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CHAPTER 1 

INTRODUCTION 
 
 
 
 

1.1 Gas injection EOR 

According to World Energy Outlook 2018 by the International Energy Agency, nearly 53.9% of world primary 

energy consumption in 2018 (Fig. 1.1a)  was supplied by oil and gas. Green energies, e.g. bioenergy, hydro or 

other renewables, will experience an increasing demand, but cannot be an absolute alternative in the near future. 

Oil and gas demand is projected still to be 52.6% by 2040 (Fig. 1.1b). Nevertheless, the climate impact of fossil 

fuels and continuously increasing energy demand drive oil production in a more efficient and environmentally-

friendly manner.   

      (a)        (b)  

Figure 1.1 World primary energy consumption: (a) 2018, and (b) 2040 projections; statistical data and analysis 

from World Energy Outlook (2018) by the International Energy Agency. 

 

The life cycle of oil recovery in a reservoir in general comprises three phases (Lake et al. 2014): primary 

recovery, secondary recovery and tertiary recovery. Primary recovery relies on natural drive mechanisms, e.g. 

expansion of solution gas, gravity drainage or rock compressibility (Green and Willhite, 1998; Lake et al., 2014). 

Secondary recovery mainly comes from water or gas injection intended to maintain reservoir pressure and 

displace oil. All subsequent techniques, e.g. thermal methods (Stahl, 1987), chemical flooding (Shah, 2012) or 

foam (Rossen, 1996), contribute to tertiary recovery. Enhanced oil recovery (EOR) is referred to as oil 

production by injection of external agents originally not belonging to a reservoir; this is tertiary recovery. 

Roughly 10% of OOIP (Oil Originally In Place) is produced during primary recovery. Waterfloods contribute a 

typical ultimate recovery of 25%. Nearly 65% of OOIP left in reservoirs needs to rest on EOR techniques; thus 

EOR is key to enhance oil production.  
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The U.S. Department of Energy (2016) reports that three categories of EOR techniques have been found to be 

commercially successful to varying degrees: thermal methods, gas injection and chemical injection. Among 

others, injection of gases (e.g. N2, air, CO2, steam or hydrocarbon gases) contributes significantly to the overall 

oil production during EOR processes (Oil and Gas Journal, 2010). Manrique et al. (2010) find, based on statistics 

of 1507 international field EOR projects shown in Fig. 1.2, that about 25% implement gas injection in either 

sandstone or carbonate reservoirs. Gas EOR is nowadays a mature technique and very efficient in displacing oil: 

nearly 100% in the oil zone where oil is swept by gas (Orr 2007). However, most gas-injection processes are 

subject to poor sweep efficiency, which arises mainly from three issues: gravity override caused by the density 

difference between gas and liquid phases; gas fingering due to viscosity instability; and gas channelling owing to 

geological heterogeneity. These three prominent issues in gas injection alone greatly limit its EOR potential.  

 

 
Figure 1.2 Statistics of EOR implementations in worldwide 1507 field projects; by Manrique et al. (2010). 

 

To maximize the benefit of gas EOR, several technologies have been developed to improve the sweep efficiency 

of gas injection, e.g. supercritical CO2 (Orr and Taber, 1984) and WAG (Water-Alternating-Gas), where water 

and gas are injected in alternating slugs (Christensen et al., 1998). These technologies mitigate partly one or two 

of the three issues in gas injection. Introduction of foam can address all the three issues simultaneously; it is 

thought to be a promising technology in assisting gas injection EOR (Rossen, 1996).  

1.2 Foam EOR 

1.2.1 Foam definition 

Foam here is defined as a dispersion of gas in liquid, where gas bubbles are separated by interconnected thin 

aqueous films, called lamellae, stabilized by surfactants (Rossen 1996; Gauglitz et al. 2002). The properties of 

foam are characterized mainly through foam texture, bubble density (bubbles per unit volume), foam quality and 

foam stability (Schramm and Wassmuth 1994; Rossen 1996). Foam “quality” throughout our study refers to gas 

volumetric fractional flow in foam, i.e. fg = ug/(ug+uw) where ug and uw are the Darcy’s velocity for gas and water 

phases. Higher foam quality means larger gas fractional flow. In steam foam it can mean the mass fraction of 

steam in foam (Hirasaki, 1989).  
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Generally, there are two categories of foams in the petroleum industry: bulk foam, of which the bubble size is 

much smaller than the diameter of a container, and foam in porous media, in which the individual bubble size is 

close to or greater than the size of a single pore where it resides (Rossen, 1996). This distinction gives special 

properties to foam in porous media, that are controlled by capillary processes (Alverez et al., 2001). The study in 

this thesis concerns foam behavior in porous media.  

1.2.2 Mobility of phases with foam 

Foam in rock pore space is not a single phase, but a phenomenon that comprises two individual phases, i.e. 

aqueous and gaseous phases. Because of its unique microstructure (Weaire and Hutzler 2001), the formation of 

foam has a significant influence on the mobility of phases present and flowing through geological formations. In 

particular, compared with gas mobility without foam, the mobility of gas with foam is substantially reduced. In 

foam flow, the gas phase comprises flowing and trapped gas bubbles, as schematically illustrated in Fig. 1.3 

(Kovscek and Radke, 1993). The reduction in gas mobility by foam primarily results from two mechanisms 

(Tang and Kovscek, 2006; Rossen, 1996): a large increase in trapped residual-gas saturation, and a dramatic rise 

in flow resistance caused by capillary and dragging effects as gas bubbles mobilize through constricted pore 

throats and pore bodies.  

 

The presence of foam also affects the mobility of liquid phases. With foam, the increase in the residual gas 

saturation reduces the pore space for the liquid phases (water and oil), and the enhanced resistance to gas flow 

causes the saturations of liquid phases to remain very low. However, a number of studies show that only the 

mobility function of the gas phase is altered by foam, but not those of the liquid phases (Bernard and Jacobs, 

1965; Holm, 1968). This is widely accepted to be true and facilitates greatly the modeling of foam flow and 

transport (Rossen et al., 1999).  

 

 
Figure 1.3 Schematic of phase distribution in foam flow through porous media (without oil); adapted from 

Kovscek and Radke (1993). 
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1.2.3 Foam-flow regimes at steady state 

Foam flow through porous media, in the absence of oil, shows fundamentally two regimes depending on foam 

quality (Osterloh and Jante 1992): the high- and low-quality regimes. As illustrated in Fig. 1.4a, the high-quality 

regime, also called the “dry-out” or “coalescence” regime, is represented by the upper-left vertical contours, 

where pressure gradient is independent of gas superficial velocity. This regime is mainly dominated by foam 

stability, controlled by the limiting capillary pressure, which in turn corresponds to the limiting water saturation, 

the water saturation below which foam collapses abruptly (Alverez et al., 2001). The low-quality regime, also 

called the “wet” regime, is denoted by the lower-right contours, where pressure gradient is largely independent 

of water superficial velocity. The low-quality regime is dominated by foam strength which is related to bubble 

size and density; this is reflected implicitly through foam apparent viscosity (i.e. the inverse of total relative 

mobility of phases). The two regimes usually feature a sharp transition from high to low foam qualities. In the 

high-quality regime, decreasing foam quality increases gas-mobility reduction, as seen from the increasing 

pressure gradient as one moves diagonally down and to the right in Fig. 1.4a. In the low-quality regime, 

decreasing foam quality reduces gas mobility reduction. The rheology of foam in each regime is not necessarily 

Newtonian (Tang et al., 2018). In most cases, the high-quality regime shows roughly Newtonian behavior and 

the low-quality regime exhibits shear-thinning behavior. 

 

Another popular way to represent the two regimes is the single foam-quality scan plot at fixed total superficial 

velocities of water and gas, as shown in Fig. 1.4b. Figure 1.4b is a diagonal line cutting through Fig. 1.4a at a 

given total superficial velocity. The right side of Fig. 1.4b, starting from the lower-right corner until maximum 

pressure gradient, corresponds to the high-quality regime, and the left side of Fig. 1.4b marks the low-quality 

regime. The contour plot in Fig. 1.4a contains the most complete information regarding steady-state foam flow. 

The foam-quality scan plot in Fig. 1.4b requires fewer data points to be constructed, and is thus commonly used 

in studying steady-state foam behavior. These two regimes in Figs. 1.4a or 1.4b are usually a starting point for 

the deeper exploration of foam behavior in geological formations.  

 

 
Figure 1.4 Steady-state foam-flow regimes in porous media (data from Alvarez et al. (2001) in Berea sandstone): 

(a) pressure gradient (psi/ft) as a function of water and gas superficial velocities (ft/day); each symbol represents 

a steady-state measurement at the given water and gas superficial velocities. (b) pressure gradient (psi/ft) with 

respect to a scan of foam quality at a fixed total superficial velocity of 2.5 ft/day. 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0

100

200

300

400

500

600

700

 

 

P
re

ss
ur

e 
gr

ad
ie

nt
, p

si
/ft

Foam quality, f
g

(b)

- 4 - 
 



 INTRODUCTION 
 

1.2.4 Engineering applications 

The effectiveness of foam in reducing gas mobility gives foam injection into geological formations broad 

engineering applications in a variety of fields. These applications include EOR in the oil industry (Lake et al. 

2014), removal of DNAPL (Dense Non-aqueous Phase Liquid) contaminants in environmental remediation 

(Hirasaki et al., 1997), and more recently CCUS (Carbon Capture, Utilization and Storage) for mitigating the 

impact of CO2 emission on global climate (Bui et al., 2018).  

 

The purposes of applying foam for EOR primarily lie in conformance improvement in the near-well region or 

deep in a reservoir and gas-mobility control for oil displacement. In the former application, foam preferably 

flows into high-permeability zones and diverts subsequently injected agents into low-permeability regions. This 

application also includes acid diversion for near-well stimulation (Zhou and Rossen, 1994; Rossen and Wang, 

1999). In the latter application, foam is used directly as a displacing agent that both improves gas-injection 

sweep efficiency and makes full use of efficient displacement by gas. In principle, oil reservoirs suitable for gas 

injection EOR are also applicable for implementation of foam, and various benefits of other EOR methods can 

all be seen in foam as well. A number of field pilots have been demonstrating that foam injection is a promising 

EOR technology (Patil et al., 2018; Carpenter, 2018; Alcorn et al., 2018).  

 

Table 1.1 Current techniques for foam flow through porous media 

Perspectives Techniques Remarks 

Measurements 

Bulk tests Quick screening of foaming 
agents 

Pore scale 
2D microfluidics 

Showing pore-scale mechanisms 
3D micro-CT imaging 

Core scale 
Foam corefloods Supporting validation of models 

and parameter fit for upscaling 
to field applications CT coreflood imaging 

Modeling 

Pore-scale models 

Supporting data interpretation 
and  

project design 

Foam representation 
Implicit-texture (IT) models 

Population-balance (PB) models 

Steady-state flow 
Local-equilibrium IT modeling 

Population balance modeling 

Transient 

displacements 

Numerical simulation 

Fractional-flow theory/ the MOC 

(Method of Characteristics) 

Pilots Pilot-scale tests 
Testing effectiveness prior to 
EOR implementations 
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1.3 Research techniques for foam EOR 

Successful engineering applications of foam for EOR rest on comprehensive understanding of fundamentals of 

foam behavior in reservoirs. Table 1.1 summarizes current techniques for understanding foam flow through 

porous media from two perspectives: measurements and modeling. The purpose and contribution of each 

technique is briefly reviewed as follows.  

1.3.1 Measurements 

Experimental techniques for foam EOR involve in general bulk tests, pore-scale imaging, coreflood study and 

field pilots, as listed in Table 1.1. Each technique offers crucial physical insights on foam behavior in porous 

media. Bulk tests (i.e., foam in columns or test tubes much larger than the bubbles) serve for a rough but quick 

evaluation of foam properties, in particular the influence of factors on foam stability. Bulk-test results can be 

used as a quick screening of foaming agents, before conducting corefloods, which are usually time-consuming. 

 

Imaging analysis on a pore scale includes 2D microfluidic study (e.g. Conn et al., 2014) and 3D micro-CT study 

(e.g. Blunt et al., 2013). This technique is appealing in that phase interactions as well as flow and transport can 

be seen directly or visualized. The experimental observations provide direct evidence of foam dynamics (e.g. 

generation, destruction, coarsening and flow) in pore or fracture networks (Sian et al., 2018; AlQuaimi and 

Rossen, 2018). When intending to interpret foam behavior in geological formations using microfluidic and 

micro-CT results, one needs to account for geometrical factors of physical models used. 2D micromodels (with 

flow geometry very different from 3D networks) and core-sample sizes for 3D micro-CT study may give results 

deviating from that at a reservoir scale. 

 

Lab investigation on a core scale, with core samples roughly ranging from 5 to 100 cm in length and 1 to 5cm in 

diameter, is most indicative of foam flow in reservoir rocks. Coreflood measurements can mimic reservoir 

conditions (e.g. pressure and temperature). Since the 1980s, advanced imaging techniques have been developed 

to assist in coreflood study, e.g. CT (Computed Tomography) and NMR (Nuclear Magnetic Resonance) imaging. 

In particular, CT foam corefloods are capable of monitoring in-time phase saturations during corefloods. This 

allows one to relate quantitatively foam properties to phase distributions, which is very important in the 

modeling of foam EOR.  

1.3.2 Foam modeling 

Foam models, e.g. pore-network models, are developed to describe foam formation and propagation on a pore-

scale (Kharabaf and Yortsos 1998; Blunt; 2001). On a larger scale (e.g. centimeters to kilometers), the 

representation of foam currently falls into two groups of models that are categorized by implicit or explicit 

description of foam texture: implicit-texture (IT) foam models (Computer Modeling Group 2015), and 

population-balance foam models (Kovscek et al., 1995; Kam et al., 2007). IT models describe foam using a 

mobility-reduction factor FM that reduces gas mobility according to a function of local phase saturations and 

other factors. Foam texture (bubble size and density) in IT models is not explicitly incorporated, but implicitly 

reflected by the values of factor FM that represent the effects of a given foam texture. IT models delineate foam 

properties at local equilibrium, where generation and destruction rates of bubbles are instantly  identical 
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everywhere at all times. Population-balance models explicitly incorporate foam texture in associated algorithms, 

based on dynamic modeling of the bubble population. This group of models is usually used to describe the 

dynamics of foam generation and destruction. At local equilibrium, population-balance models describe similar 

behavior to the IT models. Nevertheless, IT models are much simpler to use than population balance models 

(Lotfollahi et al., 2016).   

 

Steady-state foam flow in porous media, which features two regimes (as shown in Fig. 1.4a or 1.4b), is in 

general modelled through IT models. The validity of IT models in representing steady-state foam behavior 

without oil is justified by a good match between model-fitted results and lab data (Cheng et al., 2000). 

 

The modeling of transient foam flow through geological formations includes two major techniques (Rossen, 

2013; Ashoori et al., 2010): numerical simulation and fractional-flow theory, also called the Method of 

Characteristics (MOC). Both techniques may each adopt either IT models or population-balance models 

depending on purposes of studies (Lotfollahi et al., 2016). In numerical simulators, transient foam flow and 

transport are numerically solved, primarily for predicting foam performance at field conditions and then 

optimizing the design of foam EOR projects. Numerical solutions for foam EOR are subject to issues of stability 

and accuracy (Rossen, 2013). Fractional-flow theory is a powerful analytical approach that yields additional 

physical insights into transient foam dynamics. Furthermore, analytical solutions solved by this theory act as a 

benchmark for numerically solved results. The application of fractional-flow theory to a two-phase system is 

elegant and mature (Pope, 1980), whereas, for a three-phase system, its applications are under development, 

given the difficulty in finding theoretical solutions.  

 

Lab measurements and foam modeling are complementary techniques in exploring foam in porous media. Data 

obtained in the lab assist in the development and validation of foam models, and are used to fit foam-simulation-

model parameters for upscaling to field applications. Model fit to data helps us to interpret the mechanisms as 

implied in the data. When lab measurements and modeling are in agreement and suggest success in the field, the 

next step is pilot-scale tests before implementation of foam EOR.  

1.4 Current challenges in foam EOR 

Numerous lab investigations (Rossen, 1996; Simjoo et al., 2012; Tang et al. 2018) and recent field pilots 

(Sharma et al, 2017; Rognmo et al., 2018; Alcorn et al., 2018) demonstrate that foam EOR technology possesses 

remarkable potential in improving oil production. Nevertheless, the commercially widespread application of this 

technology still faces some challenges, because subsurface foam behavior is very complex and associated 

knowledge is still progressing. Those challenges primarily surround the fundamental understanding of foam 

dynamics in EOR processes, as well as precise and efficient modeling of these processes.  

1.4.1 Issues in physical dynamics of foam EOR 

The physical dynamics of foam in EOR processes involves foam generation and destruction, steady-state and 

transient flow behavior, and foam interaction with oil (stabilization and destabilization of foam) (Rossen, 1996). 

Lamella creation for foam generation have four mechanisms: leave behind, lamella division, snap off  and gas 
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evolution within liquid (Rossen 1996). For foam flow at steady-state without oil, the fundamentals (as shown in 

Figs. 1.4a and 1.4b) are well understood, whereas our current understanding of transient behavior is limited, 

especially in long-distance foam propagation. Major issues concern, e.g., whether foam propagation deep in a 

reservoir arises from propagation of foam generation near-well, or from newly generated foam in situ, or both, 

and associated gravity effects (Hussain et al., 2017; Shah et al., 2018). An additional issue is injectivity of gas 

and liquid slugs in SAG (Surfactant-Alternating-Gas) processes, including the influence of fingering, gas 

dissolution and water vaporization on the injectivity in these processes (Farajzadeh et al., 2016; Al Ayesh et al., 

2017, Gong et al., 2018) . 

 

Foam in most EOR applications contacts oils; these interactions are complicated and not yet fully understood 

(Farajzadeh et al., 2012). The effect of oil on foam can be roughly regarded as anti-foaming, through which oil 

prevents foam from being generated, and de-foaming, through which oil destabilizes generated foam. Regarding 

the anti-foaming effect, Sanchez and Hazlett (1992) conclude foam can be generated in oil-wet reservoirs 

without oil only when the wettability is altered to be water wet; at oil-wet conditions with oil present, foam 

cannot be generated. The generality of these conclusions needs to be demonstrated. Regarding the de-foaming 

effect, lab observations show that most oils destabilize foam (Farajzadeh et al., 2012). Several coefficients are 

proposed to describe the destabilizing effect of oil on foam through surface phenomena, e.g., spreading 

coefficient (Harkins and Feldman, 1922), bridging coefficient (Aveyard et al. 1994), or lamella number 

(Schramm and Novosad 1990, 1992). However, these coefficients, either individually or in a combination, 

cannot yet predict the detrimental effect of a given oil. Furthermore, these findings are mainly based on bulk 

column tests that are not always consistent with behavior in porous media. In prior foam coreflood studies 

(references), with oil both immobile and mobile, the oil effect was interpreted qualitatively; no quantitative 

correlations have been formulated between foam-flow dynamics and oil-related factors (oil saturation and 

composition). These issues above are a primary knowledge gap that needs to be filled concerning foam EOR. 

1.4.2 Issues in foam-oil modeling  

The quantitative modeling of the effect of oil on foam flow, and displacement of oil by foam remains a challenge. 

Among the two groups of current foam models, the IT model STARS (Computer Modeling Group 2015), that is 

representative of current IT models, includes two algorithms that incorporate the effect of oil on foam for EOR: 

the “wet-foam” algorithm and “dry-out” algorithm. However, the specific impacts of oil on foam as represented 

in the two algorithms and their validity in representing physical behavior were not reported in the literature. 

These unknowns impose large uncertainty in the choice of the two algorithms in foam-oil modeling and 

interpretation of foam behavior with oil. 

 

Most current population-balance foam models do not include the effect of oil, except for the earlier model of 

Myers and Radke (2000) and a recent model of Ma et al. (2018). The model of Myers and Radke incorporates 

the effect of oil on foam by reducing bubble-generation rate, to account for the reduction in foam-generation 

sites caused by the occupancy of oil.  This model does not capture the impact of oil on foam stability. The model 

proposed by Ma et al. is expected to represent the two regimes, such as in Figs. 1.4a and 1.4b, but the validity of 

the model has not been tested yet.  
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oil-related foam-simulation parameters, without information on oil saturation during the steady-state coreflood 

measurements. 

 

Chapter 4 provides physical insights on foam displacement with oil from the view of wave propagation, through 

three-phase fractional-flow theory. Mathematically, conservation equations (coupled with the IT foam model) 

that govern a system of 1D transient foam flow with oil are solved by the wave-curve method (WCM) (Liu, 1974; 

Castañeda et al., 2016). The WCM produces two major outputs that define any particular displacement: a 

composition path from an injection (J) to initial (I) condition in ternary saturation space, and associated wave 

velocities of saturations along the path. In general, insights on two crucial aspects concerning foam EOR are 

derived from the theoretical solutions. 1. The foam-oil displacement structures are revealed for four 

representative scenarios that are defined by different combinations of injection state J and initial state I, each 

either allowing or killing foam. The desirability of the structure in each scenario is analysed in terms of foam-

propagation velocity, oil-displacement rate and mobility ratio of displacing to displaced fluids at the 

displacement front. 2. A key issue is resolved that concerns whether oil saturation within an oil bank, when 

displaced by foam, can exceed an upper-limiting oil saturation above which foam is killed completely. 3. We 

show the impacts of oil-related foam model parameters on foam-bank propagation, to guide improving foam 

propagation through some controllable factors, e.g. improving surfactant formulation for better tolerance to oil.  

 

Chapter 5 addresses an issue of oil displacement by foam with multiple steady states as predicted by the IT 

model (Chapter 2), again from the perspective of wave propagation as suggested by three-phase fractional-flow 

theory. We find that the problem definition that the WCM solves is different than a physical coreflood with 

specified injection rates of phases. The difference in the problem definition between the two makes the WCM 

capable of identifying the unique displacing state among multiple possible injection states that fit to same 

injected fractional flows. Theoretical solutions suggest that the choice of the displacing state among multiple 

steady states shows a dependence on initial state. This argument is consistent with the simulation analysis in 

Chapter 2. In the solutions by the WCM, a physically-acceptable displacement path features only positive wave 

velocities along the whole path. A path with negative wave velocities does not fit the injection conditions in 

physical corefloods. More fundamentally, a boundary curve is defined in a ternary saturation space that captures 

the nature of the dependence of the displacement on initial state. We show then the implications of the findings 

for field applications, and give suggestions for laboratory verification of the multiple steady states.  

 

Chapter 6 presents a CT coreflood study of foam displacement with oil, seeking to understand the transient 

foam dynamics as a function of oil type and oil saturation. Two types of model oils are used, i.e. C16 and a 

mixture oil with 20% OA and 80% C16  whose effects on steady-state foam flow have been examined in Chapter 

3. For each model oil, foam is injected into a core at waterflood-residual oil saturation, through two ways: co-

injection of surfactant solution and gas to generate foam in-situ, and direct injection of pre-generated foam. 

Dual-energy CT scanning is implemented during the corefloods to distinguish and monitor three-phase 

saturations. Foam dynamics is quantitatively related to oil saturation and oil type, including the impacts of oil on 

in-situ foam generation and propagation of pre-generated foam. Experimental observations give also insights on 

oil-type-dependent displacement processes in both types of foam injection, e.g. oil drainage and oil-bank 
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creation. Based on these findings, it is doubtful that IT models represent transient dynamics of in-situ-generated 

foam in presence of very harmful oils in some cases.  

 

Chapter 7 defines a new capillary number (Nca) for 2D micromodels, specifically to account for the impact of 

pore microstructures, i.e. the pore throats and pore bodies that control capillary trapping. The conventional 

capillary-number definitions originally proposed for 3D geological formations do not work for 2D pore networks, 

because the flow in 2D and 3D pore networks is very different. The new definition is developed based on a force 

balance on a ganglion trapped in a single pore by capillarity. The validity of the new definition is confirmed by 

yielding a converging trend on the capillary-desaturation curve (i.e. non-wetting phase saturation vs. Nca) for 2D 

micromodels. using published data.  

 

Chapter 8 summarizes the major conclusions of the thesis, and give recommendations for those aspects that 

need further research in the area of foam-oil dynamics during EOR processes.  
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  CHAPTER 2 

IMPLICIT-TEXTURE MODELING OF THE EFFECT 
OF OIL ON FOAM EOR 

 

 

  

Summary 
 
The effectiveness of foam for mobility control in the presence of oil is key to foam EOR. A fundamental 

property of foam EOR is the existence of two steady-state flow regimes: the high-quality regime and the low-

quality regime. Experimental studies have sought to understand the effect of oil on foam through its effect on 

these two regimes. Here we explore the effect of oil on the two flow regimes for one widely used foam model. 

 

The STARS foam model includes two algorithms for the effect of oil on foam: in the "wet-foam" model, oil 

changes the mobility of full-strength foam in the low-quality regime; in the "dry-out" model, oil alters the 

limiting water saturation around which foam collapses. We examine their effects as represented in each model on 

the two flow regimes using a Corey relative-permeability function for oil. Specifically, we plot the pressure-

gradient contours that define the two flow regimes as a function of superficial velocities of water, gas and oil and 

show how oil shifts behavior in the regimes. 

 

The wet-foam model shifts behavior in the low-quality regime with no direct effect on the high-quality regime. 

The dry-out model shifts behavior in the high-quality regime but not the low-quality regime. At fixed superficial 

velocities, both models predict multiple steady states at some injection conditions. We carry out a stability 

analysis of these states using a simple 1D simulator with and without incorporating capillary diffusion. The 

steady state attained after injection depends on the initial state. In some cases, it appears that the steady state at 

intermediate pressure gradient is inherently unstable as represented in the model. In some cases introduction of 

capillary diffusion is required to attain a uniform steady-state in the medium. The existence of multiple steady 

states, with the intermediate one unstable, is reminiscent of catastrophe theory and of studies of foam generation 

without oil. 
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