions of 

trapped gas. Rossen's theory predicts that in such a case Vpmin can be substantially 

higher. If Vp of reservoir < Vpmin, the foam flow stops and foam plugs the zone. Thus 

some coalescence is necessary for foam propagation deep into the reservoir. 

Though the network models provide an insight into pore-level physics of foam 

flow, they have the disadvantage of requiring large amounts of computational time and 

providing results on a prohibitively small grid (Kovscek and Radke, 1994). The usage 

of network or percolation models may, therefore, not be useful in transient displacements 

requiring tracking of saturation and surfactant concentration. These models do not seem 

to have the potential to be used on a field scale in the near future. 

2.12.2 Population Balance Methods 

The population balance modelling accounts for effect of foam texture on the 

mobility of gas during its transport in porous media. The method was originally 
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proposed by Falls, Hirasaki, Patzek, Gauglitz, Miller and Ratulowski (1988). Kovscek, 

Patzek and Radke (1994) subsequently incorporated a conservation equation for the 

number density of foam bubbles into an implicit, three dimensional compositional and 

thermal reservoir simulator and created a fully functional mechanistic foam simulator. 

Foam generation and decay were included through rate expressions that depend on 

saturation and surfactant concentration. An outline of the formulation as presented by 

Kovscek and Radke (1994) for an one dimensional simulator is as follows: 

2.12.2.1 Conservation Equation 

The mass balance equations for non-wetting gas phase, water and surfactant are, 

(2.7) 

(2.8) 

and 

_a[_c?_C_ss_w+_A_d_s] + a(vwC.) = Q (2.9)
at ax s 

where</>, p, S, v and Q denote porosity, mass density, saturation, superficial or Darcy 

velocity, and source sink terms for gas, water and surfactant subscripted as g, w and s 

respectively. Cs and Ads represent surfactant molar concentration and amount of 

surfactant adsorption on the rock surfaces in moles per void volume. Qs has the units 

of moles per unit volume per unit time. Variables t and x signify time and axial distance 

respectively. 
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The mobility of foam phase is considered as a strong function of texture, affecting 

the flowing and trapped foam. The following equation is used to account for transient 

population balance on the mean bubble size, 

a[<t>(S1 n1 + S, n,)] (2.10) 
ar 

In the above equation subscripts f and t refer to flowing and trapped foam respectively. 

Variables nf and n, represent number of foam bubbles per unit volume of flowing and 

stationary gas. The total gas saturation is given by, 

S = 1-S = S + S (2.11) 
g w f I 

Qb is the source-sink term for foam bubbles in units of number per unit volume per unit 

time. Generation and coalescence terms are represented by r
8 

and re expressed on a per 

volume gas basis. 

2.12.2.2 Generation 

Using a generation rate constant and the local interstitial flow velocities for 

flowing liquid and flowing foam, Kovscek and Radke (1994) express the rate of bubble 

generation by snap-off mechanism as, 

(2.12) 

where, r is rate of bubble generation, is the generation rate constant, vw and
8 

K1 v1 

represent Darcy velocities for flowing liquid and flowing foam respectively, a and b are 

power indices with latter being close to unity. 



32 

2.12.2.3 Coalescence 

A pore-level-based rate expression for coalescence by capillary-suction is given 

by, 

(2.13)
r = K l(S) [-2] nF 

c - w </>SJ J 

where, K_ 1(Sw) is a coalescence rate constant which is strongly dependent on Sw and n1 is 

the number of bubbles per unit volume of flowing foam. 

Kovscek and Radke(l994) relate K.1CSw) to sw·, i. e. water saturation at limiting 

capillary pressure Pc. by the following expression, 

SK ( )-1 w 

o (1-S) 
- K - -1 • (2.14) 

(Sw -Sw) 

where, K} is a scaling constant. 

2.12.2.4 Gas Mobility 

For the flowing foam according to Darcy's law, 

(2.15) 

where, k, k,f> and µ1 are absolute permeability, relative permeability to foam and foam 

viscosity. The non-Newtonian foam viscosity is given by, 
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where, ex is a proportionality constant dependent primarily on surfactant system. 

Friedmann, Chen and Gauglitz (1991) report an empirical value of 0.29 for exponent c. 

The relative permeability to foam, krf is considered to be a function of the non-wetting 

phase saturation, 

k = k 0 (S )g (2.17)
rf rg fd 

where, 

(2.18) 

and 

(S -S )s = W WC (2.19)
wd (1-Sw) 

= S/Sg is the fraction of foam that is flowing. The subscript d indicates that aqueousX1 

phase saturation is normalised over the saturation range where two-phase flow occurs. 

kr/ is the gas phase relative permeability at connate water saturation Swc and g is an 

exponent for gas relative permeability. 

The relative permeability of the trapped foam is zero. The fraction of foam 

trapped is a function of pressure gradient, capillary pressure, aqueous phase saturation 

and pore geometry. Kovscek and Radke ( 1994) model the trapped fraction as a function 

of trapped texture, n,, 

x _ x [ {3n, ] (2.20) 
1 1,max l + {3n, 
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where , X1 = S/Sg is the fraction of foam trapped, X1• = is the maximum fraction of 

trapped foam, and (3 is a trapping parameter. The trapped fraction strongly influences 

the foam flow resistance by reducing gas phase relative permeability through equation 

2.18. 

The population-balance method presented above is a powerful tool for predicting 

foam behaviour mechanistically and quantitatively as it accounts for evolution of foam 

microstructure at pore-level. 

2.12.3 Fractional Flow Modelling of Foam Processes 

Rossen and co-workers in numerous papers (1994, 1995, 1995, 1996) describe 

the use of fractional flow theories for modelling of foam processes in porous media. 

These methods have been applied under a variety of conditions for simulation of 

surfactant alternating gas (SAG) processes. 

2.12.3.1 Assumptions 

It is pertinent to notice the underlying assumptions rn development of the 

fractional flow models , the most significant of which are, 

1) Immediate attainment of local steady state mobilities , 

2) An absence of viscous fingering, 

3) Incompressible phases including gas, 

4) One dimensional displacement, no gravity override, except in simple case 

of gravity capillary equilibrium, 

5) Mobilities independent of flow rates, and 

6) Absence of chemical dispersion and gradients of capillary pressure. 
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2.12.3.2 Methodology 

Rossen, Kibodeaux, Shi, Zeilinger and Lim (1995) present the method of applying 

fractional flow curves to foam processes. In this method one starts with construction of 

wave diagrams for the displacement process from fractional flow curves, along with 

initial and injection conditions. The saturation waves move with dimensionless flow 

velocities equal to the slope of fractional flow curve at given saturations. The "Buckley

Leverett" shock fronts occur where rearward waves take over the forward waves of 

lower velocity. The shock fronts and their velocities can be determined graphically from 

the fractional-flow curve. Rossen et al (1995) do not consider mass balances on water 

and surfactant which according to them govern the ''chemical'' shock that separates 

regions of different surfactant concentrations. The slopes of different tangents and 

shocks on the fractional flow represent the dimensionless velocities of various saturation 

waves on a dimensionless "time-distance" diagram of the displacement process. 

2.12.3.3 Basic Principles 

For generation of the fractional flow curves, Rossen et al (1995) employ the 

following basic principles. The injected fractional flow of water fw is related to foam 

quality' r by' 

100-r (2.21) 
100 

At each location, fw is related to the mobilities of gas and water by, 

(2.22) 
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where, Arg is gas relative mobility. As mentioned earlier in the chapter, krw(Sw) 1s 

unaffected by the presence or strength of the foam. 

Thus it is possible to determine total relative mobility Arr directly from Sw and 

fw if the function krw is known, 

(2.23) 

from which it can be inferred that stronger foams (with lower Arr) correspond to 

fractional-flow curves shifted upwards (to higher fw) and to the left (to lower Sw and 

2.12.3.4 Limitations 

Rossen et al ( 1995) note that the fractional flow methods cannot account for 

potential problems in foam generation at conditions of dry out near the well, or for 

viscous fingering of high velocity gas through the low mobility foam ahead of it. 

Kovscek and Radke (1994) point out that the fractional flow method may be unsuitable 

for modelling foam flooding because fractional flow theory is approximate when applied 

to compressible phases, severe extrapolations are needed to fit model parameters, and 

strong foam behaviour is not in general, a unique function of fractional flow. As such, 

constructing fractional flow curves for foam flow in porous media may be inappropriate 

when absolute flow rates determine foam flow behaviour (Kovscek and Radke, 1994). 

2.12.4 Empirical/Quasi-Empirical Models 

A number of empirical models have been proposed in the past (Patzek and Koinis, 

1990; Law, Yang and Stone, 1988; Islam and Farouq Ali, 1990; [ Holt, Jensen and 
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Kristiansen, 1991; and Soldheim, Kovscek and Jensen, 1993; as referred to by Vassenden 

and Solheim, 1996], Computer Modelling Group, 1991 through 1996) which attempt to 

reduce mobility of gas in presence of foam either by modifying the viscosity of gas or 

relative permeability to gas or both. 

These modifications are based on the experimental results. Some of these 

approaches are being presented here for illustration. The significance of these models 

lies in their simplicity and ease of usage. 

2.12.4.1 Patzek and Koinis Model 

Patzek and Koinis (1990) derived a model of foam flow for steam-foam projects 

that incorporates the usual well data (foam injection rate, pressure and quality, 

temperatures, and thickness of gas-filled intervals in the observation wells, etc) to 

calculate the foam mobility and average foam viscosity between a pair of wells. 

They assumed a radial semi-steady state foam flow in a homogeneous and 

isotropic porous medium. The heat losses from the reservoir were assumed to be 

constant and known, and the vertical interval of flow was assumed to be a known 

function of radial distance, obtained from neutron logs in the observation wells. 

The model treats the gas flow as radial with variable thickness, non-isothermal 

compressible, and with condensation. 

The mobility of foam between a pair of wells was calculated by Patzek and Koinis 

by solving the mass, energy and momentum balances for the gaseous phase. The model 

was applied in the Kern River steam foam pilots. The apparent viscosities of steam foam 

were found to decay 20 to 60 times as much as steam near the injectors, down to steam 

viscosity at the predicted foam fronts where MRF approached unity. 
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The near injector viscosities calculated by the model agreed with laboratory values 

at similar flow conditions. 

The average mobility of foam between a pair of wells is given as, 

= 0,1,2, j = i+l (2.24) 

pP and YP are pseudo-pressure and pseudo-distance, defined by, 

(2.25) 


and, 

_ J r 

fir) dr (2.26) 
r• f 0 h(r)r 

with, r, p, M, R, z, Ts, qis, Psi• f, h denoting radius, pressure, molecular mass, universal 

gas constant, compressibility factor, saturation temperature, volumetric injection rate of 

steam, density of steam at stock tank conditions, mass fraction of vapour that is steam 

(steam quality) and steam zone thickness respectively. Subscripts o and *denote arbitrary 

reference conditions. 

The apparent viscosity of foam between a pair of wells is then calculated from, 

-k 21r A.pPii (2.27) 
s qis Pst fo AYpij 
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where, ks is permeability to steam. 

2.12.4.2 Law, Yang and Stone Model 

A foam transport model was developed by Law, Yang and Stone (1988, 1989), 

based on one dimensional foam propagation experiments. The resistance to foam flow 

was modelled by reducing the gas phase relative permeability as a function of gas phase 

velocity, water phase velocity and surfactant concentration in the water phase. Based on 

the laboratory experiments, it was assumed that a family of gas relative permeability 

curves in the presence and absence of foam could be represented by a single normalized 

curve. The single normalized gas phase relative permeability, kr/, was given as, 

(2.28) 

where, flCs, vg) is the reduction factor of gas phase relative permeability, krgm is the gas 

phase relative permeability at (1-Swir-Sorg) in the absence of foam, Sorg is the residual oil 

saturation and Swir is the irreducible water saturation. 

The normalized gas saturation S/ is given as, 

so (2.29) 
g 

where, Sgc(Cs, vw) is the critical gas saturation, dependent on surfactant concentration, Cs, 

and superficial water phase velocity, Vw. The reduction factor, flCs, vg) and sgc(Cs, vw) 

are expressed empirically as given below, 

(2.30) 
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and, 

(2.31) 

where, 

(2.32) 

m3, and ex are experimental parameters and Csc1 is the critical value of Cs. 

= (n1 -n2vJCs for cs < c sc2• vw < vwc 
(2.33)= (nt -n2vw)Cs for vw > vwc 

= (nt -n2 v w)Csc2 fior C 
S 

> C 
SC2 

where, n1 and n2are experimental parameters determined by Huh and Handy (1989), vwc 

is the critical value of vw and Csci is the critical value of Cs. 

2.12.4.3 Islam and Farouq Ali Model 

Islam and Farouq Ali (1990) developed a foam flow simulator within the frame 

work of three-phase, three-dimensional flow with an additional equation for surfactant 

transport in porous medium. It was assumed that the surfactant did not partition into the 

oil phase and that the surfactant adsorption attained equilibrium instantaneously so that 

an equilibrium isotherm of Langmuir type could be used. 

An interesting feature of the formulation is treatment of foam viscosity, which is 

dependent on surfactant concentration, pressure gradient and the absolute permeability 

of the porous medium. The foam viscosity is expressed in the following functional form , 

(2.34) 
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Islam and Farouq Ali (1990) point out that the constant D and empirical functions 

fc, f,,, and f,, allow a large variation in foam viscosity. From the above relationship, the 

foam viscosity will increase with increasing absolute permeability, as well as surfactant 

concentration, pressure drop, and will decrease with oil saturation. The empirical 

functions were derived by Islam and Farouq Ali (1990) after history matching of 

laboratory experiments. 

These are, 

fc 	 = J25ocs - 1.56£+04 C/ for Cs < 0.0155 (2.35) 
= 0.35 for Cs > 0.0155 

h = J0.125k - 3.91£-03 k2 for k :5 30µm 2 (2.36) 
=0.5 fork > 30µm 2 

and, 

(2.37) 

In the above equations, D, E, d1, dz are empirical constants, SW, swr and so water, 

residual water and oil saturations, and Vp is pressure gradient. 

Islam and Farouq Ali (1990) mention that the use of above model for simulating 

foam-flow through heterogeneous porous media would require detailed experimental 

results with concentration, absolute permeability, oil viscosity as some of the variables. 

2.12.4.4 BOIL-Foam Model 

Vassenden and Solheim (1996) discuss the features of a modified black oil 

simulator, BOIL for modelling of foam flow. In this model, the effect of foam is 
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included through modification of gas viscosity by the equation, 

(2.38) 

where, µ
8 

is the unmodified gas viscosity, fw is the water fractional flow, v101a1 is the total 

gas and liquid velocity, and a, b, A1-A4 are constants used for history matching of the 

viscosity function to laboratory core flood data. 

The limitations of this model are non-inclusion of effects of oil saturation, 

surfactant adsorption and transport, in the formulation (Vassenden and Solheim, 1996). 

2.12.4.5 CMG's Steam and Additive Reservoir Simulator 

STARS (Steam and Additive Reservoir Simulator) of Computer Modelling Group 

is a multi-component thermal and steam additive reservoir simulator. The empirical foam 

formulation in STARS utilizes the basic assumption that foam generation and coalescence 

mechanisms occur in the reservoir wherever gas and surfactant co-exist. Foam effects 

on gas mobility and flow pathways are modelled via relative permeability curves. The 

model can account for foam sensitivity to different factors through a dimensionless 

interpolation parameter. The gas permeability used in each computation is obtained by 

interpolating between gas and foam relative permeability curves (Surguchev, Coombe, 

Hanssen and Svorstoel, 1995). 

The STARS of CMG has been extensively used in the industry for simulation of 

foam processes at laboratory and field scale (Kular, Lowe and Coombe, 189; 

Mohammadi and Coombe, 1995; Lau and Coombe, 1994; Mohammadi, Coombe and 

Stevenson, 1993; Surguchev, S0gnesand, Skauge and Aarra, 1995; Aarra, Skauge, 

S0gnesand, and Stenhaug, 1995). The model has been chosen for use in the present 
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research because of its flexibility to handle foam process under different situations. 

Further description of the model outline has been provided in the next chapter. 

2.13 Specific Field Histories 

A number of case histories are available in the literature regarding application of 

foam for sweep improvement (Holm and Garrison, 1988; Jonas and Chou, 1990; 

Kuehne, Ehman, Emanuel and Magnani, 1990; Ploeg and Duerksen, 1985; Stenmark and 

Andfosen, 1995; Svorstoel et al, 1995, Casteel and Djabbarah, 1988; Chou, Pisio, Jasek 

and Goodgame 1992; Jonas and Chou, 1990; Mohammadi, Slyke and Ganong, 1989 

etc.). However, the salient features of two specific field histories, relevant to present 

work have been presented in this section. These are, 

1) Kaybob South Triassic A Pool - Foam Tests 

2) East Vacuum Grayburg San Andres Unit - Foam Application. 

2.13.1 Kaybob Foam-Tests 

Liu and Besserer (1988) presented results of a series of foam tests carried out in 

Kaybob Triassic A pool in Alberta, Canada. The objectives of the field tests were to (1) 

determine whether surfactant solution could be injected, (2) evaluate whether foam could 

be generated and propagated in-situ, (3) investigate the effect of quantity and 

concentration of surfactant solution on foam performance and (4) study whether GOR 

reduction and incremental oil recovery could be achieved with foam injection. 

The foam injection tests were carried out on pattern #1 and #7 of the miscible 

flood area using Dowfax surfactant. All the foam injections were implemented as a part 
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of the water and gas injection cycles. Instantaneous well head pressure and injection rates 

were recorded continuously, on-line. The procedure of testing, as described by Liu and 

Besserer, is as follows: 

1. 	 Stop water injection at the end of the water cycle; 

2. 	 Inject a slug of known concentration surfactant solution 

3. 	 Inject 0.3 m3 of methanol to prevent hydrate formation; 

4. 	 Commence miscible gas injection; 

5. 	 Stop gas injection, inject 1 m3 of methanol and repeat steps 2 through 4 

if more slugs of surfactant solution need to be injected. 

The field application results indicated that in both of the patterns reduction of gas 

injectivity occurred after foam injection. The water injection cycles were found to restore 

the original gas injectivity to almost the initial levels. An important finding was that 

injection of one slug per week of lower concentration surfactant was more effective in 

reducing gas injectivity than with a single large slug of higher concentration surfactant 

solution. For alternate injection of gas and surfactant solution, injectivity reduction could 

be more effective by increasing the slug size of surfactant solution progressively. 

It was observed that the GOR of most producing wells surrounding pattern # 1 

either was reduced or showed signs of levelling off. However, it was not possible to 

draw conclusion about the success of the application, at the time the paper was written. 

2.13.2 C02-Foam Field Test at East Vacuum Grayburg/San Andres Unit (EVGSAU) 

Martin, Stevens and Harpole (1995) summarize the response from foam injection 

in a pilot test conducted at EVGSAU. Three positive aspects of test have been described 
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by them, (1) the positive injection well response, (2) the positive production well 

response and (3) economics of the foam test. 

An 80 acre inverted 9 spot pattern with an injector at the centre, was selected for 

pilot (SAG) testing . The pilot area was part of the EVGSAU miscible flood area which 

had been under 2: 1 water alternating gas (WAG) injection . The C02 injection into each 

pattern represented about 2 % of HCPV per WAG cycle. The selected pattern had a 

premature breakthrough of C02 in one of the producers. Greater than 80% of C02 

injected in the pattern was being produced through this offending well , suggesting 

existence of a high permeability channel between this producer and the injector. The 

pilot project was designed to achieve an in-depth diversion of injected C02 by means of 

in-situ generation of low mobility C02 foam within the high permeability channels 

identified in the pilot-pattern area. 

A baseline period of rapid WAG (consisting of 3 days of water followed by 12 

days of C02 injection) was conducted to reduce any concern that injection changes 

occurring were solely the result of rapid schedule. All the field operations were designed 

to mimic operations during the foam generation period , except that no surfactant was 

injected. After conducting the rapid period of WAG , followed by a 3 months of C02 

injection period, the well was put on water injection for a period of 3 months. To satisfy 

adsorption requirements , surfactant(2500 ppm) was injected for 90 days until the start of 

the rapid SAG . The SAG cycle consisted of 3 days of surfactant solution injection 

followed by 12 days of C02 injection to achieve an in-situ generation of 80%-quality 

foam in the reservoir. Realizing that the injectivity would be impaired, if a strong foam 

was formed , the volume of injected C02 was monitored during the SAG cycle and 

injection period was allowed to fluctuate to match the fixed target volume per cycle. 
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The injection pressure rose dramatically when C02 was injected indicating 

formation of the foam. The maximum allowable injection pressure was reached in the 

third cycle following which injection rate was reduced to operate within the allowable 

pressure range. A series of injection-profile surveys highlighted variable nature of foam 

during profile improvement. The profile changed quite quickly in response to foam 

generation, yet did not change permanently. 

The increased oil production and reduced GOR from the offending producer 

reflected the in-situ formation and technical effectiveness of C02 foam. Following the 

success of the first test, a second test was also tried which also indicated favourable 

response from the offending well. This test was, however, aborted because of certain 

logistics problem. 

The foam tests resulted in production of considerable volume of incremental oil 

that was more than enough to cover the surfactant cost, but the revenue generated was 

not sufficient to provide an attractive rate of return. 

The test proved that a strong foam could be formed in-situ and that the apparent 

in-situ mobility of C02 after foam generation was approximately one third of that 

observed during the base-line C02 injection. Production of incremental oil occurred in 

three of the eight producers in the pattern, and gas cycling decreased dramatically in the 

offending well as a direct result of surfactant injection. Although a large amount of 

surfactant was injected, the revenue and savings produced suggested that the foam could 

be an economical method to improve sweep efficiency. 



Chapter 3 

SIMULATION OF LINEAR FOAM FLOOD EXPERIMENTS 


3.1 General 

There have been numerous laboratory investigations of foam performance in oil

free and residual oil containing cores under diverse conditions. The flow velocities have 

ranged from extremely high (Jensen and Friedmann, 1987), representing near wellbore 

conditions to very low (Holt and Kristiansen, 1989) simulating the conditions away from 

the well-bore. Foam floods carried out by Holt and Kristiansen (1989) at decreasing 

foam qualities had indicated increasing pressure drops. Maini(l986) conducted foam 

tests at elevated temperature and pressure conditions in presence of viscous oil at residual 

saturation and found MRFs in the range of 1-138 while in oil free cores MRF values 

were found to be 1 to 20. In some cases the oil containing cores exhibited lower MRF 

than oil free cores while sometimes the reverse was found. The experiments by McPhee 

and Tehrani (1988) indicated that the MRFs in cores containing residual oil were 27-30, 

while the oil-free cores showed an MRF of about 30 times higher. By using foam drive 

they could reduce the residual oil saturations from 34-44 % to 24-28 % . 

Mannhardt et al (1995) carried out experiments on oil-free cores as well as, on 

cores containing residual oil, under simulated conditions of pressure and temperature. 

In addition, they also studied the effect of wettability alteration on foam flood 

performance. 

In the present work an attempt has been made to simulate selected experiments 

of Mannhardt et al ( 1995) and to develop an understanding of foam flow in porous 
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media, especially the role of relative permeability to gas and its impact on reduction of 

gas mobility during foam-flooding. 

3.2 The Experimental Work 

The experiments were conducted by Mannhardt, Hans, Masata, and Randall 

(1995) at Petroleum Recovery Institute (PRI), in Calgary, Canada at pressure and 

temperature conditions which are representative of a number of pools in Alberta, Canada, 

where miscible flood is in progress. The study investigated the performance of selected 

solvent-foams on water-wet and oil-wet cores of Indiana limestone. Surfactant adsorption 

measurements were carried out to generate the adsorption isotherm. A preliminary 

investigation using magnetic resonance imaging was also carried out. 

3.2.1 Materials Used 

Majority of miscible floods in Alberta are being conducted in carbonate 

formations (Scott, 1992, Moritis, 1996). The Indiana limestone was, therefore, chosen 

as the porous medium to represent a typical reservoir lithology, yet as being 

homogeneous enough to allow selection of sufficient number of similar cores for different 

experiments (Mannhardt et al, 1995). Cylindrical cores (length 10 to 20 cm and 

diameter 3.8 cm) were cut from a block of Indiana limestone. Core properties are listed 

in Table 3. 1. 

The brine, oil and solvent from Husky's Rainbow Keg River B pool, which is 

currently under miscible flooding, were used in different experiments. The densities and 

viscosities of the oil and brine used are given in Table 3. 2. For surfactant, Chevron's 
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Chaser GR-1080 which is a 40% active aqueous solution of anionic surfactants of 

proprietary composition, formulated for hydrocarbon miscible flooding at high salinity, 

was used. The molecular weight is estimated at 300 from information provided by 

Chevron (Mannhardt et al, 1995). 

Table: 3 .1. 	 Basic Data ofCores from Experiments Selected for Simulation (Mannhardt 
et al, 1995) 

Parameters HF5 HF9 HF12A HF18 

1. Length, cm 11 9.9 10 9.7 

2. Cross-Section, cm2 11.2 11.2 11.2 11.2 

3. Porosity, fraction 0.149 0.143 0.128 0.147 

4. Absolute Perm., md 10 60 45 50 

5. swi, fraction - 0.525 0.474 0.488 

6. S0 n fraction - 0.137 0.173 0.138 

7. keo at swi, md - 28 31 50 

8. kew at son md - 10 11 15 

9. Initial State Oil free 
core 

Core at S0 r Core at S00 

Ashphaltene 
treated 

Core at S0 r 

10. Solvent Methane Methane Methane Propane 

Table 3.2. Fluid Propenies (Mannhardt et al, 1995) 

Fluid Atm Press, 23 °C 17.3 MPa, 85 °C 

Density, 
g/cm3 

Viscosity, 
mPa.s 

Density, 
g/cm3 

Viscosity, 
mPa.s 

Brine 1.045 1.060 1.021 0.42 

Crude Oil 0.855 9.054 0.822 2.61 

Methane - - 0.0999 0.0173 

Propane - - 0.463 0.0783 
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3.1.2 The Experimental Set-up 

The experimental set-up (Figure 3.1) basically represents a standard core-flow 

experiment in which gas and liquid flow rates can be imposed and pressure drop can be 

measured across the core as also at the middle of the core with appropriate pressure taps. 

The core was kept in a stainless steel core-holder to which a confining pressure was 

applied. The core-holder in tum had been kept in a thermostat controlled oven. Brine, 

oil and surfactant were injected into the core via displacement from floating piston 

vessels using an HPLC pump. Solvents were injected from a Ruska pump. The system 

pressure was controlled by a gas-dome type back pressure regulator (BPR) placed 

downstream of the core. 

Pressure drops were recorded by two differential pressure transducers and a strip 

chart recorder. The produced brine and oil volumes were measured in a burette 

downstream of the BPR. During foam flood, aqueous phase and solvent streams were 

combined at a tee and flowed through a stainless steel filter (0.5 µm) upstream of the 

core. A visual cell was used for observing the fluids before they entered the core. The 

visual cell was by-passed during water and oil floods to keep the hold-up volumes low. 

3.1.3 Core Flooding 

The pore volume of the cores was measured by the gas expansion method and the 

absolute permeability to air was also measured. The cores were saturated with brine by 

evacuating, flushing with C02 , evacuating again, imbibing brine and pumping 10 or more 

pore volumes of brine at a back pressure of 0.2 MPa. The absolute permeability to brine 

was determined and the system temperature and pressure were raised to 85 °C and 17. 3 
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Figure 3.1 Schematic of Apparatus Used for Foam Testing in Cores 
(Mannhardt et al, 1995). 
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MPa respectively. Some cores were now ready for foam injection in the absence of oil, 

while others were brought to residual oil saturation with the following procedure. About 

4 pore volumes of oil were injected at a flow rate of 2.5 cm3/h, water production and 

pressure drop being monitored, until water production essentially stopped. The flow rate 

was then increased step-wise to 10, 40, and 80 cm3/h to drive the core to its irreducible 

water saturation. A total of 25-30 pore-volumes of oil was injected, until no more water 

was produced. The core was aged for 7 days, and the effective permeability to oil was 

measured again. 

3.1.3.1 Water Flood 

The core was then flooded with approximately 4 pore volumes of brine at 2.5 

cm3/h until oil production ceased. Oil production and pressure drop were measured 

continuously. Flow rates were increased to 40 cm3/h and then to 80 cm3/h. After a total 

of 10 to 14 pore volumes of brine had been injected, oil was no longer produced from 

the core. The effective permeability to brine was measured at this stage. 

3.1.3.2 Foam Flood 

Brine and solvent were co-injected into the core to obtain base-line pressure drops 

in absence of surfactant. The overall rate was 31 to 38 cm3/h (4.5 to 6.4 m/d) in all the 

cores. Solvent to total injected fluid ratio ( foam quality, r) was varied to obtain 

pressure drops at four qualities ranging from 68 % to 97 % , the order being from the 

highest to the lowest quality. Flow was continued at each quality until pressure drops 

no longer changed. Normally, the base line pressure drops are reported to have 

stabilized within one hour. 
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In order to satisfy adsorption requirements of the rock, at least 6 pore volumes 

of Chaser GR-1080 surfactant (at the lowest concentration tested) was injected for about 

20 hours. Solvent and surfactant solution (at the lowest concentration tested) were then 

co-injected at the same conditions of the flow rate and solvent fractional flow as in the 

base-line experiments, until pressure drops indicated steady state at each foam quality. 

The surfactant concentration was increased and the experiments were repeated. 

Experiments were carried out at three surfactant concentrations (0.25, 0.50, and 1.0 wt% 

active) and four foam qualities ranging from 72 to 97%. 

3.1.4 Surfactant Adsorption 

The adsorption experiments were carried out by flooding the brine saturated cores 

with surfactant solution (0.5 wt% active) containing a non-adsorbing tracer(tritiated 

water) at a constant injection rate of 2.5 to 3.2 cm3/h. The surfactant flooding was 

continued until effluent concentration equalled the injected surfactant concentration. The 

surfactant slug was followed by brine until the surfactant and tracer concentrations 

reached a low or a nearly constant level. The adsorption of the surfactant was 

determined by delay in surfactant breakthrough relative to the tracer breakthrough. The 

adsorption experiments were conducted at 17.3 MPa and 85 °C. 

The delay in surfactant breakthrough relative to the tracer breakthrough is caused 

by the surfactant adsorption (Figure 3.2). The surfactant adsorption was determined by 

integrating the areas under the surfactant and tracer profiles and subtracting the former 

from the latter with additional input of rock specific surface area and surfactant's critical 

micelle concentration (CMC). The specific surface area was determined by BET method 

using Krypton adsorption and the CMC was determined from surface tension 
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measurements at ambient conditions using Kruss tensiometer (Mannhardt et al, 1995). 

The equilibrium adsorption level for different cores in the study conducted by Mannhardt 

et al (1995) varied from 0.22 to 0.25 mg/g with no significant difference between 

different cores. 

The surfactant desorption was inferred from extended tail of the trailing edge of 

the surfactant effluent profiles (Figure 3.2). The surfactant desorption was found to be 

consistent with the results of contact angle measurements. It is possible to calculate the 

amount of surfactant irreversibly adsorbed by material balance calculations over the 

complete effluent profile provided the surfactant concentration reaches zero upon brine 

injection. However, in the experiments brine injection was discontinued before the 

surfactant concentration reached zero, hence it was not conclusively known whether 

complete desorption would take place. When the injection was stopped, up to 50% 

surfactant had been recovered. Thus the desorption level could be 50-100% of the 

adsorbed surfactant. 

The reported adsorption isotherm form the experiments has been matched by a 

Langmuir type adsorption expression : 

[Al Bxs (3.1)
Ads = B 1+Bxs 

where A and Bare constants, xs is concentration of surfactant and Ads is adsorption. The 

adsorption isotherm to match the experimental values requires, A = 32000 lb sufactant 

per ft3 pore volume, and B = 107500 per mole fraction. Plateau adsorption levels from 

the above isotherm are between 0.26 and 0.29 mg/g and fairly agree with the equilibrium 

adsorption levels obtained from material balance calculations. The adsorption isotherm 

is shown in Figure 3.3. The descrete points in Figure 3.3 are from Mannhardt's (1995) 

model whereas the solid line is a fit via above Langmuir isotherm. 
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3.2 Experiments Considered for Simulation 

All the foam flood experiments described in core-flood report of Mannhardt et al 

(1995) were scanned and four of them were selected for simulation. These experiments 

are, 

HF9 Methane, Core at S0 r, 

HF12A Methane, Core at S0 n Asphaltene treated, 

HF5 Methane, Oil free Core, and 

HF18 Propane, Core at S0 r with oil injection during the flood. 

For the last experiment only water-flood performance was simulated. The foam 

flood simulation was not carried out in this case because of lack of information on the 

amount of oil produced/evaporated during the experiment. Propane being condensible 

along with oil injection would have made the simulation meaningless in absence of the 

production data. 

3.3 Numerical Simulation of the Experiments 

3.3.1 Model Set-up 

To simulate the core flood experiments, a one dimensional model with 24 cells 

in x-direction was set up with the primary objective of capturing the water and foam

flood pressure drops across the core. Gravity segregation effects were considered to be 

negligible as the core diameter was limited to few centimetres only. This resulted in 

only one layer being accounted for in the model. The model was initialized at an initial 

pressure of 17. 3 MPa at the initial water saturation of individual cores, which is shown 
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in Table 3.1 (page 49) along with other basic parameters used in the simulation. The 

injector and producer were located in the 1st and 24th cells, respectively. The producer 

was kept at a pressure constraint of 17.3 MPa simulating the BPR setting. The sequence 

of brine (and later brine/surfactant/solvent) formed the recurrent data for the simulation 

model. 

The oil-water and gas-liquid relative permeabilities were used in the model 

conforming to the relationships (Lake, 1989), 

el 

s -s. 
w wt (3.2)k -k 

rw rwro 1-S .-S[ lwt orw 

1-S -S lez (3.3)
kro = k orw w 

roiw [ 1-S .-S 
wt orw 

e3 

k - k Sg -Sgc (3.4) 
rg rgro 1-S .-S -S[ lWI org gc 

1-S .-S -Sie
4 

(3.5)kro=k . WI org g 
ro1w [ 1-S .-S 

WI org 

where end point values for oil-water relative permeabilities, krwro and kroiw are known 

from the water flood experiments. The end point values for the gas liquid system, krgro 

and kroiw were not determined experimentally. The krgro was arbitrarily assumed as 0.25 

whereas kroiw was considered to be the same as that for oil-water system. 

The experimental sequence of injection was followed in the simulator too and the 

watercut, pressure drop and saturation distribution were calculated at different stages. 
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3.3.2 Matching of Water-flood Performance 

The history matching of the water-flood performance was conducted to obtain 

exponents el and e2 in the above equations and thereby evolve shape of the oil-water 

relative permeability curves. The main parameters considered for the match were oil 

recovery and water-cut. The oil recovery was satisfactorily matched (Figures 3.4, 3.5, 

3.7, 3.8, 3.10, 3.11) by varying these exponents. There appears to be some 

inconsistency in few of the experimental values of water-cut. However, the trend is 

reasonably matched. 

Matching of the pressure drop across the core was also attempted. The pressure 

drop obtained in the model was smaller by about 50%. The difference seems to be due 

to possible inaccuracy in measurements of pressure drop below 20 kPa from the 

transducers used. However, the trends of pressure drop variations are satisfactorily 

matched. 

Exponents el and e2 obtained after water-flood performance match for the three 

cores are as under, 

Table 3.3 Relative Penneability Exponents after Water flood Match 

Core el e2 

HF9 1.1 3.0 

HF12A 2.0 2.39 

HF18 1.8 2.5 

The oil-water relative permeability curves obtained after matching (Figures 3.6, 

3.9, 3.12) of the water flood performance were used in subsequent foam-flood simulation 

runs. For core HF5, where water-flood experiments are not done, the oil-water relative 

permeability curves of core HF9 was adopted. The exponents reflect the amount of 

curvature in the relative permeability curves, lower exponent indicating a flatter curve 
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and higher exponent indicating convex nature of the curve. The higher exponent el for 

core HF12A appears to reflect its partially changed wettability due to asphaltene coating. 

3.3.3 Simulation of Linear Foam-Flood Experiments 

Simulation of the steady-state foam-flood experiments was carried out using two 

distinct approaches viz, (i) empirical foam model approach - altering the relative 

permeability to gas in presence of foam and (ii) reaction model approach - treating foam 

as a product of reactants brine, solvent and surfactant and assigning a large viscosity to 

foam compared to that of the gas. Computer Modelling Group's STARS model which 

is capable of handling both the approaches has been utilized for this purpose. In the 

following sections a brief description of the two approaches followed by the results 

obtained from simulation of the foam-flood experiments is included. 

3.3.3.1 Empirical Foam Model Approach 

The relative advantage of this approach is simplicity of its use in simulation of 

laboratory foam-floods and field pilots. Additionally, relatively limited experimental 

information is required compared to that needed for detailed mechanistic models. 

Ever since the pioneering work of Holm (1968), it is known that in presence of 

foam, the relative permeability to water remains unaffected whereas the relative 

permeability to gas undergoes significant alteration depending on the strength of the 

foam. This aspect is used in the empirical modelling approach for modifying the relative 

permeability and thereby mobility to gas. This method of modelling the foam behaviour 

in porous media (CMG-STARS, 1995) is based primarily on laboratory observations. 

The simplifying assumptions made are, 
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i) the time involved in generation and decay of lamellae is negligible 

compared to the time scale employed in the simulation. 

ii) wherever gas and aqueous surfactant coexist within the porous media, 

foam exists, provided all other conditions are suitable for formation of 

foam. 

Foam effects are modelled using an interpolation scheme designed to extend gas 

phase relative permeability data in the event of foam formation. This approach simulates 

the role of foam as a gas mobility control agent. Following is a brief outline of 

empirical foam flood modelling option in CMG's STARS program, 

3.3.3.1.1 Surfactant Transport 

A separate equation is introduced in a conventional compositional simulator (Aziz 

and Settari, 1979) to account for conservation and transport of the surfactant. The 

adsorption/desorption of the surfactant is taken care of by an additional term. The 

equation is given as , 

-(,i..P S C + </>p S C + ,i..Ad ) = V. (p C v ) + V. (p C v ) + q + r (3. 6) a { a 
'fl W W WS 0 0 .tS 'f' S - W WS W - 0 XS O S S 

where, the first, second and third terms of the time derivative denote amount of 

surfactant in water, oil and adsorbed on the rock respectively. On the right hand side 

the first term represents water phase convection and the second term represents oil phase 

convection. Cws• and Cxs are the number or molar concentration of surfactant in aqueous 

and oleic phase respectively, Ads is the amount of surfactant adsorption on the rock 

surfaces, qs is the source/sink term and rs is molar/mass generation/decay rate of the 

surfactant. 
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3.3.3.1.2 Gas Phase Mobility Reduction 

In the simplest case the relative permeability to gas is modified by the following 

expression, 

(3.7) 


where, FM is a dimensionless parameter comprising of normalised expressions of effects 

of surfactant concentration, oil saturation, component mole fraction and flow rate on 

foam behaviour. This parameter is defined as, 

1FM= 
(3.8) 

More complex foam behaviour can be simulated by using the parameter FM to 

interpolate between two different sets of relative permeability curves. The model 

captures physics of foam flow in porous media by two sets of factors. The first set (i.e. 

MRF or mobility reduction factor) characterizes strength of the foam whereas the second 

set (i.e. multipliers to MRF) determines its stability. As discussed in earlier chapter, 

MRF is defined as the ratio of pressure drop under foam flow condition, tlpfoam to the 

same under no-foam flow or baseline condition, flPnofoam . The differential pressures 

flProam and flPnofoam are measured during simultaneous water and gas flow at a reference 

flow rate. tlpfoam is measured in the presence of surfactant, which results in formation 

of the foam whereas tlpnofoam is a baseline measurement with no surfactant (and hence 

foam) present in the core. Thus, a high mobility reduction factor indicates that the 

surfactant is a strong foaming agent, while a low mobility reduction factor is an indicator 

of surfactant being a weak foaming agent. 
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In the equation (3.8), S0 , Cws• and C0 represent saturation of oil, the mole fraction 

of surfactant in the aqueous phase, and mole fraction of a specified oil component in the 

oleic phase, respectively. Their corresponding critical values are denoted by Somax, Cwsmm: 

and Comax. Capillary number, Ne represents ratio of viscous to capillary forces i.e, 

(3.9) 

where, vv and µ
8 

are gas velocity and viscosity respectively and 'Y is interfacial tension. 

The reference capillary numbers for determining shear thinning and generation effects 

are Ncref and Gcref respectively. The various exponents (eo, es, etc.) are used to mimic 

relative influence of each of the mechanisms. krgnofoam and krfoam refer to gas relative 

permeability in the absence and presence of foam, respectively. 

In all of the three simulated experiments discussed below, a total of 4 

components, viz, brine, surfactant, oil and solvent were considered. CH4 which had 

been used as solvent in the experiments, has been considered as a non-condensible 

component. The phase distribution of components including CH4 in the model is as 

follows, 

Table 3.4 Phase Distribution of Components 

-------------------- Phases ------------------

Component Agueous Oleic Gaseous 


Brine x x 


Surfactant x x x 


Oil x 


Solvent x 
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For experimental convenience, dead-oil was used in all the three foam floods. 

Therefore in numerical model too, oil was considered as dead-oil. Flooding sequence 

in the model was in the same manner as in the experiment. The solvent and brine were 

first co-injected to record pressure drop between producer and injector at different 

fractional flows of solvent in the decreasing order. This was followed by co-injection 

of solvent and brine in presence of surfactant, the surfactant concentration being 0.25, 

0.5 and 1 % weight/volume for each set of solvent fractional flow. Pressure-drop was 

calculated between producer and injector in each case. 

In the experiments, mobility reduction factor, MRF, at steady state was 

determined by dividing the pressure drop during foam-injection with corresponding base

line pressure drop. In the empirical model, MRF, es, eo, ev, eg and em are normally 

considered as matching parameters for the pressure-drops. It is important to note that 

MRF in the experiment and in the simulator are quite different because of the different 

saturation profiles at any given time in the two situations. In the present work, the 

history match was obtained using variables MRF and es. Additionally, the effect of 

drying-up of foam has been investigated by changing the shape of relative permeability 

to gas curve, near gas saturation corresponding to krgro• in presence of foam. 

3.3.3.1.3 Foam-Flood in Core HF5 

In core HF5, foam-flooding was carried out in oil-free state using Cfli as solvent, 

under water-wet conditions. Aqueous phase and solvent were co-injected with fractional 

flow to gas as 0.97, 0.92, 0.86, 0.77 and 0.73 for baseline and other runs using different 

surfactant concentrations. The MRF in the laboratory is reported to be in the range of 

8 to 40. The sequence of injection and the pressure drop recorded during the experiment 

is shown in Table 3.5. 
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The matching of pressure drop was started by inputting in the model, an MRF of 

40, Cws of 1% (corresponding to surfactant molar concentration of 0.0006) and es of 1.0. 

The pressure drop obtained from the simulator with these values was close to the base

line pressure drop, which indicated a higher value of MRF necessary for matching the 

pressure drop. In subsequent runs, MRFs of 500, 800 and 1000 were used. It was 

observed that the pressure drops obtained from the simulator were of the same order of 

magnitude as the ones obtained in the actual experiments, however, the trend was 

opposite, specially during the later stages. A few additional runs were, then made by 

varying the exponent es from 1.0 to 0.1. This made significant difference in the pressure 

levels in the later parts of the flood. At this stage, the concept of drying-up of the foam 

was applied by modifying the relative permeability to gas curves near krgro· The point 

Table 3.5 Foam Flood Data/or Core HF5: water-wet, oil-free, CH4 

Time, 
min 

90 

210 

330 

510 

1810 

2110 

2410 

2710 

3010 

3400 

3850 

Cws, 
% 

0 

0 

0 

0 

0 

0.25 

0.25 

0.25 

0.25 

0.25 

0.25 

JK 

0.97 

0.92 

0.86 

0.73 

0.00 

0.97 

0.97 

0.97 

0.97 

0.92 

0.86 

Ap, kPa 

21 

34 

47 

81 

0 

145 

179 

193 

269 

696 

1330 

Time, 
min 

4300 

4600 

5020 

5440 

6040 

6400 

6610 

6940 

7360 

7840 

8380 

c.... 

0.25 

0.50 

0.50 

0.50 

0.50 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

fr. 

0.73 

0.97 

0.92 

0.86 

0.77 

0.97 
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from which the altered gas relative permeability curve in presence of foam was modified 

is designated as the foam-dry-up point and the water saturation between this point and 

the water saturation corresponding to relative permeability end-point, is termed as sw·. 
The gas relative permeability curves used for baseline and foam-flood cases are shown 

in Figure 3. 13 . 

The experimentally observed pressure drops could be matched (Figure 3.14) 

using the following parameters, 

MRF = 800. 

es = 0.175 

sw· = 2.25% and 1.75% 

Exponents eo, ev, eg and em were set to zero in order to ignore any contributions from 

various dimension-less groups accounting for oil saturation, component mole fraction and 

flow velocity. 

3.3.3.1.4 Foam Flood in Core HF12A 

Core HF12A was asphaltene-treated before carrying out the experiments in order 

to alter its wettability towards intermediate-wet. The asphaltene treatment resulted in 

reduction of the surface area from 0.24 to 0.17 m2/g. However, the experimental water 

flood recoveries were practically the same in clean and asphaltene-treated cores. Foam

flooding in core HF12A was conducted at residual oil saturation, using CH.i as solvent. 

The fractional flow to gas was 0. 97, 0. 92, 0. 85 and 0. 72 for baseline and 

different surfactant concentration runs. The sequence of injection and the pressure drop 

recorded during the experiment are shown in the Table 3.6. The MRF in the laboratory 
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HF5. 



---

74 LINEAR FOAM-FLOOD HFS, Oil-Free, Methane 

19300 

18300. 

17300 .
 

•
I I I I 

--------~---------:--------~---------~--------~----- --- ~- .... -----~---------

' '----- - - -,_------- - ~ - - ------,~ - - - --~ --~ .. -:-- - - - - - - r - - - - - - - - ·1- - - - - - - - 

----- - --~---------~--------""' -- --- 1. -

' 

: 
I I I ' '--------,------·-·r•••••• -,--- - - ---- 1 , ------ · 1••••• ---r---------1--------

' ' 

..- -

- - ------~---- ---- ~--- ----~------

' 

-

• 
.: . -• 

~ 
0.0000 2500.0 5000.0 7500.0 10000. 

nme (min) 

• 	 Expenmental Data 
Model Response 

Figure 3.14 Match of Experimental Injection Pressure - Core HF5. 



75 

Table 3.6 Foam Flood Datafor Core HF12A : asphaltene-treated, oiljree, CH4 

Time, c_, fg 4p, kPa Time, c...s fr. 4p, kPa 
min % min 

180 0 0.97 14.5 10230 0.25 0.72 448 

1140 0 0.92 17.9 11310 0.50 0.97 110.3 

1440 0 0.85 21.4 11610 0.50 0.92 261.9 

1740 0 0.72 32.4 12570 0.50 0 .85 489.4 

3330 0 0.00 0 13830 0.50 0.85 530.8 

4650 0.25 0.97 48.3 14910 1.00 0.72 634.1 

5550 0.25 0.97 110.3 15690 1.00 0.97 261.9 

6510 0.25 0.97 110.3 16650 1.00 0.92 496.3 

8010 0.25 0.97 227.5 17910 1.00 0.85 703.1 

9390 0.25 0.92 441.1 18870 1.00 0.72 758.2 

is in the range between 3.4 to 38. The matching of the pressure drop was begun with 

an MRF value of 40 and es of 1.0. The pressure-drops obtained from the simulator were 

much lower compared to the ones observed in the experiments. The MRF and es values 

were adjusted to first obtain the order of magnitude pressure drops and then the trend of 

pressures in the sequence of foam-floods. Finally, the shape of relative permeability to 

gas was modified to account for drying up of the foam. The gas relative permeability 

curves used for baseline and foam-flood cases are shown in Figure 3.15. A match of 

experimental pressure drop was obtained (Figure 3.16) with following parameters, 

MRF = 1000. 

es = 0.5 

sw· = 2.75% and 2.00% 

Exponents eo, ev, eg and em were again set to zero to ignore any possible contribution 

from dimension-less groups accounting for oil saturation , component mole fraction and 

flow velocity. 
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Figure 3. 15 Gas Relarive Permeahiliry Curves used/or Baseline and Foam-Flood Cases - Core 
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Figure 3.16 Match of Experimental Injection Pressure - Core HF12A. 
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3.3.3.1.5 Foam Flood in Core HF9 

In core HF9 too, foam-flood was carried out under residual oil conditions using 

CH4 as solvent. The fractional flow to gas was varied successively from 0.97, 0.92, 

0.85 and 0.72 for surfactant concentrations of 0.25, 0.50 and 1 %, as also for the base

line flood without the surfactant. The sequence of injection and the pressure drops 

recorded during the experiment are given in Table 3.7. The MRF's in the laboratory are 

reported to be in the range of 1.1 to 48. The matching of pressure drop was started with 

an MRF value of 50 and es of 1.0. The pressure-drops obtained from the simulator were 

much lower compared to the ones observed in the experiments. In this case also the MRF 

Table 3.7 Foam Flood Data for Core HF9: water-wet, S r, CH40 

Time, Time,Ap, kPa lip, kPac...s, fg /gc...s 

min % min 

930 0 0.97 22.7 10760 0.25 0.72 1743.8 

1050 0 0.92 12080 0.25 0.7233.8 1833.5 

1200 0 0.85 46.2 13340 0.25 0.97 627.25 

1380 0 0.72 14270 0.9766.2 0.50 606.57 

2630 0 0.00 14750 0.92 1054.610 0.50 

3110 0.25 0.97 27.6 15650 0.50 0.85 1571.57 

3830 0.25 0.92 1727075.8 0.50 0.72 2564.14 

4190 0.25 944.30.97 41.8 18320 1.00 0.97 

5330 0.25 0.92 117.2 18800 0.92 1571.571.00 

0.25 2157.466350 0.92 124.1 19700 0.851.00 

7790 296.4 0.72 3012.180.25 0.85 20360 1.00 

0.97 1,089.07 9110 0.25 0.72 20690 1.000 

9200 00 0 

http:1,089.07
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and es values were adjusted to first obtain the order of magnitude pressure drops and 

then the trend of pressures in the sequence of foam-floods. Finally, the shape of relative 

permeability to gas was modified to account for drying up of the foam. The gas relative 

permeability curves used for baseline and foam-flood cases are shown in Figure 3.17. 

The relative permeability to gas near S0 r, in the foam case was modified to attain 

a value between krgro and krgrjMRF. The overall relative permeability to gas was then 

scaled down by a factor of 1/MRF. The match of the experimental pressure drop could 

be obtained (Figure 3.18) using the following parameters, 

MRF = 1000. 

es = 2.0 and 0.5 

sw· = 0.25% 

Exponents eo, ev, eg and em were agam set to zero, ignoring contribution of 

dimensionless groups accounting for oil saturation, component mole fraction and flow 

velocity. 

It may be noted from Figure 3.18 that, unlike cores HF5 and HF12A, the 

matching of pressure drop is not very satisfactory in case of HF9, especially in the 

region with a surfactant concentration of 0.5 % . The injection rate was increased to 2.5 

times at time 9200 min, the pressure drops in the experiment after this period are higher 

than the model calculated values. This might call for invoking the velocity dependence 

of FM, however, this aspect was not investigated further. 

3.3.3.2 Reaction Kinetics Model Approach 

Reaction kinetics has traditionally been used in processes involving chemical 

reactions, specifically, in-situ combustion in thermal oil recovery. The STARS 
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Figure 3.18 Match of Experimental Injection Pressure - Core HF9. 
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formulation, however, permits modelling of interphase mass transfer rates involving 

either well defined components or "dispersed phase" components such as foam (CMG, 

1995). 

3.3.3.2.1 The Kinetic Model 

The general heterogenous mass transfer number k is represented by , 

nc nc 

(3.10)I: ski Ai - L ski A; + Hrk 
i=l i=l 

where, ski and ski are reactant and product stoichiometric coefficients of the component 

Ai. Hrk is the enthalpy of activation of reaction k, and nc is the number of components 

in the system. The reaction proceeds at the rate of rk. The quantities ski , ski and Hrk 

are multiplied by an arbitrary factor and rk is divided by the same factor so that the 

source/sink terms remain unchanged at (ski - ski).r1; and Hrk.rk (CMG, 1995) . This factor 

is chosen in such a manner that ski = 1 for the main reacting component. 

The model determines the speed of reaction rk . The general expression (CMG, 

1995) is given by, 

(3. 11) 

The activation energy Eak determines the temperature dependence of rk. rrk is a 

proportionality constant and eik is the order of reacting component i in reaction k. The 

concentration factor for reacting component i is, 

j w,o,g (3.12) 
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where, j is the phase in which component i is reacting, and xii represents water, oil or 

gas mole fractions. For the solid component, 

(3.13) 

where, Ci is the reaction concentration factor of component i, c,o1 and 'Pv are fluid and void 

porosities and ci is solid concentration of component i. 

The mass-conserving stoichiometry must satisfy, 

(3.14) 

where, ski and ski are reactant and product stoichiometric coefficients of component i 

and reaction k, and M; is molecular mass of component i. 

In the present case the reaction considered is, 

(3.15)Swfactant + Brine + Solvent - Foam 

where, Foam is in the gaseous phase. The reaction being isothermal, the model is 

simplified by setting, 

Hrk = 0 and Ea1; = 0 

Thus rate of the reaction given by equation 3.11 is controlled by adjusting the 

proportionality constant rrk· The forward reaction given by equation 3.15 accounts for 

generation of foam. The decay of foam is controlled by a back-ward reaction, 

(3.16)Foam - Brine + Solvent 
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3.3.3.2.2 Increase in Apparent Viscosity of Foam 

A substantially higher viscosity was assigned to the reaction product i. e. Foam 

which was modelled in the gaseous phase. The propagation of foam, therefore, results 

in a higher pressure drop. 

The history matching parameters according to the above model are, 

proportionality constant or frequency factor, rrk in equation 3.14, the order of reaction 

for reactants and product, eik and the apparent viscosity of the foam. In the present 

work, however, to obtain history match of a given experiment or field case, only 

frequency factor was altered keeping all other parameters same. The sensitivity of 

remaining parameters too, would be an interesting area to investigate in order to obtain 

further insight into the foam flow in the porous media. 

Unlike empirical model approach, the relative permeability to gas was not been 

modified for the foam-flood. 

In all of the three simulated experiments, a total of 5 components, viz, brine, 

surfactant, oil, solvent and foam were considered. CH4 which was used as a solvent in 

Table 3. 8 Phase Distribution of Components 

-------------------- Phases ------------------

Component Aqueous Oleic Gaseous Solid 


Brine x x 


Surfactant x x x 


Oil x 

Solvent x 


Foam x 
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the experiments, was considered as a non-condensible component. The foam, which is 

a product of reaction was considered as a component in the gaseous phase. The phase 

distribution of components including Cfli and foam in the model are shown in Table 3.8. 

As in the empirical model approach, oil is considered as dead-oil. Flooding 

sequence was kept same as in the experiment ( discussed under section 3.3.3.1). 

3.3.3.2.3 Foam Flood in HFS 

The sequence of injection and pressure drops recorded during foam-flood in HF9 

are shown in Table 3.5. An apparent foam viscosity of 20 cp was initially used to match 

the pressure drops observed in the foam-flood in core HF5. With reaction order of 1 for 

each of the reactants and products, and a frequency factor of 100, the pressure drop 

calculated by the model was only slightly higher than the base-line pressure drop. The 

apparent viscosity of the foam had to be raised to 300 cp to obtain the pressure drops in 

the range of the experimental values. The trend in the pressure drop was however, not 

satisfactorily, matched. The frequency factor of the forward (generation) and backward 

(decay) reactions was then adjusted to obtain the proper trend in the pressure drop 

without losing its magnitude. The final set of parameters to match the foam-flood 

performance (Figure 3. 19) in HF5 is as follows, 

Apparent foam viscosity = 300 cp 

Order of reactions = 1 for each of reactants and product 

Frequency Factor = 5.0E+04 for generation reaction, 

0.95E+03 for decay reaction 

The pressure response from the simulator is quite close to the experimental observations 

with above set of parameters excepting for pressure drops at times, 3850, 4300 and 6040 

min when the model response is lower than the experimental measurements. 
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3.3.3.2.4 Foam Flood in HF12A 

The sequence of injection and pressure drops recorded during foam-flood in HF9 

are presented in Table 3.6. An apparent foam viscosity of 20 cp was initially used to 

match the pressure drops observed in the foam-flood in core HF12A. With reaction 

order of 1 for each of the reactants and products, and a frequency factor of 100, the 

pressure drop calculated by the model was only slightly higher than the base-line pressure 

drop. The apparent viscosity of the foam had to be raised to 300 cp to obtain the 

pressure drops in the range of the experimental values. The trend in the pressure drop 

was, however, not satisfactorily matched. The frequency factor of the forward 

(generation) and backward (decay) reactions was then adjusted to obtain the proper trend 

in the pressure drop without losing its magnitude. The final set of parameters to match 

the foam-flood performance (Figure 3.20) in HF12A is as follows, 

Apparent foam viscosity = 300 cp 

Order of reactions = 1 for each of reactants and product 

Frequency Factor = 5.5E+04 for generation reaction, 

1.4E+03 for decay reaction 

The pressure response from the simulator maintains similar trend as the experimental 

values, however between time periods 9390 and 15000 min, the simulator pressure is 

lower than the experimental measurements. 

3.3.3.2.5 Foam Flood in HF9 

The sequence of injection and pressure drops recorded during foam-flood in HF9 

are shown in Table 3.7. An apparent foam viscosity of 20 cp was initially used to match 
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the pressure drops observed in the foam-flood in core HF9. With reaction order of 1 for 

each of the reactants and products, and frequency factor of 100, the pressure drop 

calculated by the model was only slightly higher than the base-line pressure drop. The 

apparent viscosity of the foam had to be raised to 300 cp to obtain the pressure drops in 

the range of the experimental values. The trend in the pressure drop was, however, not 

satisfactorily matched. The frequency factor of the forward (generation) and backward 

(decay) reactions was then adjusted to obtain the proper trend in the pressure drop 

without losing its magnitude. The final set of parameters to match the foam-flood 

performance (Figure 3.21) in HF9 is as follows, 

Apparent foam viscosity = 300 cp 

Order of reactions = 1 for each of reactants and product 

Frequency Factor = 5.0E+04 for generation reaction, 

0.35E+03 for decay reaction 

The pressure response from the simulator broadly maintains similar trend as the 

experimental values, however between time periods 10000 and 12500 min, the simulator 

pressure is lower than the experimental measurements, whereas between 2500 and 1000 

min it is higher than the experimental measurements. 

From the results of pressure match obtained in the empirical, and reaction kinetics 

model, it can be concluded that, matching of the trend of pressure drop satisfactorily is 

feasible with both the models. The empirical model used in conjunction with break-down 

of the foam at sw·, however, provided better match of the individual values. 

An attempt has been made in the following chapter on simulation of foam-floods 

at field scale, to use the concepts derived from simulation of laboratory experiments. 



Chapter 4 

SIMULATION OF FOAM-FLOODS AT FIELD SCALE 


4.1 General 

The extension of simulation results of steady state foam-floods in the laboratory 

to the field level is an important step in the scale-up process. In this chapter, the results 

of simulation runs conducted on a base reservoir-model, where a miscible flood is in 

progress, are discussed. The salient characteristics of results from the laboratory 

simulation have been incorporated into these runs and an attempt is made to evaluate 

implications of the parameters on the performance of the process over short and long 

durations. 

Actual foam test sequence in a carbonate pool was simulated to validate the model 

by verification using the available field test results. This was done with empirical foam 

model as well as, the reaction kinetics model. 

Hypothetical conditions were created next in the model to induce gravity override 

and channelling during solvent injection. The effectiveness of foam injection was then 

evaluated in the model in terms of mitigating the override and channelling. The ultimate 

objective being achieving an improvement in sweep and recovery efficiencies under 

adverse situations. 

A large pool under hydrocarbon miscible flood characterised by a wide variation 

m permeabilities was selected to qualitatively assess the effect of solvent mobility 

reduction by foam flooding. Finally, an attempt was made to underline the important 

parameters impacting upon the reservoir behaviour under these circumstances. 

91 
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This chapter is divided into two parts, the first part pertaining to an analysis of 

injection pressures during foam injection, and the second part relating to propagation of 

foam away from the well-bore. 

4.2 The Base Reservoir Model 

The base reservoir model shown in Figure 4.1, is a cross-section from Goose 

River Beaverhill Lake A pool operated by Gulf Canada Resources Inc (GCRI). The 

pool , discovered in 1963, has an original oil in place of 22.24 MMm3 (GCRI , 1984) in 

a 5 layered reservoir. The reservoir is described as a fossil atoll with a well defined 

flanking reef surrounding a central lagoon. The pool was produced with a limited 

aquifer support until 1968. Water injection was initiated in 1969 to arrest the reservoir 

pressure decline. A hydrocarbon miscible flood was started in 1985 , first into 5 inverted 

5 spot patterns of 62-128 ha/pattern and then into 4 additional patterns. Studies carried 

out by Gulf (GCRI, 1984; Stanley, 1984) indicate a water flood recovery of 39.6% of 

the original oil in-place. The oil recovery at the start of miscible flood was 27. 5% . 

Subsequent infill/step out drilling indicated that the pool had a larger original oil in place 

than previously estimated. Some of the subsequent infill wells (including horizontals) 

reduced the well spacing for some of the patterns to as low as 30 ha. The ultimate oil 

recovery (for the miscible gas project area) was predicted to be 52 % of the original oil 

in place. It was suspected that the low miscible drive recovery might be due to gravity 

override and channelling of the solvent. 

A cross section model representing one fourth of a five spot pattern (spacing 128 

ha) between wells 2-15 to 12-16 was set up, based on the black oil reservoir model 

provided by Gulf. Salient features of the model are summarised in Table 4.1. The top 
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BASE RESERVOIR MODEL 
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Figure 4.1 x-z Cross Section ofBase Reservoir Model. 

610 
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two of the 16 layers modelled are non-hydrocarbon bearing. Diverging and converging 

flow was simulated by modifying the pore volumes and horizontal permeabilities. Figure 

4.1 shows these modified permeabilities. 


Table 4.1 Salient Features of the Base Reservoir Model 


ValueSI No Property 

656 (41 x 1 x 16)1. No. of Grids 

2. Grid Dimensions ~x = 64.3 ft (uniform) 
~y = 20 ft 
~z = 8.32 ft (uniform) 

Average Porosity 0.05853. 

4. Average Permeability 88.85 md 

Initialization Pressure 2828 psia 5. 

185 °F (Actual 230 °F) Reservoir Temperature 6. 

5 (water, surfactant, 
dead-oil, solution gas, 
condensible solvent) 

Components considered 7. 

Water Viscosity at reservoir conditions 0.25 cp8. 

0.79 cpDead Oil Viscosity 9. 

0.20; 0.42 10. swi 
0.3611. Sor 

0.612. krw at S0 , 

1.013 . k,o at swi 
0.00514. sll.C 
0.18315. k,8 at S0 , 

7.6127E+05 bblTotal Pore Volume 16. 

3.8758E+05 STBInitial Oil in Place17. 

The model was initialized at the current reservoir pressure. One injector and one 

producer were located in the 1st and 4 lst x-direction cell respectively. The black-oil 
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PVT properties were converted to k-value based fluid properties as a requirement for the 

STARS simulator. The STARS data set for the reservoir model (with water, dead oil, 

and condensible solution gas as model components) was validated against a black-oil 

simulator for the simple cases of water and gas injection. 

For convenience in simulation, the solvent composition was considered the same 

as the solution gas composition. The k-values between solution gas and oil were verified 

to ensure correct evolution of solution gas during pressure depletion. The current 

condition of the reservoir was mimicked in each of the runs by producing the reservoir 

for one year under water flood with a full voidage replacement. The solvent injection 

rates were also adjusted to replace the voidage. This was done to keep the reservoir 

pressure above bubble point and not to permit solution gas to liberate from the oil, which 

could mask the effect of solvent being injected for creation of foam. 

The adsorption of surfactant on the reservoir rock plays a major role in success 

of any foam-flood project. The adsorption parameters obtained from the laboratory tests 

were converted for usage in the field models (Appendix 1). For simplicity, the same set 

of adsorption parameters were used in all the field models in this work, although these 

could be substantially different even for the same lithology. 

4.3 Kaybob Foam Test Sequence - Study of Injection Pressures 

As discussed in chapter 2, the Kaybob foam tests were of short duration which 

enabled a study of dynamics of foam flow in the near well-bore region. The injectivities 

were found to be reduced in the presence of foam , and to revert back to normal in its 

absence. This would imply that for a given injection rate, the injection pressure would 

rise in the presence of foam and revert back to normal in absence of it. This aspect was 
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qualitatively tested on the base reservoir model. The simulation results were found to 

be consistent with these field results. 

4.3.1 Empirical Foam Model Runs 

The sensitivity to mobility reduction factor and adsorption level was evaluated via 

a comparison with the field results. Figure 4.2 illustrates the injection pressures obtained 

in the runs with MRF's of 10 and 40 along with the injection pressures in the case with 

MRF of 1 (base-line injection pressures). It can be seen that with an increase in MRF, 

the rise in the injection pressure is sharper. It was observed in another set of runs that 

with MRF values exceeding 500, the injection pressure reaches the maximum bottom hole 

pressure constraint of 8000 psi, especially in the later part of these runs. Under these 

conditions, fluid can no longer be injected into the reservoir at the pre-assigned rate. 

This would imply a severe impairment of injectivity under the practical constraints of 

maximum permissible well-head pressure, the limit being consistent with the fracturing 

threshold pressure. 

In Figure 4.3, the effect of adsorption level on the injection pressure is depicted. 

The adsorption parameters used in the model correspond to the one determined in the 

laboratory on Indiana limestone cores. The third plot in the figure shows cyclic increase 

in the injection pressure due to injection of surfactant and thereby in-situ formation of 

foam. At around 475 days no significant rise in the pressure is seen as a consequence 

of non-injection of the surfactant during this cycle. 

The runs have been made for a total of 545 days i. e. water flood for 365 days 

followed by actual foam testing for 180 days. The rise in the injection pressure in 

presence of foam is indicative of a sharp solvent front which would result in higher oil 

recovery with continued flooding. 
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SIMULATION OF KA YBOB FOAM TEST SEQUENCE 

Normal Adsorption 


Base Una Injection Pressures 

1000. ....-~~~~~~~-....-....~-....-....-....~~~~~~-....-........,..-....-....-....~-....-....~~~~~~~~.....~-....~~~~-, 


----------------~-----------------t-----------------~----------------~-----------------~---------------
9000. 	 ----------------~-----------------;-----------------~----------------~----------·------~---------------------- ---------~--- - -------------,-----------------~----------------,-----------------r---------------
5000. ----------------~-----------------!-----------------~----------------~-----------------~---------------------- ---------~-----------------·-----------------~----------------1-----------------~---------------

:M>OO. 
300.0 	 400.0 500.0 900.0 

T1me (drf) 

Foam Test with Surfactant FMMOB = 10 

1000. ~~~-....-....~-....~-....-....-....-....-....-....-....-....-....-....-....-....-....~~~-....-....-....-....-....-....~-....-....-....-....-....-....-....-....-....-....-....-....-....-., 

----------------~-----------------f-----------------;----------------1------ - ----------~---------------
llOOO. 

t I I + I------------ - ---~-----------------·----------------------------------~---------- - ------·---------------
······----------~----------------·T·-····- · ···------r··--------------,-----------·-·-··r·······-····---

5000. ------- - --------~----------------·!··------ - --------~----------------~-----------------~---------------
------ - - - ------~-----------------------------------~--------- - ----------- - - - ---- - -P·--------------

:JOOO. 
300.0 400.0 500.0 llOO.O 

n.-(<Say) 

Foam Test with Surfactant FMMOB =40 
'i 
.s 

----------------~-----------------t-----------------~----------------1-----------------~---------------;.... ::::::::::::::::j:::::::::::::::::!:::::::::::::::::~::::::::::::::::j::::::::::: : :::::t:::::::ii~~::::•a: 
:r 

I 
ID =====~==========~==~==s~~=~~~~~==·=~~~;~:~=~=~:=~=;;=~~~~~:~r==~=~=========

:M>OO.I 300.0 .ao.o 500.0 llOO.O 

n.-(day) 

Figure 4_2 MRF Sensiriviry on Injection Pressures - Empirical Foam Model 
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SIMULATION OF KAYBOS FOAM TEST SEQUENCE 

EHect of Adsorption Level on Injection Pressures 


Base Line Injection Pressures 

:::: r-:-:-::_:_:_:_:_:_:_:_:-=--~=-=-~-:=-=-=-=-=-=-=-=-=-=-==-=-:-=-=-=~~-=-=-==-=-=-=-=-=-=-=-=-==--=-=-=;~-:-=-=-=-==-=-=-=-=-:-:-==--=-=-~'::_:_:_:_:_:=--=-=-=-=-=-=-=-=-=:;~~=-=-=-=-=-=-==--=-=-=-=-=-=-=...,=

:::~~~~~~~~~~~~~~~~~~~;~~~~~~~~i~~~~~~~~~~~~-~~~~i~~~~~~~l~~~~~~~~~ 

3000. 

300.0 400.o soo.o eoo.o 

lltne (day) 

Foam Test with Normal Adsorption (FMMOB =40) 

i' s 

i•ct 
::r: 

I 
CD 

i 

7000. ..-~~~~~~~~~~~~~~~~~-:~~~~~~:---~~--:~~;.~~~~~--, 

=::~: _.: [:::i-_rn::m.~:sillu--. iliill~uw~: .-~~;m~.l~~i.: ~-~~m:::: 
3000. 

300.0 400.0 500.0 llOO.O 

Tlme(day) 

Foam Test with No Adsorption (FMMOB = 40) 

~ r-r-::__[_____:_:_:____-:--=:-:--:-l...~--:-.---~-:-~-~-- .._::-:t-:-.;l-=--_-,-[-~-r-~---~---.-_--~-=~-- ~=~:'··:_:_:_:_r-_:_"l.-:=:_:_:_:_:_i__-1-~.-:.-,---:-.-:-.-:-~-'.-_~:-~-~---:'!-.-.-:.-::-_-l_L_:_:_ ~-::-~-~-~-.-(-=: 
3000. 

300.0 400.0 500.0 llOO.O 

lltne (day) 

Figure 4.3 Adsorption Level Sensitivity on Injection Pressures - Empirical Foam Model 
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4.3.2 Reaction Model Runs 

Sensitivity to the frequency factor of the forward (foam-forming) reaction for a 

fixed adsorption level is shown in Figure 4.4. It can be seen that at a frequency factor 

of 5.5E+Ol, the injection pressures are almost of the same magnitude as the base-line 

pressures, except during the later part of the flood when the pressures rise slightly. With 

a frequency factor of 2.25E+02, in the next plot, the pressure rise is more pronounced. 

A comparison of injection pressures with varying surfactant adsorption for a fixed 

frequency factor of 2.25E+02 is shown in Figure 4.5. It is interesting to note the cyclic 

increase in the injection pressure when surfactant is added and restoration to normal level 

when surfactant injection is discontinued. The variation in injectivities as noted by Liu 

and Besserer (1988) are reproduced in Figure 4.6 for a qualitative comparison. 

4.4 Injection Pressure - SAG Cycle Sensitivity 

In reservoir applications, it is known that an in-depth generation of foam is 

difficult because of existing gas channels over large distances. In this case, alternate gas 

injection is preferred over co-injection of gas and surfactant to propagate the foam deeper 

into the reservoir (Chou, 1991). With this in mind, SAG cycle sensitivity on the 

injection pressures was studied. Several runs were made with varying cycle durations, 

and with varying ratios between surfactant and solvent durations within the same cycle 

length. These runs were made for an elapsed time of 545 days, including 365 days of a 

water flood preceding the SAG. 
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SIMULATION OF KAYBOB FOAM TEST SEQUENCE - REACTION MODEL 

Normal Adsorption 


Base Line Injection Pressures 

'i 7'000.r-~~~~~~~~~~~~~~--~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~ 
----------------~-----------------~--------- - -------;----------------~- - ------- - -------~---------------• 8000. ----------------1-·---------------·- ------------------ ------------------- -- ----------- -·---------------. . . . . 
··········--- - --~ - ---·-·-··-······y·······-····-····~-----·····-·····1··· ·· ······-----·r··-·- · ·······-·i• 5000. - ------ - --------~- - ----------- - ---!·--------------- -~------------- - - - ~-----------------~---------------a:: ----------------1-----------------·------------------------------ ----1 ---------------------------------:: 

I .-000. :::::~:::: :: : : ::~: :!:~--=~;=~~;:!:~,..;.;;:.:.: =~~;:; ::-:~-:;;: ~:~~~:;:t!!=~ ~:: ::.~;;~:.:.; ::::.Ill 3DOO.""-~~~~~----~~~~~--~~~~~~--~~~~~~--~~~~~.......:.~~~~~~-J


i :ioo.o ~o 500.o llOO.O 

Time (day) 

Foam Test with FREQFAC = 5.5E+01 

'i .s
• - - --------------~--------- - -------t-----------------:------------ - ---~---- - -- - ---------t---- - ----------

! 8000. ·---· ••••• ·- - - • -~· ••• · ··--. ·-· ·--· :---···. ··--·--- -·~-·· •• ··--·- - · - --~ - -- •• ·-···--- - · ·. : · · --· -- • ·--·- - -- • 
----------------~--··-------------,-----------------,· · ---------·--- - -~-----------------r--------·------- • 5000. a:: ::::::::::::::::~:::::::::::::::::z:::::::::::::::::t : ::::::::: : :::::~:::::::::::::::::~::: : :::::::::::: 

:: 
I ~. - ---- •• '&" - -- - - ·--:· -- • ·.a- -- ·- "iut4c·f----· .1.::111..· -- - - ••- ·'· • •• ·--.-;;,,,;. ••• --- J.:il.:. -- • "'MA Ii...:. ·-_7- - • -- --- • ·- - • ·- 

Ill ------- ----------:-----::.i.......----~ .. -~-~--.. ..---~ .. -.E" • • • ~~~-----~........... ..,....... 


i 3DOO."'-~~~~~--~~~~~~--~~~~~~--~~~~~~--~~~~~.......:.~~~~~~-J 

:IOO.O ~O 500.0 llOO.O 

r.,,,.<darl 

Foam Test with FREQFAC = 2.25E+02 

----------------~-----------------t-----------------~----------------~-----------------~---------------
8000. -·---------------:-----------------:-------------·---~----------·-----~----·-·----------:---·-----·-·------------ ---- - ---~-----------------,-----------------r·---------------,------ -- ---------r------- - -------

5000. ----------------~-- - --------------!-----------------~----------------~-----------------~--------- - -----

~- :::::::~:::::::~====~~=~~~~;::.:s;.;~~~=~~=~~~:=~=~~~~~~~=~~~~~~~==·:::::
3DOO. 

:IOO.O ~O 500.0 llOO.O 

Time(day) 

Figure 4.4 Sensitiviry of FREQFAC on Injection Pressures - Reaction Model 
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SIMULATION OF KAYBOB FOAM TEST SEQUENCE - REACTION MODEL 
Effect of Adsorption Level on lnjec:tlon Pressures 

Base Line Injection Pressures 

IOOO..-~~~~~....-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
----------------------------------·--------------------------------------------------------------------

7000. ::::::::::::::::~:::::::::::::::::t:::::::::::::::::~::::::::::::::::~:::::::::::::::::~:::::::::::::::: 
IOOO. ---------------------------------------------------------------------------------------·------- --- -----

9DOO. ::::::::::::::::i:::::::::::::::::f:::::::::::::::::~::::::::::::::::j:::::::::::::::::~:::::::::::::::: 
-· :::::!::::::::::~::!::'!-;;.:~s,~;=~~..._~=~~;:;::-:~:.:;:~:~:;:<i'!:~~~~:::: 
3000. 

300.0 .000.0 500.0 

Foam Test with Normal Adsorption (FAEQFAC :z 2.25E+02) 

Tlnw (day) 

Foam Test with No Adsorption (FREOFAC = 2.25E+02) 

T!nw(day) 

Figure 4.5 Adsorption Level Sensitivity on Injection Pressures - Reaction Model 

900.0 
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Figure 4.6 Variation of Injectivity during Kaybob Foam Tests (Liu and 
Besserer, I988) 
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The rapid SAG' s may be considered as co-injection of solvent and surfactant 

solution at a fractional flow of gas determined by the ratio of injected solvent to total 

fluid injected at reservoir conditions . In the present case, total injected volumes 

Table 4.2 SAG Cycle Sensitivity on Injection Pressure 

SI 
No 

Run Name Details Cycle, 
days 

r 
% 

Surf. 
Cone. 
% 

Max 
B-H 
Injection 
Press, 
psia 

1 pl_a 45 days surfactant + 
45 days solvent inj 

90 50 1 6115.9 

2 pl_b 23 days surfactant + 
67 days solvent inj 

90 74 .4 1 5793.35 

3 pl_c 9 days surfactant + 
81 days solvent inj 

90 90 1 5287.23 

4 p2_a 30 days surfactant + 
30 days solvent inj 

60 50 1 6091.88 

5 p2_b 15 days surfactant + 
45 days solvent inj 

60 75 I 5808.50 

6 p2_c 6 days surfactant + 
45 days solvent inj 

60 90 1 5165.72 

7 p3_a 15 days surfactant + 
15 days solvent inj 

30 50 1 6104.36 

8 p3_b 7 days surfactant + 
23 days solvent inj 

30 76.7 1 5840.37 

9 p3_c 3 days surfactant + 
27 days solvent inj 

30 90 I 5422.22 

10 p4_a 7.5 days surfactant + 
7 .5 days solvent inj 

15 50 1 6046.29 

11 p4_b 4 days surfactant + 
11 days solvent inj 

15 73 .3 1 5884.70 

12 p4_c 1.5 days surfactant + 
13.5 days solvent inj 

15 90 1 5445 .95 

13 pl_a_decay 45 days surfactant + 
45 days solvent inj 

90 50 1 6200.00 
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of solvent and water (at reservoir conditions) were equal to the voidage rate. The 

voidage replacement is maintained throughout the run as the reservoir pressure is not 

allowed to deplete below the bubble point. Therefore, the ratio of solvent injection time 

to total cycle duration determines the fractional flow of gas or the foam quality, r. 

Table 4.2 summarizes the SAG cycle sensitivity runs carried out using the 

empirical foam model with an MRF (FMMOB as in STARS documentation) of 20 and 

adsorption parameters as determined in the laboratory and discussed in previous chapter. 

In addition, a run with foam decay at Sw * = 2.5 % was also made and results compared 

with runs without any decay. The bottom-hole injection pressures plotted against time 

in these cases are shown in Figures 4. 7 through 4.11. 

It can be seen that the injection pressure is the maximum for a foam quality of 

50% and is the minimum for a foam quality of 90% in all the 4 cycle sizes. The total 

cycle size as such, for a given foam quality, has practically no effect on the injection 

pressures. On the basis of these runs, a foam quality of 75 % and SAG cycle size of 90 

days (23 days surfactant + 67 days solvent injection) was selected for use in subsequent 

runs for a study of oil recovery and adsorption over longer durations. 

The decay of foam near krgro was studied with Sw * and MRF values as shown in 

Table 4.3. Figure 4.12 depicts these plots. The injection pressure during first cycle of 

Table 4.3 Simulation Runs with Drying-up of Foam near krgro 

SI No. Run Name Cycle, days r, % MRF SW*,% 

1 pl_a_decay 90 50 1000 2.5 

2 pladl 90 50 1000 5.0 

3 plad2 90 50 25 10.0 

4 plad3 90 50 25 2.5 
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Cross section 2-16 to 12-15 
SAG CYCLE SENSITIVITY 

p1_a.irt fg =50 % 

--- - -------------:- ----------- --- ... -;- ----------------:--------------- - --:------------- ---- -------------- - -. 
6000. -- - - - -- -- - - -- - - - ~- -- - - - - -- -- - - - - --7 - - - - - - - - -- -- - - - . -- . -- - - - - -- -- - - - - - ~- -- . . .. . . .. - ' - - - - - -- - - - - -- . -- - . -,=1·;:: :: ::::::::: :::;::::: ::::::::::::,:::r:::::::::::b+:::::::::P:::::::::::::::::::::::::,
'I 

---- ---------- --...... ---------------- ... - - - ---------- -- -- - ----------- ... ---- ---------- -- - -- --- --------- - 
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JOO.O 400.0 500.0 600 o 
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p1_b.irf fg = 74.4 % 
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Tima (day) 

p1 _c.irt fg = 90 % 

----------- - ----~---- - ------- - ----~ - - -- -------------~ ----------------~----------------- ----------- -- ---
6000. -- - -------------~-----------------:-----------------~------------ - ---~--- - ------------- - ----------- - --- =i . .'°"'·;,,,,:::::::,,,,,:.::: ,,,::::::,,,::;:,,,,::::::::,,,''t::t-.:,:::,,;::,::: :: :::,:::::::::::,,,,::::,,'I 
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JOO.O 400.0 500.0 600.0 

Tima (day) 

Figure 4.7 Bottom-Hole Injection Pressures under SAG - 90 days Cycle 
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Cross section 2-16 to 12-15 
SAG CYCLE SENSITIVITY 

p2_a.irt lg = 50 % 

~!+::::::::: j+:: :::::: :zi:: ;; ~: ::::::::: ~ H 
3000300.0 400.0 500.0 600.0 

Time (day) 

p2_b.irf lg = 75 % 

I 
al 
= 

p2_c.irt fg = 90 % 

3000 
3oo.o 400.0 soo.o 600.o 

Time (day) 

Figure 4.8 Bottom-Hole Injection Pressures under SAG - 60 days Cycle 
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Cross section 2-16 to 12-15 
SAG CYCLE SENSITIVITY 

p3_a.irf fg = 50 % 

~1 ·· ·· · ···········-··········~i············ ···1
3000Jo0.0 400.0 500.0 600 0 

Tima (day) 

p3_b.irf fg = 76.7 

Tim• (day) 

p3_c.irf fg = 90 % 

Figure 4.9 Bottom-Hole Injection Pressures under SAG - 30 days Cycle 
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Cross section 2- 16 to 12-15 

SAG CYCLE SENSITIVITY 


p4_a.irf tg =50 % 

~:::::::::::::::::; : ::::::-:::::::::::::::: : ]
' ' ' -----------------,- ---- ---------- --,. - - -- -- - - - -- - -- -- -- - -- - - --- ---------- --- - - - 

5000. - - - - - - - - - - - - - - - - ~ - - - - - - - - - - - - - - : - . - - . - . - ' - . - - - . - - - - - . - - - - - - . - - - - - - . - - - - - . -1
----------------.... ---- --- - -- - -- -- - - - ... - -- - - -- - -- - - - -- - - --- ------------ -- -- 
4000. ' - - 

-- -  - -- -------  .... - -- - - - 
- ; - 
- -- - 

- - 
- - 

- 
- 

- -  :
- -  ... 

- - 
- -

- -  -  - -  -  - - 
- - -- - -- --  - 

-  -- -- -- 
------ .• - - -  . -- . . ----  --- ---- -- .. -

' 
3000. . . ' 

al 300.0 400 .0 500 .0 600 0 

nme (day) 

p4_b. irf fg =73.3 % 

300.0 400.0 500.0 600.0 

Tlme (day) 

p4_c.irf tg =90 % 

300.0 400.0 500.0 600 .0 

Tlme (day) 

Figure 4.10 Bottom-Hole Injection Pressures under SAG - 15 days Cycle 
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Cross section 2-16 to 12-15 
8-H INJECTION PRESSURE AT Sw* =2.5 % 
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Figure 4.11 Bottom-Hole Injection Pressures under SAG - 90 days Cycle, with 
decay at Sw* = 2.5 %, MRF = 1000 
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Cross section 2-16 to 12-15 

8-H INJECTION PRESSURE AT DIFFERENT MRF AND sw· 
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Figure 4. 12 Comparison of B-H Injection Pressure at different S..,*s. 
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solvent injection is similar for MRF values of 1000 and 25, as also for Sw *of 2.5 % , 5 % 

or 10%. This aspect needs to be investigated further as it could have significant 

implications on applicability of foams with different MRF's. 

4.5 Assessment of Foam Effectiveness in Improving Oil Recovery 

Incremental oil production for a given amount of injected surfactant is the primary 

concern in field application of foam-floods, as it determines the economic success of the 

process. Longer duration runs were made for varying geological uncertainties and 

different strategies of surfactant injection, the latter being largely based on the successful 

foam application in the EVGSAU project. As in EVGSAU, 90 days of surfactant 

pre-flush precedes the SAG cycles to meet the adsorption requirements. The SAG cycles 

constitute 23 days of surfactant solution injection followed by 67 days of solvent 

injection. In terms of cumulative injected reservoir volumes, this would amount to 

74.4% of the fractional gas volume. In the empirical foam model runs MRF is assigned 

a value of 25 and in the reaction model the frequency factor of the forward reaction is 

assigned a value of 2.25E+02. This ensures that the injection pressures remain within 

the operating constraint of 8000 psi. The runs were terminated at the end of 5 years 

(1825 days). These runs are organised under three categories as summarised in Table 

4.4 and discussed in the following sub-sections. 

4.5.1 Base Model - Normal Permeabilities 

The permeability distribution in these runs is according to the base reservoir 

model. The Dykstra-Parson's coefficient, Vdp works out to 0.6234 for this distribution. 
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Table 4.4 Simulation Runs for Assessment ofFoam Effectiveness in Improving Recovery. 

SI Run Name SAG r,% Cum. Surf. Cum. Oil 
No Cycle, btjected, lb Oil Recov 

days Prodn, % 
MSTB 

Normal Permeabilities: Vdp = 0.6234 

Addi 
Oil 
Prod 
over 
Base, 
STB 

Surf. 
Reqd, 
lb/STB 
of addl 
oil 

1 solv_inj - - - 170.50 43 .99 - -

2 sag90 90 74.4 406800 172.25 44.44 1750 232.50 

High Permeability in Top Two Layers : Vdp = 0.8091 

3 hp_solvi - - - 104.98 27 .08 - -

4 hp_sagl 90 74.4 406800 173 .95 44.88 69010 5.90 

5 hp_sag2 90 90 210420 142.91 36.87 37970 5.54 

6 hp_sag3 90 50 715500 175.27 45 .22 70330 10.17 

7 hp2_sagl 60 74.4 397500 174.235 44.95 69290 5.73 

High Permeability in Top Two Layers : Vdp = 0.8091 - Reaction Model 

7 t2r_sagl 60 - 406800 181.525 46.83 76580 5.31 

SSHU Permeability Distribution : Vdp = 0. 99 

8 ssh solvi - - - - 73.554 18.98 - -

9 ssh_sag90 90 74.4 406800 83.060 21.43 9506 42.79 

Two runs are made under this mode : 

a) 365 days of Water Injection + Solvent injection for full voidage 

replacement, and 

b) 365 days of Water Injection + 90 days of surfactant preflush + SAG at 

90 days cycle (23 days surfactant solution + 67 days solvent injection). 

A comparison of the performance under the above two runs is shown in Table 4.4 

along with the amount of surfactant required per incremental barrel of oil production. 

The detailed performance is also shown in Figures 4.13 and 4.14. 
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Normal Pe,,,,..bi~ties(Fq-74.4"• FMM0Ba25) 
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PERFORMANCE OF SAG VIS-A-VIS SOLVENT INJECTION 

Normal Permeabilities(Fg•74.4% FMMOB-25) 
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From these, it can be inferred that the performance is practically the same in both 

the runs, the incremental oil being only 1750 bbls. The surfactant requirement for 

additional oil production works out to 232.5 lb/bbl, thereby implying that foam injection 

may not be right option to improve the sweep and oil recovery efficiency under this kind 

of reservoir heterogeneity. 

4.5.2 High Permeability in Top Two H-C Bearing Layers 

In order to assess the effect of reservoir heterogeneity on foam applicability, the 

permeability in the top two hydrocarbon bearing layers was modified by a factor of 50. 

The Dykstra-Parson's coefficient, Vdp under these modifications works out to 0.8091. 

This is a hypothetical model to promote gravity over-ride and channelling. A total of 5 

runs were made using this model : 

a) 365 days of Water Injection + Solvent injection for full voidage 

replacement. 

b) 365 days of Water Injection + 90 days of surfactant preflush + SAG at 

90 days cycle (23 days surfactant solution + 67 days solvent injection). 

c) 365 days of Water Injection + 90 days of surfactant preflush + SAG at 

90 days cycle (9 days surfactant solution + 81 days solvent injection). 

d) 365 days of Water Injection + 90 days of surfactant preflush + SAG at 

90 days cycle (45 days surfactant solution + 45 days solvent injection). 

e) 365 days of Water Injection + 90 days of surfactant preflush + SAG at 

60 days cycle (15 days surfactant solution + 45 days solvent injection). 

A comparison of performance under these runs indicates substantial increase in 

oil recovery ( 10 - 18 % ) with respect to the base run of solvent injection alone. The 
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surfactant requirement is comparable in runs b), c) and e), in the range of 5.5-6.0 lb/bbl. 

For run d), however, it is substantially higher at 10.17 lb/bbl. Figures 4.15 and 4.16 

compare the performance of run b) with respect to the base run a). 

Run b) was also repeated using the reaction kinetics model with a frequency factor 

of 2.25E+02. The results (Figure 4.17 and 4.18) are in agreement with the ones 

obtained with the empirical foam model. 

4.5.3 Permeability Distribution as in South Swan Hills Unit 

Sorensen and Griffith (1988) have history matched the miscible flood performance 

of South Swan Hills Unit in Alberta, Canada. The reservoir description provided by 

Sorensen and Griffith is depicted in Figure 4.19. The producing horizon in the South 

Swan Hills Unit is the Beaverhill Lake formation, which is a Devonian reef. The 

formation is divided into four geological zones. Zone 1, a porous calcarenite is the best 

reservoir rock. It is separated by the lagoonal sediments of zone 2 by a shale break. The 

quality of zone 2 approaches that of zone 1, where the transition of lagoonal reef front 

occurs. Zone 3 too, has similar characteristics. Zone 4 is poorest in quality rock and 

extends aerially across most of the units. The secondary miscible flood, located in the 

central part of the Unit is the largest of the three projects in the field. It produces from 

all the four zones. The vertical permeability as adjusted by Sorensen and Griffith, has 

been shown in the figure indicating no cross-flow between bottom layers. 

The permeability distribution of the above model was used in the present work 

to demonstrate effect of SAG vis-a-vis solvent injection on the oil recovery. Dykstra 

Parson's coefficient for this distribution, Vdp works out to 0.99. Two runs were made to 

assess the reservoir performance under foam-flood: 
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PERFORMANCE OF SAG VIS-A-VIS SOLVENT INJECTION 

High Penneal>olity in Top Two H-C layers(Fg.74.4,.. FMMOB-25) 
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High Permeability in Top Two H-C l.ayers(Fg-74.4"1'. FMMOB-25) 
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Figure 4. 16 	 Performance under SAG vis-a-vis Solvent Injection - High 
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Figure 4.17 	 Performance under SAG vis-a-vis Solvent Injection - High 
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Figure 4.18 	 Performance under SAG vis-a-vis Solvent Injection - High 
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a) 365 days of Water Injection + Solvent injection with full voidage 

replacement. 

b) 365 days of Water Injection + 90 days of surfactant preflush + SAG at 

90 days cycle (23 days surfactant solution + 67 days solvent injection). 

The oil recovery increases marginally (2.5 % ) by foam injection with this 

permeability distribution as shown in Table 4.4, and Figures 4.20 and 4.21. The 

surfactant requirement for the additional oil recovered is 42.73 lb/bbl. 

From the above runs, it is apparent that extreme permeability contrast between 

different layers specially towards the top is favourable for sweep improvement by 

foam-flood. In all of the above runs, adsorption at the end of 5 years is around 85 % of 

the surfactant cumulatively injected. 



Chapter 5 

DISCUSSION OF RESULTS 


5.1 General 

In this chapter, the laboratory and field simulation results are analyzed in the 

context of the literature reviewed in the earlier chapters. The implications of critical 

parameters and process variables affecting the laboratory investigation and field 

applications are also discussed. For a meaningful simulation and its eventual use in the 

field applications, an augmentation of experiments for determination of certain critical 

parameters is suggested. Finally, the economic aspect, which forms the main driving 

force behind field implementation of a foam-process is analyzed and the state-of-art of 

foam-flood simulation is discussed in the context of laboratory and field scale 

simulations. 

5.2 Simulation of Foam-flood Experiments 

Despite the advancements made in the numerical simulation and forecasting 

techniques , the experimental investigations remain an integral part of implementation of 

any recovery process and foam-flooding is no exception. Certain reservations (Chou, 

1991) have, however, been made on the utility of experiments conducted on glass 

bead-packs (Hirasaki and Lawson, 1985; Ransohoff and Radke, 1988) at extremely high 

fluid velocities which are seldom attained in the reservoir in actual field applications. 

Dietz, Bruining and Heijne (1985) question the existence of foam drive which they 
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theoretically justify would only be present in a high permeability range ( 800 md or 

higher for foams with quality higher than 80% ). 

The approach of measurement of apparent viscosity of foam by various workers 

(Marsden and Khan, 1966; Falls Musters and Ratulowski, 1989, etc) and its simulation 

through a number of models described in the literature contradicts Holm's ( 1968) views. 

He had argued that since foam is not expected to move through porous media as a body, 

its viscosity and mobility are not meaningful factors in describing flow through such 

system. From this view point, the individual viscosities of gas and liquid comprising the 

foam are the relevant viscosities that may apply to flow calculations. 

Under these conditions, though it may appear rudimentary, the measurement of 

Vp and MRF, provide by far, the best measures for foam effectiveness in porous media. 

The simulation of these measured quantities using any empirical simulator will provide 

a non-unique set of parameters capable of matching the pressure drop. In order to 

effectively arrive at a nearly unique solution, physical meaning of some of the unknowns 

used in the empirical model must be clearly understood, and wherever feasible these 

should be experimentally established. 

It may be noted that pressure-match plots shown in Figures 3.14, 3.16 and 3.18 

represent the injection pressure at steady state. It took some time before establishing the 

steady state, i.e. the figures do not show the development of pressure-drop over time 

under a given set of conditions. 

5.2.1 MRF Determined in Laboratory vis-a-vis MRF Used in the Simulator 

The mobility reduction factor determined in the laboratory differs from the MRF 

(FMMOB) parameter used in the empirical foam simulator, because of latter's direct 
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dependence on saturation in different cells of the reservoir model. The history matching 

ensures that the value of MRF (FMMOB) input in the simulator produces the same Vp 

as the one measured in the laboratory. 

5.2.2 MRFs at Core vis-a-vis Field Scale 

It is noticed that the magnitude of MRF (FMMOB) used in the history matching 

of laboratory experiments, is an order of magnitude different from the one required at 

field scale. Several factors are responsible for this : the grid size used for laboratory and 

field scale models, the difference in velocity of fluids, the degree of heterogeneity, 

presence of oil saturation in excess of S etc.0 ,, 

5.2.3 Effect of Foam Quality on MRF 

The results of the laboratory experiments and matching of pressure drops (Figures 

3.14, 3.16 and 3.18), indicate that the lower foam quality is not necessarily advantageous 

in terms of relative solvent mobility reduction, i. e. similar degree of MRF may be 

achieved at higher foam quality and, therefore, at a total requirement of much lower 

quantity of surfactant. However, it is true that a lower foam quality increases the 

incremental oil production (with respect to no foam case). 

5.2.4 Break-Down or Drying-Up of Foam 

The modelling of the experiments with an empirical foam model suggests that the 

foam does dry-up or break-down. Figures 5.1, 5.2 and 5.3 show a comparison of foam 
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History Match With and Without Foam Break-Down 

22300. 

21300. 

20300. 

: : : : : I I 

--------,---- ---- -r--------,---------r----- ---~--- ------~--------~---------
: I I I I I I 

I I I I 

--------;------ - - -~--- -----;---------~--------,---------~ --- -----,---------. . ' 

' ' 
--------1---------~--------J __ _ ' ' r---- ----~---------

' ' ' --------J·--------L--------J--' ' ' ----~--------~-------- L--------~---------

. ' ' ' ' 
-------- ~------ - --~--------~-- - ----L------- -~---------L--------~---------. ' 1 I I I 

I I I I 

' . . 
--------~----. ----~--------~---------~--------~------- --

' . . 
' ' ' ' 

----k--------~---------~--------~--------
: I I 1 ~-..------~---------. . 

______ ,.,_.,. ___ _ 
' . ' 

--------·--- ----~--------· 

' ' 
--------~--- ----~--------1 ~-------- r--------~---------

' ' ' - - - - - - - - • - - - -- ........ ___ ........ _ -- r---- - ... ~---- -----

:• 
' ' '........................... ., ........ 

------~--------~---------

2500.0 5000.0 7500.0 10000. 

19300. 

18300. 

Time (min) 

• 	 Experimental Data 
Model Response - without foam break-down 
Model Response - with foam break-down 

Figure 5.1 Comparison of Pressure Match With and Without Foam Break
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simulation with and without breakdown. It is important to note that in the absence of 

break-down of foam, the trend of pressure-drops is reversed (with respect to trend of the 

experimental data). Since foam is a combination of water and gas phases, there are 

several ways this foam can collapse, 

a) gravity, 

b) heterogeneity, and, 

c) capillary suction. 

The break-down or dry-up, in the core foam-floods, is due to capillary suction or due to 

drainage of liquid from the lamellae to the plateau borders when the foam quality is 

increased and the porous medium is no longer able to support the lamella due to reduced 

quantity of liquid. This takes place near the end point (S0 r) of the gas relative 

permeability curve. The saturation designated as Sw * could be dependent on the value 

of MRF used for matching the pressure response. The combination of Sw *and MRF thus 

provides a non-unique set of variables for history matching. 

The above argument is true for the reaction kinetics model too. The frequency 

factor of the forward (foam-forming) and backward (foam-decay) reactions decides the 

net coalescence or decay rate and hence the trend of simulator pressure response. The 

multiplicity of solutions to history matching results from different combination of these 

two values. The reaction order or the stoichiometric coefficients of the reactants and 

product, which are not precisely known, may also contribute to the non-uniqueness of 

the solution, which needs to be further investigated. 

In order to make the solution unique, it is imperative to ascertain the value of as 

many variables as feasible through experiments and then to attempt history matching 

honouring the plausible physical bounds of the remaining history match variables. 

The break-down or drying-up of the foam due to gravity segregation and reservoir 

heterogeneity are examined in the field scale foam floods analyzed in section 5.3 and 

thereafter. 
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5.2.5 Empirical vis-a-vis Reaction Kinetics Model 

In the empirical foam model used in the present work, the modification in 

mobility of the solvent was affected by reducing the gas phase relative permeability 

which in the physical sense means that foam diminishes the cross-sectional area through 

which gas is able to flow. This is consistent with views of Falls et al ( 1988) who 

consider it strictly a relative permeability effect, the foam creating a large effective 

trapped gas saturation. On the other hand, when all the gas phase is discontinuous, not 

only can its relative permeability be smaller, but it appears to have a larger viscosity. 

For gas to flow, lamellae must be forced through the pore network. Keeping this latter 

point in mind, an arbitrarily large viscosity was assigned to the foam in the reaction 

kinetics model. 

The reaction kinetics model attempts to simulate both steady-state and transient 

phenomena on the lines of population balance approach of Kovscek and Radke ( 1994). 

The net reaction rate of generation and coalescence dictates the break-down or drying-up 

of foam due to capillary suction and drainage of liquid from the lamellae to the plateau 

borders. Unlike population balance approach of Kovscek and Radke (1994), the reaction 

kinetics approach of the present work requires fewer experimentally determined 

parameters. 

5.2.6 Limitations of Laboratory Core-floods 

The laboratory experiments on cores, even at simulated reservoir conditions of 

pressure and temperature, have limitations of not being true representative of the 

reservoir conditions due to the limited sampling of rock and fluid anisotropy provided 

by cores. However, the experiments do provide direct means of assessing the flow 

behaviour at the point in the reservoir from where the core was taken. 
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As mentioned in chapter 3, the base-line pressures being of relatively smaller 

magnitude (20 - 60 kPa), the error involved in the measurement could be as high as 50% 

(Mannhardt et al, 1995), raising or lowering the value of MRF by a factor of 2. 

During the experiments with oil-bearing cores as used in this study, a small 

amount of oil was reported to have been produced. However, it was not measured 

quantitatively. This information can be of great help while matching foam flood 

performance using a numerical simulator. 

The present experiments were carried out on Indiana limestone, but for specific 

field application, these will have to be repeated on native reservoir cores and with 

representative reservoir fluids. These experiments were designed to study foam 

propagation in a linear system. However, if one has to apply the results for mitigating 

a gravity override problem in the field, it may be worthwhile to conduct experiments on 

large diameter, long cores, so as to capture the gravity segregation and override effects. 

The long cores would also provide the important link in scale-up process, from short 

cores to the dimensions of field simulation grid blocks. 

5.2.7 Measures for Augmenting/Improving Laboratory Experiments 

In order to overcome some of the limitations and to provide a better data set for 

history matching by simulation, the experiments need augmentation/improvement in the 

following areas : 

* Measurement of relative permeability to water and oil in oil-water system, 

* Measurement of gas-oil relative permeabilities in the absence and presence 

of foam, 

* Additional pressure drop measurements at reduced foam quality, 

* Accurate measurement of produced effluent, 
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* Experiments at varying Darcy velocities, to account for velocity effects 

* Experiments with different blends of oil to account for light oil mole 

fraction effect in the empirical model used in this study, 

* Experiments at varying oil saturations to determine maximum oil 

saturation at which foam can exist, 

* Refinement in the equipment to ensure accuracy of base-line pressure 

measurements, and 

* More pressure taps in the core holder, to define linear heterogeneity which 

would be affecting V p. 

5.3 Simulation of Field Foam Floods 

The simulation of field foam floods provides insight into the basic mechanisms 

which are responsible for improving sweep and oil recovery. The loss of surfactant due 

to its adsorption on the rock surface and corresponding incremental oil produced are the 

determinants of the economic applicability of the process in a field. 

Co-injection which is practical in the laboratory is not so feasible in the field, 

except in steam-foams where co-injection is actually natural due to steam-quality effects. 

Because of this, sequential injection (Surfactant Alternate Gas injection) strategy was 

studied to evaluate the roles of factors like gravity and reservoir heterogeneity. 

5.3.1 Mechanism of Sweep Improvement by Foam Flooding 

The improvement in sweep efficiency and oil recovery by application of foam in 

a miscible or steam-enhanced oil recovery process, emanates from its ability to reduce 

injectant mobility, and to control gravity override and channelling of solvent (or steam). 
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Channelling is mainly due to an unfavourable mobility ratio at the displacement 

front resulting from the high mobility of the displacing fluid (solvent or steam) and the 

low mobility of the displaced fluid (oil). Gravity override is due to the density difference 

between the displacing fluid and the displaced fluid. The displacing fluid (gas) which is 

lighter than the displaced fluid (oil) may break-through relatively early at the upper 

intervals of producers in a field operation, thereby bypassing a large volume of the 

reservoir. Foams as mobility control agents for the displacing fluid, can provide solution 

for these problems (Law, Yang and Stone, 1988). 

The ability of foam to overcome gas gravity override depends mainly on two 

dimensionless groups known as effective aspect ratio and modified gravity number 

(Rossen, Zeilinger, Shi and Lim, 1994). The effective aspect ratio is given by, 

(5.1) 


where L and H are the horizontal and vertical dimensions of the reservoir and kz and kx 

are vertical and horizontal permeabilities. Lake (1989) cites a criterion, RL ~ 10, which 

assures vertical equilibrium, the limit of gravity segregation in the presence of capillary 

pressure. However, in the present case the relative permeability to gas significantly 

differs from the one assumed by Lake. The empirical foam model computes krfoam = 

FM.kr/ofoam, where, FM is a function of MRF. For large values of MRF, 

1
FM - (5.2) 

MRF 

The specific value of MRF has little effect on the foam strength as long as it is a large 

number, as it affects only portions of the foam fractional flow curve not involved in most 

processes. 
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The modified gravity number is the ratio of gravitational potential to horizontal 

pressure gradient, 

~pg (5.3) 
Vp 

Large values of N
8 

mean that the gravitational driving force for segregation is large 

compared to the pressure gradient pushing the fluids laterally (Rossen, Zeilinger, Shi and 

Lim, 1994). Generally, flow rate and end point mobilities are substituted to obtain Vp, 

for foams. However, Rossen et al (1994) suggest that this formulation should be based 

on the mobility at Sw *. 

The justification for investigating pressure gradients and varying fractional flow 

can be apparent from the foam-flow process in a multi-layered reservoir. Due to gravity 

segregation and channelling, the solvent front could be schematically represented as 

shown in Figure 5.4. 

In presence of foam, the mobility of gas is reduced, leading to a sharpening of 

the front. It is pertinent to point out that a school of thought (Khatib, Hirasaki, Falls, 

1988) exists that, it may be impossible for foam to block an override zone, since 

formation of foam there requires water transport to the top part of the reservoir. 

Whether this is accomplished depends on the magnitude of horizontal pressure gradient 

relative to gravitational potential (Rossen, Zeilinger, Shi and Lim, 1994). This, in tum 

is related to foam characteristics and reservoir heterogeneities. 

5.3.2 Effect of Permeability Layering 

As discussed in chapter 4, the base reservoir model with normal permeabilities 

does not yield significant incremental oil as compared to a reservoir with a high 
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Figure 5 .4 Schematic Representation of Solvent Flood Front in Absence and 
Presence of Foam. 
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permeability in the upper hydrocarbon bearing layers. The Swan Hills permeability 

distribution is an extreme in reservoir heterogeneity (Vdp = 0.99). However, this 

distribution too does not provide as much incremental oil recovery as the reservoir with 

high permeability in the top two hydrocarbon bearing layers (Table 4.4). Thus, 

permeability contrast between top layers and the other layers appears to be the factor 

leading to additional oil recovery. This improvement in sweep is illustrated by Figures 

5.5 and 5.6 which show solvent mole fraction distribution in the absence and presence 

of foam, respectively. 

The model with high permeability in the upper parts of the reservoir offers the 

most favourable conditions for generation and sustenance of foam due to simultaneous 

presence of water, solvent and surfactant. This is confirmed from the saturations of 

water, solvent, and adsorbed surfactant calculated from the simulator. In contrast to this, 

the base reservoir model with normal permeability distribution is unable to sustain high 

enough water saturation in the top half of the reservoir due to gravity segregation. The 

transport of injected water in the lateral direction, away from the well, seems to be 

dominated by such a gravity segregation. 

In the model with a permeability distribution such as in South Swan Hills pool, 

the high permeability layers facilitate the propagation of water through them as can be 

seen from the calculated water saturations from the simulator. However, the solvent with 

significantly lower density compared to other fluids, slowly migrates to the top part of 

the reservoir despite the poor vertical to horizontal permeability ratio. The segregation 

to water, however, is relatively slower compared to vertical movement of the solvent. 

Thus, although, a high water saturation is present in the lower half of the model also 

containing the high permeability layers, formation of foam is not favoured due to the 

inadequate saturation of the injected solvent. 
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GAS MOLE FRACTION (SOLV_C} AT 1825 DAYS 


IN ABSENCE OF FOAM 
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Figure 5.5 Distribution ofSolvent Mole Fraction in Gas in the Model with High Permeability 
in Top Two Hydrocarbon Bearing Layers - In Absence of Foam. 
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GAS MOLE FRACTION (SOLV_C} AT 1825 DAYS 


IN PRESENCE OF FOAM 


1111111111111111111111111111111111111111111 

1111111111111111111111111111111111111111111 

~r~:-==~ :-~-~-~~-;:=~~I~; ~y--~:-,---:·J ,:·;: -- -- ---.---~~ -·~; 

r;:--.---- ---- -------~ 1 

1111 ------- -- -- -,. -- 1
~ 

- ~- - - -- --:- -- -1 
::' ----- -- --,-: I 

------~- ·- - --- -. - ---. ---. I 
- -- -- -.- - --- I . 

111 -- --- .--- -.- -1 
f;- :-- --- - - -1 
r-~:--~-----· 111 
r:· ---- -
: .

;---1 
~,--~. 

1111111 


1.00 

0.90 

0.80 

0.70 

0.60 

0.50 

0.40 

0.30 

0.20 

0.10 

0.00 

Figure 5.6 Distribution ofSolvent Mole Fraction in Gas in the Model with High Permeability 
in Top Two Hydrocarbon Bearing Layers - In Presence of Foam. 



141 


ADSORBED FLUID COMPONENT AT 1825 DAYS 
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Figure 5.7 Distribution ofAdsorbed Fluid Component in the Model with High Permeability 
in Top Two Hydrocarbon Bearing Layers 
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5.3.3 Effect of Well Spacing 

Figure 5. 7 shows the distribution of mole fraction of adsorbed fluid component 

at the end of the run. It can be seen that until this time the surfactant had advanced to 

only half of the inter-well distance. Thus, a smaller spacing ( of say 64 ha against the 

existing 128 ha) is likely to provide a higher incremental oil. The optimization of well 

spacing for foam application, therefore, becomes a key area to be analyzed along-with 

the overall economics. 

5.3.3 Surfactant Requirement vis-a-vis Oil Recovery 

With the adsorption isotherm as determined in the laboratory, the amount of 

surfactant adsorbed over 5 years in all the runs is 85-87% of the surfactant injected. 

Table 4.4 summarizes surfactant requirement in lb/additional STB of oil recovered. With 

the normal permeabilities of base reservoir model it would not be feasible to use 

surfactant for obtaining the incremental oil as the surfactant requirement is excessive 

(232.5 lb/STB). Various cases with a high permeability layer in the top two hydrocarbon 

bearing layers are comparable. In practical field usage, discounted cash flow will have 

to be calculated to select a particular strategy. The South Swan Hill permeability 

distribution too, at 42. 79 lb/STB does not appear to be as attractive as, the case with 

high permeability in the top two hydrocarbon bearing layers. 

The economic evaluation of a foam flood project requires consideration of a 

number of factors including surfactant costs, surface facilities, pump and tank. On the 

revenue side the intangible savings like compression savings and others need to be 

accounted for. The major cost, however is due to surfactant and the major revenue 
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is due to incremental oil production. A comparison of incremental oil production cost 

based on this premise is given in Table 5.1, along with similar costs for EVGSAU 

Table 5 .1 Economics of Foam Process 

SI No Run/Project Oil Cost, Surfactant 
Requirement for US $/STB 
Incremental Oil, (with surfactant 

@ us $ 0.8/lb)* lb/STB 

Base Model, Normal 232.5 186.001. 
Permeabilities 

2. hp_sagl 4.725.90 

hp_sag2 5.54 4.433. 

4. 10.17 8.14hp_sag3 

4.58hp2_sagl 5.735. 

4.25t2r_sagl 5.316. 

42.79 34.237. ssh_sag90 

4.38EVGSAU 5.488. 

Kern River Foam Pilots 9.8/15.1 7.84/12.089. 

* ~ased on Patzek and K01ms (1990) 

(Martin, Stevens and Harpole, 1995) and Kem River Foam pilots (Patzek and Koinis, 

1990). Thus, the model with a high permeability in the top two hydrocarbon bearing 

layers provides economically attractive results comparable with the EVGSAU foam flood, 

and better than the Kem River Foam Pilots. 

5.4 Foam Flood Simulation - State-of-Art 

The simulators capable of comprehensively modelling foam behaviour on a field 

scale are still in the process of evolving. The currently available simulators in the 

http:7.84/12.08
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industry for foam-modelling are, UTCOMP of the University of Texas at Austin , 

M2NOTS of the University of California at Berkeley, SCORPIO of Winfrith, ECLIPSE 

200 of ECL and many others, besides the STARS of the Computer Modelling Group. 

Vassenden and Solheim (1996) present a review of foam-modelling tools. They 

specifically evaluated the ECLIPSE foam option, the foam option of STARS and the 

mechanistic Berkeley model. 

According to them, for many foam properties, the ECLIPSE foam option has a 

flexible and general formulation. A major limitation is cited as the non-physical 

treatment of the surfactant which is considered as a tracer in the gas phase instead of in 

the aqueous phase. This leads to an improper description of surfactant and foam 

transport as well as, segregation of gas and surfactant solution. 

Even though the population balance approach as adopted in M2NOTS may give 

a realistic description of the number of foam lamellae, the model presently relies heavily 

on empirical correlations between the foam lamella density and the gas mobility. 

Presently, no full-field simulator based on population balance formulation is available. 

However, the concept appears promising (Vassenden and Solheim, 1996). 

The foam simulator of Shi and Rossen (1996) is based on a compositional, 

IMPES-type miscible flood simulator, UTCOMP. UTCOMP uses a higher-order 

resolution method to reduce numerical dispersion and grid orientation effects. These 

characteristics make it possible to simulate foam processes in which gas mobility may 

change dramatically as a function of saturations (Shi and Rossen 1996). 

The model SCORPIO (developed at Winfrith) is a general purpose, multiphase, 

multi-component chemical-flood simulator that may be applied to polymer, surfactant, 

or caustic flooding on the field as well as, laboratory scale (Scott, Roberts , Sharpe, 

Clifford and Sorbie, 1987). This simulator was found to be satisfactory for some 

simplified gel calculations by Scott et al ( 1987). 
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According to Vassenden and Solheim (1996), of all the models for foam flooding 

evaluated by them, STARS is the most flexible and reliable simulator. Certain 

limitations and areas for improvement were identified viz. stability of foams close to the 

limiting capillary pressure and characterization of foam rheology by capillary number Ne. 

This capillary number includes effects of both gas and liquid velocities. Khatib, Hirasak.i 

and Falls (1988), experimentally found gas and liquid rates to have separate effects on 

the gas mobility in the presence of foam. Thus, an improvement of the model could 

involve making equation 3.8 explicitly dependent on both water and gas rates (Vassenden 

and Solheim, 1996). 



Chapter 6 

CONCLUSIONS AND RECOMMENDATIONS 


6.1 Conclusions 

The basic purpose of this research was to simulate some selected laboratory and 

field scale foam-floods and to study foam propagation in porous media. The intent was 

to identify conditions which would favour use of foam in improving sweep and oil 

recovery. Based on the results of this research, the following conclusions are made : 

6.1.1 	Laboratory Foam Floods 

1. 	 The pressure drop in laboratory foam-floods in the absence and presence of foam 

was successfully simulated with an empirical foam model by adjusting i) gas 

relative permeability via mobility reduction factor (MRF), ii) an exponent 

affecting the influence of surfactant concentration, and iii) by allowing the foam 

to break-down (or dry-up) near the gas relative permeability end point. 

2. 	 The drying-up or break-down of the foam was incorporated in the relative 

permeability to gas by increasing the krg near S0 r to obtain the pressure match. 

The saturation at which this change was necessary, termed as Sw * varied from 

0.25% to 2.75% for the three experiments simulated in this study. The solution 

to pressure match is non-unique in the sense that different combinations of Sw * 

and MRF could provide similar result. With an increase in the foam quality, 

capillary suction appears to be the main reason for drying-up of the foam in the 

linear core floods. 
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3. 	 The laboratory foam-flood pressure drops could also be matched with a simple 

reaction kinetics model by controlling the decay or coalescence rate of the foam 

(or more accurately by a net effect of foam generation and decay events within 

the porous medium). This amounts to an indirect application of the population 

balance concept (without the need for explicitly inputting various parameters such 

as the number and size of foam bubbles, etc). 

6.1.2 Simulation at Field Scale 

4. 	 For the field scale foam-flood, the rise in injection pressure upon introduction of 

foam was found to be consistent with similar observations in actual foam-tests in 

the field. 

5. 	 For the cases studied, the size of the SAG cycle did not lead to a difference in 

increase of the injection pressure with respect to the baseline pressure. However, 

in a given cycle, the longer surfactant injection period resulted in a higher 

injection pressure. 

6. 	 The introduction of foam dry-up concept via Sw*, in the field scale simulation, 

required a different value of MRF, but various combinations of Sw * and MRF led 

to similar rise in injection pressure. This might be due to dominating influence 

of gravity override and reservoir heterogeneity over the capillary suction effect. 

7. 	 A high value of MRF was found to limit the quantity of solvent injection because 

of a rise in the injection pressure to the levels of fracture pressure, especially 

during the later part of the flood. Thus, for a successful SAG, a foam with an 

optimum (not the maximum) MRF may be desirable. 
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8. 	 The study of incremental oil recovery with respect to the amount of surfactant 

required suggests that the maximum advantage of foam flooding is derived when 

we have high permeability in the upper part of the reservoir. This is because of 

foam's ability to prevent gravity override and channelling. 

9. 	 Successful foam flooding would require a high permeability contrast between 

layers. An extremely heterogeneous (Vdp = 0.99) reservoir may not be a very 

attractive candidate unless the permeability contrast is high. 

6.2 Recommendations 

1. 	 The experimental procedures need to be augmented and modified to enable a 

better history matching and improved interpretations. These include, 

a) generation of oil-water, gas-oil/ gas-water relative permeabilities, in the 

absence and presence of foam, 

b) additional experiments to measure pressure drop at lower foam quality, 

c) accurate measurement of produced effluents, 

d) experiments at varying Darcy velocities to account for velocity effects in 

the empirical foam model, 

e) experiments with different blends of oils to account for light oil mole 

fraction effect in the empirical foam model, 

t) experiments to determine critical oil saturation above which foam can not 

exist in a given situation, 

g) 	 modifications in the equipment to ensure accuracy of the base-line 

pressure measurements and provision of more pressure taps on the core 

to understand linear heterogeneity which could affect pressure gradient. 
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2. 	 For studying gravity override in a given reservoir, it may be worthwhile to 

conduct some foam flood experiments on larger diameter and longer cores. 

3. 	 The drying-up I break-down mechanism on the reservoir scale needs a more in

depth study. 

4. 	 It is recommended to history match a longer duration (3-5 years) foam flood (in 

the field) to further validate the model. 

5. 	 It is known that physical dispersion can interfere with gravity override. Similarly 

numerical dispersion too, can affect the gravity override (Stone, 1982). It would, 

therefore, be useful to study the scale-up process from core to field simulation 

grid level, accounting for dispersion effects due to grid size. 
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Calculation of Adsorption Parameters for use in STARS 

Plateau adsorption level from experiment = 0.2974 mg/g 

Water phase concentration = 0.5 wt% 

Average porosity, </> = 0.0584 

Rock density, Pr = 2.7 g/cm3 

Ad = (0. 2974).mg surfactant_ 1-</>.p g rock _ _3 _ g surf10
s 	 g rock </> r cm3 PV mg surf 

= (0.2974). <1- 0·0584) .(2. 7)(10-3)
(0.0584) 

= _95 * 10_3 g surfactant 12 
cm3 PV 

12.95 * 10-3 __[_lb 1 cm3 
3454 g 35.29 * 10-6.ft3.cm

= 8.08125 * 10-4 lb surf 
ft3 PV 

= 2_6945 * 10_3 lb mole surf 
ft3 PV 

So, 

= _ * 10_3 lb mole surfactant 2 6945[;l .ft3 PV 

But from experiment, 

107500 
B = ----

mass fraction 
3.225 * 107 

= 
mole fraction 

A = (2.6945 * 10-3
) (3.225 * 107

) 

= 8.69 * 104 	 lb surf 
ft3 PV 

http:10-6.ft3.cm
http:2974).mg
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Sequence of Foam Tests in Keybob South Triassic-A Pool 

(Liu and Besserer, 1988) 

Pattern# 1 

Water Injection. 

5 % surfactant solution (10 m3 slug) 

2 weeks of Gas Injection 

2 weeks of Water Injection FIRST TEST 

2 weeks of Gas Injection 

2 weeks of Water Injection 

4 % surfactant solution(lO m3 slug) 

1 week of Gas Injection 

l % surfactant solution( 10 m3 slug) 

1 week of Gas Injection 

2 weeks of Water Injection SECOND TEST 

2 weeks of Gas Injection 

2 weeks of Water Injection 

1 week of Gas Injection 

Slug of Water(lO m3
) 

1 week of Gas Injection 

2 weeks of Water Injection 

2 % surfactant solution( 10 m3 slug) 

1 week of Gas Injection THIRD TEST 

2 % surfactant solution( 10 m3 slug) 

1 week of Gas Injection 
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1 week of Water injection 

2 % surfactant solution(IO m3 slug) 

1 week of Water Injection 

2 % surfactant solution(lO m3 slug) 

1 week of Gas Injection 

2 % surfactant solution(lO m3 slug) 

1 week of Gas Injection 

2 % surfactant solution(lO m3 slug) 

1 week of Gas Injection 

2 % surfactant solution(lO m3 slug) 

1 week of Gas Injection 

2 % surfactant solution(lO m3 slug) 

1 week of Gas Injection 

2 % surfactant solution(l 7 m3 slug) 

1 week of Gas Injection 

FOURTH TEST 
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Sample Input Data Files 

File 1: Simulation of foam-flood in HF5 using Empirical Foam Model 

File 2: Simulation of foam-flood in HFS using Reaction Model 

File 3: Simulation of Kaybob foam test sequence - Empirical Foam Model 

File 4: Simulation of Kaybob Foam Test Sequence - Reaction Model 

File 5: Foam-flood performance in model with high permeability in top 
two hydrocarbon bearing layers - Empirical Foam Model 

File 6: Foam-flood performance in model with high permeability in top 
two hydrocarbon bearing layers - Reaction Model 

File 7: Foam-flood performance in model with permeability distribution 
as in SSHU. 



164 

** ============================================================================= ** 
** ** 
** SAMPLE DATA FILE : 1 ** 
** Sirulation of Laboratory experiments from the report "Core Flood Evaluation ** 
**of Solvent C°""ositional and Wettability Effects on Hydrocarbon Foam ** 
** Performance at reservoir Conditions.", by Karin Mannhardt et al, Apr 95. ** 
** HF5 : methane, oil free core. ** 
** ** 
** ==============================================================================** 
** ======= Input Output Control ============= 
*FILENAMES *OUTPUT *INDEXOUT *MAIN-RESULTS-OUT 

**CHECKONLY 

*TITLE1 'LINEAR FOAM FLOOD' 

*TITLE2 'HF5 : Methane, oil free core' 

*TITLE3 'ONE DIMENSIONAL FOAM FLOOD' 

*INUNIT *LAB 


*WPRN *GRID *TIME 

*OUTPRN *GRID 	 *PRES *SW *SO *SG *KRG *FRCFLOW 

*ADSORP *KRINTER *CAPN 
*MASFR *ADSPCMP **SPECIAL ADSORPTION COMPONENT (MOLE FR) 

*OUTSRF *GRID 	 *PRES *SW *SO *SG *KRG *WATFRFL 
*ADSORP *KRINTER *CAPN 

*ADSPCMP ** Special adsorption c°""onent 
*OUTPRN *WELL *ALL 
*OUTSRF *WELL ** MOLE 

*OUTPRN *ITER *NEWTON 
*OUTPRN *ITER *UNCONV 

*WSRF *WELL 1 
*OUTSRF *SPECIAL *DELP 1 2 
*WSRF *GRID *TIME 
**OUTSRF *GRID *PRES *SW *SO *SG *WATFRFL *ADSORP *KRINTER *CAPN 

** ========== 	 GRID AND RESERVOIR DEFINITION ============ 
*GRID *CART 24 1 1 ** ONE DIMENSIONAL GRID ** 

*KDIR *DOWN 

*DI *CON 0.4570833 *DJ *CON 3.3499378 *DK *CON 3.3499378 

*POR *CON 0.149 

*PRPOR 17300. 

*CPOR 4.5E·07 

*PERM! *CON 10. 

*PERMJ *EQUALS! 

*PERMK *EQUALS! 


** =========== FLUID PROPERTIES ================== 
** nc°"" nuny numx minw 
*MODEL 4 4 3 2 
*COMPNAME 'BRINE' 'SURFACT' 'OIL' 'SOLVENT' 
** 
*CMM 0.01802 0.300 0.216 0.016043 ** Kg/gmol 
*MOLDEN 0.0567 0.00233 3.806E-03 ** 6.227E -03 ** gmol/cm3 
*CP 4.5E-07 4.5E-07 10.E-07 ** 5.8E-05 ** 1/kPa 
*PCRIT 22048. 993. 1475. 4600. ** kPa 
*TCRIT 374.15 527. 434. -82.55 ** Deg C 
*VISCTABLE 

**TEMP 


23. 1.06 1.06 9.054 ** 0.02 **0.03 
85. 0.42 0.42 2.610 ** 0.0173 **0.019 

** Reference Conditions 

*PRSR 17300. *TEMR 85. *PSURF 17300. *TSURF 85. 


** ============= ROCK FLUID PROPERTIES =============== 
** 
*ROCKFLUID 
*KRTYPE *CON 
** 
** =================== 
*RPT 1 
** =================== 
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*INTCOHP 'SURFACT' WATER *INTLIN 
*IFTTABLE **AQ MOLE FRAC !FT 

0.3 13. 
1.0 13. 

** Critical foam parameters to be adjusted 

*FMMOB 800. **Mobility Reduction Factor 
*FMSURF 0.0015 ** Critical Surfactant Concentration, mole fraction 
*FMCAP 0. **Reference Capillary Nl.lllber Value 
*FMGCP 0. 
*FMOIL 0. **Critical Oil Saturation for Foam Tolerence 
*FMOHF O. 

*EPSURF 0. 175 ** Exponent for Surfactant Concentration Contribution 
*EPCAP 0. **Exponent for Capillary Nl.lllber Contribution 
*EPOIL 0. ** Exponent for Oil Saturation Contribution 
*EPGCP 0. 
*EPOHF 0. 
** 
** SET # 1 : No Foam, Corresponding to no Surfactant 
** ================================================= 
** 
*KRINTERP 1 
*DTRAPW 1.0 **No Mobility Reduction 
*SWT 
** SW KRW KROW 
** ---- -- -- --- ------

.5250 .OOOOOE+OO .46700E+OO 

.5500 .65477E-02 .39175E+OO 

.5750 .14035E-01 .32533E+OO 

.6000 .21924E-01 .26715E+OO 

.6250 .30085E-01 .21660E+OO 

.6500 .38455E· 01 .17309E+OO 

.6750 .46995E-01 .13605E+OO 

.7000 .55679E-01 .10488E+OO 

.7250 .64489E-01 .79049E·01 

. 7500 .73410E-01 .57992E-01 

. 7750 .82430E-01 .41177E-01 

.8000 .91542E·01 .28081E-01 

.8250 .10074E+OO .18194E-01 

.8500 .11001E+OO .11025E-01 

.8750 . 11935E+OO .60957E-02 

.9000 .12876E+OO .29517E-02 

.9250 .13824E+OO .11588E-02 

.9500 .14mE+OO .31026E·03 

.9750 .15736E+OO .32613E-04 
1.0000 .16700E+OO .OOOOOE+OO 

*SLT 
** SL KRG KROG 
** 

.5250 .25000E+OO .OOOOOE+OO 

.5500 .18324E+OO .68086E-04 

.5750 .13157E+OO .54468E-03 

.6000 .92277E-01 . 18383E ·02 

.6250 .62987E-01 . 43575E ·02 

.6500 .41657E-01 .85107E-02 

.6750 .26542E·01 . 14706E-01 

.7000 .16172E-01 .23353E-01 

.7250 .93303E-02 .34860E-01 

. 7500 .50289E-02 .49634E-01 

.7750 .24838E-02 .68086E-01 

.8000 .10923E-02 .90622E·01 

.8250 .40850E·03 .11765E+OO 

.8500 .11993E-03 . 14958E+OO 

.8750 .23566E-04 .18683E+OO 

.9000 .20798E-05 .22979E+OO 

.9250 .15425E-07 .27888E+OO 

.9400 .OOOOOE+OO .46700E+OO 
1. .0 .467 

*SWR 0.525 *SORW 0. *SGR 0.06 *SORG 0. *KRGCW 0.25 *KROCW 0.467 
** 
** SET # 2 : Foam Corresponding to Surfactant Concentration of 0. 25 X 
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** =================================================================== 
*KRINTERP 2 

*DTRAPW 0.00125 ** Inverse of MRF (MRF =800) 


*SWT 

** SW KRW KRO 


.5250 .OOOOOE+OO .46700E+OO 


.5500 .654nE-02 .39175E+OO 


.5750 .14035E-01 .32533E+OO 


.6000 .21924E-01 .26715E+OO 


.6250 .30085E-01 .21660E+OO 


.6500 .38455E-01 . 17309E+OO 


.6750 .46995E-01 . 13605E+OO 


.7000 .55679E-01 .10488E+OO 


.7250 .64489E-01 .79049E-01 


.7500 .73410E·01 .57992E-01 


.7750 .82430E-01 .41177E-01 


.8000 .91542E-01 .28081E-01 


.8250 . 10074E+OO .18194E-01 


.8500 .11001E+OO .11025E-01 


.8750 .11935E+OO .60957E-02 


.9000 .12876E+OO .29517E-02 


.9250 . 13824E+OO . 11588E-02 


.9500 .14mE+OO .31026E·03 


.9750 .15736E+OO .32613E-04 

1.0000 •16700E+OO .OOOOOE+OO 


*SLT 
** SL KRG KRO 


.5250 .25000E+OO .OOOOOE+OO **Krg changed from 0.31500E-03 


.5475 .23838E-03 .49634E-04 


.5500 .23088E·03 .68086E-04 


.5525 .22358E-03 .90622E-04 


.5550 .21646E-03 . 11765E·03 


.5575 .20952E-03 . 14958E-03 


.5600 .20276E-03 .18683E·03 


.5625 . 19618E-03 .22979E-03 


.5650 . 189nE-03 .27888E · 03 


.5675 . 18353E · 03 .33450E-03 


.5700 .1n45E·03 .39707E-03 


.5725 .17154E·03 .46700E·03 


.5750 . 16578E-03 .54468E-03 


.6000 . 11627E-03 . 18383E-02 


.6250 .79364E · 04 .43575E-02 


.6500 .52488E-04 .85107E-02 


.6750 .33443E-04 . 14706E · 01 


.7000 .20376E-04 .23353E-01 


.7250 .11756E·04 .34860E-01 


.7500 .63364E·05 .49634E-01 


.7750 .31296E-05 .68086E·01 


.8000 . 13763E-05 .90622E-01 


.8250 .51471E-06 . 11765E+OO 


.8500 .15111E·06 . 14958E+OO 


.8750 .29693E-07 .18683E+OO 


. 9000 .26205E-08 .22979E+OO 


.9250 • 19435E·10 .27888E+OO 


.9400 .OOOOOE+OO .46700E+OO 

1. .OOOOOE+OO .46700E+OO 

** .5425 .25395E-03 .23353E-04 

** .5450 .24607E-03 .34860E·04 

** 

** 

** SET # 3 : Foam Corresponding to Surfactant Concentration of 0.5 % 

** =================================================================== 
*RPT 2 ** Data for surfactant Concentartion of 0.5 % 
*INTCOMP 'SURFACT' WATER *INTLIN 
*IFTTABLE **AQ MOLE FRAC !FT 

0.3 13. 

1. 0 13. 

** 
*FMSURF 0.00030 
*KRINTERP 3 *COPY 1 2 
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** 

** SET # 4 : Foam Corresponding to Surfactant Concentration of 1 % 

** =================================================================== 
** 

*RPT 3 ** Data for surfactant Concentration of 1 % 

** 

*INTCOMP 'SURFACT' WATER *INTLIN 

*IFTTABLE **AO MOLE FRAC !FT 


0.3 13. 

1.0 13. 


*FMSURF 0.00060 

*KRINTERP 4 

*SWT 

** SW KRW KRO 


.5250 .OOOOOE+OO .46700E+OO 


.5500 .65477E -02 .39175E+OO 


.5750 . 14035E-01 .32533E+OO 


.6000 .21924E-01 . 26715E+OO 


.6250 .30085E·01 .21660E+OO 


.6500 .38455E-01 .17309E+OO 


.6750 .46995E-01 •13605E+OO 


.7000 .55679E·01 . 10488E+OO 


. 7250 .64489E-01 .79049E-01 


.7500 .73410E-01 .57992E·01 


.7750 .82430E·01 .41177E-01 


.8000 .91542E-01 .28081E-01 


.8250 . 10074E+OO .18194E-01 


.8500 .11001E+OO .11025E-01 


.8750 . 11935E+OO .60957E-02 


.9000 . 12876E+OO .29517E-02 


.9250 .13824E+OO .11588E-02 


.9500 . 14777E+OO .31026E-03 


.9750 . 15736E+OO .32613E-04 

1.0000 . 16700E+OO .OOOOOE+OO 


*SLT 
** SL KRG KRO 


.5250 .25000E+OO .OOOOOE+OO **Krg changed from 0.31500E·03 


.5425 .25395E-03 .23353E-04 

** .5450 .24607E-03 .34860E·04 


.5475 .23838E-03 .49634E-04 


.5500 .23088E·03 .68086E-04 


.5525 .22358E-03 .90622E-04 


.5550 .21646E-03 . 11765E-03 


.5575 .20952E-03 .14958E-03 


.5600 .20276E·03 .18683E-03 


.5625 . 19618E-03 .22979E-03 


.5650 . 18977E-03 .27888E-03 


.5675 . 18353E ·03 .33450E·03 


.5700 .17745E-03 .39707E-03 


.5725 . 17154E·03 .46700E-03 


.5750 .16578E-03 .54468E-03 


.6000 .11627E-03 .18383E·02 


.6250 .79364E-04 .43575E-02 


.6500 .52488E-04 .85107E-02 


.6750 .33443E-04 . 14706E·01 


.7000 .20376E-04 .23353E-01 


.7250 . 11756E-04 .34860E·01 


.7500 .63364E-05 .49634E-01 


. 7750 .31296E-05 .68086E-01 


.8000 .13763E-05 .90622E-01 


.8250 .51471E-06 .11765E+OO 


.8500 .15111E-06 . 14958E+OO 


.8750 .29693E-07 .18683E+OO 


.9000 .26205E·08 .22979E+OO 


.9250 . 19435E-10 .27888E+OO 


.9400 .OOOOOE+OO .46700E+OO 

1. .OOOOOE+OO .46700E+OO 

************ 
** === ADSORPTION DATA == 
*RANGECHECK *OFF 
*ADSDEN 0.383 
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*RANGECHECK *ON 
*ADSCOMP 'SURFACT' WATER 
*ADMAXT 4.E·07 ** NO MOBILITY EFFECTS ** 
*ADSLANG *TEMP 

120. 8.1E-03 0 2.1E+04 **LANGMUIR CONCENTRATION COEFF AT T = 120 
220. 2.1E-03 0 2.1E+03 **LANGMUIR CONCENTRATION COEFF AT T 220 

*ADSLANG 0.48 0 1500 **LANGMUIR CONC. OEFF INDEPENDENT OF T 


*INITIAL 

*PRES *CON 17300. 

*SW *CON 1.0 **Oil free core 

*TEMP *CON 85. 


*NUMERICAL 

** ===== NUMRICAL CONTROL ========= 
*TFORM *ZT *ISOTHERMAL 
*MAXSTEPS 5000 *NEWTONCYC 25 *NORTH 8 *UNRELAX -1 
*DTMAX 30.0 
*RANGECHECK *OFF 
*NORM *PRESS 100. *ZAQ 0.4 *ZO 0.05 *ZNCG 0.4 
*CONVERGE *PRESS 1. *ZAQ 1.E-05 *ZO 0.001 *ZNCG 0.001 
*RANGECHECK *OFF 

** =========== RECURRENT DATA ================= 

*RUN 
*DATE 1994 08 25 
**TIME 0 
*OTWELL 0.1 
*WELL 1 'INJ' 
*WELL 2 'PROO' 
*PRODUCER 2 
*OPERATE *MAX *BHP 17300. *CONT 
*GEOMETRY K -1 1 1 0 
*PERF 2 ** I J K WI 

24 1 1 2. 0 
**INJECTOR *UNWEIGHT 1 
*INJECTOR *MOBWEIGHT 1 
*OPERATE *WATER/GAS 0.63 ** 38. cc/h 
*INCOMP *WATER 1.0 0 0 ** 0 
*INCOMP *GAS 0. 0. 0. 1.0 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.00189 0.06111 ** fg 0.97 
*TIME 90. 
*ALTER 1 0.64 ** 38.4 cc/h 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.00512 0.05888 ** fg =0.92 

*TIME 210. 
*ALTER 1 0.6217 ** 35.8 cc/h 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.00870 0.05347 ** fg 0.86 
*TIME 330. 
*ALTER 1 0.59167 ** 35.5 cc/h 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.015975 0.04319 ** fg = 0.73 
*TIME 510. ** Preflush of surfactant starts 

*ALTER 1 0.1 ** 6 cc/h water for (125/6)*60 = 1300 mins . 

*INCOMP *WATER 0.99985 0.00015 0 ** Pref lush : Surfactant injected 0.25% wt 

*INCOMP *GAS 0. 0. 0. 1. 

*PERF 1 ** I J K Wlw Wig 


1 1 1 0.01 0.0 ** fg = 0. 
*TIME 1810.2 ** start foam injection 

*ALTER 1 0.63 ** 38. cc/h 
*INCOMP *WATER 0.99985 0.00015 0 ** Surfactant injected 0.25% wt ******* 
*INCOMP *GAS 0 0 0 1. 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.00189 0.06111 ** fg 0.97 
*TIME 2110.2 
*TIME 2410.2 
*TIME 2710.2 
*TIME 3010.2 
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*ALTER 1 0.64 ** 38.4 cc/h 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.00512 0.05888 ** fg = 0.92 
*TIME 3400.2 
*ALTER 1 0.62167 ** 37.3 cc/h 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.008704 0.053463 ** fg = 0.86 
*TIME 3850.2 
*ALTER 1 0.59167 ** 35.5 cc/h 
*PERF 1 ** I J K Wlw Wig

1 1 1 0.015975 0.043192 ** fg = 0.73 
*TIME 4300.2 
*KRSWITCH 2 
*INCOMP *WATER 0.99970 0.00030 0 **Surfactant injected 0.5% wt 
*INCOMP *GAS 0 0 0 1. 
*ALTER 1 0.59 ** 35.4 cc/h
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.00177 0.05723 ** fg =0.97 
*TIME 4600.2 
*ALTER 1 0.6 ** 36. cc/h 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.0048 0.0552 ** fg = 0.92 
*TIME 5020.1 
*ALTER 1 0.62167 ** 37.3 cc/h
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.008704 0.053463 ** fg =0.86 
*TIME 5440.2 
*ALTER 1 0.69167 ** 41.5 cc/h
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.015908 0.053259 ** fg =0.77 
*TIME 6040.2 
*KRSWITCH 3 
*INCOMP *WATER 0.99940 0.00060 0 **Surfactant injected 1% wt 
*INCOMP *GAS 0 0 0 1. 
*ALTER 1 0.63 ** 37.8 cc/h 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.00189 0.06111 ** fg = 0.97 
*TIME 6400.2 
*TIME 6610.2 
*ALTER 1 0.64 ** 38.4 cc/h 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.00512 0.05888 ** fg =0.92 
*TIME 6940.2 
*ALTER 1 0.62167 ** 37.3 cc/h
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.008704 0.053463 ** fg 0.86 
*TIME 7360.2 
*ALTER 1 0.59167 ** 35.5 cc/h 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.015975 0.04319 ** fg =0.73 
*TI ME 7840. 2 
*TIME 8380.2 
*STOP 
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** 
** ** 
** SAMPLE DATA FILE : 2 : REACTION-MODEL ** 
** Simulation of Laboratory experiments from the report "Core Flood Evaluation ** 
**of Solvent C~sitional and Wettability Effects on Hydrocarbon Foam ** 
** Performance at reservoir Conditions." , by Karin Mannhardt et al, Apr 95. ** 
** HF5 : methane, oil free core. ** 
** ** 

** ============================================================================= 

** ==============================================================================** 
* ======= Input Output Control =================== 
*FILENAMES *OUTPUT *INDEXOUT *MAIN-RESULTS-OUT 
**CHECKONLY 
*TITLE1 'LINEAR FOAM FLOOO' 
*TITLE2 'HF5 : Methane, oil free core' 
*TITLE3 'ONE DIMENSIONAL FOAM FLOOO' 
*I NUN IT *LAB 
*WPRN *GRID *TIME 

*OUTPRN *GRID *PRES *SW *SO *SG *KRG *FRCFLOW 
*OUTSRF *GRID *PRES *SW *SO *SG *KRG *WATFRFL 
*OUTPRN *WELL *ALL 
*OUTSRF *WELL ** MOLE 

*OUTPRN *ITER *NEWTON 
*OUTPRN *ITER *UNCONV 

*WSRF *WELL 1 
*OUTSRF *SPECIAL *DELP 2 
*WSRF *GRID *TIME 
**OUTSRF *GRID *PRES *SW *SO *SG *WATFRFL *ADSORP *KRINTER *CAPN 

** ========== GRID AND RESERVOIR DEFINITION ================ 
*GRID *CART 24 1 1 ** ONE DIMENSIONAL GRID ** 

*KDIR *DOWN 

*DI *CON 0.4570833 *DJ *CON 3.3499378 *DK *CON 3.3499378 

*POR *CON 0.149 

*PRPOR 17300. 

*CPOR 4.5E·07 

*PERM! *CON 10. 

*PERMJ *EQUALS! 

*PERMK *EQUALS! 


** =========== FLUID PROPERTIES ================== 
** ncOfll> nuny nunx niinw 

*MODEL 5 5 3 2 


*COMP NAME 'BRINE' 'SURFACT' 'OIL' 'SOLVENT' 'FOAM' 
** ------- 
*CHM 0.01802 0.300 0.216 0.016043 0.016043 ** Kg/gmol 
*MOLDEN 0.0567 0.00233 3.806E· 03 ** 6.227E · 03 ** gmol/cm3 
*CP 4.5E-07 4.5E -07 10.E·07 ** 5.8E-05 ** 1/kPa 
*PCRIT 22048. 993. 1475. 4600. 4600. ** kPa 
*TCRIT 374.15 527. 434. ·82 . 55 -82.44 ** Deg C 

*VISCTABLE 
**TEMP BRINE SURFACTANT OIL 

23. 0.0 1.06 9.054 ** 0.02 **0.03 
85. 0.0 0.42 2.610 ** 0.0173 **0.019 

*AVG ** BRINE SURFACT OIL SOLVENT FOAM(to be adjusted) 
0.012 0.012 0.012 0.013 300. **1.e+02 **8000. **1000.0 

*BVG ** BRINE SURFACT OIL SOLVENT FOAM 
0.0 0.0 0.0 0.0 0.0 

** Reference Conditions 

*PRSR 17300. *TEMR 85. *PSURF 17300. *TSURF 85. 


** FOAM FORMING REACTION ==================================== 
** surfactant + brine + solvent ·· ·> foam 
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** 0.0001kg + 0.0001kg + 1kg ·-·> 1.0002kg 
** BRINE SUR FACT OIL SOLVENT FOAM 
*storeac 16.648169 1.0 0.0 186997.44 0.0 
*stoprod 0.0 0.0 0.0 0.0 187034.84 
*rorder 1.0 1.0 0.0 1.0 0.0 
*freqfac 5.e+04 ** to be adjusted 
*eact 0.0 
*renth 0.0 

** FOAM DECAY REACTION ==================================== 
** foam -- -> brine + solvent 

** 1.0002kg ---> 0.0002kg + 1kg 

** BRINE SURFACT OIL SOLVENT FOAM 

*storeac 0.0 0.0 0.0 0.0 , .o 

*stoprod 0.00017802211 0.0 0.0 0.9998 0. 

*rorder 0.0 0.0 0.0 0.0 1.0 

*freqfac 0. 95e+03 ** to be adjusted 

*eact 0.0 

*renth 0.0 

*02CONC 


** ROCK FLUID PROPERTIES 
** ===================== 
*ROCKFLUID 
*SI.IT 
** SW KRW KRO\I 
** ----·--- ----·----

.5250 . OOOOOE+OO .46700E+OO 


.5500 .65477E-02 .39175E+OO 


.5750 . 14035E-01 .32533E+OO 


.6000 .21924E-01 .26715E+OO 


.6250 .30085E-01 .21660E+OO 


.6500 .38455E-01 . 17309E+OO 


.6750 .46995E-01 .13605E+OO 


.7000 .55679E-01 .10488E+OO 


.7250 .64489E-01 .79049E-01 


.7500 .73410E-01 .57992E-01 


.mo .82430E-01 .41177E-01 


. 8000 .91542E-01 .28081E-01 


.8250 .10074E+OO .18194E-01 


.8500 .11001E+OO .11025E -01 


.8750 .11935E+OO .60957E-02 


.9000 .12876E+OO .29517E-02 


.9250 . 13824E+OO . 11588E-02 


.9500 .14777E+OO .31026E-03 


.9750 .15736E+OO .32613E-04 

1.0000 . 16700E+OO .OOOOOE+OO 

*SLT 
** SL KRG KROG 
** -·-----

.5250 .25000E+OO .OOOOOE+OO 


.5500 .18324E+OO .68086E-04 


.5750 .13157E+OO .54468E-03 


.6000 .92277E -01 .18383E-02 


.6250 .62987E-01 .43575E-02 


.6500 .41657E-01 .85107E -02 


.6750 .26542E-01 .14706E-01 


.7000 .16172E-01 .23353E-01 


.7250 .93303E-02 .34860E-01 


.7500 .50289E-02 .49634E-01 


.7750 .24838E-02 . 68086E·01 


.8000 .10923E-02 .90622E·01 


.8250 .40850E-03 .11765E+OO 


.8500 .11993E-03 .14958E+OO 


.8750 .23566E-04 .18683E+OO 

•9000 • 20798E-05 . 22979E+OO 

.9250 .15425E-07 .27888E+OO 

. 9400 .OOOOOE+OO .46700E+OO 

1. .0 .467 

*SWR 0.525 *SORW 0. *SGR 0.06 *SORG 0. *KRGCW 0.25 *KROCW 0.467 

http:187034.84
http:186997.44
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*INITIAL 

*PRES *CON 17300. 

*SW *CON 1.0 **Oil free core 

*TEMP *CON 85. 


** ===== NUMRICAL CONTROL ====================== 
*NUMERICAL 
*TFORM *ZT *ISOTHERMAL 
*MAXSTEPS 5000 *NEWTONCYC 25 *NORTH 8 *UNRELAX ·1 
*DTMAX 30.0 
*RANGECHECK *OFF 
*NORM *PRESS 100. *ZAQ 0.4 *ZO 0.05 *ZNCG 0.4 
*CONVERGE *PRESS 1. *ZAQ 1.E-05 *ZO 0.001 *ZNCG 0.001 
*RANGECHECK *OFF 
*MATBALTOL 1.e-06 

** =========== RECURRENT DATA ================= 
*RUN 
*DATE 1994 08 25 
**TIME 0 
*OTWELL 0. 1 
*WELL 1 'INJ' 
*WELL 2 'PROO' 
*PRODUCER 2 
*OPERATE *MAX *BHP 17300. *CONT 
*GEOMETRY K ·1 1 1 0 
*PERF 2 ** I J K WI 

24 1 1 2.0 
**INJECTOR *UNWEIGHT 1 
*INJECTOR *MOBWEIGHT 1 
*OPERATE *WATER/GAS 0.63 ** 38. cc/h 
*INCOMP *WATER 1.0 0 0 
*INCOMP *GAS 0. 0. 0. 1.0 0. 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.00189 0.06111 ** fg 0.97 
*TIME 90. 
*ALTER 1 0.64 ** 38.4 cc/h 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.00512 0.05888 ** fg 0.92 

*TIME 210. 
*ALTER 1 0.6217 ** 35.8 cc/h 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.00870 0.05347 ** fg =0.86 
*TIME 330. 
*ALTER 1 0.59167 ** 35.5 cc/h 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.015975 0.04319 ** fg =0.73 
*TIME 510. ** Preflush of surfactant starts 

*ALTER 1 0.1 ** 6 cc/h water for (125/6)*60 = 1300 mins. 

*INCOMP *WATER 0.99985 0.00015 0 ** Pref lush Surfactant injected 0.25% wt 

*INCOMP *GAS O. 0. 0. 1. 0. 

*PERF 1 ** I J K Wlw Wig 


1 1 1 0.01 0.0 ** fg =0. 
*TIME 1810.2 ** start foam injection 

*ALTER 1 0.63 ** 38. cc/h 
*INCOMP *WATER 0.99985 0.00015 0 ** Surfactant injected 0.25% wt ******* 
*INCOMP *GAS 0. 0 0 1. 0. 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.00189 0.06111 ** fg 0.97 
*TIME 2110.2 
*TIME 2410.2 
*TIME 2710.2 
*TIME 3010.2 
*ALTER 1 0.64 ** 38.4 cc/h 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.00512 0.05888 ** fg 0.92 
*TIME 3400.2 
*ALTER 1 0.62167 ** 37.3 cc/h 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.008704 0.053463 ** fg 0.86 
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*TIME 3850.2 
*ALTER 1 0.59167 ** 35.5 cc/h
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.015975 0.043192 ** fg =0.73 
*TIME 4300.2 
*INCOMP *WATER 0.99970 0.00030 0 **Surfactant injected 0.5% wt 
*INCOMP *GAS 0. O. 0. 1. 0. 
*ALTER 1 0.59 ** 35.4 cc/h 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.00177 0.05723 ** fg = 0.97 
*TIME 4600. 2 
*ALTER 1 0.6 ** 36 . cc/h 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.0048 0. 0552 ** fg =0.92 
*Tl ME 5020. 1 
*ALTER 1 0.62167 ** 37.3 cc/h 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.008704 0.053463 ** fg = 0.86 
*TIME 5440.2 
*ALTER 1 0.69167 ** 41.5 cc/h
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.015908 0.053259 ** fg =0.77 
*TIME 6040.2 
*INCOMP *WATER 0.99940 0.00060 0 **Surfactant injected 1% wt 
*INCOMP *GAS 0. 0 0 1. 0. 
*ALTER 1 0.63 ** 37.8 cc/h 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.00189 0.06111 ** fg =0.97 
*TIME 6400.2 
*TIME 6610.2 
*ALTER 1 0.64 ** 38.4 cc/h 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.00512 0.05888 ** fg =0.92 
*TIME 6940.2 
*ALTER 1 0.62167 ** 37.3 cc/h 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.008704 0.053463 ** fg = 0.86 
*TIME 7360.2 
*ALTER 1 0.59167 ** 35.5 cc/h 
*PERF 1 ** I J K Wlw Wig 

1 1 1 0.015975 0.04319 ** fg =0.73 
*TIME 7840.2 
*TIME 8380.2 
*STOP 
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** ============================================================================= ** 
** ** 
** SAMPLE DATA FILE : 3 ** 
** 41x1x16 FOAM FLOOD for mobility correction ** 
** KAYBOB FOAM TEST SEQUENCE - FMMOB =40 ** 
** ============================================================================= ** 

*Filenames *OUTPUT *INDEX-OUT *MAIN-RESULTS-OUT 
*INDEX-IN 'basewi.irf' *MAIN-RESULTS-IN 'basewi.mrf' 

**CHECKONLY 

*TITLE1 'Cross section 2-16 to 12-15' 

*TITLE2 ' Keybob Tests - FMMOB = 40 ' 

*CASEID 'CASE t4' 

*INUNIT *FIELD 


*WSRF *GRID *TIME 

*WSRF *WELL 1 

*WRST *TIME 


*RESTART 

*OUTPRN *GRID *PRES *SO *SG *SW *Y *X 

*OUTPRN *WELL *BRIEF **ALL 

*OUTPRN *ITER *NEWTON **BRIEF 


*OUTSRF *GRID *SO *SG *SW *PRES *Y *PERMI *PERMK 

*OUTSRF *WELL *DOWNHOLE *BLOCKP *LAYER *ALL 

*OUTSRF *SPECIAL *AVGVAR *PRES 0 

*WPRN *GRID *TIME *WPRN *ITER 1 


**-----RESERVOIR DATA-----

*GRID *CART 41 1 16 

*kdir *down 

*DI *CON 64.3 

*DJ *CON 20 

*DK *con 8.32 

*DTOP *CON 9274. 


*VAMOO 2 100. 1 

*VATYPE *CON 2 


*NULL *IJK 

1:41 1:1 1:2 0 
1:3 1:1 6:6 0 
1:2 1:1 11:11 0 
36:41 1:1 8:8 0 

*POR *ALL 
*INCLUDE par.inc 
**modified vol1.111e of block in y direction to replicate 
** converging and diverging flow 
*MOO 
2:2 1 1:16 * 2.12 
3:3 1 1:16 * 3.25 
4:4 1 1 :16 * 4.37 
5:5 1 1:16 * 5.49 
6:6 1 1:16 * 6.62 
7:7 1 1:16 * 7.74 
8:8 1 1:16 * 8.86 
9:9 1 1 1:16 * 9.99 
10:10 1:1 1:16 * 11.11 
11:11 1:1 1:16 * 12.24 
12:12 1:1 1:16 * 13.36 
13:13 1:1 1:16 * 14.48 
14:14 1:1 1:16 * 15.61 
15:15 1:1 1:16 * 16.73 
16:16 1:1 1:16 * 17.85 
17:17 1:1 1:16 * 18.98 
18:18 1:1 1:16 * 20.1 
19:19 1:1 1:16 * 21.22 
20:20 1:1 1:16 * 22.35 
21:21 1:1 1:16 * 23.47 
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40:40 1:1 1:16 * 2.12 
39:39 1:1 1:16 * 3.25 
38:38 1:1 1:16 * 4.37 
37:37 1:1 1:16 * 5.49 
36:36 1:1 1:16 * 6.62 
35:35 1:1 1:16 * 7.74 
34:34 1:1 1:16 * 8.86 
33:33 1:1 1:16 * 9.99 
32:32 1:1 1:16 * 11.11 
31:31 1:1 1:16 * 12.24 
30:30 1:1 1:16 * 13.36 
29:29 1:1 1:16 * 14.48 
28:28 1:1 1:16 * 15.61 
27:27 1:1 1:16 * 16.73 
26:26 1:1 1:16 * 17.85 
25:25 1:1 1:16 * 18.98 
24:24 1:1 1:16 * 20.1 
23:23 1:1 1:16 * 21.22 
22:22 1:1 1:16 * 22.35 

1:41 1:1 1:16 I 100 

*PERM! *ALL 
*INCLUDE perm.inc 
** modified perm in x direction to replicate converging and diverging flow 
*HOO 
2:2 1:1 16 * 2.12 
3:3 1:1 16 * 3.25 
4:4 1:1 16 * 4.37 
5:5 1:1 16 * 5.49 
6:6 1:1 16 * 6.62 
7:71:1 16*7.74 
8:8 1:1 16 * 8.86 
9:9 1:1 1 16 * 9.99 
10:10 1:1 1:16 * 11.11 
11:11 1:1 1:16 * 12.24 
12:12 1:1 1:16 * 13.36 
13:13 1:1 1:16 * 14.48 
14:14 1:1 1:16 * 15.61 
15:15 1:1 1:16 * 16.73 
16:16 1:1 1:16 * 17.85 
17: 17 1 : 1 1 : 16 * 18. 98 
18:18 1:1 1:16 * 20.1 
19:19 1:1 1:16 * 21.22 
20:20 1:1 1:16 * 22.35 
21:21 1:1 1:16 * 23.47 
40:40 1:1 1:16 * 2.12 
39:39 1:1 1:16 * 3.25 
38:38 1:1 1:16 * 4.37 
37:37 1:1 1:16 * 5.49 
36:36 1:1 1:16 * 6.62 
35:35 1:1 1:16 * 7.74 
34:34 1:1 1:16 * 8.86 
33:33 1:1 1:16 * 9.99 
32:32 1:1 1:16. 11.11 
31:31 1:1 1:16. 12.24 
30:30 1:1 1:16 * 13.36 
29:29 1:1 1:16. 14.48 
28:28 1:1 1:16 * 15.61 
27:27 1:1 1:16 * 16.73 
26:26 1:1 1:16. 17.85 
25:25 1:1 1:16. 18.98 
24:24 1:1 1:16 * 20.1 
23:23 1:1 1:16. 21.22 
22:22 1:1 1:16. 22.35 

*PERHJ *EQUALS! 

*PERHK *EQUALS! * 0.3000 


** INTROOUCE VERTICAL TRANSHISSIBILITY BARRIERS 

*TRANSK *IJK 

1:5 1:1 4:4 0 
1:8 1:1 7:7 0 
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1:4 1:1 8:8 0 

**compressibility from Goose River waterflood simul study 
*CPOR 5.SE-06 
*PRPOR 2800.0 

**---COMPONENT PROPERTIES------ ------- --- - --- -
** ncomp nuny m.mx m.mw 
*MODEL 5 5 5 2 ** 5 components,Solvent as condensible component 
*COMPNAME 'WATER' 'SUR FACT' 'OIL' 'GAS' 'SOLV_C' **(For Solv_c use K Values of Soln Gas) 
** --------- - 

CMM 0.00 300.0 300.0 22.0189 22 . 0189 ** mol weights 

PCRI T 0.00 0.0 0.0 666.99 666.99 ** Pc of gas 

TCRIT 0.00 0.0 0.0 -116.60 -116.60 ** Tc of gas 

KV1 0.00 0.0 0.0 15564. 15564. ** 1st coeff Kvalues 

KV2 0.00 0.0 0.0 -.000026 -.000026 ** 2nd coeff Kvalues 

KV3 1e-6 0.0 0.0 12.603 12.603 ** 3rd coeff Kva l ues 

KV4 0.00 0.0 0.0 -1583.7 -1583.7 ** 4th coeff Kvalues 

KVS 0.00 0.0 0.0 -446.78 -446.78 ** 5th coeff Kvalues 

MASSO EN 0.00 55. 18 55.18 21.19 21.19 ** prtial molliq den 

CP 0.00 4. E-6 1.47E -5 1.47E-5 1 .47E-5 ** l iq compres 1/psi 

CT1 0.00 1.067E-3 1 .067E-3 1.067E-3 1.067E-3 ** 1st coeff of therm ex 


PRSR 14.7 ** reference pressure corresponding to the density on MASSDEN 

TEMR 60.0 ** reference temp corresponding to the density on MASSDEN 

PSURF 14.7 **pressure at surface, for reporting well rates, etc. 

TSURF 60.0 **temperature at surface, for reporting well rates, etc. 


*VISCTABLE 


** dead gas Solvent Live 

** Water Surf oil Viscosity Vicosity Oil 

** Temp Viscosity Vise Viscosity in liquid in Liquid Viscosity 

** CO=default) cp cp cp cp cp 

** 
 =========== ---- ========= ========= ========= ========= 

40. .25 .25 .7900 .2341 .2341 ** .3777 
55. .25 .25 .7900 .2341 .2341 ** .3777 
60. . 25 .25 .7900 .2341 .2341 ** .3777 

185. .25 .25 . 7900 .2341 .2341 ** .3777 

*ROCKFLUID 

********************************************************* 

**Rock-fluid Property Section 

********************************************************** 


*RPT 1 **Relative permeability curve #1 

*RTYPE *CON 1 

*INTCOMP 'SURFACT' WATER *INTLIN 

*IFTTABLE **AQ MOLE FRAC I FT 


0.3 13. 
1.0 13. 


** Critical Foam Parameters to be Adjusted. 

*FMSURF 0.0030 ** Corresponds to 5 % surfactant. 

*FMCAP 0. 

*FMGCP 0. 

*FMMOB 40. 

*FMOIL 0. 

*FMOMF 0. 


*EPSURF 0.5 

*EPCAP 0. 

*EPOIL 0. 

*EPGCP 0. 

*EPOMF 0. 


*KRINTERP 1 

*DTRAPW 1 


*SWT **Water-oil relative permeability table #1 

** sw krw krow pcow 


0.20 o.o 1.00 0.0 

0.2275 0.0242 0.9647 0.0 


0.255 0.0446 0.9439 0. 0 
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0.2825 0.07 0.8976 0. 0 
0.31 0.0975 0.8381 0.0 

0.3375 0.1274 0. 7325 0.0 

0.365 0.1606 0.5525 0.0 

0.3925 0.1959 0.3684 0.0 

0.42 0. 2335 0.2192 0.0 

0.4475 0.2723 0.1621 0.0 

0.475 0.3126 0.1272 0.0 

0.5025 0.3556 0.0865 0.0 

0.53 0.4002 0.0573 0.0 

0.5575 0.4463 0. 0357 0.0 

0.585 0.4942 0. 0172 0.0 

0.6125 0.5451 0.0048 0.0 

0.64 0.6 o.o 0.0 
1.0 1.0 0.0 0.0 

*SLT ** Liquid·gas relative permeability table #1 
** sl krg krog pcow 

0.3 1.0 0.0 0. 0 
0.58 0.183 o.o 0.0 

0.60594 0.15385 0.00968 0.0 

0.63188 0.13569 0.01234 0.0 

0.65781 0. 12364 0.01824 0.0 

0.68375 0. 11202 0.02644 0.0 

0. 70969 0.10094 0.03749 0.0 
0. 73563 0.09049 0.05187 0.0 

0.76156 0.08030 0.07069 0.0 

0.78750 0.06998 0.09513 0.0 

0.81344 0.05981 0.12733 0.0 

0 . 83937 0. 04938 0. 17142 0.0 

0.86531 0.03899 0.22884 0.0 

0.89125 0.02964 0.30327 0.0 

0.91719 0.02197 0.40381 0.0 

0.94312 0.01461 0.54799 0.0 

0.96906 0.00755 0. 74165 0. 0 

0.995 0.0 0 .99999 0.0 
1.0 0.0 1. 0 o.o 


*KRINTERP 2 *COPY 1 1 

*KRGCW 0. 004575 

*DTRAPW 0.025 ** Inverse of MRF CMRF = 40) 


** === ADSORPTION DATA ======== 
*ADSDEN 0.18393 ** 55.18/300 

*ADSCOMP 'SURFACT' WATER 

*ADMAXT 2.6945e· 3 **No mobil i ty effects 

*ADSLANG 8 . 69e+4 0 3.225e+7 **Lang11J.Jir cone coeff independent of T 

*ADRT 1.3472e-3 **(0.5 of ADMAXT) 


*INITIAL 
************************************************************************** 
** Ini t i al Conditions Section 
************************************************************************** 

*PRES *con 2828. 

*TEMP *CON 185 . ** Us i ng t~rature setting of lab foam tes ts 


*SW *ijk 

32 :41 1 1:12 .42 
1:31 1 1:12 .2 
2:41 1 13:16 .42 
1:1 1 13:16 . 2 

*SO *i jk 
32 :41 1 1: 12 .58 
1:31 1 1:12 .8 
2:41 1 13:16 .58 
1:1 1 13:16 .8 

*MOLEFRAC OIL CON 0.0 0.0 .393257 .606743 0. 

** ============== NUMERICAL CONTROL ====================== 
*NUMERICAL **Al l these can be defaulted. 
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*MAXSTEPS 2000 *NORTH 8 *NEWTONCYC 15 *ITERMAX 30 **AIM *STAB 
*UNRELAX -1 *SDEGREE 3 *DTMAX 100 
*TFORM *ZT *ISOTHERMAL 
*PIVOT *ON 

*NORM *PRESS 290. *SATUR 0.1 *TEMP 100 *ZO 0.2 *ZAQ 0.2 *ZNCG 0.2 
*CONVERGE *PRESS 0.2 *TEMP 0.5 *ZO 0.02 *ZAQ 0.02 *ZNCG 0.02 
*MATBALTOL 1.E-06 

**MAXSTEPS 1 
**-------------- WELL and RECURRENT DATA ------·--- 
*RUN 
*DATE 1990 4 1 

*DTMIN 0.003 

*OTWELL 0.01 


*GEOMETRY *K 0.25 0.34 1.0 10.0 

*WELL 1 'PRODUCER' 

*WELL 2 '!NJ W' 

*WELL 3 'INJ-S' 


*PRODUCER 1 
*DOWN HOLE 


*OPERATE *MAX *LIQUID 276.7 **(res cond) 

*OPERATE *MIN *BHP 2500.0 *CONT **REPEAT 

*OPERATE *MAX *LIQUID 276.7 

**MONITOR *MAX *WCUT 0.99 

**MONITOR *MAX *GOR 10000.0 *STOP 


*PERF *GEO 1 ** res bbl-cp/day-psi 

41 1 3:5 493.17554 

41 1 7:7 493.17554 

41 1 9:10 493.17554 

41 1 11 : 12 493. 17554 


*INJECTOR 2 

*OPERATE *MAX *WATER 270. 

*OPERATE *MAX *BHP 10000.0 *CONT **REPEAT 

*OPERATE *MAX *WATER 270. 

*INCOMP *WATER 1. 0. 0. 0. 0. ** Inject Water 

*TINJW 185. 


*PERF 2 ** WI res bbl/day-psi
1 1 4:4 38.046 
1 1 5:5 34.068 
1 1 8:8 38.046 

1 1 12: 12 68.034 

1 1 13:13 68.034 


*INJECTOR 3 
*OPERATE *MAX *GAS 60646.483 
*OPERATE *MAX *BHP 10000.0 *CONT **REPEAT 
*OPERATE *MAX *GAS 60646.483 
*INCOMP *GAS 0. o. 0. o. 1. ** Inject condensible solvent 
*TINJW 185. 

*PERF 3 ** WI res bbl/day-psi (200 times water WI) 
1 1 4:5 7600. 
1 1 8:8 7600. 

1 1 12:12 12600. 

1 1 13:13 12600. 


*SHUTIN 3 

*TIME 50. 

*OUTSRF *GRID *REMOVE *PERM! *PERMK 

*TIME 365. 


** =========== First Test ==================== 
*INJECTOR 2 



*INCOMP 	 *WATER 0.9970 0.0030 O. 0. 0. ** Inject 5 % surfactant 
*OUTPRN 	 *GRID *PRES *SO *SG *SW *Y *X **MOLDENO *MOLDENG *MOLDENW 

*ADSORP *KRINTER *KRG **FRCFLOW 
**MASFR *ADSPCMP 

**OUTPRN *ITER *UNCONV 
*OUTSRF *GRID *SO *SG *PRES *Y 

*ADSORP *KRINTER *ADSPCMP 
*TIME 365.23 ** Inject 10 m3 of surfactant solutuion. 

*SHUTIN 2 *OPEN 3 
**OUTPRN *ITER *UNCONV 
*TIME 380. ** 2 Weeks of solvent injection. 

*SHUTIN 3 *OPEN 2 

*ALTER 2 270. 

*INCOMP *WATER 1. 0. 0. 0. 0. 


*TIME 394. ** 2 Weeks of water injection.
*SHUTJN 2 *OPEN 3 

*TIME 408. ** 2 Weeks of solvent injection.
*SHUTIN 3 *OPEN 2 

*TIME 422. ** 2 Weeks of water injection . 
** =========================================== 

** =========== Second Test ==================== 
*INCOMP *WATER 0.9976 0.0024 0. 0. 0. ** Inject 4 % surfactant 

*TIME 422.23 ** Inject 10 m3 of surfactant solutuion. 
*SHUTIN 2 *OPEN 3 

*TIME 430. ** 1 Week of solvent injection. 
*SHUTIN 3 *OPEN 2 
*INCOMP *WATER 0.9994 0.0006 0. 0. 0. ** Inject % surfactant 

*TIME 430.23 ** Inject 10 m3 of surfactant solutuion. 
*SHUTIN 2 *OPEN 3 

*TIME 438. ** 1 Week of solvent injection.
*SHUTIN 3 *OPEN 2 
*ALTER 2 270. 
*INCOMP *WATER 1. 0. O. 0. 0. 

*TIME 450. ** 2 Weeks of water injection. 
*SHUTIN 2 *OPEN 3 

*TIME 464. ** 2 Weeks of solvent injection. 
*SHUTIN 3 *OPEN 2 

*TIME 478. ** 2 Weeks of water injection. 
*SHUTIN 2 *OPEN 3 

*TIME 485. ** 1 Week of solvent injection. 
*SHUTIN 3 *OPEN 2 

*TIME 485.23 ** Inject 10 m3 of surfactant solutuion. 
*SHUTIN 2 *OPEN 3 

*TIME 493. ** 1 Week of solvent injection 
** =========================================== 
** ============ THIRD TEST ================== 

*SHUTIN 3 *OPEN 2 
*TIME 507. ** 2 Weeks of water injection. 

*INCOMP *WATER 0.9988 0.0012 0. 0. 0. ** Inject 2 % surfactant 
*TIME 507.23 ** Inject 10 m3 of surfactant solutuion. 

*SHUTIN 2 *OPEN 3 
*TIME 515. ** 1 week of solvent injection. 

*SHUTIN 3 *OPEN 2 
*INCOMP *WATER 0.9988 0.0012 0. 0. 0. ** Inject 2 % surfactant 

*TIME 515.23 ** Inject 10 m3 of surfactant solutuion. 
*SHUTIN 2 *OPEN 3 

*TIME 523. ** 1 Week solvent injection. 
*SHUTIN 3 *OPEN 2 
*INCOMP *WATER 1.0 0. 0. 0. 0. 

*TIME 530. ** 1 Week of water injection. 
*INCOMP *WATER 0.9988 0.0012 0. 0. 0. ** Inject 2 % surfactant 

*TIME 530.23 ** Inject 10 m3 of surfactant solution. 
*INCOMP *WATER 1. 0 0. 0. 0. O. 

*TIME 538. ** 1 Week of water injection. 
** ============================================= 
** ============ FOURTH TEST ====================== 

*INCOMP *WATER 0.9988 0.0012 0. 0. O. ** Inject 2 % surfactant 
*TIME 538.23 

*SHUTIN 2 *OPEN 3 
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*TIME 546. ** 1 Week solvent injection. 
*SHUTIN 3 *OPEN 2 
*INJECTOR 2 
*INCOMP *WATER 0.9988 0.0012 0. 0. 0. ** Inject 2 % surfactant 

*TIME 546.23 
*SHUTIN 2 *OPEN 3 

*TIME 554. ** 1 Week solvent injection. 
*SHUTIN 3 *OPEN 2 
*INJECTOR 2 
*INCOMP *WATER 0.9988 0.0012 0. O. 0. ** Inject 2 % surfactant 

*TIME 554.23 ** Inject 10 m3 of surfactant solution. 
*SHUTIN 2 *OPEN 3 

*TIME 562. ** 1 Week solvent injection. 
*SHUTIN 3 *OPEN 2 
*INJECTOR 2 
*INCOMP *WATER 0.9988 0.0012 0. O. 0. ** Inject 2 % surfactant 

*TIME 562.23 ** Inject 10 m3 of surfactant solution. 
*SHUTIN 2 *OPEN 3 

*TIME 569. ** 1 Week solvent injection.
*SHUTIN 3 *OPEN 2 
*INJECTOR 2 
*INCOMP *WATER 0.9988 0.0012 0. O. 0. ** Inject 2 % surfactant 

*TIME 569.25 
*SHUTIN 2 *OPEN 3 

*TIME 576. ** 1 Week solvent injection. 
*SHUTIN 3 *OPEN 2 
*INJECTOR 2 
*INCOMP *WATER 0.9988 0.0012 0. 0. 0. ** Inject 2 % surfactant 

*TIME 576.396 ** Inject 17 m3 of surfactant solution. 
*SHUTIN 2 *OPEN 3 

*TIME 583. ** 1 Week solvent injection. 

*STOP 

*TIME 730. 


*TIME 1095. 

*TIME 1460. 

*TIME 1825. *STOP ** (5 yrs) 




181 

** ============================================================================= ** 
** ** 
** SAMPLE DATA FILE : 4 ** 
** 41x1x16 FOAM FLOOD for mobility correction ** 
** KEYBOB FOAM TEST SEQUENCE : Reaction Model ** 
** Vise =300 Freq =2.25e+2 (forward reaction) ** 
** ============================================================================= ** 

*Filenames *OUTPUT *INDEX-OUT *MAIN-RESULTS-OUT 
*INDEX-IN 'tlr.irf' *MAIN-RESULTS-IN 'tlr.mrf' 

**CHECKONLY 

*TITLE1 'Cross section 2-16 to 12-15' 

*TITLE2 ' KEYBOB TEST SEQUENCE' 

*CASE ID 't2r' 

*INUNIT *FIELD 


*l.ISRF *GRID *TIME 

*l.ISRF *IJELL 1 

*IJRST *TIME 


*RESTART 35 ** restart after 365 days 
*OUTPRN *GRID *PRES *SO *SG *SI.I *Y *X 
*OUTPRN *l.IELL *BRIEF **ALL 
*OUTPRN * ITER *NEl.ITON **BRIEF 

*OUTSRF *GRID *SO *SG *SI.I *PRES *Y *PERMI *PERMK 
*OUTSRF *\JELL *DOIJNHOLE *LAYER *ALL 
*OUTSRF *SPECIAL *AVGVAR *PRES 0 
*l.IPRN *GRID *TIME *l.IPRN *ITER 10 

**-- - --RESERVOIR DATA----- 
*GRID *CART 41 1 16 
*kdir *down 
*DI *CON 64.3 
*DJ *CON 20 
*DK *con 8.32 
*DTOP *CON 9274. 

*VAMOO 2 100. 1 
*VATYPE *CON 2 

*NULL *IJK 
1:41 1:1 1:2 0 
1:3 1:1 6:6 0 
1:2 1:1 11:11 0 
36:41 1:1 8:8 0 

*POR *ALL 
*INCLUDE por.inc 
**modified volune of block in y direction to replicate 
** converging and diverging flow 
*MOO 
2:2 1:1 16 * 2.12 
3:3 1:1 16 * 3.25 
4:4 1:1 16 * 4.37 
5:5 1:1 16 * 5.49 
6:6 1:1 16 * 6.62 
7:71:1 16*7.74 
8:8 1 :1 16 * 8.86 
9:9 1:1 1 16 * 9.99 
10:10 1:1 1:16 * 11.11 
11:11 1:1 1:16 * 12.24 
12:12 1:1 1:16 * 13.36 
13:13 1:1 1:16 * 14.48 
14:14 1:1 1:16 * 15.61 
15:15 1:1 1 16 * 16. 73 
16:16 1:1 1 16 * 17.85 
17:17 1:1 1 16 * 18.98 
18:18 1:1 1 16 * 20.1 
19:19 1:1 1 16 * 21.22 
20:20 1:1 1 16 * 22.35 
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21:21 1:1 1:16 * 23.47 
40:40 1:1 1:16 * 2.12 
39:39 1:1 1:16 * 3.25 
38:38 1:1 1:16 * 4.37 
37:37 1:1 1:16 * 5.49 
36:36 1:1 1:16 * 6.62 
35:35 1:1 1:16 * 7.74 
34:34 1:1 1:16 * 8.86 
33:33 1:1 1:16 * 9.99 
32:32 1:1 1:16 * 11.11 
31:31 1:1 1:16 * 12.24 
30:30 1:1 1:16 * 13.36 
29:29 1:1 1:16 * 14.48 
28:28 1:1 1:16 * 15.61 
27:27 1:1 1:16 * 16.73 
26:26 1:1 1:16 * 17.85 
25:25 1:1 1:16 * 18.98 
24:24 1:1 1:16 * 20.1 
23:23 1:1 1:16 * 21.22 
22:22 1:1 1:16 * 22.35 
1:41 1:1 1:16 I 100 

*PERMI *ALL 
*INCLUDE perm.inc 
**modified perm in x direction to replicate converging and diverging flow 
*MOO 
2:2 1:1 1:16 * 2.12 
3:3 1:1 1:16 * 3.25 
4:4 1:1 1:16 * 4.37 
5:5 1:1 1:16 * 5.49 
6:6 1:1 1 16 * 6.62 
7:7 1:1 1 16 * 7.74 
8:8 1:1 1 16 * 8.86 
9:9 1:1 1 16 * 9.99 
10:10 1:1 1:16 * 11.11 
11:11 1:1 1:16 * 12.24 
12:12 1:1 1:16 * 13.36 
13:13 1:1 1:16 * 14.48 
14:14 1:1 1:16 * 15.61 
15:15 1:1 1:16 * 16.73 
16:16 1:1 1:16 * 17.85 
17:17 1:1 1:16 * 18.98 
18:18 1:1 1:16 * 20.1 
19:19 1:1 1:16 * 21.22 
20:20 1:1 1:16 * 22.35 
21:21 1:1 1:16 * 23.47 
40:40 1:1 1:16 * 2.12 
39:39 1:1 1:16 * 3.25 
38:38 1:1 1:16 * 4.37 
37:37 1:1 1:16 * 5.49 
36:36 1:1 1:16 * 6.62 
35:35 1:1 1:16 * 7.74 
34:34 1:1 1:16 * 8.86 
33:33 1:1 1:16 * 9.99 
32:32 1:1 1:16 * 11.11 
31:31 1:1 1:16 * 12.24 
30:30 1:1 1:16 * 13.36 
29:29 1:1 1:16 * 14.48 
28:28 1:1 1:16 * 15.61 
27:27 1:1 1:16 * 16.73 
26:26 1:1 1:16 * 17.85 
25:25 1:1 1:16 * 18.98 
24:24 1:1 1:16 * 20.1 
23:23 1:1 1:16 * 21.22 
22:22 1:1 1:16 * 22.35 

*PERMJ *EQUALS! 

*PERMK *EQUALS! * 0.3000 


** INTROOUCE VERTICAL TRANSMISSIBILITY BARRIERS 

*TRANSK *IJK 

1:5 1:1 4:4 0 
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1:8 1:1 7:7 0 
1:4 1:1 8:8 0 

** COflllressibility from Goose River waterflood silllJl study 
*CPOR 5.5E-06 
*PRPOR 2800.0 

**---COMPONENT PROPERTIES--------------------- 
** nc°"" m.1ny nunx nllllW 
*MOOEL 6 6 5 2 
*COMPNAME 'WATER' 'SUR FACT' 'OIL' 'GAS' 'SOLV_C' 'FOAM' 
** 

CMM 0.00 300.0 300.0 22.0189 22.0189 22.0189 
PCRIT 0.00 0.0 0.0 666.99 666.99 666.99 
TCRIT 0.00 0.0 0.0 -116.60 -116.60 -116.60 
KV1 0.00 0.0 0.0 15564. 15564. ** 1st coeff Kvalues 
KV2 0.00 0.0 0.0 -.000026 -.000026 **2nd coeff Kvalues 
KV3 1e-6 0.0 0.0 12.603 12.603 ** 3rd coeff Kvalues 
KV4 0.00 0.0 0.0 -1583.7 -1583.7 ** 4th coeff Kvalues 
KVS 0.00 0.0 0.0 -446.78 -446.78 **5th coeff Kvalues 
MASSDEN 0.00 55. 18 55. 18 21. 19 21.19 ** prtial molliq den 
CP 0.00 4.E-6 1 .47E-5 1.47E-5 1.47E-5 ** liq c°""res 1/psi 
CT1 0.00 1 .067E-3 1 .067E-3 1 .067E-3 1.067E-3 ** 1st coeff of therm ex 

PRSR 14.7 ** reference pressure corresponding to the density on MASSDEN 

TEMR 60.0 ** reference t~ corresponding to the density on MASSDEN 

PSURF 14.7 ** pressure at surface, for reporting well rates, etc. 

TSURF 60.0 ** ten.,erature at surface, for reporting well rates, etc. 


*VISCTABLE 


** dead gas Solvent 

** Water Surf oil Viscosity Vicosity 

** T~ Viscosity Vise Viscosity in liquid in Liquid 

** CO=default) cp cp cp cp 

** =========== ========= ========= ========= 

40. .25 .25 .7900 .2341 .2341 
55. .25 .25 .7900 .2341 .2341 
60. .25 .25 .7900 .2341 .2341 

185. .25 .25 .7900 .2341 .2341 

** Gas Phase Viscosity 
*AVG ** BRINE SURFACT OIL GAS SOLV C FOAM 

0.012 0.012 0.012 0.012 0.013 300. 

*BVG ** BRINE SUR FACT OIL GAS SOLV_C FOAM 


0. 0. 0. 0. o. 0. 

**FOAM FORMING REACTION ============================= 

** brine + surfact + solv_c ---> foam 

** 0.0001 lb+ 0.0001 lb+ 1 lb---> 1.0002 lb 

** BRINE SURFACT OIL GAS SOLV C FOAM 

*STOREAC 16.648169 1. 0. 0. 136239.78 0. 

*STOPROO 0. 0. 0. 0. 0. 136512.26 

*FREQFAC 2.25e+02 **5.5e+01 ** 5.5E+04 

*EACT 0. 

*RENTH 0. 

**FOAM DECAY REACTION =============================== 

** foam ---> brine + solv c 

** 1.0002 lb ---> 0.0002 lb+ 1 lb
** BRINE SURFACT OIL GAS SOLV C FOAM 

*STOREAC 0. O. 0. 0. 0.- 1.0 

*STOPROO 2.443Se-04 0. 0. 0. 0.9998 0. 

*FREQFAC 1.4e+OO ** 1.4e+03 

*EACT 0. 

*RENTH 0. 

*02CONC 


*ROCKFLUID 

********************************************************* 

**Rock-fluid Property Section 

********************************************************** 

*RPT 1 **Relative permeability curve #1 


http:136512.26
http:136239.78
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*RTYPE *CON 

*SWT **Water-oil relative permeability table #1 

** sw krw krow pcow 


0.20 	 o.o 1.00 0.0 

0.2275 0.0242 0.9647 0. 0 


0.255 0.0446 0.9439 0.0 
0. 2825 0.07 0.8976 0.0 
0.31 0.0975 0.8381 0.0 

0.3375 0.1274 0.7325 0.0 

0.365 0.1606 0.5525 0.0 

0.3925 0.1959 0.3684 0.0 

0.42 0.2335 0.2192 0.0 

0.4475 0.2723 0.1621 0.0 

0 . 475 0.3126 0.1272 0.0 

0.5025 0.3556 0.0865 0.0 

0.53 0.4002 0.0573 0.0 

0.5575 0.4463 0.0357 0.0 

0.585 0.4942 0.0172 0.0 

0.6125 0.5451 0.0048 0. 0 

0 . 64 0.6 0.0 0 .0 
1.0 1.0 0.0 0.0 

*SLT ** Liquid-gas relative permeability table #1 

** sl krg krog pcow 


0.3 1.0 0.0 0.0 
0.58 0. 183 0.0 0.0 

0.60594 0.15385 0.00968 0.0 

0.63188 0.13569 0.01234 0.0 

0.65781 0. 12364 0.01824 0.0 

0.68375 0.11202 0.02644 0. 0 

0 . 70969 0. 10094 0.03749 0.0 
0 . 73563 0.09049 0.05187 0. 0 

0.76156 0.08030 0.07069 0.0 

0. 78750 0.06998 0.09513 0.0 

0.81344 0.05981 0.12733 0.0 

0.83937 0.04938 0. 17142 0.0 

0.86531 0.03899 0.22884 0.0 

0.89125 0.02964 0.30327 0.0 

0.91719 0.02197 0.40381 0.0 

0.94312 0.01461 0.54799 0.0 

0.96906 0.00755 0.74165 0.0 

0.995 0.0 0.99999 0.0 
1.0 0.0 1.0 0.0 

** === ADSORPTION DATA ======== 
*ADSDEN 0.18393 ** 55.18/300 
*ADSCOMP 'SURFACT' WATER 
*ADMAXT 2.6945e-3 **No mobility effects 
*ADSLANG 8.69e+4 0 3.225e+7 **Langmuir cone coeff independent of T 
*ADRT 1.3472e-3 **(0.5 of ADMAXT) 

*INITIAL 
************************************************************************** 
** Initial Conditions Section 
************************************************************************** 

*PRES *con 2828. 

*TEMP *CON 185. 


*SW *ijk 

32:41 1 1:12 .42 
1:31 	 1 1:12 .2 
2:41 	 1 13:16 .42 
1:1 1 13:16 . 2 

*SO *ijk 
32:41 1 1:12 .58 
1:31 	 1 1:12 .8 
2:41 	 1 13 : 16 .58 
1:1 1 13:16 .8 

*MOLEFRAC Oil CON 0.0 0.0 .393257 .606743 0. 
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** ============== NUMERICAL CONTROL ====================== 
*NUMERICAL **All these can be defaulted. 

*MAXSTEPS 200 *NORTH 8 *NEWTONCYC 15 *ITERMAX 30 **AIM *STAB 
*UNRELAX ·1 *SDEGREE 3 *DTMAX 100 
*TFORM *ZT *ISOTHERMAL 

*NORM *PRESS 150. *SATUR 0.1 *TEMP 100 *ZO 0.2 *ZAQ 0.2 *ZNCG 0.2 
*CONVERGE *PRESS 0.2 *TEMP 0.5 *ZO 0.02 *ZAQ 0.02 *ZNCG 0.02 
*MATBALTOL 1.E-06 

**MAXSTEPS 1 
**·············· WELL and RECURRENT DATA ··········· 
*RUN 
*DATE 1990 4 1 

*DTMIN 0.003 

*OTWELL 0.01 


*GEOMETRY *K 0.25 0.34 1.0 10.0 

*WELL 1 'PRODUCER' 

*WELL 2 INJ W'
I 

*WELL 3 'INJ=S' 

*PRODUCER 1 
*DOWN HOLE 


*OPERATE *MAX *LIQUID 276.7 **(res cond) 

*OPERATE *MIN *BHP 2500.0 *CONT **REPEAT 

*OPERATE *MAX *LIQUID 276.7 

**MONITOR *MAX *WCUT 0.99 

**MONITOR *MAX *GOR 10000.0 *STOP 


*PERF *GEO 1 ** res bbl·cp/day·psi

41 1 3:5 493.17554 **1.0e03 

41 1 7:7 493.17554 **1.0e03 

41 1 9:10 493.17554 **1.0e03 

41 1 11:12 493.17554 **1.0e03 


*INJECTOR 2 

*OPERATE *MAX *WATER 270. 

*OPERATE *MAX *BHP 8000.0 *CONT **REPEAT 

*OPERATE *MAX *WATER 270. 

*INCOHP *WATER 1. 0. 0. 0. 0. ** Inject Water 

*TJNJW 185. 


*PERF 2 ** WI res bbl/day·psi 
1 1 4:4 38.046 **1.0e+3 
1 1 5:5 34.068 **1.0e+3 
1 1 8:8 38.046 **1.0e+3 

1 1 12:12 68.034 **1.0e+3 

1 1 13:13 68.034 **1.0e+3 


*INJECTOR 3 
*OPERATE *MAX *GAS 60646.483 
*OPERATE *MAX *BHP 8000.0 *CONT **REPEAT 
*OPERATE *MAX *GAS 60646.483 
*INCOHP *GAS 0. 0. 0. 0. 1. 0. ** Inject condensible solvent 
*TJNJW 185. 

*PERF 3 ** WI res bbl/day·psi (200 times water WI) 
1 1 4:5 7600. **0. 041175e+6 
1 1 8:8 7600. **0.041175e+6 

1 1 12:12 12600. **0. 041175e+6 

1 1 13:13 12600. **0. 041175e+6 


*SHUT! N 3 

*TIME 50. 

*OUTSRF *GRID *REMOVE *PERM! *PERMK 

*TIME 365. 

** =========== First Test ==================== 
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*INJECTOR 2 
*INCOMP *WATER 0.9970 0.0030 0. 0. 0. ** Inject 5 X surfactant 

*OUTPRN 	 *GRID *PRES *SO *SG *SW *Y *X *MOLDENO *MOLDENG *MOLDENW 
*ADSORP *KRINTER *KRG *FRCFLOW 
*MASFR *ADSPCMP 

**OUTPRN *ITER *UNCONV 
*OUTSRF *GRID *SO *SG *SW *PRES *Y 

*ADSORP *KRINTER *ADSPCMP 
*TIME 365.23 ** Inject 10 m3 of surfactant solutuion. 

*SHUTIN 2 *OPEN 3 
*TIME 380. ** 2 Weeks of solvent injection. 

*SHUTIN 3 *OPEN 2 
*ALTER 2 270. 
*INCOMP *WATER 1. 0. 0. 0. 0. 

*TIME 394. ** 2 Weeks of water injection. 
*SHUTIN 2 *OPEN 3 

*TIME 408. ** 2 Weeks of solvent injection. 
*SHUTIN 3 *OPEN 2 

*TIME 422. ** 2 Weeks of water injection. 
** =========================================== 
** =========== Second Test ==================== 

*INCOMP *WATER 0.9976 0.0024 0. 0. 0. ** Inject 4 X surfactant 
*TIME 422.23 ** Inject 10 m3 of surfactant solutuion. 

*SHUTIN 2 *OPEN 3 
*TIME 430. ** 1 Week of solvent injection. 

*SHUTIN 3 *OPEN 2 
*INCOMP *WATER 0.9994 0.0006 0. 0. 0. ** Inject X surfactant 

*TIME 430.23 ** Inject 10 m3 of surfactant solutuion. 
*SHUTIN 2 *OPEN 3 

*TIME 438. ** 1 Week of solvent injection. 
*SHUTIN 3 *OPEN 2 
*ALTER 2 270. 
*INCOMP *WATER 1. 0. 0. 0. 0. 

*TIME 450. ** 2 Weeks of water injection. 
*SHUTIN 2 *OPEN 3 

*TIME 464. ** 2 Weeks of solvent injection. 
*SHUTIN 3 *OPEN 2 

*TIME 478. ** 2 Weeks of water injection. 
*SHUTIN 2 *OPEN 3 

*TIME 485. ** 1 Week of solvent injection. 
*SHUTIN 3 *OPEN 2 

*TIME 485.23 ** Inject 10 m3 of surfactant solutuion. 
*SHUTIN 2 *OPEN 3 

*TIME 493. ** 1 Week of solvent injection 
** =========================================== 
** ============ THIRD TEST ================== 

*SHUTIN 3 *OPEN 2 
*TIME 507. ** 2 Weeks of water injection. 

*INCOMP *WATER 0.9988 0.0012 0. 0. 0. ** Inject 2 X surfactant 
*TIME 507.23 ** Inject 10 m3 of surfactant solutuion. 

*SHUTIN 2 *OPEN 3 
*TIME 515. ** 1 week of solvent injection. 

*SHUTIN 3 *OPEN 2 
*INCOMP *WATER 0.9988 0.0012 0. 0. 0. ** Inject 2 X surfactant 

*TIME 515.23 ** Inject 10 m3 of surfactant solutuion. 
*SHUTIN 2 *OPEN 3 

*TIME 523. ** 1 Week solvent injection. 
*SHUTIN 3 *OPEN 2 
*INCOMP *WATER 1.0 0. 0. 0. 0. 

*TIME 530. ** 1 Week of water injection. 
*INCOMP *WATER 0.9988 0.0012 0. 0. 0. ** Inject 2 X surfactant 

*TIME 530.23 ** Inject 10 m3 of surfactant solution. 
*INCOMP *WATER 1.0 0. 0. O. 0. 

*TIME 538. ** 1 Week of water injection. 
** ============================================= 
** ============ FOURTH TEST ====================== 

*INCOMP *WATER 0.9988 0.0012 0. 0. 0. ** Inject 2 X surfactant 
*TIME 538.23 

*SHUTIN 2 *OPEN 3 
*TIME 546. ** 1 Week solvent injection. 
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*SHUTIN 3 *OPEN 2 
*INJECTOR 2 
*INCOMP *WATER 0.9988 0.0012 0. 0. 0. ** Inject 2 % surfactant 

*TIME 546.23 
*SHUTIN 2 *OPEN 3 

*TIME 554. ** 1 Week solvent injection.
*SHUTIN 3 *OPEN 2 
*INJECTOR 2 
*INCOMP *WATER 0.9988 0.0012 0. 0. 0. ** Inject 2 % surfactant 

*TIME 554.23 ** Inject 10 m3 of surfactant solution. 
*SHUTIN 2 *OPEN 3 

*TIME 562. ** 1 Week solvent injection.
*SHUTIN 3 *OPEN 2 
*INJECTOR 2 
*INCOMP *WATER 0.9988 0.0012 0. 0. 0. ** Inject 2 % surfactant 

*TIME 562.23 ** Inject 10 m3 of surfactant solution. 
*SHUTIN 2 *OPEN 3 

*TIME 569. ** 1 Week solvent injection.
*SHUTIN 3 *OPEN 2 
*INJECTOR 2 
*INCOMP *WATER 0.9988 0.0012 0. 0. 0. ** Inject 2 % surfactant 

*TIME 569.23 
*SHUTIN 2 *OPEN 3 

*TIME 576. ** 1 Week solvent injection.
*SHUTIN 3 *OPEN 2 
*INJECTOR 2 
*INCOMP *WATER 0.9988 0.0012 0. 0. 0. ** Inject 2 % surfactant 

*TIME 576.396 ** Inject 17 m3 of surfactant solution. 
*SHUTIN 2 *OPEN 3 

*TIME 583. ** 1 Week solvent injection. 

*STOP 

*TIME 730. 

*TIME 1095. 

*TIME 1460. 

*TIME 1825. *STOP ** (5 yrs) 
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** ============================================================================= 
** 
** SAMPLE DATA FILE : 5 
** 41x1x16 FOAM FLCXlO for mobility correction 
** HIGH PERMEABILITY IN TOP TWO H-C LAYERS ========== 
** INJECT Surfactant Solution for 90 days following 365 days of WF 
** Follow it with : INJECT 1 % Surfactant FMMOB =25 
** Cycle 23 days Surf Soln + 67 days solvent 
** ============================================================================= 
*Filenames *OUTPUT *INDEX-OUT *MAIN-RESULTS-OUT 

*INDEX-IN 'hp sag1.irf' *MAIN-RESULTS-IN 'hp_sag1.mrf'
**CHECKONLY 

*TITLE1 'Cross section 2-16 to 12-15' 

*TITLE2 'SAG of 90 days cycle' 

*CASEID 'hp_sag1r'

*INUNIT *FIELD 


*WSRF *GRID *TIME 

*WSRF *WELL 1 

*WRST *TIME 


*RESTART 414 

*OUTPRN *GR ID *PRES *SO *SG *SW *Y *X 

*OUTPRN *WELL *BRIEF **ALL 

*OUTPRN *ITER *NEWTON **BRIEF 


*OUTSRF *GRID *SO *SG *SW *PRES *Y *PERM! *PERMK 

*OUTSRF *WELL *DOWNHOLE *BLOCKP *LAYER *ALL 

*OUTSRF *SPECIAL *AVGVAR *PRES 0 

*WPRN *GRID *TIME *WPRN *ITER 1 


**-----RESERVOIR DATA-----

*GRID *CART 41 1 16 

*kdir *down 

*DI *CON 64.3 

*DJ *CON 20 

*DK *con 8.32 

*DTOP *CON 9274. 


*VAMOO 2 100. 1 

*VATYPE *CON 2 


*NULL *IJK 

1:41 1:1 1:2 0 
1:3 1:1 6:6 0 
1:2 1:1 11:11 0 
36:41 1:1 8:8 0 

*POR *ALL 
*INCLUDE por.inc 
**modified volune of block in y direction to replicate 
** converging and diverging flow 

*MOO 
2:2 1:1 1:16 * 2.12 
3:3 1:1 1:16 * 3.25 
4:4 1 1 1:16. 4.37 
5:5 1 1 1:16. 5.49 
6:6 1 1 1:16 * 6.62 
7:7 1 1 1:16. 7.74 
8:8 1 1 1:16. 8.86 
9:9 1 1 1:16. 9.99 
10:10 1:1 1:16 * 11.11 
11:11 1:1 1:16. 12.24 
12:12 1:1 1:16. 13.36 
13:13 1:1 1:16 * 14.48 
14:14 1:1 1:16 * 15.61 
15:15 1:1 1:16. 16.73 
16: 16 1 : 1 1 : 16 * 17. 85 
17:17 1:1 1:16 * 18.98 

** 
** 
** 
** 
** 
** 
** 
** 
** 
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18:18 1 1 1 16 * 20.1 
19:19 1 1 1 16 * 21.22 
20:20 1 1 1 16 * 22.35 
21:21 1:1 1:16 * 23.47 
40:40 1:1 1:16 * 2.12 
39:39 1:1 1:16 * 3.25 
38:38 1:1 1:16 * 4.37 
37:37 1:1 1:16 * 5.49 
36:36 1:1 1:16 * 6.62 
35:35 1:1 1:16 * 7.74 
34:34 1:1 1:16 * 8.86 
33:33 1:1 1:16 * 9.99 
32:32 1:1 1:16 * 11.11 
31:31 1:1 1:16 * 12.24 
30:30 1:1 1:16 * 13.36 
29:29 1:1 1:16 * 14.48 
28:28 1:1 1:16 * 15.61 
27:27 1:1 1:16 * 16.73 
26:26 1:1 1:16 * 17.85 
25:25 1:1 1:16 * 18.98 
24:24 1:1 1:16 * 20.1 
23:23 1:1 1:16 * 21.22 
22:22 1:1 1:16 * 22.35 

1:41 1:1 1:16 I 100 

*PERM! *ALL 
*INCLUDE perm.inc 
** modified perm in x direction to replicate converging and diverging flow 

*MOO 
2:2 1:1 1:16 * 2.12 
3:3 1:1 1:16 * 3.25 
4:4 1:1 1:16 * 4.37 
5:5 1:1 1:16 * 5.49 
6:6 1:1 1:16 * 6.62 
7:7 1:1 1:16 * 7.74 
8:8 1:1 1:16 * 8.86 
9:9 1:1 1:16 * 9.99 
10:10 1:1 1:16 * 11.11 
11:11 1:1 1:16 * 12.24 
12:12 1:1 1:16 * 13.36 
13:13 1:1 1:16 * 14.48 
14:14 1:1 1:16 * 15.61 
15:15 1:1 1:16 * 16.73 
16:16 1:1 1:16 * 17.85 
17:17 1:1 1:16 * 18.98 
18:18 1:1 1:16 * 20.1 
19:19 1:1 1:16 * 21.22 
20:20 1:1 1:16 * 22.35 
21:21 1:1 1:16 * 23.47 
40:40 1:1 1:16 * 2.12 
39:39 1:1 1:16 * 3.25 
38:38 1:1 1:16 * 4.37 
37:37 1:1 1:16 * 5.49 
36:36 1:1 1:16 * 6.62 
35:35 1:1 1:16 * 7.74 
34:34 1:1 1:16 * 8.86 
33:33 1:1 1:16 * 9.99 
32:32 1:1 1:16 * 11.11 
31:31 1:1 1:16 * 12.24 
30:30 1:1 1:16 * 13.36 
29:29 1:1 1:16 * 14.48 
28:28 1:1 1:16 * 15.61 
27:27 1:1 1:16 * 16.73 
26:26 1:1 1:16 * 17.85 
25:25 1:1 1:16 * 18.98 
24:24 1:1 1:16 * 20.1 
23:23 1:1 1:16 * 21.22 
22:22 1:1 1:16 * 22.35 

**High permeability in top two layers 
1:41 1:1 3:4 * 50. 
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*PERMJ *EQUALSI 
*PERMK *EQUALSI * 0.3000 

** INTRODUCE VERTICAL TRANSMISSIBILITY BARRIERS 
*TRANSK *IJK 
1:5 1:1 4:4 0 
1:8 1:1 7:7 0 
1:4 1:1 8:8 0 

** corrpressibility from Goose River waterflood sin-.il study 
*CPOR 5.5E·06 
*PRPOR 2800.0 

**---COMPONENT PROPERTIES-------- - -- - ------ - -- 
** ncorrp m.my m.mx nLmW 
*MODEL 5 5 5 2 ** 5 corrponents,Solvent as condensible corrponent 
*COMPNAME 'WATER' 'SUR FACT' 'OIL' 'GAS' 'SOLV_C' **(For Solv_c use K Values of Soln Gas) 
** ---------- 

CMM 0.00 300.0 300.0 22.0189 22.0189 ** mol weights 

PCRIT 0.00 o.o o.o 666.99 666.99 ** Pc of gas 

TCRIT 0.00 0.0 0.0 -116.60 -116.60 ** Tc of gas 

KV1 0.00 0.0 0.0 15564. 15564. ** 1st coeff Kva l ues 

KV2 0.00 0.0 0.0 -.000026 -.000026 ** 2nd coeff Kvalues 

KV3 1e-6 0.0 0.0 12.603 12.603 ** 3rd coeff Kvalues 

KV4 0.00 0.0 0.0 -1583.7 -1583. 7 ** 4th coeff Kvalues 

KVS 0.00 0.0 0.0 -446.78 -446.78 ** 5th coeff Kvalues 

MASSD EN 0.00 55. 18 55. 18 21.19 21.19 ** prtial molliq den 

CP 0.00 4.E -6 1 .47E-5 1 .47E-5 1.47E-5 ** liq corrpres 1/psi 

CT1 0.00 1.067E-3 1.067E-3 1.067E-3 1.067E-3 ** 1st coeff of therm ex 


PRSR 14.7 ** reference pressure corresponding to the density on MASSDEN 

TEMR 60.0 ** reference t~ corresponding to the density on MASSDEN 

PSURF 14.7 **pressure at surface, for reporting well rates, etc. 

TSURF 60.0 ** t~rature at surface, for reporting well rates, etc. 


*VISCTABLE 


** dead gas Solvent Live 

** Water Surf oil Viscosity Vicosity Oil 

** T~ Viscosity Vise Viscosity in liquid in Liquid Viscosity 

** (O=default) cp cp cp cp cp 

** 
 ----- =========== ---- ========= ========= ========= ========= 

40. .25 .25 .7900 .2341 .2341 ** .3777 
55. .25 .25 .7900 .2341 .2341 ** .3777 
60. .25 .25 .7900 .2341 .2341 ** .3777 

185. .25 .25 .7900 .2341 .2341 ** .3777 

*ROCKFLUID 

********************************************************* 

**Rock-fluid Property Section 

********************************************************** 


*RPT 1 **Relative permeability curve #1 

*RTYPE *CON 1 

*INTCOMP 'SURFACT' WATER *INTLIN 

*IFTTABLE **AQ MOLE FRAC IFT 


0.3 13. 
1.0 13. 


** Critical Foam Parameters to be Adjusted. 

*FMSURF 0.0006 ** Corresponds to 1 % surfactant. 

*FMCAP 0. 

*FMGCP 0. 

*FMMOB 25. 

*FMOIL 0. 

*FMOMF 0. 


*EPSURF 0.5 

*EPCAP 0. 

*EPOIL 0. 

*EPGCP 0. 

*EPOMF 0. 
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*KRINTERP 1 
*DTRAP\.I 1 

*S\.IT **\.later-oil relative permeability table #1 
** sw krw krow pcow 

0.20 0.0 1.00 0.0 
0 . 2275 0.0242 0.9647 0.0 

0.255 	 0.0446 0.9439 0.0 
0.2825 0.07 0.8976 0.0 
0.31 0.0975 0.8381 0.0 

0.3375 0.1274 0.7325 0.0 

0.365 0.1606 0.5525 0.0 

0.3925 0.1959 0.3684 0.0 

0. 42 0.2335 0.2192 0.0 

0.4475 0.2723 0.1621 0.0 

0.475 0.3126 0.1272 0.0 

0.5025 0.3556 0.0865 0.0 

0.53 0.4002 0.0573 0.0 

0.5575 0.4463 0.0357 0.0 

0.585 0.4942 0.0172 0.0 
0 . 6125 0.5451 0.0048 o.o 
0.64 0.6 0.0 0.0 
1.0 1.0 0.0 0.0 

*SLT ** Liquid-gas relative permeability table #1 
** sl krg krog pcow 
** 0.3 1.0 0.0 0.0 
0.58 0.183 0.0 0.0 

0.60594 0.15385 0.00968 0.0 

0.63188 0.13569 0.01234 0.0 

0.65781 0.12364 0.01824 0.0 

0.68375 0.11202 0.02644 0.0 

0.70969 0.10094 0.03749 0.0 

0.73563 0.09049 0.05187 0.0 

0.76156 0.08030 0.07069 0.0 

0. 78750 0.06998 0.09513 0.0 

0.81344 0.05981 0.12733 0.0 

0.83937 0.04938 0.17142 0.0 

0.86531 0.03899 0.22884 0.0 

0.89125 0.02964 0.30327 0.0 

0.91719 0.02197 0.40381 0.0 

0.94312 0.01461 0.54799 0.0 

0.96906 0.00755 0.74165 0.0 

0.995 0.0 0.99999 0.0 
1.0 0.0 1.0 0.0 

*KRINTERP 2 *COPY 1 1 
*KRGC\.I 0.00732 
*DTRAP\.I 0.04 **Inverse of MRF CMRF 25) 

** === ADSORPTION DATA ======== 
*ADSDEN 0.18393 ** 55.18/300 
*ADSCOMP 'SURFACT' \.IATER 
*ADMAXT 2 .6945e-3 **No mobility effects 
*ADSLANG 8.69e+4 0 3.225e+7 **Langm.Jir cone coeff independent of T 
*ADRT 1.3472e-3 **C0.5 of ADMAXT) 

*INITIAL 
************************************************************************** 
** Initial Conditions Section 
************************************************************************** 

*PRES *con 2828. 

*TEMP *CON 185. 


*S\.I *ijk 

32:41 1 1:12 .42 
1:31 	 1 1:12 .2 
2:41 	 1 13:16 .42 
1:1 1 13:16 .2 

*SO *i jk. 
32:41 1 1:12 .58 
1:31 	 1 1:12 .8 
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2:41 1 13:16 .58 
1:1 1 13:16 .8 

*MOLEFRAC OIL CON 0.0 0.0 .393257 .606743 0. 

** ============== NUMERICAL CONTROL ====================== 
*NUMERICAL **All these can be defaulted. 

*MAXSTEPS 2000 *NORTH 8 *NEWTONCYC 15 *ITERMAX 30 **AIM *STAB 
*UNRELAX -1 *SDEGREE 3 *DTMAX 100 
*TFORM *ZT *ISOTHERMAL 
*PIVOT *ON 

*NORM *PRESS 290. *SATUR 0.1 *TEMP 100 *ZO 0.2 *ZAQ 0.2 *ZNCG 0.2 
*CONVERGE *PRESS 0.2 *TEMP 0.5 *ZO 0.02 *ZAQ 0.02 *ZNCG 0.02 
*MATBALTOL 1.E-06 

**MAXSTEPS 1 
**-------------- WELL AND RECURRENT DATA ---------- 
*RUN 
*DATE 1990 4 1 

*DTMIN 0.003 

*OTWELL 0.01 


*GEOMETRY *K 0.25 0.34 1.0 10.0 

*WELL 1 'PRODUCER' 

*WELL 2 '!NJ W' 

*WELL 3 'INJ:s• 


*PRODUCER 1 

*DOWN HOLE 


*OPERATE *MAX *LIQUID 276.7 **(res cond) 


*OPERATE *MIN *BHP 2500.0 *CONT **REPEAT 

*OPERATE *MAX *LIQUID 276.7 

**MONITOR *MAX *WCUT 0.99 

**MONITOR *MAX *GOR 10000.0 *STOP 


*PERF *GEO 1 ** res bbl-cp/day-psi 

41 1 3:5 493.17554 

41 1 7:7 493.17554 

41 1 9: 10 493.17554 

41 1 11: 12 493.17554 


*INJECTOR 2 

*OPERATE *MAX *WATER 270. 

*OPERATE *MAX *BHP 9000.0 *CONT **REPEAT 

*OPERATE *MAX *WATER 270. 

*INCOMP *WATER 1. 0. 0. 0. 0. ** Inject Water 

*TINJW 185. 


*PERF 2 ** WI res bbl/day-psi 
1 1 4:4 38.046 
1 1 5:5 34.068 
1 1 8:8 38.046 

1 1 12: 12 68.034 

1 1 13:13 68.034 


*INJECTOR 3 
*OPERATE *MAX *GAS 60646.483 
*OPERATE *MAX *BHP 9000.0 *CONT **REPEAT 
*OPERATE *MAX *GAS 60646.483 
*INCOMP *GAS 0. 0. 0. 0. 1. ** Inject condensible solvent 
*TINJW 185. 

*PERF 3 ** WI res bbl/day-psi 
1 1 4:5 7600. 
1 1 8:8 7600. 

1 1 12:12 12600. 
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1 1 13:13 12600. 

*SHUTIN 3 


*TIME 50. 

*OUTSRF *GRID *REMOVE *PERMI *PERMK 

*TIME 365. 


*OUTPRN 	 *GRID *PRES *SO *SG *SW *Y *X 
*ADSORP *KRINTER *KRG *FRCFLOW 
*MASFR *ADSPCMP 

**OUTPRN *ITER *UNCONV 
*OUTSRF *GRID *SO *SG *SW *PRES *Y 

*ADSORP *KRINTER *ADSPCMP 

*INJECTOR 2 

*INCOMP *WATER 0.9994 0.0006 0. 0. 0. ** Inject 1 % surfactant 

*TIME 455. ** 90 days of sur factant injection for adsorption requirement.

*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 522 . 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 545 . 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 612. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 635. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 702. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 725 . 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 792 . 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 815. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 882 . 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 905. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 972. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 995. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1062. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1085 . 
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*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1152. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1175. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1242. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1265. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1332. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1355. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1422 . 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1445. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1512. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1535 . 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1602 . 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1625. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1692. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1715. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1782 . 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1805. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1825. 


*STOP 
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** ============================================================================= 
** 
** SAMPLE DATA FILE : 6 
** 41x1x16 FOAM FLOOD for mobility correction 
**High Permeability in top two h-c layers 
** Foam as a product of reaction 
** INJECT : Water for 365 days then follow SAG1 (90 days surf) + 
** 90 days cycles of 23+67 
** REACTION - MODEL 
**Vise = 300 Freqfac = 2.25e+2 forward 
** ============================================================================= 
**---------------------------------------------------------------
*Filenames *OUTPUT *INDEX-OUT *MAIN-RESULTS-OUT 

** *INDEX-IN 't2r_sag1.irf' *MAIN-RESULTS-IN 't2r_sag1.mrf' 

**CHECKONLY 


*TITLE1 'HIGH PERMEABILITY IN TOP 2 LAYERS' 

*TITLE2 'REACTION MODEL - 90 Days SAG' 

*CASEID 't2r sag1' 

*INUNIT *FIELD 


*WSRF *GRID *TIME 

*WSRF *WELL 1 

*WRST *TIME 


**RESTART 

*OUTPRN *GRID *PRES *SO *SG *SW *Y *X 

*OlJTPRN *WELL *BRIEF **ALL 

*OUTPRN *ITER *NEWTON **BRIEF 


*OUTSRF *GRID *SO *SG *SW *PRES *Y *PERM! *PERMK 

*OUTSRF *WELL *DOWNHOLE *LAYER *ALL 

*OUTSRF *SPECIAL *AVGVAR *PRES 0 

*WPRN *GRID *TIME *WPRN *ITER 10 


**-----RESERVOIR DATA-----

*GRID *CART 41 1 16 

*k.dir *down 

*DI *CON 64.3 

*OJ *CON 20 

*DK *con 8.32 

*DTOP *CON 9274. 


*VAMOO 2 100. 1 

*VATYPE *CON 2 


*NULL *IJK 

1:41 1:1 1:2 0 
1:3 1:1 6:6 0 
1:2 1:1 11:11 0 
36:41 1:1 8:8 0 

*POR *ALL 
*INCLUDE per.inc 
**modified volume of block in y direction to replicate 
** converging and diverging flow 
*MOO 
2:2 1:1 1:16 * 2.12 
3:3 1:1 1:16 * 3.25 
4:4 1:1 1:16 * 4.37 
5:5 1:1 1 16 * 5.49 
6:6 1:1 1 16 * 6.62 
7:7 1:1 1 16 * 7.74 
8:8 1:1 1 16 * 8.86 
9:9 1:1 1 16 * 9.99 
10:10 1:1 1:16 * 11.11 
11:11 1:1 1:16 * 12.24 
12:12 1:1 1:16 * 13.36 
13:13 1:1 1:16 * 14.48 
14:14 1:1 1:16 * 15.61 

** 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 
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15:15 1:1 1:16 * 16.73 
16:16 1:1 1:16 * 17.85 
17:17 1:1 1:16 * 18.98 
18:18 1:1 1:16 * 20.1 
19:19 1:1 1:16 * 21.22 
20:20 1:1 1:16 * 22.35 
21:21 1:1 1:16 * 23.47 
40:40 1:1 1:16 * 2.12 
39:39 1:1 1:16 * 3.25 
38:38 1:1 1:16 * 4.37 
37:37 1:1 1:16 * 5.49 
36:36 1:1 1:16 * 6.62 
35:35 1:1 1:16 * 7.74 
34:34 1:1 1:16 * 8.86 
33:33 1:1 1:16 * 9.99 
32:32 1:1 1:16 * 11.11 
31:31 1:1 1:16 * 12.24 
30:30 1:1 1:16 * 13.36 
29:29 1:1 1:16 * 14.48 
28:28 1:1 1:16 * 15.61 
27:27 1:1 1:16 * 16.73 
26:26 1:1 1:16 * 17.85 
25:25 1:1 1:16 * 18.98 
24:24 1:1 1:16 * 20.1 
23:23 1:1 1:16 * 21.22 
22:22 1:1 1:16 * 22.35 

1:41 1:1 1:16 I 100 

*PERM! *ALL 
*INCLUDE perm.inc 
**modified perm in x direction to replicate converging and diverging flow 
*MOO 
2:2 1:1 1:16 * 2.12 
3:3 1:1 1:16 * 3.25 
4:4 1:1 1:16 * 4.37 
5:5 1:1 1:16 * 5.49 
6:6 1:1 1:16 * 6.62 
7:7 1:1 1:16 * 7.74 
8:8 1:1 1:16 * 8.86 
9:9 1:1 1:16 * 9.99 
10:10 1:1 1:16 * 11.11 
11:11 1:1 1:16 * 12.24 
12:12 1:1 1:16 * 13.36 
13:13 1:1 1:16 * 14.48 
14:14 1:1 1:16 * 15.61 
15:15 1:1 1:16 * 16.73 
16:16 1:1 1:16 * 17.85 
17:17 1:1 1:16 * 18.98 
18:18 1:1 1:16 * 20.1 
19:19 1:1 1:16 * 21.22 
20:20 1:1 1:16 * 22.35 
21:21 1:1 1:16 * 23.47 
40:40 1:1 1:16 * 2.12 
39:39 1:1 1:16 * 3.25 
38:38 1:1 1:16 * 4.37 
37:37 1:1 1:16 * 5.49 
36:36 1:1 1:16 * 6.62 
35:35 1:1 1:16 * 7.74 
34:34 1:1 1:16 * 8.86 
33:33 1:1 1:16 * 9.99 
32:32 1:1 1:16 * 11.11 
31:31 1:1 1:16 * 12.24 
30:30 1:1 1:16 * 13.36 
29:29 1:1 1:16 * 14.48 
28:28 1:1 1:16 * 15.61 
27:27 1:1 1:16 * 16.73 
26:26 1:1 1 16 * 17.85 
25:25 1:1 1 16 * 18.98 
24:24 1:1 1 16 * 20.1 
23:23 1:1 1 16 * 21.22 
22:22 1:1 1 16 * 22.35 
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**High permeability in top two layers 
1:41 1:1 3:4 * 50. 

*PERMJ *EQUALS! 

*PERMK *EQUALS! * 0.3000 


** INTRODUCE VERTICAL TRANSMISSIBILITY BARRIERS 

*TRANSK *IJK 

1:5 1:1 4:4 0 
1:8 1: 1 7:7 0 
1:4 1:1 8:8 0 

** c~ress i bil i ty from Goose River waterflood sin.il study 

*CPOR 5.5E-06 

*PRPOR 2800.0 


** --- COMPONENT PROPERTIES --- --- - - -- - - - - · - - - - - - 
** nc~ nuny nunx nl.lllW 

*MODEL 6 6 5 2 

*COMP NAME 'WATER' 'SUR FACT' 'OIL' 'GAS' 'SOLV_C' 'FOAM ' 

** ----- ---- 

CHM 0.00 300.0 300.0 22.0189 22.0189 22.0189 

PCRIT 0.00 0.0 0.0 666.99 666.99 666.99 

TCRIT 0.00 0.0 0.0 -116.60 -116 .60 -116 .60 

KV1 0.00 0.0 0.0 15564. 15564 . ** 1st coeff Kvalues 

KV2 0.00 0. 0 0.0 - .000026 - .000026 **2nd coeff Kvalues 

KV3 1e-6 0.0 0.0 12.603 12.603 ** 3rd coeff Kvalues 

KV4 0.00 0.0 0.0 -1583.7 -1583.7 **4th coeff Kvalues 

KVS 0.00 0.0 0.0 -446.78 -446.78 ** 5th coeff Kvalues 

MASSDEN 0 . 00 55 .18 55. 18 21.19 21.19 ** prt i al molliq den 

CP 0.00 4.E -6 1.47E-5 1.47E-5 1.47E -5 ** liq c°""res 1/ps i 

CT1 0.00 1.067E -3 1.067E-3 1.067E -3 1.067E-3 ** 1st coeff of therm ex 


PRSR 14.7 ** reference pressure corresponding to the density on MASSDEN 

TEMR 60.0 ** reference t~ corresponding to the density on MASSDEN 

PSURF 14.7 ** pressure at surface, for reporting well rates, etc . 

TSURF 60.0 ** t~rature at surface, for reporting well rates, etc. 


*VISCTABLE 


** dead gas Solvent 

** Water Surf oil Viscosity Vicosity 

** T~ Viscosity Vise Viscosity in liqu id in Liquid 

** (O=default) cp cp cp cp 

** 
 =========== ========= ========= ========= 

40. .25 . 25 .7900 .2341 .2341 
55. .25 .25 .7900 .2341 .2341 
60 . .25 .25 .7900 .2341 .2341 

185. .25 . 25 . 7900 .2341 .2341 

** Gas Phase Viscosity 

*AVG ** BRINE SURF ACT OIL GAS SOLV C FOAM 


0.012 0.012 0. 012 0.012 0.013 300. 

*BVG ** BRINE SUR FACT OIL GAS SOLV_C FOAM 


0. 0. o. 0. 0. o. 

**FOAM FORMING REACTION ============================= 

** brine + surfact + solv c ---> foam 

** 0.0001 lb+ 0.0001 lb+ 1 lb- ---> 1.0002 lb 

** BRINE SURFACT OIL GAS SOLV C FOAM 

*STOREAC 16.648169 1. 0. 0. 136239.78 0. 

*STOPROO 0. 0. 0. 0 . 0 . 136512 . 26 

*FREQFAC 2. 25e+02 **5 . 5e+01 ** 5.5E+04 

*EACT 0. 

*RENTH 0. 

**FOAM DECAY REACTION =============================== 

** foam - - - > br i ne + solv c 

** 1.0002 lb- -- > 0.0002 lb+ 1 lb
** BRINE SURFACT OIL GAS SOLV C FOAM 

*STOREAC 0. 0. 0 . 0. 0.- 1.0 

*STOPROO 2.4435e-04 0. 0. 0. 0.9998 o. 

*FREQFAC 1.4e+OO ** 1.4e+03 


http:136512.26
http:136239.78
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*EACT 0. 
*RENTH 0. 
*02CONC 

*ROCK FLUID 
********************************************************* 
**Rock·f luid Property Section 
********************************************************** 
*RPT 1 **Relative permeability curve #1 

*RTYPE *CON 
*SWT **Water-oil relative permeability table #1 
** sw krw krow pcow 

0.20 	 0.0 1.00 0.0 

0.2275 0.0242 0.9647 0.0 


0.255 	 0.0446 0.9439 0.0 

0.2825 0.07 0.8976 0.0 

0.31 0.0975 0.8381 0.0 

0.3375 0.1274 0.7325 0.0 

0.365 0.1606 0.5525 0.0 

0.3925 0.1959 0.3684 0.0 

0.42 0.2335 0.2192 0.0 

0.4475 0.2723 0.1621 0.0 

0.475 0.3126 0.1272 0.0 

0.5025 0.3556 0.0865 0.0 

0.53 0.4002 0.0573 0.0 

0.5575 0.4463 0.0357 0.0 

0.585 0.4942 0.0172 0.0 

0.6125 0.5451 0.0048 0.0 

0.64 0.6 0.0 0.0 

1.0 1.0 0.0 0.0 


*SLT ** Liquid-gas relative permeability table #1 

** sl krg krog pcow 


0.3 1.o 0.0 0.0 

0.58 0. 183 0.0 0.0 

0.60594 0.15385 0.00968 0.0 

0.63188 0.13569 0.01234 0.0 

0.65781 0. 12364 0.01824 0.0 

0.68375 0.11202 0.02644 0.0 

0.70969 0.10094 0.03749 0.0 

0.73563 0.09049 0.05187 0.0 

0.76156 0.08030 0.07069 0.0 

0.78750 0.06998 0.09513 0.0 

0.81344 0.05981 0.12733 0.0 

0.83937 0.04938 0. 17142 0.0 

0.86531 0.03899 0.22884 0.0 

0.89125 0.02964 0.30327 0.0 

0.91719 0.02197 0.40381 0.0 

0.94312 0.01461 0.54799 0.0 

0.96906 0.00755 0.74165 0.0 

0.995 0.0 0.99999 0.0 

1.0 0.0 1.0 0.0 


** === ADSORPTION DATA ======== 
*ADSDEN 0.18393 ** 55.18/300 
*ADSCOMP 'SURFACT' WATER 
*ADMAXT 2.6945e-3 **No mobility effects 
*ADSLANG 8.69e+4 0 3.225e+7 **Langrruir cone coeff independent of T 
*ADRT 1.3472e-3 **(0.5 of ADMAXT) 

*INITIAL 
************************************************************************** 
** Initial Conditions Section 
************************************************************************** 

*PRES *con 2828. 

*TEMP *CON 185. 


*SW *ijk 

32:41 1 1:12 .42 
1:31 	 1 1:12 .2 
2:41 	 1 13:16 .42 
1:1 1 13:16 .2 
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*SO *ijlc 
32:41 1 1:12 .58 
1:31 11:12 .8 
2:41 1 13:16 .58 
1:1 1 13:16 .8 

*MOLEFRAC OIL CON 0.0 0.0 .393257 .606743 0. 

** ============== NUMERICAL CONTROL ====================== 
*NUMERICAL **All these can be defaulted. 

*MAXSTEPS 2000 *NORTH 8 *NEWTONCYC 15 *ITERMAX 30 **AIM *STAB 
*UNRELAX -1 *SDEGREE 3 *DTMAX 100 
*TFORM *ZT *ISOTHERMAL 

*NORM *PRESS 150. *SATUR 0.1 *TEMP 100 *ZO 0.2 *ZAQ 0.2 *ZNCG 0.2 
*CONVERGE *PRESS 0.2 *TEMP 0.5 *ZO 0.02 *ZAQ 0.02 *ZNCG 0.02 
*MATBALTOL 1.E-06 

**MAXSTEPS 1 
**-·-···-----·-- WELL AND RECURRENT DATA ··-· - ·---·· 
*RUN 
*DATE 1990 4 1 

*DTMIN 0.003 
*OTWELL 0.01 

*GEOMETRY *K 0.25 0.34 1.0 10.0 

*WELL 1 'PRCX>UCER' 
*WELL 2 '!NJ W' 
*WELL 3 'INJ=S' 

*PRCX>UCER 1 
*DOWN HOLE 

*OPERATE *MAX *LIQUID 276.7 **(res cond) In place of liquid 
*OPERATE *MIN *BHP 2500.0 *CONT **REPEAT 
*OPERATE *MAX *LIQUID 276.7 
**MONITOR *MAX *WCUT 0.99 
**MONITOR *MAX *GOR 10000.0 *STOP 

*PERF *GEO 1 ** res bbl·cp/day·psi 
41 1 3:5 493.17554 
41 1 7:7 493.17554 
41 1 9:10 493.17554 
41 1 11:12 493.17554 

*INJECTOR 2 
*OPERATE *MAX *WATER 270. 
*OPERATE *MAX *BHP 9000.0 *CONT **REPEAT 
*OPERATE *MAX *WATER 270. 
*INCOMP *WATER 1. 0. 0. 0. 0. ** Inject Water 
*TINJW 185. 

*PERF 2 ** WI res bbl/day-psi 
1 1 4:4 38.046 
1 1 5:5 34.068 
1 1 8:8 38.046 
1 1 12:12 68.034 
1 1 13:13 68.034 

*INJECTOR 3 
*OPERATE *MAX *GAS 60646.483 
*OPERATE *MAX *BHP 9000.0 *CONT **REPEAT 
*OPERATE *MAX *GAS 60646.483 
*INCOMP *GAS 0. 0. 0. 0. 1. 0. ** Inject condensible solvent 
*TINJW 185. 

*PERF 3 ** WI res bbl/day-psi 
1 1 4:5 7600. 
1 1 8:8 7600. 
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1 1 12:12 
1 1 13:13 

*SHUTIN 3 

12600. 
12600. 

*TIME 50. 
*OUTSRF *GRID *REMOVE *PERM! *PERMK 
*TIME 365. 

*OUTPRN 	 *GRID *PRES *SO *SG *SW *Y *X 
*ADSORP *KRINTER *KRG *FRCFLO\J 
*MASFR *ADSPCMP 

**OUTPRN *ITER *UNCONV 
*OUTSRF *GRID *SO *SG *SW *PRES *Y 

*ADSORP *KRINTER *ADSPCMP 

*INJECTOR 2 

*INCOMP *WATER 0.9994 0.0006 0. 0. 0. ** Inject 1 % surfactant 

*TIME 455. ** 90 days of surfactant injection for adsorption requirement.

*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 522. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 545. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 612. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 635. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 702. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 725. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 792. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 815. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 882. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 905. 


*SHUT! N 2 *OPEN 3 

*OTWELL 1. 

*TIME 972. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 995. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1062. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1085. 
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*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1152. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1175. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1242. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1265. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1332. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1355. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1422. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1445. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1512. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1535. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1602. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1625. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1692. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1715. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1782. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1805. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1825. 


*STOP 
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** ============================================================================= 
** 
** SAMPLE DATA FILE : 7 
** 41x1x16 FOAM FLOOD for mobility correction 
** PERMEABILITY DISTRIBUTION AS IN SOUTH SWAN HILLS UNIT 
** INJECT Surfactant Solution for 90 days following 365 days of WF 
** Follow it with : INJECT 1 % Surfactant FMMOB = 25 
** Cycle 23 days Surf Soln + 67 days solvent 
** ============================================================================= 
*Filenames *OUTPUT *INDEX-OUT *MAIN-RESULTS-OUT 

** *INDEX-IN 'ssh_sag90.irf' *MAIN-RESULTS-IN 'ssh_sag90.mrf' 

**CHECKONLY 


*TITLE1 'Cross section 2-16 to 12-15' 

*TITLE2 ' 2-D MISCIBLE GAS INJECTION STUDY ' 

*CASE ID 'ssh sag90'

*INUNIT *FIELD 


*WSRF *GRID *TIME 

*WSRF *WELL 1 

*WRST *TIME 


**RESTART 

*OUTPRN *GRID *PRES *SO *SG *SW *Y *X 

*OUTPRN *WELL *BRIEF **ALL 

*OUTPRN *ITER *NEWTON **BRIEF 


*OUTSRF *GRID *SO *SG *SW *PRES *Y *PERM! *PERMK 

*OUTSRF *WELL *DOWNHOLE *BLOCKP *LAYER *ALL 

*OUTSRF *SPECIAL *AVGVAR *PRES 0 

*WPRN *GRID *TIME *WPRN *ITER 1 


** -- - - -RESERVOIR DATA-----

*GRID *CART 41 1 16 

*kdir *down 

*DI *CON 64.3 

*DJ *CON 20 ** 20 ft. well bore 

*DK *con 8.32 

*DTOP *CON 9274. ** this is the datl.111 depth need to adjust 


*VAMOD 2 100. 1 

*VATYPE *CON 2 


*NULL *IJK 

1:41 1:1 1:2 0 
1:31:1 6:60 
1:2 1:1 11:11 0 
36:41 1:1 8:8 0 

*POR *ALL 
*INCLUDE por.inc 
**modified volune of block in y direction to replicate 
** converging and diverging flow 
** this was done in !MEX data set using *VOLMOD 
*MOD 
2:2 1:1 1:16 * 2.12 
3:3 1:1 1:16 * 3.25 
4:4 1:1 1:16 * 4.37 
5:5 1:1 1:16 * 5.49 
6:6 1:1 1:16 * 6.62 
7:7 1:1 1:16 * 7.74 
8:8 1:1 1:16 * 8.86 
9:9 1:1 1:16 * 9.99 
10:10 1:1 1:16 * 11.11 
11:11 1:1 1:16 * 12.24 
12:12 1:1 1:16 * 13.36 
13:13 1:1 1:16 * 14.48 
14:14 1:1 1:16 * 15.61 
15:15 1:1 1:16 * 16.73 
16:16 1:1 1:16 * 17.85 
17:17 1:1 1: 16 * 18.98 

** 
** 
** 
** 
** 
** 
** 
** 
** 
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18:18 1:1 1:16 * 20.1 
19:19 1:1 1:16 * 21.22 
20:20 1:1 1:16 * 22.35 
21:21 1:1 1:16 * 23.47 
40:40 1:1 1:16 * 2.12 
39:39 1:1 1:16 * 3.25 
38:38 1:1 1:16 * 4.37 
37:37 1:1 1:16 * 5.49 
36:36 1:1 1:16 * 6.62 
35:35 1:1 1:16 * 7.74 
34:34 1:1 1:16 * 8.86 
33:33 1:1 1:16 * 9.99 
32:32 1:1 1:16 * 11.11 
31:31 1:1 1:16 * 12.24 
30:30 1:1 1:16 * 13.36 
29:29 1:1 1:16 * 14.48 
28:28 1:1 1:16 * 15.61 
27:27 1:1 1:16 * 16.73 
26:26 1:1 1:16 * 17.85 
25:25 1:1 1:16 * 18.98 
24:24 1:1 1:16 * 20.1 
23:23 1:1 1:16 * 21.22 
22:22 1:1 1:16 * 22.35 

1:41 1:1 1:16 I 100 

*PERMI *ALL 
*INCLUDE perm.inc 
**modified perm in x direction to replicate converging and diverging flow 
*MOO 
2:2 1:1 1:16 * 2.12 
3:3 1:1 1:16 * 3.25 
4:4 1:1 1:16 * 4.37 
5:5 1:1 1:16 * 5.49 
6:6 1:1 1:16 * 6.62 
7:7 1:1 1:16 * 7.74 
8:8 1:1 1:16 * 8.86 
9:9 1:1 1:16 * 9.99 
10:10 1:1 1:16 * 11.11 
11:11 1:1 1:16 * 12.24 
12:12 1:1 1:16 * 13.36 
13:13 1:1 1:16 * 14.48 
14:14 1:1 1:16 * 15.61 
15:15 1:1 1:16 * 16.73 
16:16 1:1 1:16 * 17.85 
17:17 1:1 1:16 * 18.98 
18:18 1:1 1:16 * 20 . 1 
19:19 1:1 1:16 * 21.22 
20:20 1:1 1:16 * 22 . 35 
21:21 1:1 1:16 * 23.47 
40:40 1:1 1:16 * 2.12 
39:39 1:1 1:16 * 3.25 
38:38 1:1 1:16 * 4.37 
37:37 1:1 1:16 * 5.49 
36:36 1:1 1:16 * 6.62 
35:35 1:1 1:16 * 7.74 
34:34 1:1 1:16 * 8.86 
33:33 1:1 1:16 * 9.99 
32:32 1:1 1:16 * 11.11 
31:31 1:1 1:16 * 12.24 
30:30 1:1 1:16 * 13.36 
29:29 1:1 1:16 * 14.48 
28:28 1:1 1:16 * 15 . 61 
27:27 1:1 1:16 * 16.73 
26:26 1:1 1:16 * 17.85 
25:25 1:1 1:16 * 18.98 
24:24 1:1 1:16 * 20.1 
23:23 1:1 1:16 * 21.22 
22:22 1:1 1:16 * 22.35 

**Modify permeabil i ties according to South Swan Hills Unit 
1:41 1:1 3:3 * 19.52 
1:41 1:1 4:4 * 31.37 
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1:41 1:1 5:5 • 8.48 
1:41 1:1 6:6 • 5.22 
1:41 1:1 7:7 • 0.35 
1:41 1:1 8:8 • 0.62 
1:41 1:1 9:9 • 0.10 
1:41 1:1 10:10. 0.044 
1:41 1:1 11:11 • 1.60 
1:41 1:1 12:12. 1.57 
1:41 1:1 13:13. 0.3875 
1:41 1:1 14:14. 0.021 
1:41 1:1 15:15 • 0.00476 
1:41 1:1 16:16. 0.004255 
*PERMJ *EQUALS! 
**PERMK *EQUALS! * 0.3000 
*PERMK *CON 0.1 ** Kv ace to South Swan Hills 

*MOO 
1:41 1:1 13:16 • 0. 

** INTRODUCE VERTICAL TRANSMISSIBILITY BARRIERS 
*TRANSK *IJK 
1:5 1:1 4:4 0 
1:8 1:1 7:7 0 
1:4 1:1 8:8 0 

** COfll>ressibility from Goose River waterflood simul study 
*CPOR 5.5E · 06 
*PRPOR 2800.0 

**···COMPONENT PROPERTIES----------·---------- 
•• nCOfll> m.1ny m.1nx m.1nw 
*MODEL 5 5 5 2 •• 5 COfll>Onents,Solvent as condensible COfll>Onent 
*COMPNAME 'WATER' 'SUR FACT' 'OIL' 'GAS' 'SOLV_C' **(For Solv_c use K Values of Soln Gas) 
•• ---------- 

CHM 0.00 300.0 300.0 22.0189 22.0189 ** mol weights 

PCRIT 0.00 o.o 0.0 666.99 666.99 ** Pc of gas 

TCRIT 0.00 0.0 0.0 -116.60 -116.60 ** Tc of gas 

KV1 0.00 0.0 0.0 15564. 15564. ** 1st coeff Kvalues 

KV2 0.00 0.0 0.0 -.000026 -.000026 ** 2nd coeff Kvalues 

KV3 1e-6 0.0 0.0 12.603 12.603 ** 3rd coeff Kvalues 

KV4 0.00 0.0 0.0 -1583.7 -1583.7 ** 4th coeff Kvalues 

KVS 0.00 0.0 0.0 -446.78 -446.78 ** 5th coeff Kvalues 

MASSO EN 0.00 55 .18 55.18 21.19 21.19 ** prtial molliq den 

CP 0.00 4.E-6 1.47E-5 1.47E-5 1.47E-5 ** liq COfll>res 1/psi 

CT1 0.00 1.067E-3 1.067E-3 1.067E-3 1 .067E-3 ** 1st coeff of therm ex 


PRSR 14.7 ** reference pressure corresponding to the density on MASSDEN 

TEMR 60.0 ** reference tetll> corresponding to the density on MASSDEN 

PSURF 14.7 ** pressure at surface, for reporting well rates, etc. 

TSURF 60.0 ** teflllerature at surface, for reporting well rates, etc. 


*VISCTABLE 


** dead gas Solvent Live 

** Water Surf oil Viscosity Vicosity Oil 

** Tetll> Viscosity Vise Viscosity in liquid in Liquid Viscosity 

** (O=defaul t) cp cp cp cp cp 

** 
 =========== ========= ========= ========= ========= 

40. .25 .25 .7900 .2341 .2341 ** .3777 
55. .25 .25 .7900 .2341 .2341 ** .3777 
60. .25 .25 .7900 .2341 .2341 ** .3777 

185. .25 .25 .7900 .2341 .2341 ** .3777 

*ROCKFLUID 

********************************************************* 

**Rock-fluid Property Section 

********************************************************** 


*RPT 1 **Relative permeability curve #1 

*RTYPE *CON 1 

*INTCOMP 'SURFACT' WATER *INTLIN 

*IFTTABLE **AQ MOLE FRAC !FT 


0.3 13. 
1.0 13. 


** Critical Foam Parameters to be Adjusted. 
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*FMSURF 0.0006 ** Corresponds to 1 % surfactant. 

*FMCAP 0. 

*FMGCP 0. 

*FMMOB 25. 

*FMOIL 0. 

*FMOMF 0. 


*EPSURF 0.5 

*EPCAP 0. 

*EPOIL 0. 

*EPGCP 0. 

*EPOMF 0. 


*KRINTERP 1 

*OTRAPW 1 


*SWT **Water-oil relative permeability table #1 
** sw krw krow pcow 

0.20 0.0 1.00 0.0 
0 . 2275 0.0242 0.9647 0.0 

0.255 	 0.0446 0.9439 0.0 

0.2825 0.07 0.8976 0.0 

0.31 0.0975 0.8381 0.0 

0.3375 0.1274 0.7325 0.0 

0.365 0.1606 0.5525 0.0 

0.3925 0.1959 0.3684 0.0 

0.42 0.2335 0.2192 0.0 

0.4475 0.2723 0.1621 0.0 

0.475 0.3126 0.1272 0.0 

0.5025 0.3556 0.0865 0.0 

0.53 0.4002 0.0573 0.0 

0.5575 0.4463 0.0357 0.0 

0.585 0.4942 0.0172 0.0 

0.6125 0.5451 0.0048 0.0 

0.64 0.6 0.0 0.0 
1.0 1.0 0.0 0.0 

*SLT ** Liquid-gas relative permeability table #1 
** sl krg krog pcow 
** 0.3 1.0 0.0 0.0 
0.58 o. 183 0.0 0.0 

0.60594 0.15385 0.00968 0.0 

0.63188 0.13569 0.01234 0.0 

0.65781 0. 12364 0.01824 0.0 

0.68375 0.11202 0.02644 0.0 

0.70969 0.10094 0.03749 0.0 

0. 73563 0.09049 0.05187 0.0 

0.76156 0.08030 0.07069 0.0 

0.78750 0.06998 0.09513 0. 0 

0.81344 0.05981 0. 12733 0.0 

0.83937 0. 04938 0. 17142 0.0 

0.86531 0.03899 0.22884 0.0 

0.89125 0.02964 0.30327 0.0 

0.91719 0.02197 0.40381 0.0 

0.94312 0.01461 0.54799 0.0 

0.96906 0. 00755 0.74165 0.0 

0.995 o.o 0.99999 0.0 
1.0 0.0 1.0 0.0 

*KRINTERP 2 *COPY 1 1 
*KRGCW 0.00732 
*DTRAPW 0.04 **Inverse of MRF (MRF = 25) 

** === ADSORPTION DATA ======== 
*ADSDEN 0.18393 ** 55.18/300 
*ADSCOMP 'SURFACT' WATER 
*ADMAXT 2.6945e-3 **No mobility effects 
*ADSLANG 8.69e+4 0 3 . 225e+7 **LangnJir cone coeff independent of T 
*ADRT 1.3472e·3 **(0.5 of ADMAXT) 

*INITIAL 
************************************************************************** 
** Initial Conditions Section 
************************************************************************** 
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*PRES *con 2828. 

*TEMP *CON 185. 


*SW *ijk 

32:41 1 1:12 	.42 
1:31 1 1:12 .2 
2:41 1 13:16 .42 
1:1 1 13:16 .2 

*SO *i jk 
32:41 1 1:12 	.58 
1:31 1 1:12 .8 
2:41 1 13:16 .58 
1:1 1 13:16 .8 

*MOLEFRAC OIL CON 0.0 0.0 .393257 .606743 0. 

** ============== NUMERICAL CONTROL ====================== 
*NUMERICAL 	 **All these can be defaulted. The definitions 

** here match the previous data. 

*MAXSTEPS 2000 *NORTH 8 *NEWTONCYC 15 *ITERMAX 30 **AIM *STAB 
*UNRELAX ·1 *SOEGREE 3 *DTMAX 100 
*TFORM *ZT *ISOTHERMAL 
*PIVOT *ON 

*NORM *PRESS 290. *SATUR 0.1 *TEMP 100 *ZO 0.2 *ZAQ 0.2 *ZNCG 0.2 
*CONVERGE *PRESS 0.2 *TEMP 0.5 *ZO 0.02 *ZAQ 0.02 *ZNCG 0.02 
*MATBALTOL 1.E-06 

**MAXSTEPS 1 
**----- - -------· WELL AND RECURRENT DATA ---------- 
*RUN 
*DATE 1990 4 1 

*DTMIN 0.003 

*OTWELL 0.01 


*GEOMETRY *K 0.25 0.34 1.0 10.0 

*WELL 1 'PRODUCER' 

*WELL 2 '!NJ W' 

*WELL 3 'INJ=S• 


*PRODUCER 1 
*DOWN HOLE 


*OPERATE *MAX *LIQUID 276.7 **(res cond) 

*OPERATE *MIN *BHP 2500.0 *CONT **REPEAT 

*OPERATE *MAX *LIQUID 276.7 

**MONITOR *MAX *WCUT 0.99 

**MONITOR *MAX *GOR 10000.0 *STOP 


*PERF *GEO 1 ** res bbl-cp/day-psi 

41 1 3:5 493.17554 

41 1 7:7 493.17554 

41 1 9: 10 493.17554 

41 1 11:12 493.17554 


*INJECTOR 2 

*OPERATE *MAX *WATER 270. 

*OPERATE *MAX *BHP 9000.0 *CONT **REPEAT 

*OPERATE *MAX *WATER 270 . 

*INCOMP *WATER 1. 0. 0. 0. 0. ** Inject Water 

*TINJW 185. 


*PERF 2 ** WI res bbl/day-psi 
1 1 4:4 38.046 
1 1 5:5 34.068 
1 1 8:8 38.046 

1 1 12: 12 68.034 

1 1 13: 13 68.034 
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*INJECTOR 3 
*OPERATE *MAX *GAS 60646.483 
*OPERATE *MAX *BHP 9000.0 *CONT **REPEAT 
*OPERATE *MAX *GAS 60646.483 
*INCOMP *GAS 0. 0. 0. 0. 1. ** Inject condensible solvent 
*TINJlol 185. 

*PERF 3 ** loll res bbl/day-psi
1 1 4:5 7600. 
1 1 8:8 7600. 

1 1 12:12 12600. 

1 1 13:13 12600. 


*SHUTIN 	 3 

*TIME 50. 

*OUTSRF *GRID *REMOVE *PERM! *PERMK 

*TIME 365. 


*OUTPRN 	 *GRID *PRES *SO *SG *SI.I *Y *X 
*AOSORP *KRINTER *KRG *FRCFLOlol 
*MASFR *AOSPCMP 

**OUTPRN *ITER *UNCONV 
*OUTSRF *GRID *SO *SG *SI.I *PRES *Y 

*AOSORP *KRINTER *AOSPCMP 

*INJECTOR 2 

*INCOMP *WATER 0.9994 0.0006 O. 0. 0. ** Inject 1 X surfactant 

*TIME 455. ** 90 days of surfactant injection for adsorption requirement.

*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 522. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 545. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 612. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 635. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 702. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 725. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 792. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 815. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 882. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 905. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 972. 
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*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 995. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1062. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1085. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1152. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1175. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1242. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1265. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1332. 


*SHUT! N 3 *OPEN 2 

*OTWELL 1. 

*TIME 1355 . 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1422. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1445. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1512. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1535. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1602 . 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1625. 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1692. 


*SHUTIN 3 *OPEN 2 

*OTWELL 1. 

*TIME 1715 . 


*SHUTIN 2 *OPEN 3 

*OTWELL 1. 

*TIME 1782. 


*SHUTIN 3 *OPEN 2 
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*DT\JELL 1. 

*TIME 1805. 


*SHUTIN 2 *OPEN 3 

*DT\JELL 1. 

*TIME 1825. 


*STOP 
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