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Abstract 
Combinations of water and gas injection schemes that can offer better sweep and mobility control have been introduced as 

Improved Oil Recovery methods. This combination can be presented either by alternating the injected fluids (Water-

Alternating-Gas) or simultaneously injecting both fluids (Simultaneous-Water-And-Gas). Successful implementations of these 

techniques are highly dependent on the injectivity performance. Three-phase relative permeabilities, the wettability of the 

system and trapping of the non-wetting phase are key parameters in determining the injectivity behaviour in an immiscible 

SWAG injection process. Conceptually simple analytical and numerical simulation studies for different wettability medias are 

presented, which can be interpreted by analysing fluid mobilities in the near-wellbore region. In a SWAG injection scheme, a 

reduction can be expected if the medium is mixed-wet because of the two-phase relative permeability effects. However, this 

cannot be predicted in numerical simulators because conventional three-phase relative permeability models available treat 

water and gas relative permeabilities to be dependent of their own saturations only, which can only be applied in water-wet 

media. Suggestions for improvements of these models and a design criterion to avoid mobility problems in mixed-wet media 

are presented in this paper. 

Introduction 
Improved oil recovery (IOR) techniques have recently been widely implemented worldwide with the aim of boosting oil 

recovery from mature fields. A combination of water and gas injection schemes was initially introduced to achieve both a 

better sweep and less residual oil. The performance of injectivity plays an important role on the successful implementation of 

these projects. 

Particularly, in the North Sea, the most common implemented IOR methodology which has been proved to be the 

most successful is water-alternating-gas (WAG) (Awan et al., 2006). WAG is the process where one slug of gas injected is 

followed by a water slug, and hence successively. Gasflooding presents better microscopic displacement efficiency because it 

offers lower residual oil saturation compared to waterflooding, it can also contact unswept zones such as attic oil due to gas 

segregation to the top. Waterflooding presents better macroscopic displacement due to lower mobility compared to gas, so it 

offers higher sweep efficiency. Thus, the WAG combination offers mobility control. In addition, it also presents other 

advantages such as the reinjection of gas and water being environmentally friendly or in the case of flaring restrictions and 

CO2 taxes (Christensen et al., 1998). 

Although simultaneous water and gas injection (SWAG) presents the same aforementioned and other advantages, it 

has been less implemented and thus gained less experience as an IOR technique since it was first proposed by Caudle and 

Dyes in 1957. The main advantage that SWAG presents over WAG is that of an improved mobility control because water and 

gas are flowing together, hence a more stable front displacement and later breakthroughs of both phases are expected. Also 

operational advantages are worth mentioning such as the higher injection power available compared to a gas WAG cycle, the 

reduced costs and storage capacity needed for gas and/or water handling for each respective cycle (Ma et al., 1995). However, 

the injection of a water and gas mixture presents new challenges such as injectivity and flow assurance related to multiphase 

flow in wells and hydrates formation (Berge et al., 2002). 

In this paper, the injectivity issue will be assessed. Simultaneous water and gas injection may result in a loss of 

injectivity when compared to water or gas injection separately due to the effects of relative permeabilities in the near-wellbore 

region. Injectivity losses can be the result and/or combination of many effects compiled by Rogers and Grigg (2000), also 

suggesting this topic to be an in-depth phenomenon rather than a near-wellbore condition. The purpose of this paper is to only 

study the effects of wettability and entrapment derived from the two-phase relative permeability effects. 

Successful implementations of SWAG have been reported for pilot at the Kuparuk River Field (Alaska, 1994) (Ma et 

al., 1995) and full field application at the Siri Field (North Sea, 1999) (Berge et al., 2002). Both implementations reported 

injectivity losses, in the Kuparuk River Field those were related to a lower achieved pressure at the bottom-hole rather than 
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two-phase relative permeability effects. In the Siri Field, the unexpected low permeability of the formation induced 

unavoidable hydraulic fracturing, and hence loss in injectivity was related to fracture closure rather than two-phase relative 

permeability effects. 

In current reservoir simulators no specific applications or methodologies exist that are able to account for this 

expected reduction of injectivity in SWAG processes.  Thus, the purpose of this study is to investigate what can cause this 

reduction and how it can be predicted and modelled in a numerical reservoir simulator. 

A review of field experiences in SWAG is presented, as well as a review of three-phase flow in porous media. 

Conceptually simple analytical and numerical simulation studies that present variations in wettability (defined by the relative 

permeabilities) are presented. These studies can be interpreted by analysing fluid mobilities in the near-wellbore region or by 

computing the injectivity index.  

The results show that reduction in injectivity for a SWAG injection is more likely to be expected in a mixed or oil-

wet medium rather than in a water-wet medium. The numerical simulator used in this study cannot account for predictions of 

injectivity in a three-phase system because the available empirical models treat the fluids as if they were in a water-wet 

medium. 

 

Injectivity Index and Factors Affecting Injectivity 

The Injectivity index (I) is defined as the ability of the reservoir to enable fluids to flow into it, thus it represents the 

connection between the injection well and the reservoir. This connection is expressed as follows: 

  I =
Q

Pw−Pd
 ……………………………………………………………………………………………………………. (1) 

where Q is the injection fluids flow rate, Pw is the injection pressure and Pd is the pressure at the drainage radius of the well or 

the average reservoir pressure. Assuming steady state radial flow with uniform mobility, expressed by Darcy’s law, a direct 

relationship between injectivity and mobility of the fluids present in multiphase flow in porous media exists. 

qp = −
K krp

μp
 (

∂Pp

∂x
− ρpgx) ………………………………………………………………….…………….…………. (2) 

where qp is the individual phase flow rate, K is the permeability of the medium, krp is the phase relative permeability, μp is 

the phase viscosity, Pp is the pressure of the phase along the distance x, ρp is the density of the phase and gx is the 

gravitational constant. 

Rogers and Grigg (2000) presented a compendium of injectivity abnormalities in WAG processes where CO2 is the 

injected gas. Even though in this study the main concern is injectivity reduction in SWAG processes where the injected gas is 

immiscible, the publication has given a good overview of factors affecting injectivity. Some of the factors that can affect 

injectivity are the wettability of the medium and changes in wettability, trapping and bypassing of gas which is at the same 

time highly linked to wettability, miscibility development, geological heterogeneities of the reservoir, low IFT-fluids 

correlation with capillary number, non-Darcy effects due to high flow rates or skin due to damage.  

SWAG Field Experiences 
Field experiences of SWAG miscible and/or immiscible floods have been reported at the Seeligson (Texas, 1963) (Walker and 

Turner, 1968), Joffre Viking (Canada, 1988) (Attanucci et al, 1993), the Rangely (Northwest Colorado, 1993) (Stephenson et 

al, 1993), the Kuparuk River (Alaska, 1994) (Ma et al., 1995) and the Siri (North Sea, 1999) (Berge et al., 2002). 

 An experimental program that attempted to improve sweep efficiency by simultaneously injecting water and enriched 

gas and later dry gas was performed in the 20B-07 zone of the Seeligson field. Because low injection rates at high pressures 

were experienced, an attempt to increase injectivity by alternating slugs of water and gas was done. However, the gas injection 

power available appeared not to be enough to break through the achieved high water saturations in the near-wellbore region 

after the water slug injection. The characteristic reduced permeability effects during two-phase injection indicated SWAG to 

be a difficult injection scheme to perform. Furthermore, the restricted evaluation of SWAG sweep performance did not 

indicate any significant additional oil recovery. 

Both the Joffre Viking and the Rangely fields experienced a miscible CO2 flood, reporting improved sweep efficiency 

and gas handling in their facilities. In the Joffre Viking, the results of mobility control test reported SWAG at WAG ratios 

close to one presented better sweep than WAG or continuous CO2 injection. A small hydraulic fracture increased fluid 

injectivity and dual tubing strings were used to inject the fluids. In the Rangely, reduced WAG half-cycles improved CO2 

flood performance, and automatic surface control of simultaneous injection was proved in the tested well. Limitations to field 

extension could be given by wellhead injection pressures, which varied across the distribution system. 

An immiscible SWAG pilot test was conducted at the Kuparuk River field which also reported injectivity losses. 

However, they were associated to low bottomhole pressures achieved when the gas fraction was increased rather than the 

relative permeability effect of the two-phase injection. This was not a surprising behaviour because the gas relative 

permeability was relatively linear so it did not present large differences in water and gas saturations at low Gas-Liquid ratios 

(GLRs); the fact that the oil in place was undersaturated, could also lead to small in-situ gas saturations; and the possibility of 

gas and water segregation at the sand face was also present. This test was performed only during 17 days and longer times 

could have provided better understanding of the relative permeability effects. 
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The first full field application of SWAG has been reported at the Siri field, where the low permeability of the 

injection zone made necessary the hydraulic fracture of the injection wells. Hence injectivity behaviour was not only constraint 

of GLRs but also of fracture maintenance rather than two-phase relative permeability effects. Data of the first six months of 

operation was analysed and a fracture closure model that related GLRs to injectivity was developed. 

Three-Phase Flow in Porous Media and Three-Phase Relative Permeabilities 
Three-phase flow in porous media occurs during IOR schemes and recovery mechanisms such as gas injection, gas cap drive, 

solution gas drive, depressurization and thermal flooding. In this study a mixture of water and immiscible gas is injected, 

hence three-phase flow will occur.  

Three-phase flow relative permeabilities are time consuming and difficult to measure in the laboratory. Two 

independent fluid saturations are required to define a three-phase system, which leads to an infinite number of fluids 

distributions and saturation paths. For this reason, three-phase flow relative permeabilities are often predicted by empirical 

models based on interpolation methods or very little physics, which offer predictions that can vary by orders of magnitude 

(Baker, 1988; Blunt, 1999). Several authors (for instance Corey et al., 1956; Stone, 1970; Stone, 1973; Dietrich and Bondor, 

1976; Parker, 1987; Baker, 1988; Alemán and Slattery, 1988; Delshad and Pope, 1989; Kokal and Maini, 1990; Hustad and 

Hansen, 1995; Balbinski et al., 1997; Larsen and Skauge, 1988; Blunt, 1999; Shahaverdi and Sohrabi, 2012) have suggested 

models based on extrapolations from two-phase measurements, which are simpler to obtain from laboratory measurements. 

This is an approach widely used in the industry and it is applied to numerical simulator studies. The models available in the 

numerical simulator used in this study are Stone I (Stone, 1970), Stone II (Stone, 1973) and saturation-weighted interpolation 

(Baker, 1988), which only predict the oil relative permeability in the three-phase system from water/oil and gas/oil two-phase 

measurements. A detailed review of these models is presented in Appendix B. 

Pore scale flow modeling based on physical phenomena may offer a good alternative to empirical models. Because 

relative permeabilities in these systems are not only dependent on the saturation of the present fluids, but also on the saturation 

history of those fluids and wettability effects, empirical models cannot properly reproduce the complex behaviour of the three 

phase systems. Theoretical studies and micromodel experimental studies (for instance, Øren et al., 1992; Øren and Pinczewski, 

1995; Keller et al., 1997; Shorabi et al., 2004) have helped to better understand the displacement mechanisms for water-wet 

and oil-wet mediums. These studies represented the basis for the introduction of pore network models based on the physics 

displacement and wettability changes that have helped to understand three-phase flow in porous media and to predict relative 

permeabilities in these systems. 

In reality, even though most of the reservoirs rocks are naturally water-wet, the wettability of oil reservoirs is 

generally weakly water-wet, mixed-wet or oil-wet. This is due to the fact that wettability alterations can be originated by the 

absorption of polar compounds and/or the deposition of organic matter originally present in the crude oil (Anderson, 1986). 

In a three-phase system, relative permeabilities may be dominated by either layer drainage at low oil saturations and 

pore phase occupancy at high oil saturations. Based on the work presented by Hui and Blunt (2000) about the effects of 

wettability in these systems, where only three generic types of relative permeability (for the wetting, non-wetting and 

intermediate phases) are shown, interpretations for a SWAG injection scheme into an oil filled reservoir have been attempted:  

In a water-wet system, water is the wetting phase, gas is non-wetting and oil is intermediate-wetting. When gas and 

water are injected simultaneously, gas will first invade the big pores displacing the oil and water will invade the small pores 

displacing the oil, as it is represented in figure 1. At low oil saturations, all the oil is spread in layers sandwiched between 

water and gas. If these layers are connected forming a film, a layer drainage displacement will occur.  It is well-known, 

theoretically (Oak et al., 1990; Baker, 1988; Blunt, 1999) as well as experimentally (Oak et al., 1990; Oak, 1990; Skauge et 

al., 1994; Baker, 1995; Eleri et al., 1995; Nordvedt et al., 1996), that in this medium the oil relative permeability is function on 

two independent saturations, while the water and gas relative permeabilities are functions of their own saturations. 

 
Figure 1: Schematic pore occupancies for a water-wet system (adapted for a SWAG injection from Hui and Blunt, 2000). 

In an oil-wet system, oil is the wetting phase, water is the non-wetting phase and gas is the intermediate-wetting 

phase being wetting to water and non-wetting to oil. When gas and water are injected simultaneously, depending on the 

saturation paths, gas will first invade the largest pores displacing some oil and later on, when it encounters water that has 
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invaded the largest pores displacing some oil as well, it will remain on the medium sized pores, leaving the oil in the smallest 

pores, as it is represented in figure 2. In a later stage, gas will tend to displace both oil and water from small and big pores 

respectively. Water will remain occupying the pore corners as in the water-wet system. At low oil saturations, all the oil is 

spread in layers contacting the pore surface, but no water layers will form (Dicarlo et al., 1999). If these layers are connected, 

displacement by layer drainage will occur. In these mediums, because the gas is the intermediate-wetting phase, its relative 

permeability is a function of two independent saturations, while the oil and water relative permeabilities are functions of their 

own saturations (Hui and Blunt, 2000). 

 
Figure 2: Schematic pore occupancies for an oil-wet system (adapted for a SWAG injection from Hui and Blunt, 2000). 

In a weakly oil-wet system, oil is the most wetting phase, gas is non-wetting to both oil and water, and water is 

intermediate-wetting. When gas and water are injected simultaneously, gas will always tend to occupy the largest pores 

displacing oil, and water will displace oil by occupying the intermediate pores while oil will be residing in the smallest pores, 

as it is represented in figure 3. At low oil saturations, oil can be spread in layers contacting the pore surface as in an oil-wet 

medium. In these mediums, because water is the intermediate-wetting phase, its relative permeability will be sensitive to oil 

saturation as well, while oil and gas relative permeabilities are functions of their own saturations (Hui and Blunt, 2000). 

 
Figure 3: Schematic pore occupancies for a weakly oil-wet system (adapted for a SWAG injection from Hui and Blunt, 2000). 

If the medium is fractionally-wet or mixed-wet, some regions of the system can present different wettabilities where 

all three relative permeabilities could be function of two independent saturations: the own saturation of the fluid and the initial 

oil saturation (Hui and Blunt, 2000). In these systems pore network modelling can play an important role on predicting the 

relative permeabilities. 

Analytical Study 
To study the effect of relative permeabilities in the near-wellbore region, it is assumed that that there is a zone where water and 

gas are mainly present and the remaining oil is residual oil as shown in figure 4. In this region water and gas are flowing 

together at a certain injected saturations close to the well. 
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Figure 4: Schematic of a SWAG injection scheme where gas and water are flowing together until they segregate. 

 The interaction of gas and water saturations in this region close to the well can be represented by estimating gas-

water relative permeability sets from the two two-phase relative permeability sets (Appendix C).  Because the three-phase 

relative permeability models described do not predict nor modify relative permeabilities of gas and water in the three-phase 

system, it implies that gas and water are assumed to behave equally to water and gas, respectively, than they do to oil in the 

two-phase system. As previously described, this assumption is not entirely true and the relative permeabilities may be 

functions of both their own saturations and the oil saturation depending on the wettability of the medium. 

Corey type relative permeability functions are used in this study. Representative gas/water relative permeability 

functions for water-wet and mixed/oil-wet systems found in the literature on experimental studies have been used (Appendix 

D). For this two-phase gas/water system in a drainage displacement, water will occupy the smallest pores and gas the largest 

pore spaces in a water-wet medium; while in an oil-wet medium, the contact angle can be such that none of the fluids will be 

the wetting-phase and both phases will be competing for the same pore spaces. At equivalent saturations, this different 

distribution of the phases in the pore space leads to lower gas relative permeabilities because gas can be found in smaller 

pathways in the oil-wet medium (Dicarlo et al., 1999). Gas relative permeability exhibits lower values in an oil-wet medium 

than in a water-wet medium when the water is the main liquid phase (Dicarlo et al., 1999). Similarly, water relative 

permeabilities may be slightly lower in the mixed-wet medium at known saturations, since the water remains poorly connected 

in the pore space until high saturations are reached. Hence, values of Corey exponents for the water relative permeability of 4 

and 7, and for the gas relative permeability of 1.5 and 5 can represent water-wet and oil or mixed-wet media respectively. The 

Corey expressions for the gas/water two-phase relative permeabilities are described below and the resultant relative 

permeabilities can be observed in figure 2. 

krw(g) = (krw)Sgr
(

SL−Swc−Sorg

1−Swc−Sgr−Sorg
)

nw

………………………………….....………………………………….……... (3) 

 

krg(w) = (krg)
Swc+Sorg

(
1−SL−Sgr

1−Swc−Sgr−Sorg
)

ng

………………..…...…………………………………………..……...… (4) 

where krw(g) is the water relative permeability to gas, krg(w) is the gas relative permeability to water, (krw)Sgr
 is the water 

relative permeability at residual gas saturation, (krg)
Swc+Sorg

 is the gas relative permeability at connate water saturation and 

residual oil saturation due to gas, SL is the liquid saturation, Swc is the connate water saturation, Sorg is the residual oil 

saturation due to gas, Sgr is the residual gas saturation,  nw and ng are the Corey exponents for water and gas respectively. 
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Figure 5: Two-phase gas-water system represented by Corey-type gas (green coloured lines) and water (blue coloured lines) relative 
permeabilities for water wet (solid lines) and mixed wet (dashed lines) media. Corey exponent values are 4 and 7 for the water relative 
permeability, and 1.5 and 5 for the gas relative permeability.   

The overall mobility of the fluids present in the near wellbore region will determine the injectivity of the system, and 

this mobility is defined as follows: 

λT = λw + λg + λo ………………………………………………………………………………………………..…. (4) 

where λT is the overall mobility, and λw, λg and λo are the mobilities of water, gas and oil respectively. The mobility of a 

specific fluid phase is determined by the ratio of its relative permeability over its viscosity, as follows: 

λp =
krp

μp
 ……………………………………………………………………………………………………………… (5) 

Hence, the overall mobility will be dependent on the relative permeabilities, viscosities and saturation distributions of 

the fluids in the near-wellbore region. Because it is initially assumed that the present oil saturation is residual, the mobility of 

the oil will be very low and it is considered to be negligible. In figure 5 individual mobilities of the fluids and overall mobility 

are computed against water saturation for water-wet and mixed-wet media. Representative values of viscosity at reservoir 

conditions are used: 0.25 and 0.03 cp for the water and gas phases respectively. 

Figure 6: Mobility of the fluids in the near-wellbore region vs. water saturation for water-wet (solid lines) and mixed-wet (dashed lines) 
media: (a) gas (green coloured lines) and water (blue coloured lines) individual mobilities, (b) overall mobility (orange coloured line). 
Viscosity values at reservoir conditions for water and gas are 0.25 and 0.03 cp respectively.  

From figure 6(a) it is observable that the mobility of the gas in both water-wet and mixed/oil-wet media tends to be 

much greater than the mobility of the water. This is because the difference in viscosities between these fluids is large, gas has a 
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much lower viscosity than water. From the same figure, it is also observable that for a water-wet medium, the gas mobility is 

larger than the water one for many of the saturation values except for high values of water saturations (Sw ≈ 0.9); whereas for 

the mixed/oil-wet medium, gas mobility is only greater than the water at intermediate or low water saturations. This can be 

explained because in a mixed/oil-wet media, neither the water nor the gas are the wetting phase and they both compete for the 

larger pores. Thus, at the same gas saturations, the gas relative permeability is lower than in a water-wet medium because the 

gas is found in smaller pores (Dicarlo et al., 1999). In figure 6(b), the overall mobility of the fluids in the near-wellbore region 

(water and gas) is presented where it can be observed an extreme minimum of mobilities at intermediate saturations for a 

mixed/oil-wet medium; whereas in a water-wet medium the minimum mobility observed is at very high or maximum water 

saturation. 

Because saturations of fluids at the reservoir are difficult to control and this is a static analysis, in figure 7 the overall 

mobilities are computed against fractional flow of water injected, fW, by using the following expression: 

fW =
Qw

QT
 ……………………………………………………………………………………………………..……….. (6) 

where Qw is the water rate injected and QT is the total injection rate: QT = Qw + Qg. If Darcy’s law is introduced in the 

expression (6), fractional flow can also be expressed as follows: 

fW =
1

1+
krg

µg

 µw
krw

  ……………………………………………………………………………...…………...………….… (7) 

In figure 7, it is observable that for the water-wet case the low mobilities region is extended to intermediate values of 

water fractional flow, mobilities are increasing at low values of water fractional flow reaching the maximum mobility at the 

minimum water fractional flow, which is equivalent to only gas injection. For the mixed-wet medium, low mobilities at 

intermediate values of fractional flow are also observed, presenting extreme minimum values of mobilities (λ ≈ 0) in barely all 

the range of fractional flow values. The larger values of mobilities are only observed for the maximum and minimum values of 

water fractional flow, which is equivalent to only water or gas injection respectively. 

Figure 7: Overall mobility of the fluids in the near-wellbore region vs. fractional flow of water injected for water-wet medium (solid 
lines) and mixed-wet medium (dashed lines). 

Numerical Simulation Study 
A simple numerical simulation study is performed to reinforce the analytical theory presented in the previous section and to 

study how the dynamic behaviour of the three-phase system impact on injectivity. The effects that wettability and entrapment 

can have on injectivity are studied. In the following sections the model and the methodology followed in this study are 

described and the simulation results are presented. 

 

Reservoir Model and Grid Description 

The present simulation model is a black oil model with typical homogeneous reservoir characteristics of a field of the North 

Sea (Table 1). A three-well configuration approach, an injector and two producers (3-spot pattern), is set up to reproduce the 

scene of an immiscible SWAG flood with symmetrical fluid displacement. For simplicity and with the purpose of only 

isolating the factors that are only concern of this study, gas re-dissolution into reservoir oil has been kept null, fluids capillary 

pressures have been neglected and fluids compressibility effects have not been taken into account. 
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Table 1: (a) Reservoir properties and (b) fluid properties description. 

(a) Reservoir Properties  (b) Fluid Properties 

Property Averaged value  Property Value 

Porosity,ϕ [%] 20  Reference Pressure, Pref [bar] 327 

Horizontal permeability, Kh [mD] 220  Reference Temperature, Tref [ºC] 98 

Vertical permeability, Kv [mD] 20  Bubble Point Pressure, PB [bar] 170 

Rock compressibility, c [bar 
-1
] 5.8∙10

-5 
 Fluid type Oil Gas Water 

Reservoir depth [m] 2800  Viscosity, µp [cp] 1 0.03 0.25 

Temperature, T [ºC] 98
 

 Density, ρp [kg/m
3
] 824 1 999 

Initial Pressure, Pi [bar] 318  FVFf (at Pref) [Rm
3
/Sm

3
] 1.0 0.0041 1.03 

Two 2D Cartesian grids defined in the horizontal and vertical axes (figures 8 and 9) have been designed. A gradual 

increase of the grid-block size, from injection to production wells, attempts to allocate certain number of cells in the near-

wellbore region that will enable the study of fluid saturations distribution in this region and so mobilities. The size of the well-

block and the neighbouring grid blocks has been determined by the allowance of the pressure equivalent radius calculation by 

the Paceman’s formula (Paceman, 1977) (Appendix E). With such grid definition, very small time steps are also defined to 

overcome linear and/or numerical convergence errors of equations. 

Figure 8: Schematic of gradual 2D horizontal grid defined in the X (2 – 1 – 0.5 – 1 – 2 m block) and Y (1 – 0.5 – 1 m block) axis with well 
positioning (one injection well, I; and two production wells, P1 and P2). 

Figure 9: Schematic of gradual 2D vertical grid defined in the X (2 – 1 – 0.5 – 1 – 2 m block) and Z (2 m block) axis with well 

P1 I P2 

P2 I P1 
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positioning (one injection well, I; and two production wells, P1 and P2). 

The strategy followed is to keep reservoir injection and production volume rates constant, which at the same time 

ensure that the reservoir pressure is maintained, and to study variations in injection pressures for different fractions of fluid 

injected. First, to study the wettability effects, the two sets of two-phase relative permeabilities (water/oil and gas/oil) that 

were used in the analytical study are used (see Appendix C). This is obviously not the most appropriate methodology to model 

injectivity effects in a field scale, but because the water and gas relative permeabilities are modified in their respective two-

phase sets to represent water and mixed-wet media, it is intended to picture what are the effects in the near-wellbore region 

where gas and water phases are present and interact with each other. Second, to study the entrapment of the non-wetting phase 

effect, a range of residual gas saturations have been introduced in the gas/oil relative permeability two-phase set. This is again 

not the most appropriate modeling methodology to represent trapping of the non-wetting phase, but it can give a sensible 

representation of its impact on injectivity. The defaulted three-phase flow relative permeability model is chosen because it is 

not expected to present any differences on the results object of this study respect to other available models. As explained 

previously, this is because the models treat oil to be the intermediate-wetting phase, which may only be true for a water-wet 

medium. 

 

Simulation Results 

For different injected fractions of water, changes in injection pressures have been observed; thus, the injectivity index versus 

time has been calculated, using expression (1), for the different fractions and wettabilities (Appendix F). In figure10 these 

results have been summarized, where injectivity values are taken at late times when the oil saturation in the near-wellbore 

region is very low or residual. 

Figure 10: Injectivity index vs. fractional flow of water injected for water-wet medium (blue coloured lines) and mixed-wet medium 
(orange coloured lines). 

In figure 10, the trends expected from the analytical study can be observed. In the mixed-wet medium, extreme 

injectivity minimums in all the range of water fractions injected can be observed except for its minimum and maximum values 

(equivalent to only gas or water injection, respectively). In the water-wet medium, the injectivity is increasing gradually when 

the fraction of water injected is decreasing. From this figure, it is also observable that during gas injection lower values of 

injectivity are reached in the mixed-wet medium than in the water-wet medium. This is not surprising because the gas relative 

permeability of the water-wet medium is more linear and it is always higher than the one for the mixed-wet medium, leading 

to larger mobilities of the gas phase. However, at maximum attainable gas saturations in the near-wellbore region, when the 

present oil is residual, values of injectivity for both media are expected to be much closer or the same. In this study, for 

comparison reasons, all the values of the plot have been extracted at same late times when oil-saturations are expected to be 

very low or residual in the near-wellbore region. This is not the case for gasflooding where it takes longer times to reach 

maximum gas saturations due to its high mobility, especially for the mixed-wet medium where gas will always present lower 

mobility than in the water-wet media. 
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A direct comparison of the analytical predictions with the simulation results is made in figure 11, where values of mobility and 

injectivity are plotted against fractional flow of water injected. 

Figure 11: Analytical (dotted lines) and simulation (squared and rhombohedral markers) results comparison of injectivity index and 
overall mobility vs. fractional flow of water injected for water-wet medium (blue coloured markers and lines) and mixed-wet medium 
(orange coloured markers and lines). 

In figure 11, it can be observed that the simulation results align with the analytical predictions. Both the analytical 

and simulation studies follow the same trend. However, in the water-wet medium, at low fractions of water, it is observable a 

small deviation from the analytical predictions. This is, as explained previously, because in the water-wet medium the gas 

relative permeability is almost linear and the gas phase presents very high mobility through the porous media and with respect 

to the other phases present when gas is the main injected phase. To further investigate this event, saturations of the injected 

fluids in the near well-bore region have been studied. In particular, at the well-block the observed saturations at steady-state 

are presented in figure 12 for both media. These saturations are similar to the expected saturations from the analytical study, 

but they are only constant in a very small region close to the injection well (approximately at a distance of 2-4 m). This can be 

explained because the injected fluids segregate, which can take place as soon as the fluids are injected. This segregation effects 

are observed to be horizontal due to viscous forces in the 2D horizontal grid and both horizontal and vertical due to viscous 

and gravity forces in the 2D vertical grid. Viscous forces exhibit a horizontal type of segregation due to Buckley-Leverett 

displacement (1942) whereas gravity forces exhibit vertical type of segregation – as described by Stone (1982) and Jenkins 

(1984). Thus, the saturations distribution in the reservoir may be controlled by viscous and gravity forces. 
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Figure 12: Analytically calculated (orange coloured markers) and well-block (blue coloured markers) saturations for different injected 
water fractional flows (fw=0.05, 0.2, 0.5 and 0.8, represented from left to right) in a water-wet (squared markers) and mixed-wet media 
(rhombohedral markers). 

Entrapment of the non-wetting phase saturations can have an impact on injectivity. In figure 13, this effect has been 

sensitized in a water-wet medium, where gas is the most non-wetting phase and it could be trapped by either water or oil. In 

this medium, oil could also be trapped by water. Because the studied three-phase relative permeability models available in the 

numerical simulator used for this study do not account for entrapment of any phase or they do it in each respective two-phase 

relative permeability measurement(water/oil and/or gas/oil), a range of residual gas saturations in the gas/oil two-phase 

relative permeability have been introduced.  

Figure 13: Injectivity index vs. trapped gas saturation at different injected water fractional flows (fw=0.1, 0.3, 0.5, 0.7 and 0.9) for a 
water-wet medium. 

From figure 13, it is observable that injectivity reduces as the trapping of the gas phase increases. Trapping 

saturations up to 30% can be observed in a WAG injection displacement; however, in a SWAG injection displacement, this 

high trapped saturation are not expected because there is not a cyclic behaviour of the injection phases, which tends to be in 

favour of gas trapping. The same degree of reduction is observed for the different water fractional flows. If the medium is oil-

wet, entrapment of the water phase could be expected. The amount of trapped saturation is related to the maximum saturation 

reached during the displacement (Land, 1968).  

Design Criterion 
Analytical and simulation studies have shown that injectivity is dependent on water fractional flow, the wettability of the 

medium and trapping of the non-wetting-phase, which is also dependant on the wettability. Then, to avoid poor injectivity in 

any of the media it is recommendable to design a SWAG injection at low water fractional flows. This design criterion can be 

of a great importance especially when the medium is mixed or oil-wet, where the gas-water two-phase relative permeability 

effects critically affect injectivity at all the intermediate range of water fractional flows. Although this criterion can offer better 

mobility, it may not offer optimum sweep efficiency. Then, it would be needed to further investigate the relationship between 

injectivity and sweep efficiency. 

Alternatively, a completion configuration design for SWAG injection that allows the gas to be injected at the bottom 

and water at the upper part of the well (Simultaneous-Water-above-Gas) proposed by Stone (2004), could also provide better 

injectivity because the fluids are injected separately in the region close to the well. Hence, two-phase relative permeability 

effects may not be expected in the very close-to the well-region but they could further on. 

Discussion 
Conceptually simple analytical and numerical simulation studies have been presented, which can be interpreted by analysing 

the mobility of the fluids in the near-wellbore region. However, the full range of interactions between the near-wellbore region 

and the rest of the field (such as oil bank mobility, mass transfer and miscibility) has not been studied. Neither has the 

relationship between injectivity and sweep efficiency been studied. In particular, in the studies presented, injectivity is only 

reduced in a mixed-wet medium due to the two-phase relative permeability effects. Other configurations of Water-Gas 

injection, such as Water-alternating-Gas or Water-above-Gas have not been studied. For these cases, injectivity reduction due 
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to two-phase relative permeability effects may not expected because it is only one phase which is injected. Geological complex 

non-heterogeneous media with vertical heterogeneity, high permeability/porosity ratios and/or faults has not been studied. 

Nevertheless, the ability of interpreting a simple study case is to reinforce and give the basis for a design criterion of SWAG 

injection into an oil reservoir, where the overall phenomenon that can take place are schematically represented in figure 14 as a 

summary overview.  

 
Figure 14: Overall phenomenon taking place in a SWAG injection process. 

Conclusions 
1. SWAG injectivity is dependent on the fractional flow of fluids injected, the wettability of the medium and the 

trapping of the non-wetting phase. At a given water fractional flow, injection losses can be expected if the medium is 

mixed or oil-wet. In these media, the gas relative permeability can be such that the overall mobility of the injected 

fluids presents very low values at intermediate range of water fractional flow. For this reason, in these media, it is 

essential to design an injection scheme at very low water fractional flow. 

2. Studied empirical models, used in current numerical simulators, only predict the three-phase relative permeability of 

the oil phase and they cannot predict the fluids relative permeabilities for different wettability mediums. In these 

models, the three-phase system is treated as if it happened to be in a water-wet medium, where gas is always treated 

as the non-wetting phase, but it can also be intermediate-phase for an oil-wet medium.  

3. Neither entrapment of the non-wetting and/or intermediate-wetting phase is accounted in the studied empirical 

models. This needs to be specified in the separate two-phase (water/oil and gas/oil) relative permeability 

measurements without representing the actual interaction of trapping and trapped fluids. 

Further work and directions 
1. Experimental measurements of gas/water two-phase relative permeabilities in preserved cores that represent the likely 

wettability of the reservoir are suggested to investigate the expected interaction of these phases in the near-wellbore 

region for a SWAG injection scheme. These measurements along with other experimental measurements of water/oil 

and gas/oil two-phase relative permeabilities in the same type of cores are also suggested to investigate maximum 

attainable phase saturations and thus, entrapment of the non-wetting and/or intermediate-wetting phases. 

2. Developments and improvements in empirical models that can represent the physics of three-phase flow in porous 

media are needed. These models should account for different displacement mechanisms such as layer drainage or 

pore occupancy. They should also represent different wettability media or account for modifications that can 

represent these media. The prediction of the relative permeabilities in the three-phase systems should be done for all 

the phases interacting. Trapping of the non-wetting and intermediate-wetting phases should also be represented in 

these models. 

3. Alternatively, physically based pore-to-field scale modelling procedures could be implemented. This practice has 

already been implemented and reported for a real field case (Kløv et al., 2003). 

 
& 

 (entrapment of the non-wetting phase effects) 
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Nomenclature 
c = rock compressibility, bar-1. 

fw, inj = injected water fractional flow. 

gx = gravitational constant, m/s2. 

I = injectivity index, Rm3/d/bar. 

K = permeability, mD. 

krp = phase relative permeability. 

krp(p) = phase relative permeability with respect to another phase. 

(krp(p))S = phase relative permeability with respect to another phase at the given saturation. 

np = Corey exponent of a phase. 

P = pressure, bar. 

Pw = injection pressure, bar. 

Pd = pressure at drainage radius, bar. 

Pp = phase pressure, bar. 

Q = flow rate, Rm3/d/. 

qp = phase flow rate, Rm3/d/.  

S = saturation. 

SL = liquid saturation. 

Sw = water saturation. 

Swc = connate water saturation. 

Sorg = residual oil saturation due to gas. 

Sgr = residual gas saturation. 

Sgt = trapped gas saturation. 

T = temperature, ºC. 

x = distance, m. 

ϕ = porosity. 

μ = viscosity, cp. 

λ = mobility, cp
-1

. 

ρ = density, kg/Sm3 

Subscripts 
g = gas. 

h = horizontal. 

p = fluid phase. 

o = oil. 

v = vertical. 

w = water. 
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APPENDIX A: Critical literature review 
 
Table A-1: Milestones 

SPE Paper n. Year Title Authors Contribution 

Transactions of the 
AIME, 

213: 281-283 
1958 

‘Improving Miscible 
Displacement by Gas-Water 
Injection’ 

B. H. Caudle, 
A. B. Dyes 

First suggested simultaneous injection of water 
and gas as a means of increasing oil recovery and 
presenting mobility control behind the flooding 
front. 

Journal of Petroleum 
Technology, 

22(2): 214-218 
1970 

‘Probability Model for 
Estimating Three-Phase 
Relative Permeability’ 

H. L. Stone 

Described a method to obtain three-phase relative 
permeability by means of interpolation between 
two sets of two-phase relative permeability data, 
making use of probability concepts and empirical 
definitions. 

SPE 30726 1995 
‘Simultaneous Water and Gas 
Injetion Pilot at the Kuparuk 
River Field, Reservoir Impact’ 

T. D. Ma, 
J. A. Rugen,  
R. F. Stoisits,  
G. K. Youngren  

Pilot SWAG injection which first reported injectivity 
reduction. 

Journal of Physical 
Chemistry B,  

104: 3833-3845 
2000 

‘Pore-Scale Modeling on 
Three-Phase Flow and the 
Effects of Wettability’ 

M. H. Hui, 
M. J. Blunt 

Indicated appropriate functional dependencies for 
three-phase relative permeabilities and 
represented a first step towards pore-scale 
modelling developments that can account for the 
wettability effect in a three-phase flow system. 

SPE Reservoir 
Evaluation and 
Engineering,  
4(5): 375-386 

2001 
‘A Literature Analysis of the 
WAG Injectivity Abnormalities 
in the CO2 Process’ 

J. D. Rogers, 
R. B. Grigg 

Analyzed the state of the art of related injectivity 
abnormalities, their causes and expected effects 
for gas flooding methods in IOR, especially for 
CO2 injection. 

SPE 75126 2002 
‘SWAG Injectivity Behaviour 
Based on Siri Field Data’ 

L. I. Berge,  
J. Å. Stensen,  
B. Crapez, 
E. A. Quale 

First experience reported of a full field application 
of SWAG injection in the North Sea. 

SPE 124197 2009 

‘Injectivity and Gravity 
Segregation in WAG and 
SWAG Enhanced Oil 
Recovery’ 

A. Faisal, 
K. Bisdom, 
B. Zhumabek, 
A. Mojaddam Zadeh,  
W. R. Rossen 

Examined the advantage in near-wellbore mobility 
and injectivity that WAG offers over SWAG. 
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Transactions of the AIME, 213: 281-283, 1958. 

‘Improving Miscible Displacement by Gas-Water Injection’ 

 

Authors: B. H. Caudle and A. B. Dyes 

 

Contribution:  

Suggested simultaneous injection of water and gas as a means of increasing oil recovery and presenting 

mobility control behind the flooding front. 

 

Objective of the paper: 

To present a method where the sweep pattern efficiency can be improved (injecting both gas and water) 

by controlling the mobility of the displacement front. 

 

Methodology used: 

▪ Described the gas-driven miscible displacement and the simultaneous injection of gas and water 

behind the miscible displacement (using a five-spot pattern). 

▪ Presented simple laboratory models for a five-spot pattern system, where analysed the effect of 

mobility on sweep efficiency to show the benefits that can be obtained from a simultaneous 

injection. 

▪ Discussed a hypothetical case of simultaneous injection 5-spot pattern to illustrate the mechanics 

of the process. 

Conclusion reached: 

▪ Gas displacement presents often poor sweep efficiency because of the low viscosity of the gas and 

high displacement efficiency of the process. 

▪ Sweep efficiency can be increased by simultaneously injecting water and gas while maintaining a 

miscible displacement of the oil. 
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Journal of Petroleum Technology, 22(2): 214-218, 1970. 

‘Probability Model for Estimating Three-Phase Relative Permeability’ 

 

Authors: H. L. Stone 

 

Contribution: 

Suggested the first empirical model to predict three-phase flow relative permeabilities. 

 

Objective of the paper: 

To describe a method that can predict the relative permeability of the intermediate-wetting phase in a 

three-phase system by means of two sets of two-phase relative permeability measurements.  

 

Methodology used: 

▪ Presented the required data to estimate three-phase relative permeability data, the equations used, 

and the definitions and assumptions in which the probabilistic method is based. 

▪ Described a reasonable physical model consistent with the assumptions mentioned. 

▪ Evaluated the model empirically and tested it against experimental data (Corey et al.,1956; Dalton 

et al. and Saraf, 1966). 

Conclusion reached: 

Presented a method regarded as a means of interpolation between two sets of two-phase measurements to 

obtain the three-phase relative permeability of the intermediate-wetting phase. Those interpolated values 

agree with experimental three-phase data with an associated range of uncertainty. In the presence of only 

two phases, the probability model will lead to the correct two-phase data.  

 

Comments: 

Discussion of the method is done for preferentially water-wet systems. However, it can also be extended 

to preferentially oil-wet systems, being water the intermediate wetting phase.  
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SPE 30726 (1995) 

‘Simultaneous Water and Gas Injetion Pilot at the Kuparuk River Field, Reservoir Impact’ 

 

Authors: Ma, T.D., Rugen, J.A., Stoisits, R.F., and Youngren, G.K. 

 

Contribution: 

Pilot study of SWAG which first reported injectivity reduction. 

 

Objective of the paper: 

To address the effect of SWAG on injectivity and to discuss the benefits of SWAG owing to increased oil 

recovery and reduced gas handling.  

 

Methodology used: 

▪ Analysed performance of the SWAG process using a fully compositional reservoir simulator. A 

three-phase relative permeability model was developed for the Kuparuk, based on extensive 

water-oil, gas-oil and trapped gas relative permeability data available. Reservoir description of 

only the lower sandstone interval of Kuparuk was reported on this study. Sensitivity analyses 

were conducted on SWAG and IWAG ratios in order to evaluate the benefits of incremental 

recovery over waterflooding and gas handling. 

▪ Conducted a pilot project that involved the modification of facilities and instrumentation at three 

well sites. The test was conducted for 17 days with a variety of gas-liquid ratios and three 

distribution configurations of the injection mixture. The operation concluded with the collection 

of injectivity data, mainly for well 2D-16. 

 

Conclusion reached: 

▪ Simultaneously water and gas injection can be achieved into multiple injection wells (supplied 

through a single surface line distribution network). 

▪ Observed loss in injectivity was primarily because of a reduction of the BHP due to 2-phase 

mixture in the wellbore rather than relative permeability effects. However, relative permeability 

effects of the two-phase flow on injectivity could be better studied on a longer duration test.  

 

Comments: 

The lack of 2-phase relative permeability effects was not surprising due to: 

1. Minimal injectivity impacts on the IWAG process for large gas flow rates and gas saturations. 

2. Imbibition/secondary drainage gas relative permeability is relatively steep and the differences in 

gas and water saturations are small for low GLRs. 

3. Relatively small in-situ gas saturations because the oil is undersaturated. 

4. Gas and water could have segregated at the sand face going into separate layers. 

A longer SWAG test would provide better understanding of the two-phase relative permeability effects.  
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Journal of Physical Chemistry B, 104: 3833-3845, 2000. [SPE 59309 (2000)] 

‘Pore-Scale Modeling of Three-Phase Flow and Effects of Wettability’ 

 

Authors: M.- H. Hui and M. J. Blunt  

 

Contribution: 

Indicated appropriate functional dependencies for three-phase relative permeabilities and represented a 

first step towards pore-scale modelling developments that can account for the wettability effect in a three-

phase flow system. 

 

Objective of the paper: 

▪ To describe the fluid configurations, displacement capillary pressures and conductances in a 

three-phase mixed-wet pores. 

▪ To analyse the relative permeabilities and to illustrate some general trends that can then be used in 

more sophisticated treatments. 

Methodology used: 

▪ Described the various pore-scale configurations possible; gave the capillary pressures for 

displacement from one configuration to another; and found fluid saturations and conductances. 

▪ Used the previous results in a bundle-of-tubes model to predict trends in three-phase relative 

permeabilities when the wettability of the medium is altered. 

Conclusion reached: 

▪ Ten different fluid configurations in a single pore space were found for a three-phase mixed-wet 

system. 

▪ In water-wet media, findings of quadratic oil-layer drainage regime agreed with previous 

published work. 

▪ In mixed-wet media, oil can form wetting layers with the characteristics of layer drainage regime 

for the oil phase in gas occupied pores. 

▪ The relative permeability of the intermediate-wetting phase is dependent on two saturations; 

meanwhile the relative permeabilities of the non-wetting and wetting phases are function of their 

own saturations. In water-wet media, oil is the intermediate-wetting phase. In weakly oil-wet 

media, water is the intermediate-wetting phase. In strongly oil-wet media, gas is intermediate 

phase. 

Comments: 

The latter conclusion/finding is contradictory to many of the assumptions made in empirical models: gas 

is always the non-wetting phase and its relative permeability is a function of only its own saturation. 
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SPE Reservoir Evaluation and Engineering, 4(5): 375-386, 2001. [SPE 59329 (2000)] 

‘A Literature Analysis of the WAG Injectivity Abnormalities in the CO2 Process’ 
 

Authors: J. D. Rogers and R. B. Grigg 

 

Contribution: 

Analysed the state of the art of related injectivity abnormalities, their causes and expected effects for gas 

flooding methods in IOR, especially for those processes where CO2 is the injected gas. 

 

Objective of the paper: 

▪ To provide a compilation of the current understanding mechanisms and predictability for Water-

Alternating-Gas (WAG) processes.  

▪ To provide a comprehensive review for causes and circumstances of injectivity abnormalities in 

CO2/gasflood EOR projects 

▪ To help in the direction of formulating research. 

▪ To help operators develop operational and design strategies, and to input parameters in 

simulations for current and future projects. 

Methodology used: 

▪ Provided a background to emphasize why injectivity is still a topic of concern in the industry. 

▪ Gave an overview of the WAG injection process. 

▪ Presented the various injectivity abnormalities and the factors that can affect injectivity 

(wettability; chemical effects that can alter wettability; entrapment due to dispersive bypassing or 

capillary entrapment/fingering; relative permeabilities; saturation effects due to WAG cycles; 

heterogeneity, anisotropy and stratification; mass transfer and IFTs). 

Conclusion reached: 

There are many factors that can affect injectivity, being not necessarily a near-wellbore effect and several 

areas of research are suggested and to aid this investigation, pore-scale simulators are suggested while 

field-scale verifications are also needed. 
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SPE 75126 (2002) 

‘SWAG Injectivity Behaviour Based on Siri Field Data’ 

 

Authors: L. I. Berge, J. Å. Stensen, B. Crapez, and E. A. Quale 

 

Contribution: 

First experience reported of a full field application of SWAG injection in the North Sea. 

 

Objective of the paper: 

To present a discussion of the injectivity behaviour and the interpretation of the data gathered during the 

first period after production start-up of the Siri field. 

 

Methodology used: 

▪ Discussed the factors that affect and govern injection rates. 

▪ Included detailed analysis of the injectivity performance of the field for the first 8 months after 

production started-up. Near-well injectivity behaviour is analysed by using an Injectivity model 

that accounts for Darcy and non-Darcy flow, a fracture model and a fracture closure Gaussian-

function. Relative permeability effects are analysed depending on the saturation of the phases but 

without accounting for fractured near-wellbore area. Eclipse simulations were used. 

 

Conclusion reached: 

▪ SWAG injection has been successfully implemented on Siri field, and its expectations are being 

accomplished. 

▪ SWAG injection gives higher injection power (BHP) compared to gas cycles in WAG injection 

due to the increased fluid column weight in the injection wellbore. 

▪ Injectivity of a SWAG well can be reduced due to two-phase near-wellbore permeability effects 

and/or fracture closure above fracturing pressure due to high gas rates. 

▪ SWAG injectivity depends on the gas/water ratio (above and below fracture pressure). 
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SPE 124197 (2009) 

‘Injectivity and Gravity Segregation in WAG and SWAG Enhanced Oil Recovery’ 

 

Authors: A. Faisal, K. Bisdom, B. Zhumabek, A. Mojaddam Zadeh and W.R. Rossen  

 

Contribution: 

Examined WAG injection as a means of increasing injectivity over SWAG injection. 

 

Objective of the paper: 

To examine the advantage in near-wellbore mobility and injectivity that WAG offers over co-injection 

(SWAG). 

 

Methodology used: 

▪ Investigated the possible increase in injectivity of WAG compared to SWAG in 1D and 2D. 

Investigated the implications for gravity override in 2D. A range of models for gas and water 

relative permeabilities has been used. 

▪ Sensitized the slug size from small to large in 1D radial flow, when expecting an increase in 

injectivity for WAG. 

▪ For a limited injection pressure, quantified WAG advantages over SWAG in vertical sweep 

efficiency in 2D cylindrical flow. A homogeneous reservoir and the swept zone after oil 

mobilization have been considered for the study. 

Conclusion reached: 

▪ Injectivity in WAG is greater than in SWAG. This greater injectivity improves vertical sweep 

efficiency when the injection pressure is a limiting factor. 

▪ With small slug sizes, it is possible to obtain uniform and constant mobility at a large distance 

from the injection well. In this case injectivity for WAG is greater than for SWAG, and even 

greater for foam. For slug sizes that do not present uniform and constant mobility at a large 

distance from the injection well, the increase in injectivity has been the largest. Increased 

injectivity happens to be as a result of creating a single-phase flow in the near-well region. 

▪ Simultaneous-Water-above-Gas injection present a modest increase in injectivity compared to 

Simultaneous-Water-and-Gas injection. 
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APPENDIX B: Three-phase relative permeability models review  

Three-phase relative permeabilities are difficult and time consuming to measure in the laboratory. To 

simulate SWAG displacements and other IOR processes in which more than two phases are present, an 

estimation of three-phase relative permeabilities is essential. Several authors (for instance Corey et al., 

1956; Stone, 1970; Stone, 1973; Dietrich and Bondor, 1976; Parker, 1987; Baker, 1988; Alemán and 

Slattery, 1988; Delshad and Pope, 1989; Kokal and Maini, 1990; Hustad and Hansen, 1995; Balbinski et 

al., 1997; Larsen and Skauge, 1988; Blunt, 1999; Shahaverdi and Sohrabi, 2012) attempted to describe 

three-phase flow dynamics by suggesting interpolation and empirical models. It is considered a practical 

approach to use sets of two-phase relative permeabilities to predict the three-phase relative 

permeabilities. Many authors proved that the analytical models presented do not fully represent 

experimental measurements of three-phase relative permeabilities that are available
 
( Corey et al., 1956; 

Saraf et al, 1982 ; Oak, 1990; Oak, 1991). 

 The most widely used models in the industry and that appear in reservoir simulators, in particular 

Eclipse 100 are Stone I (Stone, 1970), Stone II (Stone, 1973) and a default model (due to Baker, 1988). A 

review of these models as they are described in Eclipse 100 is presented. 

Default (Chesire model): 
The default model for three-phase oil relative permeability is based on an assumption of complete 

segregation of the water and gas. The model interpolates between the two-phase relative permeabilities 

weighting by saturation: 

kro =
Sgkro(g)+(Sw−Swc)kro(w)

Sg+Sw−Swc
 ................................................................................................................(A-1) 

where kro(g) is the oil relative permeability for a system with oil, gas and connate water (tabulated as a 

function of So), and kro(w) is the oil relative permeability for a system with oil, and water only (tabulated 

as a function of So). 

 The oil saturation is assumed to be constant whereas gas and water saturations are assumed to be 

completely segregated, except that gas is in presence of connate water saturation.  

Stone I (modified): 
Stone I model is based on the channel flow theory. This theory assumes the porous media to be an 

assemblage of flow channels where water and gas phases block the flow of the oil phase. This degree of 

blocking is suggested to be computed from an interpolation between the two oil two-phase relative 

permeabilities: 

kro = So
∗ βwβg .......................................................................................................................................(A-2) 

where βw and βg are water and gas factors that account for the impedance of oil flow by each phase 

respectively. This oil flow impedance is assumed to be independent of the saturations and can be 

calculated by the following equations:  

βw =
kro(w)

1−Sw
∗  ...............................................................................................................................(A-3) 

βg =
kro(g)

1−Sg
∗   ................................................................................................................................(A-4) 

and So
∗ , Sw

∗  and Sg
∗ are normalized fluid saturations, which are defined by treating connate water and 

irreducible residual oil as immobile fluids. They can be calculated given the following equations: 

 

So
∗ =

So−Som

1−Swc−Som
    (for So ≥ Som) ....................................................(A-5) 

Sw
∗ =

Sw−Swc

1−Swc−Som
  (for Sw ≥ Swc) ....................................................(A-6) 

Sg
∗ =

Sg

1−Swc−Som
  ....................................................................................(A-7) 

Uses krog table Uses krow table 
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where Som is a parameter that represents the residual oil in a three-phase system and that can be adjusted. 

Note: Sg
∗ + Sw

∗ + So
∗ = 1.  Stone (1970) suggested Som =

1

2
Swc. 

At So
∗ = 1.0, the predicted oil relative permeability approaches to 1.0, and Stone I model reduces 

to two-phase relative permeability only under the following conditions: 

(kro(w))
Swc

= 1   and   (kro(g))
SL=1

= 1 

 These conditions are not realistic. Aziz and Settari (1979) introduced a modified version of Stone 

I in order to improve the model predictions and to ensure that the model reduces smoothly to the two-

phase data. It assumes that the end point relative permeabilities for the oil-water and oil-gas systems are 

equal but have a value other than unity: 

(kro(w))
Swc

= (kro(g))
SL=1

= kro(wc) 

They proposed to divide the general expression of the model by 𝑘𝑟𝑜(𝑤𝑐), resulting: 

kro =
So

∗ βwβg

kro(wc)
 .........................................................................................................................................(A-8) 

 

kro =
So

∗ kro(w)kro(g)

kro(wc)(1−Sw
∗ )(1−Sg

∗ )
 ......................................................................................................................(A-9) 

 where kro(wc) is the oil relative permeability for an oil/water displacement measured at 

irreducible water saturation with no gas present. Note: SL = 1 − Sg = So + Swc. 

 This modification of Stone I model is the version generally found in numerical simulators. 

 Fayers and Matthews (1984), based on a linear relationship with two limiting residual saturations, 

suggested a method to determine  𝑆𝑜𝑚 , which can be used in conjunction with the modified Stone I 

model: 

Som =  αSorw + (1 − α)Sorg ..............................................................................................................(A-10) 

 where α = 1 −
Sg

1−Swc−Sorg
, Sorw is the residual oil saturation in the presence of water, Sorg is the 

residual oil saturation in the presence of gas and irreducible water. 

Stone II (modified): 
Stone II model is based on an assumption of segregated flow. A residual oil saturation of the three-phase 

system does not have to be specified, and the model can actually predict it. The suggested expression is 

as follows: 

kro = (kro(w) + krw(o))(kro(g) + krg(o)) − (krw(o) + krg(o)) ….....................................................(A-11) 

 Subject to the restriction that the above equation can predict values of kro ≥ 0. Otherwise, when 

the predicted values are negative, 𝑘𝑟𝑜 < 0, the relative permeability is set to zero indication immobile oil. 

 This model, as in Stone I model, will reduce to two-phase data only if the relative permeability at 

the end points is equal to one. Aziz and Settari (1979), based on the assumption that both water-gas and 

gas-oil systems present irreducible water saturation, 𝑆𝑤𝑐, presented a normalized modification of the 

model as follows: 

kro = (kro(w) + kro(wc)krw(o))(kro(g) + kro(wc)krg(o)) − kro(wc)(krw(o) + krg(o)) .......................(A-12) 

where the oil relative permeabilities are measured at the oil saturations given by Stone I model. 

 This modification of Stone II model is the version generally found in numerical simulators. 

 Fayers and Matthews (1984) studied experimental three-phase data and showed that overall Stone 

I model with 𝑆𝑜𝑚 gives superior predictions to Stone II. 
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APPENDIX C: Sets of two-phase relative permeabilities 
 

▪ Water/Oil relative permeability Corey-type functions: 
 

krw(o) = (krw)Sorw
(

Sw−Swc

1−Swc−Sorw
)

nw
…………………………………………………………………………..……….…….….. (A-13) 

 

kro(w) = (kro)Swc
(

1−Sw−Sorw

1−Swc−Sorw
)

no
……………………………………………………..………………………..….………....… (A-14) 

 

▪ Gas/Oil relative permeability Corey-type functions: 
 

krg(o) = (krg)
Swc+Sorg

(
1−SL−Sgr

1−Swc−Sorg−Sgr
)

ng

…………………..…………………………………………………………..…... (A-15) 

 

kro(g) = (kro)Sgr
(

SL−Swc−Sorg

1−Swc−Sgr−Sorg
)

no

……………………………………………………………………….………….….....… (A-16) 

 

Table A-2: Summary table with values of parameters for the water-wet  and mixed-wet systems. 

Parameter Water-wet system Mixed-wet system 

Water/Oil 
relative 

permeabilies 
set 

Corey parameters:   

nw  4 7 

no  4 

Connate Water Saturation,  Swc 0.1946 

Residual Oil Saturation due to water, Sorw 0.2000 

Water relative permeability at residual oil saturation, (krw)Sgr
 0.5000 

Oil relative permeability at connate water  saturation, (kro(w))
Swc

 1.0000 

Gas/Oil 
relative 

permeabilies 
set 

Corey parameters:   

ng    1.5 5 

no  6 

Connate Water Saturation,  Swc 0.1946 

Residual Oil Saturation due to gas, Sorg 0.0000 

Residual Gas Saturation,  Sgr 0.0000 

Gas relative permeability at connate water saturation and 

residual oil saturation, (krg)
Swc+Sorg

 

1.0000 

Oil relative permeability at residual gas  saturation, (kro(g))
Sgr

 1.0000 
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Figure A-1: Two-phase water/oil system represented by Corey-type water (blue coloured lines) and oil (red coloured lines) relative 
permeabilities for water wet (solid lines) and mixed wet (dashed lines) media. Corey exponent values are 4 and 7 for the water relative 
permeability, and 4 the oil relative permeability. 

 
Figure A-2: Two-phase gas/oil system represented by Corey-type gas (green coloured lines) and oil (red coloured lines) relative 
permeabilities for water wet (solid lines) and mixed wet (dashed lines) media. Corey exponent values are 1.5 and 5 for the gas relative 
permeability, and 6 the oil relative permeability 
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APPENDIX D: Representative relative permeability functions 
 

Corey exponents for gas and water relative permeability functions have been extrapolated from 

representative relative permeability functions for water-wet and mixed/oil-wet systems found in the 

literature on (for instance, Dicarlo et al., 1999), shown in figureA-3. 
 

 
 
Figure A-3: measured gas relative permeabilities for two-phase gas-water system in water-wet medium (white squared dots), 
intermediate-wet medium (white cross dots) and oil-wet medium (black squared dots), and for two-phase gas/oil system in oil-wet 
medium (Dicarlo et al., 1999). 
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APPENDIX E: Equivalent pressure radius 
 

 In numerical reservoir simulators, grid blocks represent several features of a reservoir system 

(well connections, reservoir properties, faults, etc.).  To calculate the well index it is necessary to relate 

the well flow rate, the well pressure and the pressure of the entire block that contains the well. Because 

the well diameter is supposed to lie within the well block, a large variation of pressure is expected in this 

block, as shown in fig. A-4. 

Figure A-4: Pressure distribution in the well block. 

 In numerical reservoir simulators, a modified version of the Paceman’s formula (Paceman, 1977) 

is used to calculate the pressure equivalent radius of the block. The equivalent radius, ro, is defined as the 

radius at which the steady-state flowing pressure for the well is equal to the numerically calculated 

pressure of the well block: 

po = pwf +
qμ

2πkh
ln (

ro

rw
) …..………………………………………………………………………... (A-17) 

where po is the pressure at the equivalent radius, pwf is the flowing well pressure and rw is the wellbore 

radius. 

 The numerical solution for Laplace’s equation near a single well behaves so much like the 

solution to the radial flow equation. On the semilog plot in figure A-5, the numerical solution at steady-

state for different grid block sizes as a function of radius is plotted giving a straight line with slope 
1

2
𝜋. 

Paceman observed that by extrapolating this straight line to the horizontal line po − pwf = 0, this occurs 

at 𝑟 = 𝑟𝑜. Hence, the interpretation of a well block pressure equals the steady state flowing pressure at a 

radius ro = 0.2∆x, where ∆𝑥 is the length of the cell in i and j directions. 
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Figure A-5: Numerical solutions for pressure plotted vs radius (from Paceman, 1977) 

 For semi-steady state compressible flow, eq (A-17) becomes as follows: 

p̅ = pwf +
qμ

2πkh
[ln (

rb

rw
) −

3

4
] ……………………………………………………………………….. (A-18) 

where p̅ is the averaged pressure in a closed reservoir, and  rb =
∆x

√π
.  

 Then, the interpretation of a well-block pressure equals the semi-steady state flowing pressure at a 

radius  ro = 0.27∆x. 

 Paceman’s formula lies on assumptions for a single phase flow in two dimensions (2D). A 

modified version of Pacema’s formula for 3D is used in numerical simulators.  

 In this study several trials have been made to assess the minimum necessary dimensions of the 

well block. For a well diameter of 12 cm a minimum well-block of 50 cm is necessary to account for the 

pressure equivalent radius and do not  lie in a range of non-convergence of linear and numerical 

equations. 
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APPENDIX F: Simulation results 
 

 
 
Figure A-6: Injectivity vs. time for different fractional water injected in a water-wet medium. 

 

 

 
 
Figure A-7: Injectivity vs. time for different fractional water injected in a mixed-wet medium.  
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