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ABSTRACT 

Foam Transport in Porous Media: in-Situ Capillary Pressure 

Measurement and Application to Enhanced Heavy Oil Recovery  

by 

Eric D. Vavra 

Aqueous foam flow in porous media has been the subject of an increasing number 

of studies in recent years. Foam is a dynamic colloid that can exhibit unintuitive 

properties when flowing in porous media; thus, foam experiments often produce unclear 

or conflicting results. With potentially lucrative applications ranging from enhanced oil 

recovery (EOR) to subterranean CO2 storage, there is great incentive to understand the 

fundamental physiochemical processes that accurately describe and predict the nature of 

flowing foam in porous media. 

One important aspect of foam flowing in porous media is stability. Many 

variables, such as quality of the foam, permeability of the medium, velocities of the 

phases, and type of gas, can influence foam stability. Classically, foam strength is 

thought to be governed by the stability of liquid lamellae that separate individual gas 

bubbles and by the a “limiting” capillary pressure above which foam lamellae rupture. In 

this thesis, a custom probe was designed and constructed for directly measuring in-situ 

capillary pressures of foam in porous media. Foam-quality-scan experiments were 

conducted, primarily in a 143-Darcy sand pack, with AOS14-16-stabilized N2 foam at 

ambient lab conditions and constant gas flow rates. Capillary pressure was observed to 

increase with increasing foam quality before plateauing over a range of qualities in the 



 

 

low-quality regime. Then, in contrast to the classical view, capillary pressure decreased 

with increasing foam quality in the high-quality regime. The measured capillary pressure 

decreases were correlated with in-situ observations of increasing bubble size. These 

general trends occurred regardless of gas velocity over the range of velocities that were 

tested. Increasing velocity led to increasing transition foam qualities and plateau capillary 

pressures. This finding implies that the foam mechanisms which are a function of 

velocity, such as foam generation by lamella division, were significant in determining the 

behavior of the foam in porous media.  

Additionally, several other findings improved understanding of foam flow in the 

sand pack. A nearly constant transition liquid velocity, separating the low- and high-

quality regimes, was identified regardless of gas velocity. The rheology of the N2 foam 

was found to be shear thinning in the low-quality regime and described by a power law 

model with an exponent of -0.9. In the high-quality regime, the behavior of the coarse 

bubble and continuous-gas flow systems was weakly shear thinning or, at the slowest 

velocities, nearly Newtonian as expected for gas flow alone. Comparing gas composition 

with N2 or CO2 tests revealed the same transition foam quality but different apparent 

viscosities and capillary pressures. Trends with salinity, absolute pressure, and 

temperature are also discussed. 

An application of interest in this thesis is foam EOR. Generally, foams collapse in 

the presence of crude oil, but foaming formulations can be chemically engineered to 

interact synergistically with oil. In this thesis alkali-surfactant-foam (ASF) EOR for the 

recovery of viscous and heavy oils was documented. For this process, careful 

characterization of the physiochemical interactions among aqueous, oleic, gas, and solid 



 

 

phases is a must. To aid in this, a novel phase-behavior viscosity map was developed to 

conveniently select optimal injection conditions. The map is constructed from phase 

behavior test results as a function of log(added salinity) vs. soap fraction and from 

viscosities measured by the falling sphere method. For the viscous oil that was tested, 

conditions resulting in low-viscosity oil-in-water (O/W) emulsions were the most 

favorable. The characteristic soap fraction 𝑋𝑠𝑜𝑎𝑝
𝑆𝑜𝑟  was selected as a benchmark to relate 

dynamic flow behavior in micromodel experiments to static phase behavior in sealed 

pipettes.  

Microfluidic devices have proven to be useful for visualizing and confirming flow 

processes of foam in porous media that would otherwise be much more challenging to 

observe. For this reason, microfluidic devices mimicking porous media were designed for 

multiphase flow characterization. A detailed description for the construction of oil-

resistant polymer micromodels is provided in Appendix E. This micromodel platform 

was utilized to conduct four microflooding experiments. Foam was found to be stable 

across all flooding experiments. The experimental results at different characteristic soap 

fractions and salinities were found to be consistent with predictions made based on the 

phase-viscosity map. The microfluidic platform also provided new insights into the role 

of wettability alteration and emulsion formation. In the most hydrophilic case (FE1-), 

90% of the 5,855 cP heavy oil was recovered at an apparent viscosity of 820 cP. This 

result was made possible by wettability alteration towards water-wet and the formation of 

low apparent-viscosity O/W macroemulsions. Conversely, the most hydrophobic case 

(FE2) resulted in a lower total oil recovery (70%) accompanied by a large increase in 

apparent viscosity, likely due to the formation of water-in-oil (W/O) macroemulsions, as 



 

 

predicted by referencing the phase-behavior viscosity map. Additionally, wettability 

alteration and bubble-oil pinch-off were identified as contributing mechanisms to the 

formation of O/W macroemulsions in the more hydrophilic flooding experiments. Foam 

was more effective at recovering oil in these cases presumably due to more favorable 

mobility control. 

 



 

 

 



 

 

Acknowledgments 

For their patience and time invested in me, I am grateful to my advisers 

Prof. Sibani Lisa Biswal and Prof. George J. Hirasaki. I could not have been more 

fortunate to have them both as co-advisors. They make a great advising team and 

both set a unique example of how to be an exemplary independent researcher. 

Lisa allowed me much creative freedom to truly take ownership of my research. 

George was always willing to dedicate hours and hours of his personal time to 

walk me through a concept or to discuss my data. George and Lisa both took a 

vested interest in my development as a professional, a scientist, and an engineer. I 

greatly admire them both for their patience and passion in their field. My time 

pursuing a PhD. at Rice University has been one of the most enjoyable and 

formative experiences of my life thus far, and I owe much of the credit for that to 

my amazing advisers. Thank you both. 

I also thank my thesis committee members: Prof. Francisco (Paco) Vargas 

and Prof. Laura Schaefer for serving on both my proposal and thesis committee. I 

am grateful for their time, feedback, promptness, and kindness. 

Thank you to my good friend and mentor Maura Puerto. Her expertise and 

guidance in constructing and troubleshooting laboratory apparatuses greatly 

accelerated and improved the content of this thesis. 

I would also like to acknowledge our collaborators from Total, Dr. Khalid 

Mateen, Dr. Kun Ma, and Dr. Guangwei Ren, for their support, expertise, and 

valuable insights. 



viii 

 

I especially thank my lab mates who offered valuable mentorship, 

friendship, and support over the years. I will always remember my fellow 

classmates: Reza Amirmoshiri, Jin Song, Yi-Lin Chen for their aid on homework 

assignments and camaraderie. To Dr. Yongchao Zeng, Dr. Siyang (Sean) Xiao, 

and Dr. Peng He, I am grateful for the mentorship and assistance in learning about 

enhanced oil recovery, petroleum engineering, and everything microfluidics. 

Also, thank you to Dr. Dan Vecchiolla for his friendship and for sharing his 

MATLAB coding expertise with me. I would also like to give special mention to 

Chutian Bai for his assistance and partnership on much of the work involving 

capillary pressure measurement of foam in sand and rock. Lastly, I would like to 

acknowledge each individual in the Biswal and Hirasaki research groups. In my 

time at Rice, everyone I interacted with in these groups was an intelligent, special, 

and kind person. They each contributed to my overwhelmingly positive graduate 

school experience, and I am glad to call them all my friends.  

I am most grateful to my parents, Paul and Susan Vavra, for their 

unconditional love and support. Many might claim they have the world’s greatest 

parents, but, for me, I believe this to be objectively true. 

 

 



 

 

Contents 

Acknowledgments ........................................................................................................... vii 

Contents ............................................................................................................................ ix 

List of Figures ................................................................................................................. xiv 

List of Tables ................................................................................................................ xxiii 

Introduction and Motivation ........................................................................................... 1 

Applications of Foam Flow in Porous Media ................................................................. 4 

1.1.1. Enhanced Oil Recovery (EOR) ......................................................................... 4 

1.1.1.1. Primary and Secondary Oil Recovery ......................................................... 6 

1.1.1.1. Definition of EOR ....................................................................................... 7 

1.1.2. Carbon Storage ................................................................................................ 10 

Capillary Pressure and Foam Flow in Porous Media .................................................... 12 

Thesis Structure ............................................................................................................. 13 

Technical Background and Review ............................................................................... 15 

Relevant Aspects of Flow in Porous Media .................................................................. 15 

2.1.1. Darcy’s law ...................................................................................................... 15 

2.1.2. Relative Permeability and Mobility ................................................................. 16 

2.1.3. Mobility Ratio .................................................................................................. 17 

2.1.4. Capillary Number ............................................................................................ 18 

History and Review of Studying Foam in Porous Media .............................................. 20 

2.1.5. Early Observations ........................................................................................... 20 

2.1.5.1. Bulk Foam vs. Foam in Porous Media ...................................................... 20 

2.1.5.2. Properties of Foam in Porous Media ......................................................... 21 

2.1.5.3. Other early observations of note ............................................................... 22 

2.1.6. Progress on the Understanding of Foam in Porous Media .............................. 30 

2.1.6.1. Refining the Definition of Foam in Porous Media.................................... 30 

2.1.7. Foam Formation in Porous Media ................................................................... 31 

2.1.7.1. Snap-off ..................................................................................................... 31 

2.1.7.2. Lamella Division ....................................................................................... 36 

2.1.7.3. Leave Behind ............................................................................................ 37 

2.1.7.4. Pinch-Off ................................................................................................... 38 

2.1.8. Foam Propagation in Porous Media ................................................................ 40 



10 

 

2.1.8.1. Foam Types ............................................................................................... 40 

2.1.8.2. Fraction of Foam that is Flowing and Dynamic Gas Trapping ................. 41 

2.1.8.3. Minimum Pressure Gradients for Mobilizing and Generating Foam........ 45 

2.1.8.4. Foam Propagation from Outlet-to-Inlet .................................................... 48 

2.1.9. Foam Destruction in Porous Media ................................................................. 50 

2.1.9.1. Coalescence and the Limiting Capillary Pressure ..................................... 50 

2.1.9.2. Diffusion Coarsening (Ostwald Ripening)................................................ 54 

2.1.9.3. Phase Change (Condensation and Evaporation) ....................................... 56 

2.1.10. Foam Rheology: Effects of Total, Gas, and Liquid Velocities ...................... 57 

2.1.11. Multiple Steady-States and Hysteresis .......................................................... 60 

2.1.12. Effects of porous media type ......................................................................... 62 

2.1.13. Effects of Gas or Non-aqueous Phase Type .................................................. 63 

2.1.14. Effects of Temperature and Pressure ............................................................. 63 

2.1.15. Effects of Surfactant Formulation ................................................................. 64 

2.1.16. Effect of Oil of Foam ..................................................................................... 65 

2.1.17. Simulation and Modeling .............................................................................. 66 

Relevant Aspects of Surfactants .................................................................................... 66 

2.1.18. Surfactants for Stabilizing Aqueous Foams in EOR Applications ................ 66 

2.1.18.1. Elasticity and Surface Viscosity ............................................................. 67 

2.1.19. Macroemulsions in the Context of EOR ........................................................ 69 

2.1.20. Microemulsion Phase Behavior ..................................................................... 69 

Immiscible Tertiary Oil Recovery ................................................................................. 71 

2.1.21. Types of Immiscible Chemical EOR ............................................................. 71 

2.1.22. Alkali-Surfactant EOR ................................................................................... 72 

2.1.23. The Alkali-Surfactant-Foam EOR Process .................................................... 73 

Polymer-Based Microfluidics for Studying Foam in Porous Media ............................. 75 

Measuring In-situ Capillary Pressure of a Flowing Foam in Unconsolidated Porous 

Media ................................................................................................................................ 79 

Abstract ......................................................................................................................... 79 

Materials and Methods .................................................................................................. 80 

3.1.1. Chemicals and Porous Media .......................................................................... 80 

3.1.2. Capillary Pressure Probe Construction ............................................................ 81 

3.1.3. Capillary Pressure Probe Validation in Static Sand Column........................... 83 

3.1.4. Foam Quality Scan Experimental Procedure ................................................... 84 



11 

 

3.1.4.1. Flow Apparatus ......................................................................................... 84 

3.1.4.2. Foam quality scan protocol ....................................................................... 87 

3.1.4.3. Gas and Water Purge Protocol .................................................................. 88 

3.1.4.4. In-situ capillary pressure probe calibration procedure .............................. 88 

3.1.4.5. Pressure measurement and apparent viscosity .......................................... 89 

3.1.4.6. In-situ Foam texture visualization ............................................................. 90 

Results and Discussion .................................................................................................. 91 

3.1.5. Static Validation of the Capillary Pressure Probe ........................................... 91 

3.1.6. Foam Quality Scan Results .............................................................................. 92 

3.1.6.1. Pressure Gradient and Apparent Viscosity ............................................... 92 

3.1.6.2. Capillary Pressure Trend ........................................................................... 95 

3.1.6.3. Explanation of Capillary Pressure Behavior in Relation to Foam Texture 

and Mechanisms of Creation and Destruction ....................................................... 96 

3.1.6.4. Capillary Pressure Measurement Reproducibility and Hysteresis .......... 101 

3.1.6.5. Pore Volumes Required to Reach Steady State and Effect of Foam Pre-

Generator .............................................................................................................. 101 

3.1.7. Capillary Pressure Probe Measurement Dynamics and Transients ............... 104 

Conclusions ................................................................................................................. 107 

Effects of Velocity, Gas Type, Salinity, Pressure, and Temperature on Foam Flow in 

Porous Media ................................................................................................................. 109 

Abstract ....................................................................................................................... 109 

Materials and Methods ................................................................................................ 110 

4.1.1. Chemicals and Porous Media ........................................................................ 110 

4.1.2. Ambient Temperature and Pressure Foam Flow Sand pack Apparatus ........ 110 

4.1.3. Elevated Temperature and Pressure Foam Flow Sand pack Apparatus ........ 111 

4.1.4. Foam Quality Scan Experimental Procedure at Fixed Gas Flow Rate .......... 114 

4.1.4.1. Dynamic Probe Validation by Mass Balance Water Saturation Changes114 

4.1.4.2. Foam quality scan protocol ..................................................................... 115 

4.1.4.3. Pressure measurement and apparent viscosity ........................................ 116 

4.1.4.4. In-situ Foam texture visualization ........................................................... 117 

Results and Discussion ................................................................................................ 117 

4.1.5. Capillary Pressure Probe Dynamic Validation .............................................. 117 

4.1.6. Effect of Gas Flow Rate on Foam Flow: Capillary Pressure, Pressure Gradient, 

Apparent Viscosity, and Transition Foam Quality at Ambient Conditions ............. 118 

4.1.6.1. Capillary Pressure in-situ Foam Observations ........................................ 118 

4.1.6.2. In-situ Observations of Foam Texture and Type .................................... 124 

4.1.6.3. Pressure Gradient .................................................................................... 126 



12 

 

4.1.6.4. Apparent Viscosity as a Function of Gas Velocity ................................. 127 

4.1.6.5. Transition Foam Quality ......................................................................... 128 

4.1.7. Foam Rheology .............................................................................................. 129 

4.1.8. Comparison of Nitrogen and Carbon Dioxide Foam (Ambient Conditions) 132 

4.1.9. Effect of Salinity ............................................................................................ 134 

4.1.10. Effect of Pressure ......................................................................................... 136 

4.1.10.1. Speculation on Trends in Foam Strength .............................................. 142 

4.1.11. Effect of Temperature .................................................................................. 143 

Conclusion ................................................................................................................... 145 

Application of foam to alkaline‑surfactant‑foam flooding of heavy oil: microfluidic 

assessment with a novel phase‑behavior viscosity map ............................................. 148 

Abstract ....................................................................................................................... 148 

Materials and Methods ................................................................................................ 149 

5.1.1. Chemicals and Crude Oil Properties.............................................................. 149 

5.1.2. Phase Behavior and Falling Sphere Viscosity Measurement ........................ 150 

5.1.3. Micromodel Fabrication and Experimental Setup ......................................... 152 

5.1.4. Micromodel Flow Experiments ..................................................................... 153 

Results and Discussion ................................................................................................ 156 

5.1.5. Phase Behavior .............................................................................................. 156 

5.1.6. Phase-Behavior Viscosity Map Analysis ....................................................... 158 

5.1.7. Micromodel Flow Experiment Results .......................................................... 160 

5.1.7.1. Oil Recovery ........................................................................................... 161 

5.1.7.2. Apparent Viscosity and Emulsion Trends............................................... 162 

5.1.7.3. Pore-Scale Mechanisms .......................................................................... 167 

Conclusion ................................................................................................................... 171 

Conclusions and Recommendations for Future Studies............................................ 173 

Summary of Main Points ............................................................................................. 173 

6.1.1. Foam Flow in Porous Media .......................................................................... 173 

6.1.2. Alkali-Surfactant-Foam EOR of Viscous Oil ................................................ 175 

Conclusions ................................................................................................................. 175 

6.1.3. Conclusions on Foam Flow in Porous Media ................................................ 175 

6.1.4. Conclusions on the Alkali-Surfactant-Foam Process .................................... 178 

Recommendations ....................................................................................................... 180 

6.1.5. Recommendations on Foam Flow in Porous Media ...................................... 180 



13 

 

6.1.6. Recommendations on the Alkali-Surfactant-Foam Process .......................... 181 

References ...................................................................................................................... 182 

Appendix A: High Pressure Sand Pack Design and Transducer Calibration ........ 207 

Appendix B: Capillary Pressure Probe Construction ............................................... 211 

Appendix C: Surfactant Recycle Bottle ...................................................................... 216 

Appendix D: Foam Breaking Apparatus .................................................................... 217 

Appendix E: Practical Guide to Polymer Microfluidic Devices Applied to 

Characterizing Pore-Scale Event Processes in Porous Media for Oil Recovery 

Applications ................................................................................................................... 220 

Appendix F: Surfactant Salinity/Blend Scan with IOS and LB ............................... 230 

Appendix G: Effect of Post-Equilibration Mixing on the Phase-Behavior Viscosity 

Map................................................................................................................................. 233 

 

 



 

 

List of Figures 

Figure 1-1. Upper: A familiar example of foam flow in porous media is foam 

squeezed from a sponge. Lower: Illustration of how foam mobility control leads to 

greater oil recovery and more CO2 storage. ................................................................... 2 

Figure 1-2. Arrow diagram depicting relationships among important variables for 

foam flow in porous media from Kibodeaux (1997) with experimentally controllable 

variable in grey1. ............................................................................................................... 3 

Figure 1-3. Summary of the oil recovery process23. ....................................................... 5 

Figure 1-4. Total oil recovered by primary and secondary recovery by region26. ...... 6 

Figure 1-5. An incomplete tree of various enhanced oil recovery methods27. ............. 7 

Figure 1-6. A generalized incremental oil recovery plot from Prats (1982)32. Curve A 

B C represents the oil production rate when no EOR methods are used. Curve A B 

D shows an increase in production rate when EOR is emplayed, and the area 

between the two curves is the incrimental oil recovery, IOR (not to be confused with 

improved oil recovery). ..................................................................................................... 9 

Figure 1-7. A prediction of demand for various EOR technologies with a growing 

CO2 segment36.................................................................................................................. 11 

Figure 2-1. General trends in EOR performance with (a) 𝑴 (adapted from 

Habermann, 1960) and (b) 𝑪𝒂 (from Lake et.al., 2014)26,52. ....................................... 19 

Figure 2-2. Fig. 5 from Bernard et al. One of the earliest published examples of the 

ability of foam to increase gas saturations in porous media43. ................................... 23 

Figure 2-3. Fig. 4 from Bernard et al. An early example showing that gas saturation 

increases with specific permeability of the medium as well as with surfactant 

concentration43. A trend of increasing foam strength with surfactant concentration 

was also confirmed by Marsden and Khan54. ............................................................... 24 

Figure 2-4. An alternative explaination of findings by Holm (1968) as prepared by 

Kibodeaux1....................................................................................................................... 26 

Figure 2-5. A sketch of the sand-packed capillary used by Holm for his microscopic 

observational experiment of foam flow. ........................................................................ 27 



15 

 

Figure 2-6. A modified Fig. 4 from the work of Hirasaki and Lawson. Regions of 

bulk foam and individual bubble flow were predicted based on the capillary-to-

bubble size ratio R/rB and the gas fraction 𝚪. A discontinuous transition condition 

was found for 𝑹 = 𝟐𝒓𝑩 where the lamella ↔ bulk foam transition occurred. 

Diagrams and labels have been added to help visualize each region 58...................... 29 

Figure 2-7. Figure 5 from the work of Mast 59. The sketch illustrates the first 

observation of bubble generation by “pinch-off” in a 2-D glass porous media 

micromodel. ..................................................................................................................... 32 

Figure 2-8. Modified Figure 4 from the work of Falls et al. 46. This sketch serves as a 

visual guide for explaining foam generation by snap-off. ........................................... 32 

Figure 2-9. Figure 5 from Roof 57. The top diagram illustrates a cross-section of a 

situation in which the leading edge of a nonwetting phase advances into the pore 

body between spheres. The numbers indicate arbitrary time points. The 

dimensionless capillary pressure at the leading edge (front) of the nonwetting phase 

𝚷𝒇 decreases as the radius of curvature increases for the protruding portion of 

nonwetting phase. If the leading edge runs into another grain before 𝚷𝒇 can 

decrease below the threshold value for snap-off to occur (in this case 0.75), then the 

nonwetting phase remains stable to snap-off................................................................ 35 

Figure 2-10. Fig. 4 from Mast et al., a modified Fig. 5 from Falls et al., and Fig. 9 

from Ransohoff and Radke. All cartoons illustrate lamella division at a pore 

junction46,59,60. .................................................................................................................. 36 

Figure 2-11. Depiction of leave behind from Ransohoff and Radke60. ...................... 37 

Figure 2-12. time-series images adapted from Liontas et.al. as examples of neignbor-

wall pinch off (left) and neighbor-neighbor pinch off (right)61................................... 39 

Figure 2-13. Cartoons of the three foam types based on those from Falls et al.46. The 

two sketches on the left depict discontinuous-gas foams. A continuous gas foam is 

depicted in the rightmost sketch. Gas fingers through a continuous channel in which 

lamellae are absent. The lamellae blocking the pore throats adjacent to the 

continuous gas channel are stationary. ......................................................................... 41 

Figure 2-14. Schemitics illustrating discontinuou-gas foam propogation in porous 

media. Top: Origional schematic from Radke and Gillis63. Bottom: Recent take on 

the same figure by Almajid and Kovscek66................................................................... 43 

Figure 2-15. UPPER: A typical example of intermittency in flowing foam pathways 
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Chapter 1 

Introduction and Motivation 

With the advent of modern sanitation and washing household items such as dishes, cars, 

and clothes, foam flow in porous media has become ubiquitous in our daily lives (Figure 

1-1 upper). Application of foam in porous media has the potential to improve society in 

ways that are less visible to the layperson. These topics include improved sweep 

efficiency in enhanced oil recovery and geological CO2 storage which are the motivations 

of this thesis (Figure 1-1 lower).  

The field of foam flow in porous media is rich in complexity. This statement 

becomes apparent when visualizing the necessary variables, and the relationships among 

them, as reproduced from Kibodeaux in Figure 1-2.  
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Figure 1-1. Upper: A familiar example of foam flow in porous media is foam 

squeezed from a sponge. Lower: Illustration of how foam mobility control leads to 

greater oil recovery and more CO2 storage. 
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Figure 1-2. Arrow diagram depicting relationships among important variables for 

foam flow in porous media from Kibodeaux (1997) with experimentally controllable 

variable in grey1. 

As such,  many questions remain when it comes to describing this process: 

1. What is the relationship between capillary pressure and other properties of a 

flowing foam in porous media such as pressure gradient? 

2. How can minimum pressure gradient to generate foam affect experimental 

findings?  

3. How can “strong” and “weak” foams be universally distinguished from one 

another? 

4. What physical mechanisms of foam creation, propagation, and destruction are 

important for a given set of flow parameters?  
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5. What assumptions can be made to simplify the description of foam flow in porous 

media and under what conditions are these assumptions valid? 

6. Which aspects of foam flow, reported in the literature, are consequences of 

experimental artifacts and which are independent of the experimental setup 

(microfluidics, sand pack, coreflood, back pressure regulation etc.)? 

7. How is foam affected by the presence of crude oil and the wettability state of the 

porous medium? 

The findings in this thesis help address some of these open questions and others. 

Applications of Foam Flow in Porous Media 

Aqueous foams are useful for applications in geological reservoirs including 

enhanced oil recovery2–16. This is, in part, because the mobility of gas flowing through a 

porous medium can be significantly reduced by foaming the gas in an aqueous surfactant 

solution17. This property of foams is also useful for other applications such as, fluid 

diversion18,19, CO2 storage20, matrix acidification1, and aquifer remediation21,22. The 

target applications in this thesis, enhanced oil recovery and carbon storage, are covered in 

detail in the Sections 1.1.1 and 1.1.2. 

1.1.1. Enhanced Oil Recovery (EOR) 

Petroleum or crude oil is a mixture of organic compounds that forms naturally when 

dead microorganisms accumulate, become buried under sediment, and become 

compacted at high temperatures and over-burden pressures for eons. Over the same time 
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period, the surrounding sediment can transform into porous rocks such as sandstones, 

shales, and carbonates. Therefore, oil is usually discovered in these types of sedimentary 

rock geological formations, known as oil reservoirs, and wells are drilled through the 

rock into these reservoirs to extract or recover the oil. There is an enormous economic 

incentive to recover crude oil because it is currently the main raw material for many 

products that help society function such as fuels and plastics. 

Crude oil generally forms in deposits of porous sedimentary rock. This oil is 

recovered in three broadly classified stages known as primary, secondary, and tertiary 

(enhanced) oil recovery. The general schematic for oil recovery is shown in Figure 1-3 

and will be expounded upon in  the subsequent sections.  

 

Figure 1-3. Summary of the oil recovery process23. 
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Oil is generally thought to be less dense than water. Large quantities of heavy crude 

oil, that is denser than water and typically highly viscous, also exist. Notably, 70% of the 

total world oil reserves exist as heavy oil, extra-heavy oil, oil sands, or bitumen. A heavy-

like oil, in particular, is the recovery target of Chapter 5. 

 

1.1.1.1. Primary and Secondary Oil Recovery 

The primary recovery stage is generally defined to be the production period during 

which oil is produced from a well due to the natural pressure gradient between the 

reservoir, the well, and the surface. During primary recovery, artificial lift can be used to 

help maintain the rate of oil production. Approximately 10% of the oil in a given 

reservoir is typically recovered during this stage24.  

 

Figure 1-4. Total oil recovered by primary and secondary recovery by region25. 

At some point, the natural pressure of the reservoir is no longer sufficient to maintain 

acceptable production rates, and the pressure inside the reservoir is increased via the 
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injection of water or gas. This process is called secondary recovery. During this stage, 

roughly 35% to 50% more of the original oil in place (OOIP) is recovered26. The crude 

oil recovery efficiency from the primary and secondary stage can vary by region and by 

reservoir; however, as shown in Figure 1-4, the median recovery efficiency falls between 

20 and 40%. 

 

1.1.1.1. Definition of EOR 

 

Figure 1-5. An incomplete tree of various enhanced oil recovery methods27. 

The third and final stage of oil recovery is called enhanced oil recovery (EOR). 

An overview of EOR methods is given in Figure 1-5. The objective of these processes is 

to recover the bulk of the remaining 60% of the original oil in place (OOIP) in an average 

reservoir. This stage is sometimes also sometimes referred to as tertiary oil recovery or 

improved oil recovery (IOR), though the latter term usually also refers to secondary oil 
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recovery. In fact, as evidenced by the incomplete list of attempted formal definitions in 

Table 1-1, much ambiguity currently surrounds these terms. Comments by Stosur et. al. 

have offered clarity to these conflicting terms23. They suggest, IOR shall refer to any 

process that increases the recovery of oil from a reservoir. Furthermore, and for the sake 

of this thesis, EOR has been defined as reservoir processes that target the oil left after 

primary and secondary processes and is to be considered synonymous with tertiary 

recovery. To further clarify, gas that is reinjected into the reservoir with the intent of 

maintaining the pressure should be considered secondary recovery whereas injection of 

non-native or miscible gasses would be considered tertiary.  

Table 1-1 Review of IOR and EOR Definitions (Adapted from Alvarado 2010)28 

IOR/EOR Definition Source 

IOR: “any of various methods, chiefly  reservoir drive 

mechanisms and enhanced recover(y) techniques, 

designed to improve the flow of hydrocarbons from the 

reservoir to the wellbore or to recover more oil after the 

primary and secondary methods (water- and gasfloods) 

are uneconomic” 

Society of Petroleum Engineers 

(SPE) E&P Glossary (2009)29 

EOR: “one or more of a variety of processes used that 

seek to improve the recovery of hydrocarbon and from a 

reservoir after the primarily production phase” 

Society of Petroleum Engineers 

(SPE) E&P Glossary (2009)29 

IOR: “is a general term which implies improving oil 

recovery by any means” 

Thomas (2008)27 

EOR: “implies a reduction in oil saturation below 

residual oil saturation (Sor)” 

Thomas (2008)27 

EOR: “Petroleum recovery following recovery by 

conventional primarily and secondary methods.” 

National Institute for Petroleum and 

Energy Research (1986) 

EOR: “oil recovery by the injection of materials not 

normally present in the reservoir” 

Lake (1989)30 

EOR: “Enhanced oil recovery (EOR) is the technique or 

process where the physicochemical (physical and 

chemical) properties of the rock and/or the fluids are 

changed to enhance the recovery of hydrocarbon. The 

properties of the reservoir-fluid system which are 

affected by EOR process are chemical, biochemical, 

density, miscibility, interfacial tension (IFT)/surface 

tension (ST), viscosity and thermal. EOR often is called 

tertiary recovery if it is performed after secondary 

recovery such as gas injection or waterflooding.” 

Petrowiki31 
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Regardless of the confusion surrounding the precise definition of EOR, the intent 

of these processes has been unambiguous: to get more oil out of a reservoir. Universally, 

this goal is quantified by the metric of incremental oil recovery (Figure 1-6). Incremental 

oil recovery is the difference between the amount of oil recovered when EOR methods 

are used and that which would have been recovered in the absence of EOR25. 

 

Figure 1-6. A generalized incremental oil recovery plot from Prats (1982)32. Curve A 

B C represents the oil production rate when no EOR methods are used. Curve A B 

D shows an increase in production rate when EOR is emplayed, and the area 

between the two curves is the incrimental oil recovery, IOR (not to be confused with 

improved oil recovery). 
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1.1.2. Carbon Storage 

The Intergovernmental Panel on Climate Change (IPCC) reports that most 

scenarios limiting global warming to less than 1.5 °C will require some form of carbon 

capture and storage (CCS)33. This implies that storage of CO2 in subsurface geological 

formations is expected to increase in the coming decades. CO2 storage can take place in: 

1. Closed aquifers (leading to a pressure increase) 

2. Open aquifers (water is produced) 

3. Closed oil reservoirs (leading to a pressure increase) 

4. Oil reservoirs from EOR activity (oil is produced) 

 The second and fourth option involve displacement of fluids in place, and  

therefore benefit from the increase in sweep efficiency that can be achieved by foaming 

the CO2 to improve mobility control20,34. The implementation of methods analogous to 

tertiary oil recovery for CO2 storage in aquifers has been predicted35, but the topic 

directly studied in this thesis involves foam for enhanced oil recovery where oil is 

produced and CO2 could potentially be stored. The scale of CO2 EOR projects is 

expected, by some, to increase. For example, Grand View Research predicted the 

following: 

 “The COVID-19 pandemic has led to a drastic drop in the oil prices in 2020. 

This resulted in reductions in planned capital expenditure and implementation of cost-

cutting actions by oil companies across the globe, which is expected to hinder the market 

growth. However, rising concerns regarding carbon emissions have resulted in enhanced 
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demand for the Carbon Capture and Storage (CCS) market, which has emerged as a 

viable solution to limit carbon emissions. These factors are expected to positively impact 

the market as captured carbon in CCS projects is usually utilized by the oil & gas 

companies for CO2 injection EOR technology.” – (Grand View Research, 2020)36 

 

 

Figure 1-7. A prediction of demand for various EOR technologies with a growing 

CO2 segment36. 

If CO2 EOR increase in scale, CO2 foam could potentially play an important role. In 

anticipation of this possibility, the effect of gas type on foam flow in porous media is 

examined in section 4.1.8. 
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Capillary Pressure and Foam Flow in Porous Media 

Capillary pressure is a key property of foam that is heavily emphasized in this 

thesis. Capillary pressure is the difference in pressures between two distinct phases, 

flowing or not, that arises from the surface or interfacial tension and the mean curvature 

of the fluid-fluid interface. For a given saturation in porous media, or fraction of the pore 

space occupied by one of the fluids, there exists an associated average capillary pressure. 

Capillary pressure in porous media can be measured as a function of saturation 

with methods such as mercury injection capillary pressure (MICP)37, porous diaphragm38, 

or centrifugation. These strategies, all indirect, impose a capillary pressure and measure a 

corresponding saturation. Rather than imposing a capillary pressure, and without 

measuring a saturation, capillary pressure can be directly measured in situ with a probe. 

This concept of measuring capillary pressure of foams flowing in porous media with a 

probe was first demonstrated in a sand pack by Khatib et. al. in 198839,  and a different 

style of the probe was developed by Kibodeaux for measuring capillary pressures in 

consolidated rock1. Directly measuring capillary pressures reduces the number of 

assumptions that must be made to construct a capillary pressure curve for a given foam 

flow system; however, the technique of making such measurements relies on 1) careful 

separation of the aqueous/non-aqueous phases and 2) constant pressure communication 

between the wetting phase and the probe. Thus, the aqueous phase must not de-wet from 

the surface of the aqueous-side probe tip. The capillary entry pressure (the pressure at 

which the non-wetting phase starts to displace the wetting phase) to the aqueous side of 

the probe must also be greater than the capillary pressure in the core/sand pack. If any of 

these conditions are not completely fulfilled, the measurement will lose accuracy. The 
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details of measuring capillary pressure of a foam flowing with a probe in a sand pack are 

covered in Chapter 3 while those in a consolidated rock are found in Chapter 4. 

Thesis Structure 

The principal topic of this thesis is foam flow in porous media. The majority of 

the novel scientific findings in this document are observations stemming from ambient 

foam quality scan experiments performed with a 140-Darcy sand pack that was equipped 

with a unique capillary pressure probe. Effects of velocity, pressure, temperature, and 

salinity are also examined. The remainder of the findings presented in this thesis pertain 

to application of foam flow in porous media, namely utilizing microfluidics to study EOR 

processes and the ASF EOR process, and emphasis is placed on interactions between 

heavy crude oil, surfactant solution, and porous media utilizing a microfluidic 

experimental platform. 

This thesis is organized as follows: 

Provided in Chapter 2 is the relevant technical background to become acquainted 

with the ideas presented in the following chapters. A detailed review of experimental 

discoveries related to foam flow in porous media is also provided to impart historical 

context to the findings in this thesis. 

Demonstrated in Chapter 3 is the in-situ capillary pressure measurement of a 

foam while flowing in a 143-Darcy sand pack at ambient conditions.  

Explored in Chapter 4 are observations of how flow velocity, gas type, salinity, 

pressure, temperature can affect foam flow in porous media.  
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Examined in Chapter 5 is the application of foam to the ASF EOR process for 

recovering heavy oil. The phase-behavior viscosity map is constructed to gain insight into 

oil-surfactant interactions as related to trends in apparent viscosity. 

Concluding in Chapter 6, the main findings are summarized, final thoughts are 

discussed, and suggestions for future studies are provided.  
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Chapter 2 

Technical Background and Review 

Relevant Aspects of Flow in Porous Media 

2.1.1. Darcy’s law  

Darcy’s law is the most fundamental equation for flow in porous media40, and is 

applied heavily in this thesis: 

 

(2.1)  

 

Where 𝑢 is superficial velocity, 𝑘 is the specific permeability of the porous medium, 

𝜇 is the viscosity of the permeating fluid, Δ𝑃 is the hydrostatic pressure drop, and 𝐿 is the 

length of the system. 

 

u =
𝑘

𝜇

∆𝑃

𝐿
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2.1.2. Relative Permeability and Mobility 

When more than one phase is flowing in a porous medium, such as gas and liquid 

in an aqueous foam, Darcy’s law may still describe the system by defining a relative 

permeability, 𝑘𝑟,𝑔 or 𝑘𝑟,𝑎𝑞,  for the gas and aqueous phases respectively: 

 

(2.2)  

 

(2.3)  

Where 𝜇𝑔 and 𝜇𝑎𝑞 are the gas- and liquid-phase viscosities respectively. Relative 

permeabilities are a function of the saturation of each phase, meaning the fraction of 

volume inside the porous media occupied by that phase, and can be determined from 

various models41,42.  

Relevant to the findings in this thesis is the concept of mobility for each phase: 

 

(2.4)  

 

(2.5)  

Where 𝜆𝑔 and 𝜆𝑎𝑞 are the mobilities of the gas and aqueous phases respectively. 

The presence of foam in porous media has been shown to decrease gas mobility by 

several orders of magnitude while aqueous-phase mobility remains unaffected (for a 

𝜆𝑎𝑞 ≡
𝑘𝑘𝑟,𝑎𝑞

𝜇𝑎𝑞
 

𝜆𝑔 ≡
𝑘𝑘𝑟,𝑔

𝜇𝑔
 

𝑢𝑎𝑞 =
𝑘𝑘𝑟,𝑎𝑞

𝜇𝑎𝑞

∆𝑃

𝐿
 

𝑢𝑔 =
𝑘𝑘𝑟,𝑔

𝜇𝑔

∆𝑃

𝐿
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given liquid saturation) vs. gas and water flow alone43–45. Several mechanisms can be 

responsible for gas-phase mobility reduction when foam is present: (1) stationary 

lamellae block regions of the porous media where gas would otherwise flow resulting in 

an effectively decreased cross-sectional area46, (2) Non-convecting lamellae positional 

fluctuations or “breathing” in pore throats47,48, (4) Capillary resistance of lamellae due to 

asymmetric deformation in pore bodies49,50, (5) surface tension gradients51, (6) resistance 

of liquid slugs between bubbles when present51, and (7) viscous resistance due to thin 

films between bubbles and flow channel walls51.    

Understanding the concept of mobility is important for studying foam flow in 

porous media. Because relative permeability and mobility of a phase increase with an 

increase in the saturation of that phase, so an increase in mobility leads to an increase in 

saturation and vice versa. This is important for determining if a foam is perpetually 

generating inside a porous medium as the presence of foam is generally characterized by 

low gas mobilities and high gas saturations relative to gas and water flow alone. 

Mobilities are also required to characterize applications of foam in porous media such as 

enhanced oil recovery and CO2 storage. 

2.1.3. Mobility Ratio 

One of the most important parameters in enhanced oil recovery is the mobility 

ratio: 

 

(2.6)  𝑀 ≡
𝜆𝑖

𝜆𝑑
=

𝑘𝑟, 𝑖
𝜇𝑖

⁄

𝑘𝑟, 𝑑
𝜇𝑑

⁄
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Where 𝜆 is mobility, 𝑘𝑟 is relative permeability, and 𝜇 is viscosity. The subscripts 

denote the injected phase 𝑖 and the displaced phase 𝑑. Mobility ratio is a metric 

indicating the effectiveness of one fluid at displacing a second fluid. An EOR system for 

which 𝑀 < 1 is favorable.  

 

2.1.4. Capillary Number 

The capillary number is given by 

 

(2.7)  

 where ∇𝑝 is the local pressure gradient and 𝜎 is the interfacial tension. This number 

is a dimensionless ratio of viscous to capillary forces. When capillary forces dominate, 

poorer displacement is generally the consequence.  

The general EOR trends with each of these variables are demonstrated by the 

examples in Figure 2-1. 

 

𝐶𝑎 =  −
𝑘∇𝑝

𝜎
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Figure 2-1. General trends in EOR performance with (a) 𝑴 (adapted from 

Habermann, 1960) and (b) 𝑪𝒂 (from Lake et.al., 2014)25,52. 
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History and Review of Studying Foam in Porous Media 

2.1.5. Early Observations 

2.1.5.1. Bulk Foam vs. Foam in Porous Media  

Marsden et al. defined bulk aqueous foam as “a dispersion of a gas in a solution 

such that the liquid is the continuous phase and the gas the discontinuous”53. Early in the 

investigations of aqueous foam flow through porous media, the distinction between 

flowing bulk foams and those present in porous media was not universally understood. 

Marsden and Khan attempted to relate apparent viscosities of foam, measured as bulk 

foam in a rheometer, to foam flow in porous media54. This idea was apparently motivated 

by the property of bulk foam, like foam in porous media, to exhibit apparent viscosities 

higher than either the aqueous or gaseous constituents alone55. Also, in an early 

investigation of foam-drive for increasing oil recovery by Fried17, foam flow in capillary 

tubes was shown to be plug-like in nature. Marsden and Khan ultimately found a 

qualitative but inconsistent relationship between bulk foam apparent viscosity and an 

effective permeability of foam in porous media54. Later, Holm presented counter 

evidence to the assumptions of Marsden, Khan, and Fried by performing foam flow 

studies with gas and liquid tracers56. Holm concluded that foam propagated by “making 

and breaking”: 

 

“The liquid and gas forming the foam separate as the foam films break and then 

re-form in the porous system. Liquid moves through the porous medium via the film 
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network of the bubbles and gas moves progressively through the system by breaking and 

re-forming bubbles throughout the length of the flow path.” – (Holm, 1968)56 

 

Also, in earlier work by Bernard, Holm, and Jacobs it was stated: 

 

“Foam is an agglomeration of gas bubbles separated by liquid films; the gas is 

discontinuous while the liquid is continuous. Since the liquid films contact each other, 

they can conduct liquid; therefore, it is not unreasonable that at a given liquid saturation 

in a porous medium there should be essentially the same permeability to water, whether 

foam is present or not.” – (Bernard & Jacobs, 1965)43 

 

Therefore, unlike for bulk foams, the gas and liquid of foam in porous media flow 

separately, and it is now accepted that the phases should be treated as separate which has 

been recently reconfirmed 44. 

 

2.1.5.2. Properties of Foam in Porous Media 

As exemplified by the work of Fried, much of the investigation of foam in porous 

media has been motivated by the application of foam toward enhancing oil recovery. 

According to Marsden54, Bond and Holbrook were first to describe foam for this use in 

their 1958 patent15.  
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Many other properties of foam in porous media were identified and agreed upon 

early-on including: 

“1. At a given gas saturation, the flow rate of gas in the presence of foam is much 

less than the flow rate of gas in the absence of foam. 

2. When foam is present, the liquid saturation and the flow rate of liquid are 

maintained at low levels. 

3. The flow rate of liquid Increases with increases in liquid saturation. 

[4. Foam persists in porous media despite] “the passage of many pore volumes of 

either gas or water” – (Holm, 1968)56 

 

2.1.5.3. Other early observations of note 

5. Indirect effect of foam on water relative permeability 

For a given saturation, water relative permeability is unaffected by the presence of 

foam; however, as pointed out by Bernard et al.43, foam indirectly affects water relative 

permeabilities by decreasing water saturations less than that of gas/water flow for the 

same gas injection rates. This distinction is related to item 2, stated by Holm, above. This 

point was illustrated in Fig. 5 of Bernard et al. (Figure 2-2 here) which also shows that 

oil can have a detrimental effect on foam 43. 
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Figure 2-2. Fig. 5 from Bernard et al. One of the earliest published examples of the 

ability of foam to increase gas saturations in porous media43. 

 

6. Ability of foam to trap gas increases with specific permeability of the medium and 

surfactant concentration 

Bernard et al. were also some of the first to report the trends shown in Figure 2-2. 
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Figure 2-3. Fig. 4 from Bernard et al. An early example showing that gas saturation 

increases with specific permeability of the medium as well as with surfactant 

concentration43. A trend of increasing foam strength with surfactant concentration 

was also confirmed by Marsden and Khan54. 

 

7. Effect of foam quality 

The work Marsden and Khan as well as that of Holm discussed the importance of 

foam quality, defined as the ratio of injected gas volume to total injected volume. 

Marsden and Khan described low quality foams as “wet” and high-quality foams as 

“dry”54. When increasing foam quality, Marsden and Khan found that foam mobility 

decreased whereas Holm found the opposite, that mobility increased with quality. The 

following explanation was offered by Holm: 
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“This difference in results may have been caused by the difference in 

experimental techniques used. Marsden conducted his studies on short sand packs (about 

1.5 in. long) at pressures of 15 to 20 psig, but with small pressure drops across the sand 

pack. Under these conditions, very little expansion of the foam bubbles would take place 

in the short sand pack. Consequently, when very small bubbles (smaller than the size of 

the pores of the unconsolidated sand pack used) 12 were injected, some of them would 

pass through the short sand pack without breaking. These bubbles would offer less 

resistance to flow than those which break and re-form. The wetter foam and the foam 

made from a concentrated foaming agent are composed of these smaller bubbles. Thus, 

under these conditions, Marsden found the mobility of a wet foam to be somewhat higher 

than that of a drier foam.” – 5656 

 

In modern context, an alternative possibility is that the system was dominated by 

the capillary end effect because it was so short. Foam generation by snap-off at the 

outflow end would dominate. Kibodeaux has also opined on the matter as represented in 

Figure 2-41. 
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Figure 2-4. An alternative explaination of findings by Holm (1968) as prepared by 

Kibodeaux1.  

This comment otherwise speaks to the importance of experimental design when 

studying foam flow in porous media. Mardsen chose to conduct experiments in relatively 

short sand packs to decrease overall pressure drop. His reasoning was to minimize bubble 

expansion throughout the sand pack, but this led to the unintended trends. 

 

8. “majority of forces” destroy foam 

Early on, researchers recognized that foam in porous media, like bulk foam, is 

susceptible to destruction by many mechanisms. 
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“The majority of forces (expansion, diffusion, adsorption, and presence of oil) all 

tend to make the foam bubbles large and/or weak.” – 5656 

 

An early report of foam coalescence by lamella rupture in porous media was 

given by Holm who examined foam flow in a sand-pack capillary in which the grains 

were approximately the same size as the capillary (Figure 2-5). Holm stated:  

 

“Small bubbles tended to coalesce in the pore spaces between sand grains as they 

entered the constrictions.” – 5656 

 

 

Figure 2-5. A sketch of the sand-packed capillary used by Holm for his microscopic 

observational experiment of foam flow. 

 

9. “natural regenerative” properties of foam 

Despite the naturally unstable nature of foam, because of the point number 4 

mentioned by Holm about foam persisting in porous media, it was recognized that foam 
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must have a way of restoring itself in situ. Marsden and Khan54, Holm56, and Fried17 all 

recognized the “natural regenerative powers of foam in a porous medium” as Holm 

phrased it56. 

Early evidence of foam generation was also reported by Holm. He remarked: 

“Bubbles broke and smaller bubbles formed at the exit of constrictions between 

two sand grains, or between a sand grain and the capillary wall.” – 5656 

 

which what is likely an early report of foam generation by snap-off; later 

thoroughly investigated by Roof 57. 

 

10. The importance of foam texture  

Foam texture was quickly recognized by many researchers to play a fundamental 

role in the behavior of foam flow in porous media. Foam texture is based on the size of 

individual bubbles in a bulk foam, and, in porous media, is often characterized as lamella 

per unit length. Marsden and Khan invoked the terms: “coarse foams for those with 

relatively large bubbles and fine foams for those with small bubbles”54. 

Hirasaki and Lawson examined how foam texture51, among other variables, 

affected the apparent viscosity of foam flowing in smooth straight capillaries. They 

related the size of the capillary R with the size of bubbles rB in a monodisperse foam. 

Their findings on foam texture are summarized in Figure 2-6.  



 29 

 

Figure 2-6. A modified Fig. 4 from the work of Hirasaki and Lawson. Regions of 

bulk foam and individual bubble flow were predicted based on the capillary-to-

bubble size ratio R/rB and the gas fraction 𝚪. A discontinuous transition condition 

was found for 𝑹 = √𝟐𝒓𝑩 where the lamella ↔ bulk foam transition occurred. 

Diagrams and labels have been added to help visualize each region 58. 
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2.1.6. Progress on the Understanding of Foam in Porous Media  

2.1.6.1. Refining the Definition of Foam in Porous Media 

As foam in porous media became a larger field of study, definitions began to 

further emphasize differences between bulk foam and surfactant-stabilized gas films in 

porous media. Falls et al. defined: 

 

“foam inside a porous medium as a dispersion of gas in a liquid such that the 

liquid phase is continuous (i.e., connected) and at least some part of the gas is made 

discontinuous by thin liquid films called lamellae” – (Falls et al., 1988) 46. 

 

A definition that accounts for the different morphologies that can be exhibited by 

foam in porous media (See Figure 2-6 above) as well as the distinction between 

“continuous-gas” and “discontinuous-gas” foams (as discussed later in the foam 

propagation section). Chen et al. went so far as to make the following distinction: 

 

“(Note: The reference to a "foam" in the porous medium is somewhat of a 

misnomer. Actually, we envision the gas phase to dispersed in the continuous be liquid 

phase as fairly large continuous gas segments separated by liquid lamella. The presence 

of surface-active agents stabilizes these lamellae and prevent the formation of completely 

continuous gas).” – (Chen et al., 1990)38 
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2.1.7. Foam Formation in Porous Media 

 Foam lamellae can form in situ in porous media. Holm made some of the 

earliest observations of this process on a microscopic scale (see Figure 2-5). Later, 

distinct mechanisms were identified and described for the lamella generation in porous 

media.  

2.1.7.1. Snap-off 

J. G. Roof was the first to describe one such mechanism, snap-off, in a single-

construction glass capillary tube57. Roof developed theory to describe experiments with 

mineral oil as the discontinuous phase in a density-matched ethanol/water continuous 

phase. The same physics apply when the discontinuous phase is a gas in a surfactant 

solution. R. F. Mast, who was perhaps the first to publish a study on foam in 

micromodels, observed gas bubbles pinching-off in his experiments (Figure 2-7)59. This 

study is cited by Falls et al. as evidence of foam generation in porous media via snap-off 

and, presumably, serves as motivation for selection of snap-off as the primary generation 

mechanism of foam in his population-balance mechanistic foam simulator46. Falls et al. 

explained how snap-off occurs (Figure 2-8).  
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Figure 2-7. Figure 5 from the work of Mast 59. The sketch illustrates the first 

observation of bubble generation by “pinch-off” in a 2-D glass porous media 

micromodel. 

 

Figure 2-8. Modified Figure 4 from the work of Falls et al. 46. This sketch serves as a 

visual guide for explaining foam generation by snap-off. 
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“The walls of the tube are wet by surfactant solution, and gas flows through the 

system from left to right. If the mean curvature of the gas/liquid interface in the 

constriction is greater than that in the rest of the capillary (and the wetting films are 

thick compared with the distance of molecular interactions), the capillary pressure in the 

neck is higher than anywhere else. If the pressure gradient in the gas phase is negligible, 

this means that the liquid-phase pressure is lower in the neck than in the rest of the 

capillary. Consequently, liquid flows into the constriction and accumulates there in a 

collar. The collar can grow, become unstable, and bridge across the constriction, thereby 

forming a lamella. After the newly formed lamella exits, other bubbles can be 

generated.” – (Falls et al., 1988)46  

 

Several aspects of the porous media and foam flow influence whether or not snap-

off takes place: 

1. Low enough capillary pressure or, alternatively stated, high enough water 

saturation – Theoretically, in a bead pack, this saturation may be conceptualized 

as the point at which pendular rings begin touching each other46. Another way this 

was stated by Falls et al. was that “the wetting films [must be] thick compared 

with the distance of molecular interactions”46. This point had been stressed by 

Roof who found that water flow into constrictions that were completely smooth 

was extremely slow (for cases where oil snap-off should occur), and grooves or 

channels for the water were necessary to reduce the timescale for snap-off57. Falls 

et al. measured the capillary entry pressure and the critical capillary pressure for 
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snap off in sand by controlling the capillary pressure hydrostatically and 

observing the behavior of the injected fluids (gas and surfactant solution)46. 

Confusingly, they assigned the variable 𝑃𝑐
∗ to the critical capillary pressure for 

snap-off to occur. This is not to be confused with the limiting capillary pressure, 

𝑃𝑐
∗, where foam begins to coalesce39. 

 

2. Slow enough convection of lamellae – when lamellae are too close together, they 

travel through pore throats faster than new lamellae can be formed by snap off. 

The variable that has been associated with the convection time scale of lamellae is 

𝑡𝑐𝑜𝑛𝑣, and the variable associated with the time required for snap-off to form a 

new lamella is 𝑡𝑓𝑜𝑟𝑚
46. 

 

3. Large enough pore body size : pore throat size – this ratio must meet the Roof 

criteria57. If pore sizes are too small compared to the pore constrictions, 

bubbles/emulsion droplets cannot expand into the pore space enough for snap-off 

to occur (see Figure 2-9). 



 35 

 

Figure 2-9. Figure 5 from Roof 57. The top diagram illustrates a cross-section of a 

situation in which the leading edge of a nonwetting phase advances into the pore 

body between spheres. The numbers indicate arbitrary time points. The 

dimensionless capillary pressure at the leading edge (front) of the nonwetting phase 

𝚷𝒇 decreases as the radius of curvature increases for the protruding portion of 

nonwetting phase. If the leading edge runs into another grain before 𝚷𝒇 can 

decrease below the threshold value for snap-off to occur (in this case 0.75), then the 

nonwetting phase remains stable to snap-off. 
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2.1.7.2. Lamella Division 

Mast first described the process of lamella creation by division as observed in his 

micromodel studies59. Later, Falls et al. described this mechanism as one that requires a 

minimum pressure gradient to take place and that generates non-uniform bubbles46. 

Around the same time, Ransohoff and Radke also reported lamella division in bead 

packs60. All three publications accompanied their descriptions of lamella division with a 

cartoon (Figure 2-10). 

 

Figure 2-10. Fig. 4 from Mast et al. (upper left), a modified Fig. 5 from Falls et al. 

(upper right), and Fig. 9 from Ransohoff and Radke (lower). All cartoons illustrate 

lamella division at a pore junction46,59,60. 
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2.1.7.3. Leave Behind 

Lamellae can also form in the direction perpendicular to flow during the leave-

behind process where gas invades adjacent pores during a drainage process46,60. 

Ransohoff and Radke were the first to describe this type of lamella formation in glass 

bead packs60. (though the process was described earlier by Mast in a micromodel59.) The 

lamellae in this configuration, as depicted in Figure 2-11, do not significantly contribute 

to the resistance of foam to flow.  

 

Figure 2-11. Depiction of leave behind from Ransohoff and Radke60. 

This aspect is perhaps exemplified by the “tortoise-and-the-hare”-like experiment 

described by Falls et al. involving gas invasion into vertical bead packs in glass burettes: 

“If the stopcock is slightly opened, liquid drains steadily from the bottom of the 

system as air invades from the top. Above the 100 % liquid level, a continuous-gas foam 

is created because some of the liquid left behind exists as stationary lamellae. If, on the 

other hand, the stopcock is opened fully, liquid flows out steadily until gas reaches the 

packed section. Once gas enters the beads, moving lamellae are formed and the flow of 
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liquid from the system slows and becomes intermittent. In this case, the increased gas 

velocity creates a is continuous-gas foam that almost completely plugs the pack.” – (Falls 

et al., 1988)46 

2.1.7.4. Pinch-Off  

Another set of mechanisms, similar to lamella division, has been observed in 

microfluidic devices and micromodels. These are neighbor-neighbor pinch-off, where 

two bubbles “sandwich” a third bubble that is then split by the other two, and neighbor-

wall pinch-off where one of the bubbles in replaced by a solid wall of the porous medium 

but at an angle to the primary flow direction61. These mechanisms can be distinguished 

from lamella division by the unique bubble-bubble interactions and force vectors. 

Representative schematics are provided in Figure 2-12. These mechanisms are not to be 

confused with what Mast called “pinch-off”, more commonly called snap-off as 

discussed in Section 2.1.7.1. Due to the relatively high capillary numbers associated with 

the presence of these mechanisms, relevance to EOR applications involving relatively 

low capillary numbers is unclear. Though pinch-off first identified in a simple single-

constriction microfluidic device,  these mechanisms have since been identified in more 

complex micromodels62. 
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Figure 2-12. time-series images adapted from Liontas et.al. as examples of neignbor-

wall pinch off (left) and neighbor-neighbor pinch off (right)61. 
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2.1.8. Foam Propagation in Porous Media 

2.1.8.1. Foam Types 

Falls et al. described two types of foam flow in porous media48. Specifically, with 

respect to the gas phase, foam in porous media was described as continuous or 

discontinuous. In continuous-gas foams, the gas phase flows as a finger unimpeded by 

lamellae. Pockets of “stationary” foam are in the pores adjacent to the flowing gas 

pathways. In a discontinuous-gas foam, the gas is transported via bubble chains with 

lamellae between the bubbles (See Figure 9). (Note: Though the foam is said to be 

“discontinuous”, in many cases the gas-phase pressure is assumed continuous between 

bubbles that are only separated by a thin lamella)  

Falls et al. also found that foam reduces the gas phase mobility by either reducing 

the cross-sectional area available to flow or by increasing the apparent gas viscosity (due 

to lamellae)48. The former mechanism is the primary contributor to elevated apparent 

viscosities in continuous-gas foams whereas both mechanisms are at play in 

discontinuous-gas foams. For discontinuous gas foams, as observed in micromodels by 

Mast, trapped gas/pockets of foam are still present at most flowing conditions, and 

trapped lamellae are described as “stationary” in that they are not convected through the 

porous media59. Those lamellae were however observed to oscillate or “breathe” which 

can ultimately contribute to the apparent viscosity48.  
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Figure 2-13. Cartoons of the three foam types based on those from Falls et al.46. The 

two sketches on the left depict discontinuous-gas foams. A continuous gas foam is 

depicted in the rightmost sketch. Gas fingers through a continuous channel in which 

lamellae are absent. The lamellae blocking the pore throats adjacent to the 

continuous gas channel are stationary. 

 

2.1.8.2. Fraction of Foam that is Flowing and Dynamic Gas Trapping 

In his first-of-a-kind micromodel experiments, Mast observed some breaking and 

regeneration of lamellae but largely saw discontinuous foam propagating “as a body” 

with discrete bubbles flowing rather than by “making and breaking” of lamellae as  Holm 

had argued56,59. Importantly, Mast offered the following insight into dynamically trapped 

gas: 

“As the system became saturated with foam, it was apparent that flow was taking 

place through only a part of the model and that flow in some of the pore channels was 

blocked. The blocking was temporary and flow patterns in the model changed with time. 
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However, most of the flow took place in what appeared to be the larger pore channels, 

which were seldom blocked by the foam.” – (Mast, 1972)59 

Whether the gas portion of a foam is partially continuous (flowing gas channels) 

or completely discontinuous (flowing bubbles), some portion of the foam is not 

convecting or nearly non-convecting. In a discontinuous foam where bubbles are flowing, 

a large portion of the bubbles in the porous media can be relatively stationary at any 

given point in time. Radke and Gillis found up to 70% of the gas could be trapped for a 

“weak” foam in Berea sandstone Their schematic of this flow configuration is provided 

in Figure. Tang and Kovscek found this number to be 80%63,64. The fraction of the 

bubbles that are “trapped” or non-convecting depends on pressure gradient, absolute 

permeability, foam texture, and the concentration of surfactant in the aqueous phase65. 



 43 

  

Figure 2-14. Schemitics illustrating discontinuou-gas foam propogation in porous 

media. Top: Origional schematic from Radke and Gillis63. Bottom: Recent take on 

the same figure by Almajid and Kovscek66. 

 

This behavior of foam flow was analyzed quantitatively in a micromodel by 

Géraud et.al. who describe the flow of foam as having “preferential flow paths and local 

flow nonstationary (intermittency)” (Figure 2-15)67. Getrouw also observed preferential 

flow paths in a micromodel and reported trapped bubble fractions ranging from 11 to 

59%, and observed the fraction decreasing with increasing injection flow rate68.  
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Figure 2-15. UPPER: A typical example of intermittency in flowing foam pathways 

from Géraud et.al.67. The brighter in the left column indicate faster flowing foam. 

Vx is local longitudinal velocity, and V0 is global average velocity. LOWER: 

Processed micromodel image from Getrouw capturing a preferential gas flow path 

and trapped foam68. 
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2.1.8.3. Minimum Pressure Gradients for Mobilizing and Generating Foam 

Falls et. al. also recognized that stationary lamellae can begin to move through the 

porous media if a yield pressure is exceeded48. Rossen also identified a so-called 

“minimum pressure gradient required to mobilize foam”69,70. This concept ties the 

microscopic-scale capillary resistance of stationary lamellae to be displaced out of pore 

throats to the macroscopic pressure gradient measured across a porous media through 

which foam is flowing. As illustrated in Figure 2-16, at the minimum pressure gradient, a 

single train of bubbles is flowing through the porous medium. 

 

Figure 2-16. Cartoon conveying flow paths of moving bubbles through a porous 

medium in relation to the minimum pressure gradient. (Adapted from Kibodeaux1.) 
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There also exists a minimum pressure gradient to generate “strong” foam as 

described by Gauglitz et.al.71. This concept is particularly important in reasoning whether 

or not discontinuous-gas foams can propagate far from the injection well in an EOR 

application. A schematic depicting the relationship between flow rate and minimum 

pressure gradient to generate foam is reproduced in Figure 2-18. Faster flow velocities 

have a greater chance to overcome the minimum pressure gradient and generate foam. 

Kahrobaei et.al. demonstrated that a system initially below minimum pressure gradient to 

generate foam can eventually spontaneously generate foam after many (>40) injected 

pore volumes without changing injection velocity72. Some variables that govern the value 

of minimum pressure gradient are permeability, surfactant formulation, and gas type. 

Once above the minimum pressure gradient, large hysteresis in measured pressure can be 

observed lasting for at least several pore volumes. For this reason, fluctuations in 

pressure gradient should be carefully managed in foam flow experiments when 

attempting to identify minimum pressure gradient. This point is well illustrated by Cui 

who demonstrated that momentary changes in the back pressure can overcome the 

minimum pressure gradient to generate strong foam (see Figure 2-17)73. 
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Figure 2-17. Plot of aparent viscosity, pressure gradient, and back pressure vs. total 

injected pore volumes (TPV) to illustrated that disruptions in back pressure can 

result in overcoming the minimum pressure gradient to generate foam. (Adapted 

from Cui73.) 
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Figure 2-18. Scematic for the relationship between minimum pressure gradient and 

velocity, where u4 > u3 > u2 > u1, adapted from Gauglitz et.al.71. 

2.1.8.4. Foam Propagation from Outlet-to-Inlet 

It has frequently been observed in the laboratory and reported in the literature that 

foam generation can occur from “outlet-to-inlet”. In other words, strong foam generation 

(as measured by an increase in local pressure gradient or a decrease in local liquid 

saturation) begins at the outflow end of a test section of porous media, and then 

propagates upstream until it reached the inlet66,74–78. A well-documented example of this 
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behavior is provided in Figure 2-19. It might be argued that this behavior is an 

experimental artifact relating to the finite nature of the porous media test length. Yu and 

Rossen considered this form of foam generation invalid in their study74. The step change 

in permeability at the outflow end could result in foam generation by snap-off46, and, in-

turn, could create a local pressure gradient large enough to overcome the minimum 

pressure gradient to generate strong foam.  

 

Figure 2-19. Example of strong foam propogating from outlet-to-inlet from Simjoo 

and Zitha75. After the gas front reaches the end of the core around 0.67 PV, a strong 

foam gront (green color) begins propogating upsteam of the injection direction. 
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2.1.9. Foam Destruction in Porous Media 

As previously referenced, researchers have hypothesized that foam moves through 

porous media via a “making and breaking” action. The foam generation section discussed 

how the “making” part can occur, but here the “breaking” part is given context. Lamellae 

in porous media are destroyed either by rupturing (coalescence of bubbles) or by mass 

transfer among bubbles (Ostwald ripening).  

2.1.9.1. Coalescence and the Limiting Capillary Pressure 

Khatib et al. were the first to critically examine the effect of capillary pressure on 

foam coalescence in porous media39. They hypothesized that, because bulk foams exhibit 

a critical capillary pressure above which catastrophic coalescence occurs, there should 

exist an upper limit to the capillary pressures at which foam is stable in porous media. To 

test their hypothesis, Khatib et al. performed foam scan experiments in bead and sand 

packs while simultaneously directly measuring the capillary pressure via a set of capillary 

pressure probes. The gas velocity was held constant while the gas fractional flow was 

increased by changing the liquid velocity. As illustrated in Figure 2-20, it was found that 

at above a certain capillary pressure (or alternatively stated as below a certain water 

saturation) the dynamic capillary pressure would begin to fluctuate. These fluctuations in 

pressure appeared to coincide with larger bubbles in the effluent; thus, the cause of the 

fluctuations was determined to be foam coarsening due to coalescence. The capillary 

pressure would decrease but return to the same value before said decrease. As stated by 

Khatib et al.: 
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“several lamellae uses an abrupt decrease in the capillary pressure. As this 

coarse-textured foam is displaced, the capillary pressure again increases” – (Khatib et 

al., 1988)39 

 On average, they found that with further decrease in the water velocity (i.e., 

increase in foam quality), capillary pressure appeared to remain at a “limiting” value 

while foam texture appeared to coarsen. This “limiting capillary pressure” was 

represented with the variable 𝑃𝑐
∗ and the corresponding water saturation with 𝑆𝑤

∗ .  

 

Figure 2-20. A Schematic illustrating the idea of limiting capillary pressure based on 

Fig. 1 of Khatib et al.39. On a plot of steady-state capillary pressure vs. water 

saturation, with decreasing water saturation, foam eventually becomes unstable and 

begins to coalesce. The inlayed plot of dynamic capillary pressure vs. time 

exemplifies how the capillary pressure was reported to decrease to some capillary 

pressure, 𝑷𝒄
𝒄𝒐𝒍𝒍𝒂𝒑𝒔𝒆

 then increase back to the limiting capillary pressure before 

collapsing again. The average over time of the maximum capillary pressures before 

collapse was selected as the limiting capillary pressure.   
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The process by which foam might remain at the limiting capillary pressure was 

later described by Kam as a “delicate feedback loop” of several mechanisms79. This 

process was made into a flow chart by Zhang et al. (see Figure 2-21) 80.  

 

Figure 2-21. The “delicate feedback loop” proposed as mechanistic reasoning for 

how the limiting capillary pressure is maintained 79,80. 

Assuming capillary pressure and water saturation remain constant at a limiting 

value above a certain fractional flow greatly simplifies the description of foam flow 

under these conditions. By making this assumption, Khatib et al. could calculate limiting 

capillary pressures based on pressure drops alone, and they used this information to 

examine how limiting capillary pressure changes with gas velocity, permeability, and 

surfactant formulation 39. Based on calculated limiting capillary pressures, 𝑃𝑐
∗ was 

reported to increase with decreasing gas velocity and permeability. Different surfactant 
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formulations exhibited different limiting capillary pressures across a range of gas 

velocities. 

Khatib et al. speculated that in porous media where the limiting capillary pressure 

is below the capillary entry pressure, i.e., low permeabilities, flowing foam lamellae 

could be unstable (Figure 2-22).  

 

 

Figure 2-22. Speculation by Khatib et al. illustrating how foam should be unstable 

below the permeability at which the capillary entry pressure exceeds the limiting 

capillary pressure39. 

 

In contrast to the work of Khatib et al., Kibodeaux and Rossen found that 

capillary pressure did not remain at the limiting value after foam was destabilized in a 

consolidated core (See Figure 2-23)81. The explanation for a decrease in capillary 

pressure with foam strength at the drier injection qualities was that, upon the breaking of 
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the foam, a “re-imbibition” event occurred, and the aqueous saturation in the core 

increased. 

 

 

Figure 2-23. Comparison of capillary pressure measurements vs. fractional flow 

ratio for the data reported by Khatib et al. and Kibodeaux and Rossen39,81.  The 

results on the left appear to indicate a leveling-off of the capillary pressure at a 

limiting value while the results on the right show that the capillary pressure 

decreases sharply at drier injection qualities than that at which foam collapses. 

 

2.1.9.2. Diffusion Coarsening (Ostwald Ripening) 

In bulk foams, differences in Laplace pressure among bubbles drives gas 

transport. Larger bubbles grow at the expense of smaller bubbles. In porous media, this 
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process is influenced by the confinement of the bubbles in pores and the geometry of 

pores and pore throats. These implications of coarsening on foam flow are many82. Xu 

et.al. demonstrated how bubbles with larger volume, but smaller confinement-influenced 

curvature, can shrink while bubbles with smaller volume, but larger curvature, grow (see 

Figure 2-24 (a) vs. (b))83. Also, lamellae can obtain thermodynamically stable 

configurations with zero curvature in pore throats. This marks the point when Ostwald 

ripening ceases rather than when all the bubbles have coarsened into one as they would in 

a bulk foam. Getrouw visualized this behavior in a micromodel (Figure 2-24 (c)) as did 

Li et.al. in a model fracture68,84.  

 

Figure 2-24. Cartoons illustrating the Ostwald ripening process in (a) a bulk foam 

and (b) a particular “anti-coarsening” case in porous media adapted from Xu et.al83. 

(c) Images from an example coarsening study in a micromodel by Getrouw68. 
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Nonnekes et.al. constructed a model including a characteristic diffusion to 

convention rate and argued that Ostwald ripening does not affect bubble-size 

distributions of flowing bubbles at conditions relevant to EOR if bubbles are larger than 

the pore size85,86. On the other hand, Zeng et.al. systematically examined mechanisms 

contributing to lamella resistance and concluded that coarsening was the responsible for 

differences in apparent viscosity among foams with various gas compositions87. Lou et.al. 

also argue that diffusion is important in governing foam destruction by fitting a model 

with a diffusion term to the data by Zeng et.al.87,88.  

 

2.1.9.3. Phase Change (Condensation and Evaporation) 

Similar to the Ostwald ripening process, differences in bubble pressures can drive 

foam coarsening by phase change under certain conditions. In steam foams in particular, 

condensation and evaporation have been shown to play a large role in foam destruction89–

91. Water condenses in higher pressure bubbles, with smaller radii of curvature, and 

evaporates in lower pressure bubbles with higher radii of curvature. Adding small 

amounts of non-condensable gasses to the foams improved foam longevity and EOR 

performance89,92.  
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2.1.10. Foam Rheology: Effects of Total, Gas, and Liquid Velocities 

Hirasaki and Lawson laid the groundwork for predicting apparent viscosities of 

foams in porous media via a capillary tube model discussed in Section 2.1.5.351. They 

build upon the work of Bretherton for a single bubble in a capillary tube93. They found 

apparent viscosity to depend on bubble velocity to either the -1/3 or -2/3 power for 

different foam texture regimes. Falls et.al. examined foam flow in a several-thousand-

Darcy bead pack where (1) bubble size remained unchanged and flowed as a single train 

through a bead pack (controlled bubble size), and (2) injected foam texture was generated 

by an identical bead pack upstream of the tested bead pack (pack-generated bubbles). 

They extended the model in smooth capillaries to include the effect of constrictions and 

found the following:  

“At low shear rates in both flow regimes, the viscosity varies with the  -1 power of 

gas velocity. At higher rates, the viscosity approaches varying with the -1/3 power of 

velocity in the controlled-bubble-size regime and with the -2/3 power of velocity in the 

pack-generated bubble-size regime” – (Falls et.al. 1989)48 

The rheology of foam has also been studied in consolidated cores. Persoff et.al. 

found a -1 power dependence of foam flow resistance on gas velocity and Newtonian 

behavior with changing liquid velocity in a Boise sandstone core94. Friedman et al. 

worked with a multi-diameter Berea core95. Foam was first generated in the small-

diameter section at 590 m/day (1935.7 ft/day) and was then measured in the larger-

diameter section. They found the power law exponent for dependence of viscosity on “the 

frontal advance rate of the gas” to be -1/3.  
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Osterloh and Jante were the first to describe two regimes in which pressure 

gradient during foam flow becomes independent of either the gas or the liquid velocity 

(see Figure 2-25 (a) figure 96. They found pressure gradient to depend on  The gas-

flowrate independent regime has also been called the “high-quality regime” and the 

liquid-flowrate independent regime has also been called the “low-quality regime”97. 

Osterloh and Jante found the power-law dependence of pressure gradient on flow rate to 

be 0.31 and 0.33 in the low- and high- quality regimes respectively. It has been since 

observed that foam exhibits unique rheology in each regime. Alvarez, Rivas, and Rossen 

found foam to be shear thinning in the low-quality regime and shear thickening in the 

high-quality regime98. They found power-law exponents relating pressure gradient to 

total velocity ranging from 0.3 – 1.08 and 1.28 – 2.11 in the low- and high-quality 

regimes respectively depending on the surfactant formulation and porous medium.  



 59 

 

Figure 2-25. Plot of steady-state pressure gradient vs. gas and liquid flow rates 

adapted from Osterloh and Jante (upper) 96 and Kahrobaei et.al. (lower)72  

 

Delamaide et al. proposed a two-state rheological description of foam where 

“weak” foams are purely Newtonian while “strong” foams exhibit shear thinning above a 

critical interstitial velocity (Figure 2-26)92. 
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Figure 2-26. Rhelogically defined “weak” and “strong” foam schemtic as proposed 

by Delamaide et al.92. 

Foam has often been described as a yield stress (Bingham) fluid 98–103. Keeping the 

concept of minimum pressure gradient to mobilize lamellae in mind, this rheological 

model is well suited to describe foam flow in porous media. However, due to lack of 

data, irreproducibility, and hysteresis, it is unclear which model is most accurate for 

capturing the rheological behavior of foam flow in porous media. 

 

2.1.11. Multiple Steady-States and Hysteresis 

Kam and Rossen discovered that foam in porous media can exhibit multiple 

steady states under certain experimental conditions104. They found that a “weak” foam 

could become a “strong” foam when overcoming a threshold pressure gradient/velocity 
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and could pass through steady “transition states”. When the pressure gradient/velocity 

was decreased back to a condition where the foam was first “weak”, it remained “strong”; 

thus, the foam exhibited hysteresis. Later works have also examined hysteresis in foam 

flow and the important impacts these phenomena have on modeling and real-world 

applications72,78,105. An example of the relationship between pressure gradient and total 

superficial velocity is given in Figure 2-27. 

 

Figure 2-27. Foam hysteresis behavior example from Yu et.al. that was adapted 

from Kam and Rossen with data from Ashoori et.al.79,105,106. 
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2.1.12. Effects of porous media type 

Several aspects of the medium can significantly affect foam formation, 

propagation, and destruction. Relevant variables include porous media heterogeneity107, 

absolute permeability71,108, step change in permeability46,107,109,110, capillary entry 

pressure39,46, Pore throat to pore body ratio60, and presence of vugs111. Examples of 

porous media effects include foam generation by snap off at a step increase in 

permeability, increase in foam apparent viscosity with increasing permeability, and 

decrease in critical pressure gradient to generate foam with increasing permeability 

(Figure 2-28). 

 

Figure 2-28. Example of effect pf porous media type on foam: critical pressure 

gradient to generate stong foam decreases with increasing permeability71. 
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2.1.13. Effects of Gas or Non-aqueous Phase Type 

Another important parameter is the gas or non-aqueous phase type. Perhaps the 

most ubiquitous example is that CO2 foams are generally recognized as “weaker”  than 

N2 foams in terms of measured pressure drops. Several studies have examined the effect 

of non-aqueous phase selection for foam system87,108,112–116. Changing this variable can 

affect Ostwald ripening rates and interfacial tension (IFT) values in a foam system that, 

in turn, affects the creation and destruction of the foam. 

 

2.1.14. Effects of Temperature and Pressure 

Foam becomes weaker with increasing absolute system temperature117. Changing 

temperature can affect foam strength by altering IFT, viscosity, and density values118. 

Also, foam strength has, in some cases, been observed to increase with increasing 

absolute system pressure119–121. For example, Holt et.al. found differential pressure 

increased with increasing system pressure (Figure 2-29)121. In a study by Solbakken et.al. 

however, CO2 foam strength decreased with increasing density118. 
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Figure 2-29. Differential presure vs. System pressure for a flowing foam system in 

sandstone. (Adapted from Holt et.al.121.) 

2.1.15. Effects of Surfactant Formulation 

Factors such as choice of surfactant(s), surfactant type and concentration, 

presence and concentration of salinity, and presence of divalent ions all strongly affect 

the behavior of a foam in porous media. Thus, many researchers have devoted significant 

effort to understand the relationships between these variables72,74,74,76,98,116,122–127. In 

general, foam strength increases with increasing surfactant concentration, but returns 

diminish significantly above the critical micelle concentration. Also, most relevant to this 

thesis, the addition of NaCl generally improves the strength of foams stabilized with 

anionic surfactants vs. those formed in the absence of salinity (Figure 2-30). 
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Figure 2-30. Effect of salinity on foam strength from Dilgren et.al..122. 

 

2.1.16. Effect of Oil of Foam 

The destabilizing effects of crude oil on foam have been recognized since foam 

was first applied in enhanced oil recovery applications: 

“The presence of oil decreases the capacity of foam to decrease the permeability 

of a porous medium to water” – (Bernard et. al.,1965)43 

Thus, a large portion of the body of literature relating to foam in porous media has been 

dedicated to these effects3. A complex set of mechanisms, such as wettability alteration 

and emulsification, are observed when foam interacts with crude oil in porous media18,128. 

Many studies have gained insight into these interactions by visualizing them at the pore 
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scale in micromodels129–131. Entering, spreading, and bridging coefficients play a 

significant role in the destabilization of foam by oils62,66.  

 

2.1.17. Simulation and Modeling 

Given the complexities reviewed above, a comprehensive predictive model of 

foam flow behavior in porous media does not exist; however, much progress has been 

made in matching experimental results with various foam simulators132–138. These models 

generally come in two main varieties: implicit texture, wherein foam texture is either 

approximated or not explicitly accounted for, and population balance, wherein foam 

texture is dynamically modeled with a conservation equation139.  

 

Relevant Aspects of Surfactants 

2.1.18. Surfactants for Stabilizing Aqueous Foams in EOR Applications 

Surface active agents (i.e. surfactants) are materials that have a propensity to partition 

from the bulk to an interface140. This material may be a single amphiphilic molecule, a 

polymer, or a nanoparticle. In foam EOR, surfactants also act to stabilize the thin liquid 

lamellae between bubbles, lower IFT between the crude oil and the aqueous phases and 

alter the wettability of the rock surfaces.  

The most commonly employed surfactants in EOR are single molecules. These 

chemical species consist of a polar “head” group that is hydrophilic and a nonpolar “tail” 
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that is hydrophobic. Four classifications of these surfactants arise according to the charge 

of the polar head moiety. These are: cationic, anionic, zwitterionic, and nonionic (Figure 

2-31). Negin et. al. have reviewed the most commonly employed surfactants for EOR and 

detail the optimum conditions for each type141. 

 

Figure 2-31. Structure of the four classes of molecular surfactants142.  

 

2.1.18.1. Elasticity and Surface Viscosity 

Gradients in the surface tension lead to surface flows. This occurs particularly when 

surfactant is present at the interface and is the primary reason for the longevity of films in 

foams. When a surfactant stabilized film is rapidly deformed, as is often the case for 

lamellae in a flowing foam, the expanded portion of the surface experiences local 

depletion of surfactant and greater surface tension. The resulting imbalance in forces 

draws surface liquid, and the bulk liquid by viscous extension, back into the surfactant 

depleted region. This process is illustrated in Figure 2-32 Surface flows result in bulk 
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liquid movement in this manner is dubbed the Marangoni effect. Occurring in the 

lamellae of foams, Marangoni flows oppose the thinning and eventual rupture of these 

films. In turn, surface viscosity resists or dampens Marangoni flows143. 

 

Figure 2-32. Principle of elasticity. When the local surface tension is lowered, 

Marangoni flow restores fluid to that portion of the liquid film144. 

 

In some circumstances, foam lamellae can become very thin (on the order of 

hundreds of nanometers) such that almost all of the bulk liquid has drained out of the 

film. In these situations, the existence of a disjoining pressure can be the reason why the 

film does not rupture. This pressure difference arises due to electrical, dispersive, and 

steric forces between two interfaces and is the net difference in pressure between the gas 

and the bulk liquid to which the lamella is connected145. 
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2.1.19. Macroemulsions in the Context of EOR 

An emulsion is a colloidal dispersion of a discontinuous liquid phase existing as 

tiny droplets in an immiscible continuous liquid phase. These systems are classified by 

length scale. Macroemulsions are typically microns to millimeters in size. In these 

dispersions, the viscosity is more like that of the continuous phase. Therefore, oil-in-

water (O/W) emulsions could have a viscosity closer to that of the water than that of the 

oil. In porous media, provided the oil saturation is below a certain value128, emulsifying 

the oil as an oil-in-water macroemulsion can similarly decrease the apparent viscosity. 

Several researchers have demonstrated the promising process of recovering heavy oil as a 

low viscosity oil-in-water macroemulsion146–150.  

 

2.1.20. Microemulsion Phase Behavior 

The chemical system to be injected into the reservoir must be formulated to 

achieve favorable oil-aqueous physiochemical interactions. Phase behavior of oil-water-

surfactant systems were thoroughly described by Winsor151,152, and Healy et. al. related 

Winsor’s methodology to microemulsion flooding (Figure 2-33)153. Microemulsion 

droplets are generally tens of nanometers in diameter. Focusing on microemulsions, 

Winsor defined the following: Winsor I (WI) systems are those in which the surfactant is 

more energetically stable in the aqueous phase exhibiting a thermodynamically stable 

lower-phase oil-in-water (O/W) microemulsion. Winsor III (WIII) systems are those in 

which the surfactant is energetically stable in a bicontinuous microemulsion middle layer 

in coexistence with bulk oil and water phases. Lastly, Winsor II (WII) systems are those 
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in which the surfactant is more energetically stable in the oil phase exhibiting a 

thermodynamically stable water-in-oil (W/O) microemulsion. Surfactant systems 

exhibiting classical phase behavior can pass monotonically from WI to WIII to WII when 

changing a single system variable, such as salinity, temperature, oil type, and surfactant 

molecular weight, which alters the hydrophilic-lipophilic-balance (HLB). While 

microemulsions are thermodynamically stable fluids, macroemulsions are kinetically 

stable. Systems in which microemulsions are present will also tend to form 

macroemulsions of the same type (e.g., O/W or W/O) when perturbed by the shearing 

and capillary forces of flow in porous media.  

 

Figure 2-33. Example of phase behavior from Healy and Reed154. 
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Interpreting phase behavior of complex alkali-surfactant (AS)/crude oil systems 

(Section 2.1.22) can be obscured by phenomena such as the formation of multiple phase 

layers, partitioning of different surfactant species in the molecular weight distribution, 

and kinetically stable macroemulsions. The type of surfactant(s), brine, and alkali that are 

selected, and the chemical composition of the crude oil to be recovered, will all influence 

the resulting phase behavior and, consequently, the type(s) of macroemulsions and 

microemulsion phases that are likely to form during the ASF process. Researchers are 

examining the influence of phase behavior on heavy oil recovery149,155, but further work 

is necessary to optimize the process. 

 

Immiscible Tertiary Oil Recovery 

2.1.21. Types of Immiscible Chemical EOR 

Immiscible chemical EOR methods are those for which a chemical system is 

injected into the reservoir to improve oil recovery. These methods are distinguished from 

thermal and miscible EOR in that the injected fluids are not intended to heat the reservoir 

nor to be soluble in crude oil. Advantages of these methods involve increasing capillary 

number, decreasing mobility ratio, and mitigating bypass due to permeability 

heterogeneity. A summary of immiscible chemical EOR method combinations are given 

in  Figure 2-34. The category of interest in this thesis is alkali-surfactant foam (ASF). 
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Figure 2-34. Combinations of common immiscible chemical EOR methods. A = 

alkali, P = polymer, N = nanoparticles, S = surfactant, and F = foam. 

 

2.1.22. Alkali-Surfactant EOR 

Alkali Surfactant (AS) flooding is one process that has been effective for 

recovering heavy oil at the lab scale147,156–162. AS floods involve an alkali component 

such as NaOH, sodium orthosilicate, sodium borate, or sodium carbonate that reacts with 

the naphthenic acid components present in the crude oil to produce soaps (see Figure 

2-35)163. A synergistic synthetic surfactant component is also present in this type of 

chemical flood. Many mechanisms have been identified that lead to the success of AS 
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floods, but several authors suggest the primary mechanisms of action are wettability 

alteration, interfacial tension (IFT) reduction, and emulsification30. Among these 

phenomena, the formation of macroemulsions, a process that depends on both wettability 

and IFT, stands out as a promising method for mobility control. 

 

 

Figure 2-35. A schematic of alkali-surfactant EOR based on that of deZabala and 

Radke164. HA = Acidic components of the crude oil. Na+A- = neutralized Acids or 

soaps. Na+S- = synthetic surfactant component of injection solution. 

 

2.1.23. The Alkali-Surfactant-Foam EOR Process  

Poor mobility control163 has been identified as the most prominent shortcoming of 

AS flooding for heavy oil recovery. Some researchers have begun investigating methods 
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to improve mobility control with AS EOR. Foam and polymer-foam EOR methods have 

been of interest due to the rheological properties of foam that promote mobility control 

165,166. The “smart rheology” of foam results in improved mobility control despite 

extreme permeability and/or viscosity ratios2,51,167–173. When AS and foam are combined, 

the process is coined alkali-surfactant-foam (ASF) flooding though some have termed it 

Alkaline-Surfactant-Gas (ASG)174. Gou et al. demonstrated this process can recover up to 

94% of conventional oil from sandstone cores175. Telmadarrie and Trivedi also showed 

that polymer enhanced foam could recover up to 70% of the oil in a fractured 

micromodel. Also, Farzaneh and Sohrabi demonstrated an ASF process that could 

recover more than 90% of a heavy oil from a micromodel176. While these works 

demonstrate promise for ASF flooding, a proper application of phase behavior analysis is 

needed to tie the chemical and physical aspects of this EOR method. 

Phase behavior of complex AS/crude oil systems can be complicated by the 

formation of multiple phase layers, partitioning of different surfactant species in the 

molecular weight distribution, and kinetically stable macroemulsions. The type of 

surfactant(s), brine, and alkali that are selected, and the chemical composition of the 

crude oil to be recovered, will all influence the resulting phase behavior and, 

consequently, the type(s) of macroemulsions and microemulsion phases that will likely 

form during the ASF process. Researchers are examining the influence of phase behavior 

on heavy oil recovery149,155, but further work is necessary to optimize the process. This is 

the topic of Chapter 3. 



 75 

Polymer-Based Microfluidics for Studying Foam in Porous Media 

Microfluidics is “the science and technology of systems that process or 

manipulate small (10–9 to 10–18 liters) amounts of fluids, using channels with dimensions 

of tens to hundreds of micrometres”177. Early examples of systems that satisfy this 

definition include high pressure liquid chromatography (HPLC) and gas-phase 

chromatography (GPC). The many advantages of microfluidics have spurred progress in 

the field. To name a few, this technology is usually inexpensive, allows for flow studies 

in controlled laminar environments, and requires very small sample volumes. For these 

reasons, in the 1980s through the present, microfluidic devices have been very popular in 

the field of molecular biology for applications such as high throughput DNA sequencing. 

Interestingly, in the 1990s, perceived threats from chemical and biological weapons led 

the US Department of Defense to fund several microfluidic chemical threat detection 

projects for use in the field. Projects like these spurred new ways to make simple 

microfluidic devices. In particular, soft lithography started to come into the picture 

Figure 2-36178,179.  
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Figure 2-36. General soft lithography schematic for the PDMS micromodel molding 

process178. 

This technology stems from the photolithography process that is common to the 

semiconductor industry180. In fact, the microfluidics-themed journal Lab-on-a-Chip is a 

play on words where the “chip” part originates from the term “computer chip”, but this 

component is often a substrate such as a glass microscope slide in the microfluidics case.  

The advantages of microfluidics are many. These systems are especially 

applicable when small sample sizes are necessary or desired and for high-throughput 

screening or testing181. Lab-on-chip devices greatly facilitate examining colloidal-scale 

flow processes such as the flow of bubbles and emulsions182,183. Also, provided access to 

the necessary clean room equipment for photolithography, soft lithography methods can 
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be used to quickly produce inexpensive disposable devices many times over from as 

single patterned wafer.  

However, when it comes to using microfluidics as a research tool, several 

challenges arise. First, the wettability of the material from which a microfluidic device is 

made may not be ideal for any given study. For example, the wettability of PDMS is 

naturally hydrophobic. The wettability of materials can be altered, but this process adds 

complexity and might not align with the desired research goal. Second, very slow flow 

rates are often difficult to achieve in small flow channels, but this condition might be a 

desired experimental parameter. Third, there tends to be a tradeoff between durability and 

simplicity of fabrication. Specifically, if high temperature and pressure conditions are 

needed, then glass, silicon, or metal devices must be used, but these materials are more 

difficult and expensive to work with than elastomer such as PDMS.  

The protocol in Appendix E for studying oil recovery processes in optical 

adhesive micromodels strikes a balance between the robustness of non-polymeric 

micromodels – such as glass or silicon – and the facile fabrication of PDMS microfluidic 

devices. Several experimental platforms have been built on optical-adhesive based 

micromodels184. Unlike micromodels made of glass or optical adhesive, PDMS devices 

lack resistance to light organic species. PDMS micromodels are also not ideal for many 

experiments because the surfaces of these devices have unstable wetting properties, and 

the polymer matrix is permeable to gas19. In contrast, optical adhesive has shown much 

more stable wettability than PDMS, and it is much less permeable to gas20-22. 

Specifically, the water contact angle of optical adhesive remains stable for days after O2 

plasma treatment, compared to hours for PDMS185. Therefore, with minimal extra effort, 
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constructing micromodels of optical adhesive, rather than PDMS, grants better solvent 

resistance, more stable wetting properties, and lower permeability to gas. optical adhesive 

replaces neither glass nor silicon micromodels, however, as these materials can withstand 

much higher temperatures and pressures. Furthermore, optical adhesive microfluidic 

devices may exhibit bond degradation during long-term experiments184. Given the 

difficulty and expense of constructing glass and silicon micromodels, optical adhesive is 

a convenient alternative material for short-term ambient displacement experiments 

involving light organic substances. Therefore, employing optical adhesive micromodels 

for studying oil recovery processes with crude oil is a facile and cost-effective alternative 

to using labor-intensive glass and silicon micromodels.  
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Chapter 3 

Measuring In-situ Capillary Pressure of 

a Flowing Foam in Unconsolidated 

Porous Media 

Abstract 

Capillary pressure (𝑃𝑐) is an intrinsic property of aqueous foams that has been 

demonstrated to play an important role in lamella rupture. Thus, measuring in-situ 

capillary pressure of a foam flowing through porous media has potential to greatly 

improve understanding of this complex process. A capillary pressure probe was 

constructed for this purpose, and measurements of capillary pressure were made at 

ambient conditions during a foam quality scan experiment in a 143-Darcy homogenous 

sand pack. Details of the probe construction, calibration, validation, and dynamics are 

discussed. A plateau in 𝑃𝑐 was identified in the low-quality regime. 𝑃𝑐 data, combined 

with direct in-situ microscopic visualization of the flowing foam, reveal that foam flows 
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primarily as discontinuous-translating bubbles in the low-quality regime and transitions 

to continuous-gas flow in the far reaches of the high-quality regime.  

Materials and Methods  

3.1.1.  Chemicals and Porous Media 

Alpha olefin sulfonate AOS14-16 (activity = 39.03 wt%, Lot#... Stepan®) was the 

foaming agent. Studies utilizing AOS14-16 to examine foam-flow behavior in porous 

media are numerous186. A 1 wt% solution of AOS14-16 in either 3 wt% NaCl brine or in 

pure water were prepared in Milli-Q® ultrapure water for each foam-flow test. Dry N2 gas 

(99%) and Bone-Dry CO2 gas (99%) were supplied by Matheson. 

A polycarbonate tube was wet packed with 20/40 mesh silica sand (US silica). 

The absolute permeability with respect to DI water was calculated from Darcy’s law to be 

143 Darcy. Based on the weight of the sand in the pack, and a density for silica of 2.65 

g/cm3, the porosity was calculated to be 35%. Foam pre-generators were prepared with 

Swagelok® F-series filters by either making a miniature version of the larger sand pack 

(filter removed and body filled with sand) or  with a 5-micron stainless steel sintered-

filter installed. Properties of the sand pack and foam pre-generators are summarized in 

Table 3-1. 
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Table 3-1. Sand pack and foam pre-generators specifications. 

Sand Pack Property Value 

PV 210 cm3 

Sand Mesh 20/40 

Length 11.2 in (28.5 cm) 

Internal Diameter 2 in (5.08 cm) 

 

Foam Pre-Generator A Property Value 

Sand Mesh 20/40 

Length 1.2 in (3 cm) 

Diameter 0.5 in (1.3 cm) 

 

Foam Pre-Generator B Property Value 

Frit pore size 5 microns 

Length 1.2 in (3 cm) 

Diameter 0.5 in (1.3 cm) 

 

3.1.2. Capillary Pressure Probe Construction 

The capillary-pressure-probe design (Figure 3-1) was inspired by that Khatib 

et.al. constructed39. The functional end of the probe serves to passively separate the 

aqueous and gaseous components of the foam; thereby, allowing for the pressures of each 

phase to be separately sensed. To sense the aqueous-phase pressure, a 0.25-in (6.35 mm)-

diameter sintered stainless steel cup filter frit (Swagelok®) with a pore size of 7 µm was 

fitted to the end of a 0.25-in stainless-steel tube. The air/DI water capillary entry pressure 

of the frit was measured to be 2.5 psi (17.2 kPa). The frit was effective enough at 

preventing gas entry (i.e., maintaining liquid-phase pressure continuity) to measure 

capillary pressures up to 1.8 psi (12.4 kPa) in the presence of surfactant solution. A short 

length of Tygon® tubing, secured with custom nichrome-wire tubing clamps, coupled the 

frit to the tubing and provided a gas-tight seal. Concentric with the liquid-sensing tubing 
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was a 1/16-in (1.59 mm) -diameter stainless-steel tube, fitted at the end with a section of 

hydrophobic 1/16-in fluorinated ethylene propylene (FEP) tubing, for sensing gas 

pressure. The FEP tubing was heat-gun treated to the point that it softened and expanded 

enough to be slipped over the end of the 1/16-in stainless-steel tube. After cooling to 

room temperature, the connection was epoxied as a precaution to prevent leakage. The 

FEP tubing passed through a hole in the center of the flat face of the cup frit and was 

sealed there with a silicone gasket maker (Permatex® Ultra Black®). The end of the FEP 

tubing was sealed by heat crimping, and 20 µm-diameter holes were ablated by CO2 laser 

through the walls of the tubing to allow for the passage of gas while discouraging the 

stabilization of lamellae or passage of the aqueous phase. The tubing of the probe was 

separately connected to the chambers of a variable reluctance differential pressure 

transducer fitted with a ±5 psi (35 kPa) diaphragm with an accuracy of 0.025 psi (0.17 

kPa) (DP15-34, Validyne). One cavity of the transducer was gas-filled while the other 

was liquid-filled; thus, the readout from this transducer was equal to the capillary 

pressure of the system. Both the aqueous- and gas-filled lines could be purged with the 

respective fluid.  
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Figure 3-1. Schematic and photograph of the capillary pressure probe. 

 

3.1.3. Capillary Pressure Probe Validation in Static Sand Column 

 

Figure 3-2. Schematic of probe validation process. The water contains small amount 

of surfactant. 



 84 

 

The measuring capability of the probe was validated in a static vertical sand pack 

at ambient conditions. A schematic of the validation setup is in Figure 3-2. The vertical 

column consisted of a 1-inch-diameter 7-inch-long plastic tube that was wet packed with 

20/40 mesh sand. A screen at the bottom of the inner column, attached via a custom wire 

clamp, retains the sand and allows for free passage of liquid. The sand column was 

suspended from a wire inside a plastic graduated cylinder filled with water containing a 

small amount of surfactant. The annulus between the sand column and the graduated 

cylinder was large enough to prevent liquid from climbing the walls by capillarity. The 

capillary pressure was set by raising and lowering the liquid level in the plastic cylinder. 

Water-wet surfaces were required to maintain capillary continuity during the validation 

process.  

3.1.4. Foam Quality Scan Experimental Procedure  

3.1.4.1. Flow Apparatus 

As shown in Figure 4, Aqueous surfactant solution was injected via HPLC pump 

(Teledyne model 12-6) Foam quality scans were conducted at constant gas-volumetric 

flow rates at standard conditions with varying liquid flow rates to vary foam quality: 

 

(3)  

 

𝑓𝑔 =
𝑞𝑔

𝑞𝑔 + 𝑞𝑙
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Where 𝑓𝑔 is foam quality, 𝑞𝑔 [cm3/s] is average pressure/solubility-compensated 

gas volumetric flow rate, and 𝑞𝑙 [cm3/s] is liquid volumetric flow rate. The two co-

injected phases met at a T-junction where snap-off generated alternating slugs of liquid 

and gas that were visible in a short section of transparent tubing passing into a foam pre-

generator (Figure 3-3). The purpose of the foam pre-generator was to decrease entry 

effects in the sand pack and to facilitate pre-equilibration of the fluid phases. The foam 

texture leaving the foam pre-generator and entering the sand pack could also be observed 

in a short section of transparent tubing. The sand pack holder consisted of a transparent 

polycarbonate tube fitted at each end with grooved rubber stoppers (Figure 3-4a), O-

rings, a fine metal mesh screen, and a coarse metal screen at either end (Figure 3-4b). 

The screens and O-rings served to retain sand inside of the pack, and a metal cage applied 

pressure to the rubber stoppers to prevent fluids from leaking or sand grains from 

shifting. The capillary pressure probe was inserted at the midpoint of the pack. The probe 

was inserted from the bottom of the pack with respect to gravity such that liquid 

continuity could be maintained in the event of gravity drainage (though pressure 

gradients in the presence of flowing foam were generally always high enough to prevent 

significant gravity drainage). A rubber stopper and custom silicone-gasket plug sealed the 

probe into the pack. A differential pressure transducer (Validyne) sensed the pressure 

drop across the pack. Effluent foam texture could be observed in a section of transparent 

plastic tubing. Foam was returned to the surfactant solution supply bottle, where it 

coarsened and broke fast enough for the surfactant solution to be recycled.  
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Figure 3-3. Schematic foam flow apparatus. 

 

Figure 3-4. (a) A photograph of the sand pack. (b) A detailed view of end packing. 
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3.1.4.2. Foam quality scan protocol 

All tests were also conducted at ambient conditions without back-pressure 

regulation. The sand pack was initially completely saturated with surfactant solution. 

Foam quality scan tests were conducted starting from the driest quality then proceeding 

toward wetter foam qualities by increasing the flow rate of the HPLC pump for surfactant 

solution. A summary of experimental conditions is provided in Table 3-2. 

Table 3-2. Flow Experiment Conditions. 

Experiment Parameter Condition 

Surfactant Solution  1 wt% AOS14-16 in 3 wt% NaCl brine or DI water* 

Foam Pre-Generator A or B* 

Gas Type N2 

Total Superficial Velocity 2.4 – 11.2 ft/day  

(8.5 E-6 – 4 E-5 m/s) 

Gas Flow Rate 1 sccm  

Foam Quality 0.11 – 0.98 

*Where specified  

 

To facilitate comparison with the literature39,46,48, all experiments were conducted 

at ambient lab conditions in the absence of back pressure regulation. N2 or CO2 gas was 

injected via a N2 mass flow controller (Matheson) with a flow rate correction applied in 

the case of CO2 to ensure equivalent flow rates of the two gases for comparison purposes. 

Additionally, CO2 fractional flows were corrected for solubility effects. Limiting 

capillary pressure is believed to be a function of gas flow rate39; therefore, all of the foam 

quality scan tests were conducted at a nearly fixed gas flow rate to facilitate an 

interpretation of experiment outcomes. Because the mass-flow-controller operation is 

based on gas at standard conditions, and because downstream gas velocity changes with 

pressure drop, all gas densities have been corrected from continuously monitoring the test 
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pressure to reflect the flow condition at the midpoint of the sand pack. Relevant foam 

qualities and gas velocities were determined based on the corrected value for gas density.  

 

3.1.4.3. Gas and Water Purge Protocol 

Gas purges (up to 14 psig or 96.5 kPa) were performed at a constant pressure via 

a constant pressure control system (Fluigent MFCS 8). Gas purges at higher pressures 

were performed at a constant flow rate via a gas-filled syringe loaded into a syringe pump 

(Harvard Apparatus). Liquid purges, volumes ranging from 0.2 to 0.5 ml, were delivered 

manually via syringe. Time intervals over which capillary pressures were taken were far 

from those at which purges were done, so transient effects of purging, though generally 

small, were avoided in averaging the final value for capillary pressure. 

 

3.1.4.4. In-situ capillary pressure probe calibration procedure 

The foam flooding apparatus included a reference line for calibration of the 𝑷𝒄-

probe pressure transducer. Precise calibration of the pressure transducer was imperative 

to ensure repeatability of measurements and comparison among multiple tests. Therefore, 

a standard hydrostatic reference point was included on the apparatus.  

In Figure 3-5a, the layout of the calibration line is detailed in a schematic. A 

three-way valve could toggle between calibration and capillary pressure measurements. 

The calibration line consists of a precisely measured length of tubing filled with water 

with a valve at one end to prevent the water from draining or evaporating. The water 
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level is set at the midpoint of the water-side frit at the tip of the probe. Figure 3-5b is a 

photograph of the apparatus. 

 

Figure 3-5. a) Schematic and b) photograph of the standard reference apparatus for 

capillary pressure probe calibration. 

 

3.1.4.5. Pressure measurement and apparent viscosity 

Capillary pressure and overall pressure drop were measured every 5 seconds and 

averaged over a minimum of 0.25 PV of total injection at each foam quality. The 

temporal standard deviation was calculated. The apparent viscosity 𝜇𝑎𝑝𝑝 was then 

calculated from Darcy’s law assuming pseudo-single-phase flow: 
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(3.1)  

 

Where 𝜇𝑎𝑝𝑝 [cP] is apparent viscosity, 𝑘 [D] is absolute permeability, A [cm2] is 

the cross-sectional area of the sand pack, ∆𝑃 [atm] is the overall pressure drop, and 𝐿 

[cm] is the length of the sand pack. Note: 𝜇𝑎𝑝𝑝 is essentially a resistance factor RF, 

reported by others71, relative to the viscosity of pure water (1 cP). 

 

3.1.4.6. In-situ Foam texture visualization 

The texture of the foam was filmed through the transparent wall of the sand pack 

through a microscope objective. The visualized location was at the midpoint of the pack 

at the same distance from the inlet where the probe was located. The “footprint” of the 

foam directly contacting the wall was filmed at a resolution of 3080 x 1260 at 60 fps and 

1290 x 1080 at 240 fps. LED ring lights were placed on the top, bottom, and side of the 

pack. This lighting configuration allowed for reflections in the plateau borders, where the 

foam contacted the inside wall of the polycarbonate sand pack holder, to be visualized. 

Note that the permeability at the wall of the pack is somewhat higher than deeper into the 

pack.  

𝜇𝑎𝑝𝑝 = 𝑘𝐴/(𝑞𝑔 + 𝑞𝑙)(
|∆𝑃|

𝐿
)  
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Results and Discussion  

3.1.5. Static Validation of the Capillary Pressure Probe 

It was found that a small amount of surfactant was necessary to maintain water 

continuity above the capillary entry pressure of the sand. Either the network of water 

films connecting the sand grains was disrupted, or the liquid bridge between the sand 

grains and the stainless-steel surface of the liquid-side frit of the probe was disrupted, in 

the absence of surfactant, when air entered the sand column. To correct this issue, the DI 

water in the system was replaced with 0.1 wt% AOS solution. The addition of surfactant 

presumably maintained more water-wet surfaces and allowed for thin liquid films to exist 

unbroken from the probe tip to the bulk liquid. The density of air is neglected, so the gas 

side of the probe remains fixed at atmospheric pressure. The measurements from the 

probe were in good agreement with the values set upon increasing and decreasing the 

pressure. Representative test results from the capillary pressure probe validation process 

are given in Figure 3-6. The lag in pressure response is due to draining water films on the 

surfaces of the sand grains.  
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Figure 3-6. Validation data for the capillary pressure probe. Red points are the set 

point and black points are the pressure response from the pressure transducer 

connected to the capillary pressure probe. The horizontal dashed line indicates the 

capillary entry pressure of the sand in the vertical column. 

 

3.1.6. Foam Quality Scan Results 

3.1.6.1. Pressure Gradient and Apparent Viscosity 

Results of a foam quality scan for the flow conditions specified in Table 3-2  are 

given in Figure 3-7. The trend in pressure gradient exhibits an expected transition foam 

quality 𝑓𝑔,𝑡𝑟
𝑝𝑔

 dividing the low- and high-quality regimes (Figure 3-7a). In the low quality 

regime, the trend is nearly independent from the changing liquid velocities, given in 

Figure 3-7c, as was observed by Osterloh and Jante96. Apparent viscosity also follows an 

expected trend first increasing then decreasing with foam quality, transitioning at the 
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same quality 𝑓𝑔,𝑡𝑟
µ

≅ 0.49, as was observed for pressure gradient. Transition foam 

qualities near 0.5 have been reported187,188, and thus 𝑓𝑔,𝑡𝑟
𝑝𝑔

≅ 0.49 is reasonable. Higher 

transition foam qualities are observed for higher gas flow rates as will be discussed in 

Section 4.1.6.5. 
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Figure 3-7. Foam quality scan test results at fixed gas injection rate of 1 cc/min and 

for experimental conditions given in Table 3-1 and Table 3-2. a) Pressure gradient 

vs. 𝒇𝒈 where numbers indicate sequence of measurements. The low- and high-

quality regimes are separated by a vertical dashed line at 𝒇𝒈,𝒕𝒓
𝒑𝒈

≅ 𝟎. 𝟒𝟗 b) 𝑷𝒄 and 

𝝁𝒂𝒑𝒑 vs. 𝒇𝒈 where numbers above data points indicate sequence of measurements. A 

horizontal dashed line indicates the value of the plateau capillary pressure 𝑷𝒄
𝒑

≅
𝟎. 𝟓𝟑. c) Liquid and gas velocities as a function of foam quality. Lines joining data 

are to guide the eye. d) Simulated two-phase fractional-flow curves with manual 

interpretation. The smooth black curve indicates a base-case scenario for a high-

viscosity fluid (i.e. strong foam). Blue curves represent several scenarios for less 

viscous fluids (i.e. weak foams). The red curve indicates the scenario for classical 

limiting capillary pressure theory (constant capillary pressure). The double-headed 

arrow indicates which curves to follow for the revised interpretation of foam 

behavior, based on the measurements of this study, including an imbibition event in 

the high-quality regime and assuming no hysterysis.  
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3.1.6.2. Capillary Pressure Trend  

Experiments were conducted first in the direction of decreasing foam quality, but 

for the sake of clarity, trends in capillary pressure will be discussed in the direction of 

increasing foam quality. In the low-quality regime, capillary pressure increases with 

increasing 𝑓𝑔 up to a point where it plateaus (Figure 3-7b). This plateau behavior, in the 

average steady-state values of single point measurements of capillary pressures, agrees 

with the assertion of limiting capillary pressure theory, first proposed by Khatib et. al., 

that capillary pressures remain essentially fixed over a range of foam qualities at constant 

gas flow rate39.  Khatib et. al. referred to this plateau value as the limiting capillary 

pressure 𝑃𝑐
∗. The observed plateau value for capillary pressure reported here is 𝑃𝑐

𝑝 ≅ 0.53 

psi which happens to be in close agreement to the value reported by Khatib et.al. 𝑃𝑐
∗ ≅

0.55 psi despite differences between their work and that presented here (namely the 

surfactant solutions, foam pre-generators, factor of 2 in permeability, and factor of 2 in 

gas velocity). With further increases in foam quality however, capillary pressure in this 

research departs from the plateau value and begins decreasing with increases in 𝑓𝑔 at 

nearly constant gas velocity. The beginning of the decreasing trend in 𝑃𝑐 coincides with 

𝑓𝑔,𝑡𝑟
𝑝𝑔

 and thus the beginning of the high-quality regime (Figure 3-7b). This finding 

challenges what many in the literature state, that foam should remain at the limiting 

capillary pressure in the high-quality regime117,132,189, and several “fixed-𝑃𝑐” models that 

rely on this assumption139. A decrease in capillary pressure implies an increase in water 

saturation. This “imbibition event” was first described in consolidated porous media by 

Kibodeaux and Rossen who made capillary pressure measurements with a probe different 

from the design by Khatib et.al.1,81. Kibodeaux and Rossen called the point where the 
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capillary pressure collapses the limiting capillary pressure (see Figure 2-23), implying a 

synonymous relationship with the limiting capillary pressure observed by Khatib. et al.39, 

despite the apparent differences in the capillary pressure trends between the two studies. 

Notably, Kibodeaux and Rossen report an absence of a plateau in 𝑃𝑐 before said 

“imbibition event”. Others have reported similar findings involving multiple steady-state 

values of 𝑓𝑔 for a given capillary pressure (or water saturation) utilizing indirect methods 

for measuring 𝑃𝑐
190,191. At 𝑓𝑔 > 0.89, steady-state 𝑃𝑐 reported in Figure 3-7b increases 

again with 𝑓𝑔, like for the experiment reported by Kibodeaux and Rossen at unsteady-

state (gas injection only). The change in water saturation with 𝑓𝑔 can be understood by 

revising the interpreted fractional-flow curve for foam39,192–194, Figure 3-7d, in which 

arrows indicate the path that should be followed accounting for an “imbibition event” in 

the high-quality regime. Instead of following the red curve where the water saturation 

remains fixed at some limiting value, a transition is included joining the strong viscosity 

case (black curve) with a weaker-viscosity case (blue curves). The difference between 

“strong” and “weak” in an actual foam are explained by the type (continuous vs. 

discontinuous) and texture (fine vs. coarse)46.  See Section 2.1.8.1 for illustrations of the 

foam types. 

 

3.1.6.3. Explanation of Capillary Pressure Behavior in Relation to Foam Texture 

and Mechanisms of Creation and Destruction 

It has long been recognized in experimental work that foam texture and foam type 

play an important role in the behavior of foam flow through porous media38,46,48,51,54. As a 
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result, population balance models for foam flow in porous media attempt to quantify 

foam texture139. In classical limiting capillary pressure theory, coarsening foam texture 

(with increase in foam quality or gas fractional flow) is hypothesized as the reason that 𝑃𝑐 

remains fixed over a range of foam qualities39, and a “delicate mechanistic feedback 

loop” has been proposed to explain how such changes in texture might occur80,81,195. 

Indeed, when changing the flow condition, changes in foam texture, and possibly type, 

were observed in the work presented here. A typical image of the foam at the plateau 

capillary pressure 𝑃𝑐
𝑝
 in the low-quality is presented in Figure 3-8a. Foam texture is 

“fine” at this condition with bubble sizes appearing smaller than the pore size. In the 

high-quality regime, a transition regime is observed in which the foam exhibits a 

“coarser” texture with bubble sizes closer to the pore size as presented in Figure 3-8b. 

Shown in Figure 3-8c, for 𝑓𝑔 greater than approximately 0.84, foam was observed to be 

mostly stationary likely indicating the presence of continuous gas channels through the 

sand. In Supplementary Video V1, typical foam texture at various flow conditions 

exemplifies how foam texture changes with flow-regime changes. Conclusions about 

foam texture were made only from the in-situ observations because foam texture at the 

outlet of the sand pack could fail to indicate in-situ texture. Foam behavior at the outlet 

may be influenced by the step permeability change resulting in snap-off or lamella 

rupture, and fluid holdup in the distributor resulting in Ostwald ripening of bubbles to 

sizes much larger than that of a pore. 𝑃𝑐 is plotted against 𝑓𝑔 in Figure 3-8d.  
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Figure 3-8. a) Cartoon depiction of “fine” discontinuous foam, based on that from 

Falls et.al.46, with corresponding micrograph image captured at the wall of the sand 

pack for condition 𝒇𝒈 = 0.4 with some plateau borders traced in black for ease of 

visualization. b) Depiction of “Coarse” discontinuous foam with corresponding 

micrograph image for condition 𝒇𝒈 = 0.6. c) Depiction of continuous-gas flow with 

corresponding micrograph image for condition 𝒇𝒈= 0.98. Scale bars represent 300 

microns. d) Capillary pressure vs. 𝒇𝒈 for given experimental conditions in Table 3-1 

and Table 3-2 with foam pre-generator B and surfactant solution prepared in DI 

water. 
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The resultant foam texture and type for any combination of foam flow parameters 

in porous media may be thought of as a competition between in-situ foam creation and 

destruction. In a discontinuous foam, for a given steady-state condition, foam creation 

and destruction mechanisms are in balance such that the texture remains at some average 

value. The mechanisms governing foam creation in porous media are generally believed 

to be snap-off, lamella division, bubble-bubble pinch off, bubble-wall pinch-off, and 

leave-behind46,54,61. The mechanisms governing destruction or texture “coarsening” are 

diffusion coarsening (Ostwald ripening) and lamella rupture (coalescence)46. At the 

plateau capillary pressure, the sum of bubble creation and destruction results in a foam 

that exhibits similar gas relative permeability, and thus capillary pressure, over a range of 

flow conditions. The “feedback mechanism” mentioned previously, whereby increases in 

gas relative mobility led to increases in water saturation and foam re-strengthening, is one 

possible reason for this phenomenon. This explanation is in line with classical limiting 

capillary pressure theory that proposes foam does not increase in strength (i.e., become 

drier) due to lamella rupture. The foam is said to be “coalescence limited”. The difference 

in this work is that the foam texture was observed to remain relatively constant with 

plateauing capillary pressure. This explanation assumes a negligible effect of changes in 

foam generation and diffusion coarsening with changes in the flow condition. 

Alternatively, because liquid velocity is changing for the range of conditions over which 

the plateau capillary pressure is observed, any mechanism influenced by the change in 

liquid velocity might influence foam texture, and by extension capillary pressure, in this 

range. By qualitative visualization, in this work, observed bubble velocities were 

determined to increase with increasing liquid velocity. The mechanisms governing foam 
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creation in porous media are generally believed to be snap-off, lamella division, pinch 

off, and leave-behind46,54,61. The mechanisms governing destruction or texture 

“coarsening” are diffusion coarsening (Ostwald ripening) and lamella rupture 

(coalescence)46. The potential effects of velocity on foam generation and destruction 

mechanisms are many. Except for leave-behind, it could be possible that any combination 

of these mechanisms could result in a 𝑃𝑐 plateau. 

At foam qualities above the transition foam quality 𝑓𝑔,𝑡𝑟
𝑝𝑔

, the foam transitions over 

a range of flow conditions where foam texture coarsens and 𝑃𝑐 decreases. A possible 

explanation for this trend is that slower velocities lead to less lamellae division. This state 

might be described as “generation limited”. Lamellae division is the probably more 

important in the sand pack, because the pore geometry requirements for snap-off likely 

fail to be met46. Lamellae rupture should decrease or halt with decreasing capillary 

pressure as measured here in the high-quality regime. The influence of Ostwald ripening 

should increase with decreasing bubble velocity as bubble residence time increases85. 

When the capillary pressure trend in the high-quality regime reverses direction 

(𝑓𝑔 > 0.89 in Figure 3-7b and 𝑓𝑔/(1-𝑓𝑔) > 3-7 in Figure 3-8c), it is possible that a 

continuous-gas foam exists in the sand pack46. This would explain why the pack “dries 

out” with increases in 𝑓𝑔 while the pockets of trapped foam blocking some portion of the 

pore space explain the high apparent viscosities. The effect of evaporation was 

determined to be negligible. Benali et. al. observed the formation of a continuous-gas 

foam in a micromodel during unsteady-state injection of CO2
196. 
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3.1.6.4. Capillary Pressure Measurement Reproducibility and Hysteresis  

Capillary pressure measurements were reproducible. This is demonstrated by the 

plot in Figure 3-8d where experiments conducted from dry-to-wet injection conditions 

largely overlap with an immediate follow-up experiment performed from wet-to-dry 

without completely re-saturating the sand pack with surfactant solution. This also 

indicates that hysteresis was minimal for our experimental conditions except for at the 

wettest and driest injection conditions that were tested. This implies that the foam was 

strong and reached a true steady state at each condition.  

 

3.1.6.5. Pore Volumes Required to Reach Steady State and Effect of Foam Pre-

Generator 

For the test results presented in Figure 3-8, the values of apparent viscosity and 

capillary pressure were averaged in 0.25 pore volume (PV) increments at the end of every 

total 1 PV injected for the first 6 PVs. The results are summarized in Figure 3-9. Most 

conditions tested reached steady states within 2 pore volumes (PV), but there are a few 

exceptions. Unless the 𝑃𝑐 measurement was exhibiting anomalies (described later), both 

pressure drop and 𝑃𝑐  reached steady states in a similar number of PV. For certain 

conditions in the transition regime, a larger number of PV (around 10) was required for 

the pressure drop to reach steady state. This may indicate upstream propagation of strong 

foam in the sand pack. Considering the error bars, capillary pressure reaches steady state 

at about the same time as the pressure drop. All conditions from wet-to-dry direction 

achieved steady-state apparent viscosity within 2 PV (Figure 3-9b). This result is 
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different from when the experiment was run from the dry-to-wet conditions where 

conditions 3 and 4 required  around 10 PV to reach steady state (Figure 3-9a). Therefore, 

the direction in which the conditions are run (i.e., the history of the foam) can influence 

the time to reach steady state in the transition regime. Specifically, during the transition 

from strong-to-weak foam (wet-to-dry), the weakening of the foam appears not to take 

place from outlet-to-inlet as was likely the case for the weak-to-strong foam transition. 

Also, in Figure 3-9c and Figure 3-9d, anomalous 𝑃𝑐 probe behavior occurs at the wettest 

conditions. This behavior was in response to relatively large changes in liquid flow rate.  
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Figure 3-9. Effect of number of total PV injected on apparent viscosity and capillary 

pressure. a) Average apparent viscosity values at steady-state (in black) and 

averaged over the 1st through 6th PV vs. 𝒇𝒈 (scanning from dry-to-wet). b) Average 

apparent viscosity values at steady-state (in black) and averaged over the 1st 

through 6th PV vs. 𝒇𝒈(scanning from wet-to-dry). c) Average 𝑷𝒄 at steady-state (in 

black) and averaged over the 1st through 6th PV vs. 𝒇𝒈 (scanning from dry-to-wet). 

Liquid flow rate at each condition (in black) d) Average 𝑷𝒄 values at steady-state (in 

black) and averaged over the 1st through 6th PV vs. 𝒇𝒈 (scanning from wet-to-dry). 

Numbers above data points indicate the sequence of measurements.  
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The fine foam leaving foam pre-generator B required some distance to coarsen or 

“adjust” to the sand in the sand pack creating an entrance effect where foam was finer 

textured. Because apparent viscosity is calculated from overall pressure drop, and the 

capillary pressure is measured at the midpoint of the pack, a mismatch can be seen in 

Figure 3-9 where  𝑓𝑔,𝑡𝑟
µ

≅ 0.7 is higher than the expected value based on where capillary 

pressure begins to decrease 𝑓𝑔,𝑡𝑟
𝑝𝑐 ≅ 0.46. This mismatch in transition foam qualities was 

only observed when foam pre-generator B was installed on the system.  

 

3.1.7. Capillary Pressure Probe Measurement Dynamics and Transients 

Strong foam can result in an unexpected rapid decrease in measured 𝑃𝑐 (Figure 

3-10a) which can be remedied via a water-side purge. Also, large transients could occur 

in the 𝑃𝑐 measurements upon changing the liquid flow rate (Figure 3-10b). These 

transients generally resolved after a few PV without intervention. 

Large transients could occur in the 𝑃𝑐 measurements upon changing the liquid 

flow show up in conditions 9 and 13 of Figure 3-10a during which strong fast-moving 

foam was present. This is apparent in the dynamic plot given for condition 9 in Figure 

3-10a. The capillary pressure first increases before decreasing. The decrease in 𝑃𝑐, 

starting just after 118 PV, is gradual at first before accelerating and bottoming out. A 

small amount of surfactant solution (around 0.2 ml) was injected by hand out the water-

side frit at the end of the probe into the sand pack. Water purges have no discernable 

effect on the apparent viscosity. This liquid injection stabilized the 𝑃𝑐 measurement. Gas 

purges failed to stabilize the measurement. It is unclear why this anomaly occurs because 
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the capillary entry pressure of the hydrophilic frit on the probe is higher than the capillary 

pressures being measured. Further water purges do not affect 𝑃𝑐  once it is stable. It might 

be the case that water continuity is lost with the liquid side of the probe, and water purges 

help restore pressure communication. 

A transient spike in 𝑃𝑐  at the beginning of conditions 15 and 16 of Figure 3-9a is 

associated with the change in liquid rate. As shown in Figure 3-10b, the change in pump 

flow rate at the beginning of condition 16 results in a significant transient upset in the 𝑃𝑐 

data lasting for several PV. The change in pump flow rate at the beginning of the 

condition results in a transient upset lasting for about 2 PV. The measurement stabilizes 

without intervention.  
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Figure 3-10. a) Dynamic 𝑷𝒄 and apparent viscosity data for condition 9 of Figure 9a) 

and 9c). The grey-shaded region is the interval over which the steady-state value 

was averaged. The vertical dashed blue line indicates a purge of the water side of the 

probe. b) Dynamic 𝑷𝒄 and apparent viscosity data of Figure 9b) and 9d) for the 

transition from condition 18 to 19 and from condition 19 to 20. Grey-shaded regions 

indicate PV over which data were averaged to obtain the steady-state value. 
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Conclusions 

 The method for measuring average single-point capillary pressures of a foam 

flowing in porous media via probe was presented. From the experiment results in this 

work: 

1. Validation measurements made with the capillary pressure probe in a static vertical 

sand pack  agreed will with the set point. 

2. For a representative set of test conditions, a plateau capillary pressure 𝑃𝑐
𝑝 ≅ 0.53 

psi occurred within a range of foam qualities 0.2 > 𝑓𝑔 > 0.5, agreeing with the 

observation of a “limiting capillary pressure” in previous works. 

3. The capillary pressure increased and reached a plateau in the low-quality regime, 

then decreased, before increasing again in the high-quality regime. The latter 

finding has been unreported for probe measurements at steady-state conditions 

before this work. 

4. In-situ observations of foam texture confirm a fine discontinuous foam in the low-

quality regime where bubbles travel by translation and coarser foams in the high-

quality regime. As conditions became drier and slower, lamella movement slowed 

and eventually halted, implying a continuous gas flow, at the same condition that 

capillary pressure begins increasing again. 

5. Liquid purges of the capillary pressure probe were required to maintain stable 

measurements at some conditions. 
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6. Most conditions reached steady-state within 2 pore volumes of total injection 

except in the transition range of foam qualities where larger numbers of injected 

pore volumes (around 10 PV) were required to reach steady-state.  

7. Minimal hysteresis 𝑃𝑐
𝑝 ≅ 0.53 psi was observed when scanning first from dry-to-

wet injection conditions followed by wet-to-dry injection conditions implying that 

foam flow was reaching a true steady-state at each condition. 
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Chapter 4 

 Effects of Velocity, Gas Type, 

Salinity, Pressure, and Temperature on 

Foam Flow in Porous Media 

Abstract 

The effects of velocity and gas type on foam flow through porous media have yet 

to be completely described. Pressure drop and capillary pressure measurements were 

made at ambient conditions during a series of foam quality scan experiments in a 143-

Darcy homogenous sand pack. New insights into the effect of foam texture, generation, 

and destruction on foam flow behavior were discovered. Plateau Pc and transition foam 

quality were found to increase with velocity. Distinct rheological behaviors also arose in 

the low- and high-quality regimes as a function of velocity. All other variables constant, 

at ambient conditions, CO2 foam was found to be weaker than N2 foam and to exhibit 

lower capillary pressures.  
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Materials and Methods  

4.1.1. Chemicals and Porous Media 

The surfactant selected for the study was Alpha olefin sulfonate AOS14-16 (activity 

= 39.03 wt%, Lot#7653919, Stepan®). A fresh solution of 1 wt% AOS14-16 was prepared 

with 3 wt% NaCl in Milli-Q® ultrapure water for each foam-flow test. Dry N2 gas 

(Airgas, 99.999% purity) and Bone-Dry CO2 gas (Airgas, 99.999% purity )were supplied 

by Matheson. 

4.1.2. Ambient Temperature and Pressure Foam Flow Sand Pack Apparatus 

Properties of the sand pack foam flooding system are summarized in Table 1. 

Details of the ambient pack construction are given in Section 3.1.4.1. Properties of the 

ambient sand pack and foam pre-generators are given in Table 4-1.  

Table 4-1. Sand pack and foam pre-generator properties (Ambient Experiments). 

Foam Pre-generator  Sand Pack 

Property Value  Property Value 

Sand Mesh 20/40  Permeability 143 Darcy 

Length 1.2 in (3 cm)  Porosity 0.35 

Outer Diameter 0.5 in (1.3 cm)  Sand Mesh 20/40 

Body Swagelok® F-series  Length 11.2 in (28.5 cm) 

Body Material Stainless steel  Internal Diameter 2 in (5.08 cm) 

   PV  210 cm3 

   Body Material Polycarbonate 
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4.1.3. Elevated Temperature and Pressure Foam Flow Sand Pack Apparatus 

The high-pressure sand-pack consisted of a 1.7-inch diameter by 1-foot-long 

stainless-steel pipe capped by two end pieces. The specifications of the pack are found in 

Table 4-2. Two static piston seals at the end pieces held the pressure while the sand was 

compressed by the end pieces within a threaded-rod cage. The cage consisted of two 

round 1/4” stainless-steel plates and six 12-mm high-strength-steel threaded rods secured 

by washers and nuts. The plates were pressed against the end pieces when fastened with 

nuts. The internal pressure drop was measured across two taps centered along the pipe, 

spaced by 15.5 cm, and the foam-capillary pressure was measured by a probe inserted via 

a pass-through fitting at the mid-length of the pipe. For more details, see Appendix A.  

Table 4-2 Sand pack and foam pre-generator properties (elevated pressure and 

temperature experiments). 

Foam Pre-generator  Sand Pack 

Property Value  Property Value 

Sand Mesh 20/40  Permeability 145 Darcy 

Length 1.2 in (3 cm)  Porosity 0.38 

Outer Diameter 0.5 in (1.3 cm)  Sand Mesh 20/40 

Body Swagelok® F-series  Length between taps 6.1 in (15.5 cm) 

Body Material Stainless steel  Internal Diameter 1.676 in (4.257 cm) 

   PV 126.7 cm3 

   Body Material Stainless steel 
 

 

The system for conducting foam-flow tests with elevated pressure and 

temperature is detailed in Figure 4-1. The injected gas and surfactant solution first flow 

through a sand-pack foam generator, of identical construction to that described in section 

3.1.1, and then into the high-pressure sand pack. A differential pressure transducer (DP) 

was installed for measuring the pressure drop in the middle section of the sand pack. Gas 
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purges were performed with an ISCO pump. Water Purges were performed with a piston 

pump (Vinci). The surfactant solution, delivered by a HPLC pump, was recycled. The 

recycling of surfactant solution was made possible by a foam breaking module detailed in 

Appendix D. To reduce noise in the pressure drop, excess surfactant solution was 

pumped through the back pressure regulator via an auxiliary HPLC pump.  

The schematic detailing the capillary pressure-probe module is presented in 

Figure 4-2. The system is designed to avoid mixing of the continuous and discontinuous 

phases in the lines directly connected to each side of the probe. That is, N2 or CO2 can 

always be kept separate from the surfactant solution. Capillary pressures are monitored 

with a differential pressure transducer equipped with a sensitive ± 3.2 psi diaphragm. 

Also, a separate ± 20 psi transducer is built into the system. The purpose of this 

transducer is to confirm the upstream pressure in the gas-purge line is higher than the 

downstream pressure at the probe tip before opening the purge valve. This check ensures 

gas purges do not flow backwards up the probe tip.  
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Figure 4-1. High-pressure foam flooding system schematic. The inlay in the upper 

left corner details the alternative connections necessary to conduct high pressure 

CO2-foam flooding tests. To switch from N2 to CO2 injection, the N2 cylinder and the 

MFC must be replaced by a CO2 cylinder with siphon connected to a dual ISCO 

pump. 
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Figure 4-2. Schematic of capillary pressure-probe module. 

 

4.1.4. Foam Quality Scan Experimental Procedure at Fixed Gas Flow Rate 

4.1.4.1. Dynamic Probe Validation by Mass Balance Water Saturation Changes 

Because the surfactant solution was recycled, an increase in weight of the recycle 

bottle between steady-state conditions should correspond to a decrease in liquid 

saturation (i.e., increase in capillary pressure), so the balance readout and capillary 

pressure trends should move in the same direction. A balance with a maximum capacity 

of 6,000 g and a precision of 0.1 g was incorporated into the setup for this purpose 
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(Figure 4-1). The weight of the foam breaker connected to the surfactant recycle bottle 

was offset by separately securing the column with a clamp. 

 

4.1.4.2. Foam quality scan protocol 

Details of the foam flow system are given in Section 3.1.4.1. Foam quality scans 

were conducted with constant gas-volumetric flow rates defined at standard conditions. 

Liquid flow rates varied to change the foam quality given by: 

 

(

(4.1)  

Where 𝑓𝑔 is foam quality, 𝑞𝑔 [cm3/s] is evaluated at average-pressure and 

solubility-compensated gas volumetric flow rate at the midpoint of the pack, and 𝑞𝑙 

[cm3/s] is liquid volumetric flow rate. The gas and aqueous phases were co-injected 

through a foam pre-generator before entering the sand pack, and the surfactant solution 

was recycled for each test. All tests were conducted from high-to-low foam quality. N2 

gas was injected with flow rates defined at standard conditions of 1 cc/min, 3 cc/min, 9 

cc/min, and 18 cc/min corresponding to standard superficial velocities of 2.3 ft/day (8.2 × 

10-6 m/s), 7 ft/day (2.5 × 10-5 m/s), 21 ft/day (7.4 × 10-5 m/s), and 42 ft/day (14.8 × 10-5 

m/s) respectively. CO2 gas was injected at standard conditions with a flow rate of 11.4 

cc/min corresponding to a standard superficial velocity of 26.6 ft/day (9.4 × 10-5 m/s). A 

capillary pressure probe was sealed into the sand pack 5.6 in (14.25 cm) from the inlet. 

𝑓𝑔 =  𝑞𝑔/(𝑞𝑔 + 𝑞𝑙) 
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Details of the probe construction and static validation are provided in Sections 3.1.2 and 

3.1.3Vavra et. al. 2021. Specifics of experiment conditions are given in Table 4-3. 

Table 4-3. Summary of Experiment Conditions. 

Flow Rates 

 

Standard Gas Flow 

Rate Multiple and Gas 

Type 

Pressure- and Solubility-Compensated Total Superficial 

Velocity Range  

ft/day  

(m/s) 

1x N2 2.4 – 11.2 

(8.2 × 10-6 – 4.0 × 10-5) 

3x N2 7.1 – 25.1 

(2.5 × 10-5 – 8.9 × 10-5) 

9x N2 16.1 – 43.7 

(5.7 × 10-5 – 15.4 × 10-5) 

11.4x CO2 22.4 – 47.3 

(7.9 × 10-5 – 16.7 × 10-5) 

18x N2 32.9 – 54.8 

(11.6 × 10-5 – 19.3 × 10-5) 

 

Surfactant Solution 

Property Value 

Surfactant Type AOS14-16 

Surfactant Concentration 1 wt.% 

NaCl Content 3 wt.% 

Surface Tension with N2 34 mN/m 

Surface Tension with CO2 33 mN/m 

 

4.1.4.3. Pressure measurement and apparent viscosity 

Capillary pressure and overall pressure drop were recorded by software every 5 

seconds and averaged over a minimum of 0.25 PV of total injection at each flow 

condition. The temporal standard deviation was calculated. The apparent viscosity 𝜇𝑎𝑝𝑝 

was then calculated from Darcy’s law assuming pseudo-single-phase flow (3.1).  

 



 117 

4.1.4.4. In-situ Foam texture visualization 

The texture of the foam was filmed through the transparent wall of the sand pack 

through a microscope objective. The visualized location was at the midpoint of the pack 

at the same distance from the inlet where the probe was located. The “footprint” of the 

foam directly contacting the wall was filmed at a resolution of 3080 x 1260 at 60 fps and 

1290 x 1080 at 240 fps. LED ring lights were placed on the top, bottom, and side of the 

pack. This lighting configuration allowed for reflections in the plateau borders, where the 

foam contacted the inside wall of the polycarbonate sand pack holder, to be visualized. 

Note that the permeability at the wall of the pack is somewhat higher than deeper into the 

pack.  

 

Results and Discussion  

4.1.5. Capillary Pressure Probe Dynamic Validation 

The trends in capillary pressure and weight change, given in Figure 2, agree. This 

result is evidence that the Pc probe test results are physically meaningful and represent 

saturation changes. The maximum change in balance readout weight was 32.7 g 

(corresponding to 32.7 cc of liquid assuming density = 1 g/cc). Given that the pore 

volume of the sand pack is approximately 127 cc, this corresponds to an equivalent 

change in saturation of ΔSw = 0.26.  
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Figure 4-3.  Capillary Pressure and balance readout vs. foam quality for a 9x flow 

rate experiment in the stainless-steel sand pack. 

 

4.1.6. Effect of Gas Flow Rate on Foam Flow: Capillary Pressure, Pressure 

Gradient, Apparent Viscosity, and Transition Foam Quality at Ambient 

Conditions 

4.1.6.1. Capillary Pressure in-situ Foam Observations 

The trends presented in Figure 4-4 partially concur with those found in the 

literature, but some findings are contradictory to several widely accepted assumptions of 

foam flow in porous media. In Section 3.1.6.2, measured capillary pressure was shown to 

plateau over a range of foam qualities at a fixed gas velocity. This finding is seemingly in 

agreement with Khatib et. al. who were the first to measure a plateau in capillary 



 119 

pressure39. They identified the plateau as a “limiting” capillary pressure meaning the 

number of lamellae existing in the sand pack was only a function of the coalescence rate 

and not the generation rate which was neglected. One aspect of evidence given in favor of 

this assumption by Khatib et. al. was that the “limiting” capillary pressure was observed 

to decrease from 0.55 psi to 0.47 psi with a 2.3x increase in gas rate39. It was argued that 

greater mechanical stresses, associated with increasing the gas velocity, resulted in more 

lamella rupture and thus a lower limiting value for capillary pressure39. Jimenez and 

Radke also showed that moving lamella rupture easier than when stationary197. Later, 

Farajzadeh et.al. stated “as the lamella velocity increases, the limiting capillary pressure 

must decrease to compensate for the increase in disjoining pressure as the lamella 

stretches in passing from a pore throat to a pore body”108. Contrarily, in Figure 4-4a, the 

plateau value for capillary pressure, indicated by a horizontal dashed line, increases from 

0.53 psi to 0.82, 1.02, and 1.14 psi with increases in gas flow rate with multiples of 3x, 

9x, and 18x over the initial 1x flow rate respectively. This finding suggests, for the tested 

conditions, similar to the conditions tested by Khatib et.al.39, the number of lamellae in 

the foam at the plateau value is not only a function of coalescence by lamellae rupture, 

but also a function of other foam creation and/or destruction mechanisms such as lamella 

division and Ostwald ripening. For example, as gas velocity increases, the rate lamella 

rupture could be expected to increase for the aforementioned reasons; however, the rate 

of foam generation by lamella division might also increase with increase in gas velocity. 

Hence the term “plateau” is chosen to describe the flattened portion of the capillary 

pressure curves in Figure 4-4a instead of “limiting” implying coalescence by lamella 

rupture as the dominating mechanism preventing further increase in capillary pressure. 
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Alvarez predicted the “limiting” capillary pressure to increase with liquid velocity98. A 

similar observation was made by Ouali et.al. who estimated capillary pressure from gas 

saturations measured by CT and found the maximum value, referred to as “𝑃𝑐
∗” despite 

the lack of a plateau, to increase with increasing total velocity191. In their work, an 

appreciable plateau in liquid saturation (or capillary pressure) over a substantial range of 

foam quality was absent, but a peak value was observed much like that found by 

Kibodeaux and Rossen as well as Føyen et.al. for some conditions20,81,191.  
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Figure 4-4. a) Capillary pressure vs. foam quality. Foam quality transitions related 

to pressure gradient are marked with a purple point. Plateau capillary pressures are 

indicated with a horizontal dashed line. b) Pressure gradient vs. foam quality. c) 

Apparent viscosity vs. foam quality. The sloping dashed line represents the common 

behavior at high foam qualities. Vertical dashed lines indicate transition foam 

qualities. All quantities were measured at constant gas rates. The colored lines are 

to guide the eye. 
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Another aspect of this study in agreement with Ouali et.al. was measured capillary 

pressure decreasing with increasing foam quality in the high-quality regime191. For all 

tested gas rates, the capillary pressure decreases above the transition foam quality and 

converges on the same value of approximately 0.3 psi. This low capillary pressure 

implies a high water saturation as a probable result of continuous gas flow channels and 

high gas mobility. The decrease in capillary pressure was observed regardless of velocity 

implying that, at some transition foam quality, the capillary pressure will always 

decrease. This process corresponded with foam coarsening, and might occur at an 

extremely dry foam quality for some foaming systems depending on surfactant 

formulation, porous media, gas type, etc. This decrease in capillary pressure above 𝑓𝑔 = 

0.98 was also observed by Kibodeaux and Rossen for a constant gas rate experiment 

despite their experiments being with a rock core rather than a sand pack81. Ouali et.al. and 

Føyen et.al. observed the decrease at foam qualities around  𝑓𝑔 = 0.8. 
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Figure 4-5. Osterloh- and Jante-style contour plots for N2 foam at 1x, 3x, 9x, and 

18x flow rates for equal axes ranges (left column) and shorter liquid velocity range 

(right column) of a-b) Capillary pressure c-d) Pressure gradient e-f) Log of 

apparent viscosity. Circles in the left column of plots indicate where data was 

collected. Colors indicate magnitude. In the right column of plots, foam type and/or 

texture is indicated by the type of marker, and a nearly-vertical, black-dashed trend 

line is drawn intuitively separating low- and high- quality regimes and taking into 

account the foam texture. 
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Experiments were conducted at constant gas rate, but capillary pressure can be 

visualized in the style of Osterloh and Jante (as a function of the liquid and gas rate) in 

the contour plots of Figure 4-5a and b96. In these plots, the magnitudes of capillary 

pressures corresponds to colors. The points, indicated by circles or shapes, correspond to 

measurements made with the capillary pressure probe while all other information has 

been linearly interpolated. Figure 4-5a visualizes capillary pressures for the entire 

variable space that was measured, and the roughly horizontal rows of points correspond 

to the various gas rates of the experiments (1x, 3x, 9x, and 18x). Figure 4-5b is plotted 

with a truncated liquid-rate axis, as found in the literature72,96,98, to better visualize the 

high-quality regime. Plotted in this way, it can be seen that, for slow enough liquid 

velocities, capillary pressure is relatively independent of the liquid rate in the low-quality 

regime where the plateau range occurs and, for fast enough gas velocities, relatively 

independent of the gas rate in the high-quality regime. The symbols indicate the foam 

type and texture that was observed in-situ.  

 

4.1.6.2. In-situ Observations of Foam Texture and Type 

Foam texture (coarse vs. fine) and type (continuous vs. discontinuous) has been 

recognized as playing an important role in foam flow behavior in porous 

media39,46,68,98,198. The “strongest” foams in terms of largest pressure gradients, lowest gas 

mobility, and highest capillary pressures are associated with fine (small bubble size) 

discontinuous (bubbles separated by lamellae) foams. “Weak” foams are either coarse 



 125 

(large bubble size) discontinuous foams or continuous-gas flow in which continuous gas 

channels flow through pockets of trapped discontinuous-gas foam. Texture refers to 

bubble size and type refers to continuous vs. discontinuous gas. Fine foams exist in the 

low-quality regime. It has also been recognized that foam coarsens in the high-quality 

regime and becomes coarser with increasing foam quality195. Eventually, at dry enough 

foam qualities, the bubble size becomes on the order of the length scale of the flow 

system, and a continuous-gas foam forms. Fine foams at relatively low foam qualities 

lead to low gas mobility and low liquid saturations whereas coarse or continuous-gas 

flow at higher qualities lead are associated with higher gas mobilities and higher liquid 

saturations (Figure 4-4a). In this study, foam flow states were categorized based on 

qualitative observations of the microscopy footage taken during foam quality scan tests. 

Foam flow was broadly categorized into four states given in the order in which the 

experiment was conducted: 

1. State I: For the driest and slowest injection conditions, lamellae were essentially 

stationary during the time over which they were observed. This likely means that 

most of the gas was flowing as a continuous phase, and any foam that was present 

was trapped. This condition occurred in the high-quality regime during the 1x and 

3x flow rate experiments.  

2. State II: As injection conditions became wetter and faster, a steady state 

“transition” foam type was observed where periodic lamellae movement occurred 

but was not sustained. This condition occurred in the high-quality regime and may 

be associated with periodic switching between continuous and discontinuous gas 

flow where most of the foam remains trapped. 
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3. State III: Another transition foam type occurred in the high-quality regime that 

involved flowing coarse foam. This foam flow state occurred over a narrow range 

of conditions and corresponds with a sharp transition in Pc 

4. State IV: In the low-quality regime, fine foam flow was observed.  

The in-situ observations of these foam flow states helps explain the measured 

trends in capillary pressure, pressure gradient, apparent viscosity as a function of foam 

quality, liquid velocity, and gas velocity.  

 

4.1.6.3. Pressure Gradient 

Pressure gradient curves are given in Figure 4-4b for each gas rate that was 

tested. Each curve is divided into two distinct slopes as marked by a vertical dashed line. 

The low-quality regime, at foam qualities below the transition foam quality, and the high-

quality regime at foam qualities greater than the transition foam quality. The low- and 

high-quality regimes are analogous to the liquid- and gas-rate independent regimes 

respectively that were first identified by Osterloh and Jante96. The pressure gradient trend 

is relatively independent of foam quality in the low-quality regime because the liquid 

flow rate was changed while the mass flow controller for the gas flow rate was held 

constant. Overall, there is a slight positive dependence of pressure gradient on liquid flow 

rate in the low-quality regime as seen in Figure 4-5c. Small changes in gas 

compressibility with changes in pressure drop could contribute to the slight positive slope 

in pressure gradients this regime. In the high-quality regime in Figure 4-4b, pressure 

gradients decline with foam quality with the steepness of the decline growing sharper 
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with increasing gas rate. As indicated by the symbols in Figure 4-5d, this decline in 

pressure gradients is associated with a transition from a fine foam to a continuous-gas 

foam with various steady-states of coarse foam in between. 

 

4.1.6.4. Apparent Viscosity as a Function of Gas Velocity 

For decreasing liquid rate at a given gas velocity, the apparent viscosity first 

increased up to a peak before decreasing with increasing foam quality (Figure 4-4c). This 

trend appears identical to that for experiments conducted with total flow velocity 

fixed187,188,199. This is confirmed by examining Figure 4-5e and following the trend in 

apparent viscosity for a line of either fixed gas velocity (zero slope) or fixed total velocity 

(slope = -1). The relatively high apparent viscosities reported here are in accord with the 

presence of a “strong” foam and the high permeability of the porous medium. The highest 

viscosities occur at the very low gas velocities and moderately low liquid velocities. This 

phenomena is rheologically similar to yield stress phenomena with much of the gas 

trapped as immobile bubbles (Section 2.1.10). The transition foam quality separating the 

high-and low-quality regimes in apparent viscosity always corresponded to that for the 

pressure gradient. In the low-quality regime, changes in the liquid velocity have minimal 

impact on the apparent viscosity. Conversely, in the high-quality regime, small changes 

in the liquid velocity led to large changes in apparent viscosity (Figure 4-5f). 

In the low-quality regime the apparent viscosity decreases with increasing gas 

velocity due to shear thinning (Figure 4-4c). This occurs despite an increase in the 

plateau capillary pressure with gas velocity (Figure 4-4a). Therefore, foam at the plateau 
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capillary pressure and “strong” foam, in terms of high apparent viscosity, are not 

necessarily synonymous contributing the ambiguity of “strong” and “weak” as 

descriptors of foam type. In other words, the foam can be “stronger” in terms of relative 

gas permeability (lower gas permeability leads to high capillary pressures) , but “weaker” 

in terms of relative apparent viscosity. In actuality, the higher capillary pressure foams 

are stronger. In the high-quality regime, where foam states I, II, and III are present 

(Figure 4-5b, d, and f), the apparent viscosity curves overlap across all tested gas-rates 

(Figure 4-4c). The overlapping region of the curves in the high-quality regime is a linear 

function of fractional flow as indicated by the diagonal dashed line in Figure 4-4c.  

 

4.1.6.5. Transition Foam Quality 

Transition foam quality has been assumed by some to be independent of total 

velocity72,200. In some studies, the data backs up this assumption39,201. In others, the 

invariance of transition foam quality with increasing velocity is not so clear72,191,200. 

Osterloh and Jante identified the transition foam quality by eye as the line of constant 

foam quality roughly separating the gas-rate-independent high-quality regime from the 

liquid-rate-independent low quality regime96. This protocol has been followed by 

others98.  In the present study, the transition between low- and high-quality regimes was 

identified based on the change in slope of the pressure gradient trends and was found to 

depend on the flow rate (Figure 4-4b and c). This assertion is evident when drawing a 

line connecting the transition points shown as a dashed black line on Figure 4-5b, d, and 

f. The lines do not follow a constant foam quality (a straight line passing through the 
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origin). The transition from the low-to-high- quality regime corresponds to the transition 

from a fine-to-coarse foam texture. Thus, the transition foam quality is physically linked 

to flow-rate-dependent mechanisms of foam that control foam texture. The transition 

foam quality generally depends more on changes in the liquid velocity than those in the 

gas velocity. The findings of Kahrobaei et.al. generally agree with this assessment in that 

the transition between distinct rheological regimes in the foam were a function of only 

the liquid velocity72. One hypothesis is that, at the lowest gas rates, most of the gas is 

flowing as a continuous phase (and/or as a coarse foam). With increasing gas flow rate, 

more stationary bubbles are mobilized and foam generation by lamella or bubble division 

occurs resulting in a higher transition foam quality. Other factors might be playing a role. 

The fraction of bubbles that are stationary at any given point in time which was observed 

to decrease with increasing gas velocity at constant foam quality. This is analogous to 

exceeding a yield stress. As the fraction of flowing bubbles increases, probability for 

bubble division to smaller bubbles also increases.  

 

4.1.7. Foam Rheology  

In assessing the rheology of foam flow in porous media, a log-log plot of apparent 

viscosity versus either total or gas superficial/interstitial velocity is commonly 

constructed for values of constant foam quality48,51,98,191,201. This plot has been 

constructed in Figure 4-6 for both the high-quality and low-quality regimes across all 

flow rate experiments by interpolating the results in Figure 4-4c. The slope was found to 

depend on the flow regime of the foam. This dichotomy has been observed by others and 
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is linked to the texture and type of foam flow98,201. A slope of -0.28 was identified in the 

high-quality regime for 𝑓𝑔=0.97 (Figure 4-6a). A slope of 0.00 would correspond to a 

Newtonian fluid. Because the foam in the high-quality regime is flowing as a coarse 

foam, the number of lamellae per unit length in relatively small, and the influence of 

these lamellae on apparent viscosity diminishes with decreasing number. As the foam 

transitions to a completely continuous-gas foam with further increases in 𝑓𝑔, the rheology 

should become Newtonian. In the low-quality regime, where foam is fine, lamellae 

heavily influence the rheology. A slope of -0.9 was identified for 𝑓𝑔=0.4 (Figure 4-6b). 

This slope is larger in magnitude than the slope of -0.67 reported by Falls et.al. for bead-

pack-generated foam in a glass bead pack, by Hirasaki and Lawson48,51 for “bulk” foam 

in smooth glass capillaries, and by Pedroni and Nabzar for in-situ generated foam in 

Fontainebleau sandstone cores201. A slope of -1.0 would correspond to a perfectly shear 

thinning fluid and has been observed by Persoff et.al. in a Boise Sandstone94. Because the 

overall pressure drop was measured and a foam pre-generator was incorporated in the 

setup reported here, it is possible that end effects are affecting the measured pressure 

drops. Sand of the same type as that in the main pack was selected for the foam pre-

generator to mitigate end effects. Indeed, transitions in pressure drop trends coincided 

with capillary pressure trends, so end effects should be small. Some researchers have 

concluded that foam texture will quickly adjust to the final form within a short distance 

from the entrance of the porous medium202. In-situ observations of foam texture appeared 

to show that this was also the case for the systems tested here by comparing visuals of the 

foam near the inlet, middle, and outlet of the sand pack.  
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In Figure 4-6c, upon transitioning between the low- and high-quality regimes, 

with increasing velocity, a distinct shift in slope is observed. This observation may be 

important in interpreting apparent viscosity results in that a transition between low- and 

high-quality foam regimes could cause misinterpretation of the foam rheology if 

unrecognized. 

 

Figure 4-6.  Log-log plot of apparent viscosity versus total superficial velocity at a) 

𝒇𝒈 = 0.97, b) 𝒇𝒈 = 0.4, and c) 𝒇𝒈 = 0.8 for N2 foam.  
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4.1.8. Comparison of Nitrogen and Carbon Dioxide Foam (Ambient Conditions) 

As seen in Figure 4-7a, the measured capillary pressures for CO2 foam is lower 

than those of the N2 cases at the similar flow rates across all conditions. This finding 

might be expected because CO2 foam is generally recognized as being “weaker” than N2 

foams87,112–114,203, and a higher gas mobility, associated with “weaker” foams would lead 

to a high liquid-phase saturation and consequently a lower capillary pressure. The plateau 

in Pc for the CO2 case appears to be more rounded and contains fewer points than those of 

the N2 cases.  

At the test conditions, the surface tensions of each system are nearly identical. 

Despite this, CO2 exhibits similar transition foam quality to N2 (Figure 4-7b), but CO2 

foam also resulted in lower pressure gradients. This might indicate that the foam 

generation is independent of gas type; however, due to the high solubility of CO2 in the 

aqueous phase, Ostwald ripening/diffusion coarsening is playing a more significant role 

in CO2 foam destruction. Zeng et.al. found that lamella permeability to gas is predicted to 

be the primary driver of differences in foam strength (in terms of pressure gradient or 

apparent viscosity). Higher film permeability leads to faster foam destruction by diffusion 

coarsening, and film permeability is proportional to gas solubility. If Ostwald ripening is 

the dominant mechanism of foam destruction, then conventional limiting capillary 

pressure theory does not accurately describe the foam behavior. It has also been argued 

that diffusion coarsening plays a small role in foam flow behavior in porous media under 

certain conditions, so more experiments are needed to explore is Ostwald ripening is the 

factor driving the differences among gas types here86. 
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The transition foam qualities are indicated by the vertical dashed lines on Figure 

4-7b and c. For the CO2 11.4x flow rate experiment, the transition foam quality occurs 

around 𝑓𝑔= 0.93 which is very close to the same value for the comparable N2 case (𝑓𝑔  = 

0.92) and similar to literature reference values of 0.94 from Osterloh and Jante or 0.97 

from Khatib et. al.39,96. Corresponding to the lower capillary pressures for CO2 foam in 

Figure 4-7a, lower pressure gradients and apparent viscosities are also observed. 

 

Figure 4-7. a) Capillary pressure vs. foam quality. Foam quality transitions related 

to pressure gradient are marked in purple. Plateau capillary pressures are indicated 

with a horizontal dashed line. b) Pressure gradient vs. foam quality. c) Apparent 

viscosity vs. foam quality. vertical dashed lines indicate transition foam qualities. All 

quantities were measured at constant gas rates (CO2 foam at 11.4x flow rate and N2 

foam at 9x, and 18x flow rates). The colored lines are to guide the eye. 
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4.1.9. Effect of Salinity 

The effect of salinity (3 wt% NaCl vs. DI water) was tested for the 1 wt% AOS14-

16  surfactant solution. The presence of salinity was expected to result in a “stronger” 

foam (See Section 2.1.15). This occurs due to increased surfactant packing at the gas-

aqueous interface when salt ions screen surfactant head group repulsion. 

As seen in Figure 4-8A, adding 3 wt% NaCl to the surfactant solution increased 

the maximum apparent viscosity, and transition foam quality. The apparent viscosities in 

the high-quality regime (where foam is coarse) were increased with the addition of salt 

while these values in the low-quality regime (where the foam is fine) were unaffected. A 

similar trend was observed in the CO2 system (Figure 4-8B), but the transition foam 

quality was unaffected. The reason for these trends is unknown. One possible explanation 

is that the addition of salt affects foam texture (either by resulting in more lamella 

generation or less lamella destruction) in the high-quality regime more strongly than in 

the low-quality regime. For the tested conditions, the effect of gas type was larger than 

the effect of salinity. 

From Figure 4-8C and Figure 4-8D, it can be seen that capillary pressures were 

also higher in the systems with salt. Only the N2 foam systems exhibited plateaus in 

capillary pressure which is absent from CO2 systems. For the CO2 foam with 3 wt% 

NaCl, the slight increase in Pc at around fg = 0.42 likely indicates the beginning of a 

transition to a finely textured foam, but the foam ultimately fails to complete the 

transition.  
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Figure 4-8. Effect of salinity on foam. A) N2 apparent viscosity B) CO2 apparent 

viscosity C) N2 capillary pressure D) CO2 capillary pressure vs. foam quality from 

foam quality scans at constant gas injection rate in DI water and in 3 wt% NaCl 

brine.  
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4.1.10. Effect of Pressure 

A foam quality scan was conducted with N2 gas in the high-pressure sand pack 

with 500 psi of back pressure, and these data at high pressure are compared with 

those at ambient pressure in the ambient pressure sand pack in Figure 4-9. The data 

gathered from experiments run the two separate systems could be reasonably 

compared (see Figure 4-10).  

 

  Because the high-pressure sand pack is of smaller inner diameter than the 

ambient-pressure pack, the superficial velocity is 1.4 times faster in the high-pressure 

experiment.  
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Figure 4-9. A) Apparent viscosity vs. foam quality for ambient and high-pressure 

tests at 1.4 x flow rate. B) Apparent viscosity vs. foam quality for high-pressure and 

ambient-pressure tests at ambient temperature. C) Pressure gradient vs. foam 

quality for ambient and high-pressure tests. D) Pressure gradient vs. fg/(1-fg) for 

ambient and high-pressure tests (high qualities). E) Capillary pressure vs. foam 

quality for ambient and high-pressure tests. 
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Figure 4-10.  Apparent viscosity vs. foam quality for two 9x flow rate experiments in 

the transparent (ambient) and stainless-steel (high pressure) sand packs. 

 

The transition foam quality (at peak apparent viscosity) for the 500-psi 

experiment is higher than that at ambient conditions (fg = 0.83 and fg = 0.65 respectively). 

Also, the apparent viscosities are larger by up to a factor of 2.2. Differences in apparent 

viscosity become less at the extreme wet- and dry-foam qualities. This is also seen for 

different velocities (Figure 4-9B). In Figure 4-9B, the transition foam quality at 500 psi 

is similar to the transition foam quality of the ambient pressure experiment at about twice 

the flow rate. Despite the ambient pressure and high-pressure sand pack systems being 

constructed entirely from separate parts, the apparent viscosity trends for ambient 

pressure tests conducted in both sand packs overlay exactly in the high-quality regime, 

and as expected, the 1.4x data in the low-quality regime falls between the 1x and 3x 

curves. 
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Two hypotheses could explain the difference in the N2-foam experiments 

conducted with and without back pressure: 

1. Oscillations in pressure, caused by multiphase flow through the back pressure 

regulator, induce some extent of foam generation by lamella division (at 

momentary higher flow rates during pressure surges) that would be absent for 

more steady flow.  

2. The increase in N2 density with pressure results in a stronger foam. 

Mechanistically, this could be explained by a slower rate of foam destruction by 

Ostwald ripening due to the increased mass required to be transferred between 

bubbles at higher gas densities. Another mechanism could be a decrease in IFT 

resulting in a lower minimum pressure gradient to generate foam or a higher 

limiting capillary pressure (see Section 2.1.14). 

Hypothesis 1 begs the question: are back-pressure-regulator-induced oscillations 

in pressure large enough to induce extra foam generation? In Figure 4-9C, the pressure 

gradient test results from the ambient test in the high-pressure sand pack are lower than 

those for the 500-psi back pressure experiments conducted in the same pack. The 

standard deviation bars are also shown in Figure 4-9C but are also shown in greater 

detail in  Figure 4-9D for the high-quality regime around the transition foam quality. The 

standard deviations are larger for the experiments at high pressure, but it is unknown 

what magnitude of pressure oscillation is required to generate foam that would be absent 

without the oscillations (see Section 2.1.8.3). The oscillations in pressure also result in 
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larger oscillations in capillary pressure as indicated by the error bars in Figure 4-9E. 

Again, the effect is most pronounced at high qualities. 

The general magnitude of oscillations/noise in pressure drop for an ambient 

experiment and a high-pressure experiment at 50°C is demonstrated by plotting the 

dynamic data for both experiments in Figure 4-11. The noise is certainly larger in the 

high-pressure case for all but the wettest foam qualities. The relative magnitudes of noise 

are similar for fg = 0.3 at ambient conditions and for fg = 0.2 elevated temperature and 

pressure. Despite the similar noise, and the fact that elevated temperature reduces foam 

strength (See Section 4.1.11), the steady-state pressure drop is larger for the higher 

absolute pressure experiment.  
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Figure 4-11. Dynamic pressure drop data for experiments at A) ambient pressure 

and B) 500 psi back pressure and 50°C. 

Most likely, the effect of pressure on foam is a result of some combination of 

hypotheses 1 and 2, but future studies are needed to determine the exact contribution of 

each mechanism. 
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4.1.10.1. Speculation on Trends in Foam Strength 

A speculation of what may be happening in the case reported by Holt et.al. is 

given in Figure 4-12. This speculation is informed by the test results reported in Figure 

4-9a. In the context of the entire foam quality scan (Figure 4-12a), if transition foam 

quality changes with system pressure, a slice at fixed foam quality might cross the curves 

in either the high- or low-quality regime depending on the system pressure. In the general 

case of the cartoon, at low pressures, a coarse foam exists, and the test foam quality falls 

in the high-quality regime. At high pressures, a fine foam exists, and the test foam quality 

falls in the low-quality regime. The curves are closer together in the low-quality regime, 

so a plateau is observed in Figure 4-12b, much like in Figure 2-29.  

 

Figure 4-12. a) A cartoon speculating the effect of system pressure on pressure drop 

over the entire range of foam qualities for foam quality scans at 5 different 

pressures with all else constant. The thick vertical dashed black line is at a fixed 

foam quality.   b) A cartoon plot of pressure drop vs. back pressure. The thin 

vertical black dashed line separates the high- and low- quality regimes. 
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4.1.11. Effect of Temperature 

As seen in Figure 4-13A, the pressure gradients measured during the high-

pressure experiment at 50°C are lower than those at high-pressure and ambient 

temperature. Thus, the apparent viscosity is also in lower for the high-pressure 

experiment with temperature (Figure 4-13B), and the transition foam quality remained 

the same at fg = 0.83. The lower pressure gradients and apparent viscosities at elevated 

temperature are as expected because the viscosity of the aqueous phase decreases with 

increasing temperature. Other mechanisms, such as a decrease in IFT with increasing 

temperature, could possibly also be playing a role in the weakening of the foam.  

The values of capillary pressure for the experiment at 50°C, Figure 4-13C, are 

generally lower than those for the corresponding experiment at 20°C. This result is as 

expected because the pressure gradients were lower with high temperature, and weaker 

foam should exhibit lower capillary pressures (i.e., less water displacement). It is 

unknown why the capillary pressures measured at elevated pressure are higher than those 

at ambient conditions. One reason could be a possible calibration deviation in the 

transducer that is sensing the capillary pressure. It is also unknown why the capillary 

pressures at low foam qualities are significantly lower in the ambient condition 

experiments (particularly in the 3x flow rate case) while the capillary pressure is only 

somewhat lower at elevated pressure. Future studies will be required to examine the 

validity of these trend differences.  
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Figure 4-13. A) Pressure gradient vs. foam quality for high pressure tests with and 

without elevated temperature. B) Apparent viscosity vs. foam quality for high 

pressure tests with and without elevated temperature at 1.4 x flow rate. C) Capillary 

pressure vs. foam quality for high pressure tests with and without elevated 

temperature at 1.4 x flow rate and for ambient conditions experiments at 1x and 3x 

flow rate. 
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Conclusion 

Foam quality scans were conducted at fixed gas velocity in a 143-Darcy sand 

pack with foam pre-generation. A known strong-foaming solution of 1 wt.% AOS12-16 in 

3 wt.% NaCl brine was selected. The overall pressure drop and capillary pressure were 

measured and the microscopic foam structure was filmed in-situ. Both N2 and CO2 gas 

foams were tested. The following insights were gained: 

1. A plateau capillary pressure occurs in the low-quality regime across all velocities 

and test conditions tested in these experiments. The plateau values measured for 

capillary pressure in the N2 system were 0.53, 0.82, 1.02, and 1.14 psi for standard 

superficial gas velocities of 2.3 ft/day (8.2 × 10-6 m/s), 7 ft/day (2.5 × 10-5 m/s), 21 

ft/day (7.4 × 10-5 m/s), and 42 ft/day (14.8 × 10-5 m/s) respectively.  

2. The capillary pressure curves of different gas velocity for the N2 foam system 

decrease in the high-quality regime with increasing foam quality to a convergent 

value of 0.3 psi. 

3. Transitions in capillary pressure and pressure gradient behavior were linked to 

foam texture (fine vs. coarse) and flow type (discontinuous vs. continuous). Fine 

foam in the low-quality regime exhibits high pressure gradients and contains a 

region of plateau capillary pressure. Pressure gradient and capillary pressure for 

coarse foams or continuous gas flow in the high-quality regime are a strong 

function of the gas fractional flow and liquid velocity.  
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4. Transition foam qualities correspond to a transition between a coarse- and a fine- 

foam and depends mainly on the liquid velocity. 

5. Apparent viscosity curves of different gas velocity collapse onto one another in the 

high-quality regime and are a linear function of the fractional flow. 

6. Foam rheology is very shear thinning in the low-quality regime with a power-law 

exponent of -0.9 and is closer to Newtonian in the high-quality regime with an 

exponent of -0.28. Transitioning between regimes with increases in gas velocity 

resulted in a shift the rheological trend for the same foam quality. 

7. The CO2 foam exhibited expectedly lower pressure gradients and apparent 

viscosities than N2 foam while both gas types resulted in similar transition foam 

quality. Plateau capillary pressure for the CO2 foam was also lower than that of the 

N2 foam in accord with the lower pressure gradients. The differences between gas 

types might be due to differences in the permeability of lamellae in the foam to 

each gas. 

8. Foam strength increased in the presence of 3 wt.% NaCl vs. DI water. The high-

quality regime was affected greater than the low-quality regime. 

9. Foam strength increased at elevated pressure. This increase could be a result of 

flow rate surges through the back pressure regulator or density-related effects. 

Future studies will be required to pinpoint the exact mechanism. 
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10. Foam strength decreased with increasing temperature. This decrease is most likely 

a result of decreasing aqueous-phase viscosity but could also be related to a 

decrease in IFT. 
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Chapter 5 

Application of foam to 

alkaline‑surfactant‑foam flooding of 

heavy oil: microfluidic assessment 

with a novel phase‑behavior viscosity 

map 

Abstract 

The apparent viscosity of viscous heavy oil emulsions in water can be less than 

that of the bulk oil. Microfluidic flooding experiments were conducted to evaluate if 

heavy oil emulsification can improve alkali-surfactant-foam enhanced oil recovery (ASF 

EOR). A novel phase-behavior viscosity map – a plot of added salinity vs. soap fraction 

combining phase behavior and bulk apparent viscosity information – is proposed as a 

rapid and convenient method for identifying suitable injection compositions. The 

characteristic soap fraction 𝑋𝑠𝑜𝑎𝑝
𝑆𝑜𝑟  is shown to be an effective benchmark for relating 
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information from the phase-viscosity map to expected ASF flood test performance in 

micromodels. Characteristically more hydrophilic cases were found to be favorable for 

recovering oil, despite greater interfacial tensions, due to wettability alteration towards 

water-wet conditions and the formation of low apparent-viscosity oil-in-water (O/W) 

macroemulsions. Wettability alteration and bubble-oil pinch-off were identified as 

contributing mechanisms to the formation of these macroemulsions. Conversely, 

characteristically less hydrophilic cases were accompanied by a large increase in apparent 

viscosity due to the formation of water-in-oil (W/O) macroemulsions. 

Materials and Methods  

5.1.1. Chemicals and Crude Oil Properties 

The crude oil selected for this study is a typical heavy crude oil from Kuwait. The 

oil was first centrifuged at 3,000 rpm and 30 °C for 9 hours to separate any solids and 

water that may have been present. The oil was then decanted into a collection vessel and 

subsequently pumped through a 0.5 µm filter to further remove fines. The oil viscosity is 

5855 ± 40 cP at 22 °C and the total acid number (TAN) is 1.2 mg KOH/g oil. The 

viscosity was measured using a rheometer with a couette geometry. The TAN was 

measured by non-aqueous titration204. The Na2CO3 and NaCl were purchased from 

Sigma-Aldrich and used as received. The surfactants selected for this study were internal 

olefin sulfonate 15-18 (IOS) (ENORDET O320, Shell) and lauryl betaine (LB) (Solvay). 

The surfactant solubility testing and surfactant-blend screening process are discussed in 

Appendix F. IOS is a commonly tested surfactant in chemical EOR studies and LB has 



 150 

been demonstrated to be a foam booster in the presence of oil205–208. The molecular 

weights of IOS and LB were estimated to be 350 g/mol and 271.4 g/mol respectively. 

 

5.1.2. Phase Behavior and Falling Sphere Viscosity Measurement 

The Na2CO3 concentration, fixed at 0.5 wt%, was in stoichiometric excess such 

that all the acidic components in the oil could potentially react to form soaps. The 

surfactant ratio was fixed at IOS:LB 1:1, and the surfactant concentration was varied by 

diluting 5 wt% concentrated surfactant stock solutions with brine. The added salinity 

from NaCl – meaning salinity in addition to that from the alkali salt – varied from 0.5 to 

6.0 wt%. These conditions are summarized in Table 5-1.  

 

Table 5-1 Phase Behavior Conditions: Pipette Contents Summary  

Injection Component Concentration(s) (wt%) 

Na2CO3 NaCl IOS:LB 1:1 

0.5 0.5, 1.0, 1.5, 3.0, 6.0 0.0, 0.02, 0.05, 0.1, 0.2, 0.3, 0.5, 1.0 

 

The phase behavior systems were contained in 5 ml borosilicate glass pipettes that 

were flame-sealed using an acetylene-O2 torch. First, the tips of the pipettes were sealed, 

and then the tops were sealed after filling. The water-oil ratio (WOR) was fixed at 5:1. 

The fluids in sealed pipette were continuously rotary-mixed at a rate of 1 inversion every 

30 seconds for 48 hours and allowed to equilibrate for more than two weeks prior to 

phase classification. Because the heavy crude oil was less dense than the aqueous phases, 
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conventional phase behavior was observed with the oil-rich phase floating on top of the 

water-rich phase. All systems were prepared and analyzed at ambient conditions. 

Information about the phase behavior and the apparent viscosity for a given crude 

oil/surfactant/brine system at equilibrium is organized into a phase-behavior viscosity 

map. The phase-behavior portion of the map was constructed based on the Winsor 

classifications by visual observation of the samples two-weeks post-mixing. One 

indication that chemical equilibration was reached after two weeks was the agreement 

with trends of previous work153. After the samples physically equilibrated for 410 days, 

the apparent viscosity of the upper-oleic layer was measured in situ via falling sphere 

viscometry209. (See Appendix G for more details about equilibration.) The viscosity was 

first measured for the undisturbed samples. Then the samples were mixed by ten 

inversions of the fluid layers, and the apparent viscosity measured again. The viscosity 

portion of the map was based on the latter measurement. 

The phase-behavior viscosity map is plotted as the log of added salinity (wt% 

NaCl) vs. the soap fraction210: 

𝑋𝑠𝑜𝑎𝑝 =
𝐶𝑠𝑜𝑎𝑝

𝐶𝑠𝑜𝑎𝑝 + 𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡
 

(

(5.1) 

 

where 𝑋𝑠𝑜𝑎𝑝 is soap fraction, 𝐶𝑠𝑜𝑎𝑝 is the total concentration of soap generated by 

the alkali-naphthenic acid reaction in the sample, and 𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡 is the total 

concentration of synthetic surfactant in the sample pipette. The soap concentration is 
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determined from the TAN assuming an excess of Na2CO3. By plotting salinity vs. soap 

fraction, the phase behavior can be described for different WOR211.  

 

5.1.3. Micromodel Fabrication and Experimental Setup 

The flow experiments were conducted in micromodels. The micromodels are 

constructed from NOA 81 polymer (Norland) following a soft-lithography protocol as 

previously reported in the literature62,212. This platform was selected because the pore-

scale phenomenon of the flow process may be directly observed via a light microscope 

while simultaneously obtaining pressure-drop data. The properties of the micromodel are 

summarized in Table 5-2. The micromodel pattern and flow schematic are illustrated in 

Figure 5-1. The intrinsic water-advancing contact angle of NOA 81 polymer is 

approximately 70° in air. Wettability alteration behavior by surfactants has been observed 

for this material62. 

 

Table 5-2 Micromodel Properties 

Micromodel Property Value 

Channel dimensions (L X W X H) 2.6 cm X 0.32 cm X 35 µm 

Grain diameter 450 μm 

Pore throat size 35 μm 

Pore throat : pore body ratio 15:1 or 3:1 

Porosity 37% 

Permeability 2.4 Darcy 

Pore volume 1.1 μl 
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Figure 5-1. Experimental flow schematic. The inset is a detailed view of the 

micromodel pattern where white = solid and black = pore space. 

 

For all flow experiments, a microscope (Olympus SZX12) was used to view the 

micromodel at the pore-scale. The visual data was captured on a C-mount camera 

(IMPERX) and the pressure data was recorded with a 0 ± 50 psi pressure transducer 

(Valedyne). The liquid flow rates are controlled via syringe pump (KD Scientific). The 

gas flow rate is controlled using a calibrated 10 m glass capillary tube (SGE Analytical 

Science) with an internal diameter of 5 μm. This method allows for the delivery of gas at 

a constant flow rate regardless of down-stream pressure fluctuations62. 

 

5.1.4. Micromodel Flow Experiments 

The micromodel was initially saturated by via syringe pump with 6% NaCl brine 

and allowed to hydrate over-night. Heavy crude oil was pumped into the micromodel via 
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the oil filling port. This step continued until the water content in the micromodel was 

reduced to connate water saturation (typically <1 %). Following this step, the micromodel 

surfaces were observed to be mixed-wet. Then, the micromodel was water flooded with 3 

wt% NaCl brine. All steps were performed at ambient conditions. The flow rate and 

superficial velocity of the water flooding step were 4 µl/hr and 4 ft/day respectively. The 

capillary number is given by 

 

(

(5.2) 

where 𝜇 is brine viscosity, 𝑢 is superficial water velocity, and 𝜎𝑜𝑤 is oil-water 

IFT. The interfacial tensions in this study were measured using the pendant drop 

technique (KSV CAM-101) or the spinning drop technique (KRÜSS SITE 100). 𝐶𝑎𝑤 was 

7.2×10-8 for all water floods. Aqueous blue food dye (2 wt%) was added to the brine for 

visual contrast with the solid grains. The micromodel was water flooded until residual oil 

saturation was reached. Alkali-surfactant solution was then injected into the micromodel 

at the same rate until the residual oil saturation was reached. Residual oil saturations for 

these first two steps was typically achieved after approximately 100 pore volumes of 

injection. Dry N2 gas was then co-injected with the alkali surfactant solution at a total 

superficial velocity of 4 ft/day. The foam was generated in situ in the porous media at a 

quality of 50% (where foam quality is the ratio of the gas volumetric flow rate to the sum 

of the gas and liquid volumetric flow rates). ASF flooding continued until residual oil 

saturation was reached. Residual oil saturation for this step was typically achieved after 

10 pore volumes of injection. 

𝐶𝑎𝑤 =
𝜇 𝑢

𝜎𝑜𝑤
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In contrast to the equilibrated phase behavior tests, the unsteady dynamic nature 

of the flow experiments necessitates a simplification to make use of the information from 

the phase-behavior viscosity map. Thus, the characteristic soap fraction was chosen as the 

identifying abscissa value on the map for a given experimental condition. The 

characteristic soap fraction (Equation ((5.3)) is calculated at the residual oil state after 

water flooding213: 

  

 

(

(5.3) 

where 𝐶𝑠𝑜𝑎𝑝  is maximum total concentration of soap that can be generated by 

reaction with the alkali at residual oil saturation after water flooding. 𝑆𝑜𝑟𝑤 is residual oil 

saturation after water flooding. 𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡 is total concentration of synthetic surfactant 

added to the brine.  

Micromodel flow studies were carried out at several characteristic points on the 

phase-behavior viscosity map. The conditions for each experiment are summarized in 

Table 5-3. Note: Arabic numerals were utilized in the naming convention of the flow 

experiments (FE1-, FE1, FE3, and FE2) to distinguish these dynamic flow tests from the 

phase behavior (WI, WIII, WII).  

 

 

𝑋𝑠𝑜𝑎𝑝
𝑆𝑜𝑟 =

𝐶𝑠𝑜𝑎𝑝 𝑆𝑜𝑟𝑤

𝐶𝑠𝑜𝑎𝑝 𝑆𝑜𝑟𝑤 + 𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡(1 − 𝑆𝑜𝑟𝑤)
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Table 5-3 Summary of Micromodel Flow Experimental Conditions 

Experiment 

Label 

Characteristic 

Soap Fraction 

𝑿𝒔𝒐𝒂𝒑
𝑺𝒐𝒓  

Added 

Salinity (wt%) 

Corresponding 

IFT (mN/m) 

Corresponding 

Winsor Behavior  

Ex Situ 

 FE1- 0.19 1.0 4.49 ± 0.1 WI 

FE1 0.54 0.5 3.64 ± 1.0 WI 

FE3 0.55 3.0   0.15 ± 0.05 WI 

FE2 0.94 3.0     3.6 ± 0.47 WII 

 

Oil saturations were determined by image analysis. Micrographs of the entire 

porous media channel were taken and digitally stitched together to generate a high-

resolution panorama. The time to take a single panorama was approximately 45 seconds 

or 0.03 pore volumes. These panoramas were analyzed using a custom MATLAB script 

that employed a local thresholding algorithm that normalized the stitched images. The 

apparent viscosity was calculated from rearranged Darcy’s law: 

 

(

(5.4) 

where 𝜇𝑎𝑝𝑝 is apparent viscosity, 𝑘 is specific permeability, and |𝛻𝑝| is pressure 

gradient. 

 

Results and Discussion  

5.1.5. Phase Behavior 

Figure 5-2 is a photographic example of the surfactant-concentration scan 

conducted at 1.5 wt% NaCl and 0.5 wt% Na2CO3. In addition to the classical 

microemulsion phases, all samples exhibited an upper-oleic layer macroemulsion that 

𝜇𝑎𝑝𝑝 = −
𝑘

𝑢
|𝛻𝑝| 
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was either water-in-oil or oil-in-water. In all systems, the macroemulsions that formed 

were of the same type as the microemulsion system. For example, systems containing WI 

microemulsions also exhibited water-in-oil macroemulsions. Also, the tendency of the 

glass tubes to be more oil wet increased with the hydrophobicity of the chemical system 

each contained. 

 

 

Figure 5-2. Example of the surfactant-concentration scan conducted at fixed 1.5 

wt.% NaCl and 0.5 wt.% Na2CO3 after 410 days of equilibration. The Winsor 

behavior was unchanged from the two-week time point post-mixing. The 

surfactant/soap system becomes more hydrophilic as the concentration of synthetic 

surfactant in the system increases. In a more hydrophilic system, a greater fraction 

of the potentially surface-active components will be in the aqueous phase. A vertical 

red dashed line indicates the transition from WII systems, and a vertical black 

dashed line indicates the transition boundary to WI systems. The gap between these 

boundaries contains the inversion region (IR) in which WIII systems might be 

found.  
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5.1.6. Phase-Behavior Viscosity Map Analysis 

From the phase-behavior viscosity map in Figure 5-3, the trends in apparent 

viscosity of the upper-oleic layer with phase behavior may be readily distinguished by 

color. On this plot, the symbols represent the type of Winsor microemulsions system that 

was observed while the colors represent the magnitude of the measured apparent 

viscosity. The white triangles with the black borders and the black diamonds correspond 

to the phase behavior tests. White triangles pointing downward and upward denote 

systems exhibiting WI and WII microemulsions respectively. Black diamonds represent 

WI systems closest to the inversion region. Increasing the lipophilicity of the surfactant 

system results in the expected lower- to upper-phase microemulsion trend. This sequence 

occurs with increasing added salinity and increasing soap fraction (i.e., decreasing 

surfactant concentration). The colors of this plot represent the apparent viscosity of the 

upper-oleic layer on a log scale. The black contour is the bulk viscosity of the original 

heavy crude oil. The map in Figure 5-3 was plotted based on the post-equilibration re-

mixed apparent viscosity data. (See Appendix G for a discussion on the effect of post-

equilibration mixing on the phase-behavior viscosity map.) 
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Figure 5-3. The phase-viscosity map (log of added salinity vs. soap fraction) 

constructed for a heavy crude oil in contact with a surfactant solution containing 0.5 

wt% Na2CO3 and varying amounts of NaCl and LB/IOS. White triangles pointing 

downward (WI) and upward (WII) denote systems exhibiting lower- and upper-

layer microemulsions respectively. Black diamonds represent WI compositions 

closest to the inversion region. These diamonds are connected via a black dashed 

line. The colors represent the log of apparent viscosity of the upper-oleic layer. The 

contour drawn in black represents the original bulk oil viscosity. The hollow black 

circles indicate the characteristic locations of flow experiments FE1-, FE1, FE3, and 

FE2.  
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A gradual increase in upper-layer apparent viscosity with increasing system 

hydrophobicity is observed for all lower-phase systems. This gradual viscosity increase 

may be the result of the macroemulsion type changing from single O/W to multiple 

W/O/W emulsions. These multiple emulsions should be more viscous than the single 

emulsions, but, because water remains the continuous phase, the viscosity is lower than 

that of W/O emulsions. The transition to upper-phase systems is marked by a significant 

increase in viscosity. This transition corresponds to the onset of W/O macroemulsions 

which are much more viscous than the bulk oil alone. For the particular synthetic 

surfactants of this study, these trends appear to be more sensitive to changes in soap 

fraction than salinity as evidenced by the relatively vertical orientation of the contour 

lines. These trends indicate that low-viscosity ASF flooding is most likely to be favorable 

in conditions near the bottom left of this map (i.e., low salinity and low soap fraction), 

and that increases in soap fraction should be more detrimental to the viscosity than 

increases in salinity. 

 

5.1.7. Micromodel Flow Experiment Results 

Several characteristic points on the phase-behavior viscosity map at which 

micromodel flow studies were conducted. Point FE1- (soap fraction, salinity = 0.19,1.0 

wt%) is in the purple/blue region (10 - 100 cP) for apparent viscosity. Phase behavior 

near this point is well into the WI region and exhibits upper-layer O/W emulsions with 

apparent viscosities <10 cP. This point was the most hydrophilic in nature with a 
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relatively high surfactant concentration and low salinity. Point FE1 (0.54, 0.5 wt%), in 

the cyan/green region (100 – 1,000 cP), is the next most hydrophilic case. Phase behavior 

near point FE1 also exhibited upper-layer O/W emulsions and low apparent viscosity. By 

fixing soap fraction while increasing salinity, the orange region (5,000 – 10,000 cP) was 

obtained where point FE3 (0.54, 3 wt%) was selected. This case represents a system that 

is neither strongly hydrophilic nor strongly hydrophobic and exhibits a low IFT. Also, 

salinity was fixed but soap fraction was increased as denoted by point FE2 (3.0 

wt%,0.93) in the red region (>10,000 cP). This case represents the most hydrophobic 

surfactant system among those tested. 

 

5.1.7.1. Oil Recovery  

The oil recovery from each flood is seen in Figure 5-4. The FE1- flooding case 

resulted in approximately 10% more total oil recovery than that of experiment FE1 which 

in turn recovered 10% more total oil than that of experiments FE3 and FE2. The foam 

flood (ASF) was most effective for FE1 (29% improved oil recovery), and least effective 

for the FE2 flood (5% improved oil recovery). This implies that foam flooding provided 

less mobility control for more hydrophobic conditions during flooding.  
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Figure 5-4. Oil recovery from micromodel flooding experiments. Light blue 

represents oil recovered by water flooding, dark blue represents oil recovered by the 

alkali-surfactant flood, and hashed grey represents oil recovered by alkali-

surfactant-foam flooding. Each step was carried out until the residual oil saturation 

was reached. The total recovery for each flood is reported above the respective bar. 

In general, the more hydrophilic the flood, the more oil recovered. 

 

5.1.7.2. Apparent Viscosity and Emulsion Trends 

Because bulk emulsion viscosities can be significantly different from those in 

porous media, the magnitudes of apparent viscosities measured by falling sphere method 

should not be compared with those from flooding experiments. Therefore, only the 

general trends in both types of systems are discussed. The average apparent viscosities 

during foam flooding are reported in Figure 5-5. The individual contributions of foam 
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and oil to the apparent viscosity during ASF flooding are not distinguished; however, in 

the FE1- and FE1 cases, the total apparent viscosity was reduced below that of the 

original bulk oil. Conversely, floods FE2 and FE3 in the more hydrophobic regions of the 

phase-behavior viscosity map resulted in an apparent viscosity approximately 5 to 7 times 

greater than the bulk viscosity of the oil. These trends agree with what is implied by the 

phase-behavior viscosity map of Figure 5-3. Areas of the map exhibiting high apparent 

viscosities with tendency to form W/O emulsions correspond to large characteristic 

apparent viscosities in the micromodel experiments and vice versa for the low viscosity 

O/W bulk emulsion systems. Combing these tends with the knowledge of the oil 

recovered by ASF flooding from Figure 5-4, implies that the mobility ratio in 

experiments FE1- and FE1 were more favorable than those of either FE3 or FE2.  
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Figure 5-5. Average apparent viscosities during foam flooding. The hashed bars 

represent average apparent viscosity values calculated from pressure drop data 

recorded during the ASF flooding step of the micromodel experiments. The 

horizontal dashed line represents the bulk oil viscosity. Systems FE1- and FE1, 

containing O/W macroemulsions, exhibited characteristic apparent viscosities below 

that of the bulk oil. Due to the large oil recovery of 90% in system FE1-, and the 

multitude of injected pore volumes, the average characteristic apparent viscosity of 

820 cP is most like that of the foam. 

 

The typical progression in pore fluid distribution for each flooding case is 

visualized in Figure 5-6. A representative image of a single pore was selected for 
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experiments FE1-, FE1, FE2, and FE3. Figure 5-6a is a simplified version of the phase-

behavior viscosity map in Figure 5-3 with the phase behavior information removed to 

clearly indicate the selected conditions for the flow tests. The corresponding 

characteristic locations of each experiment are circled in black on the viscosity map. As 

seen in Figure 5-6b and c, the low apparent viscosities of floods FE1- and FE1 are 

attributed to the formation of an oil-in-water macroemulsion. This emulsion type is 

favored, in part, due to the relatively more water-wet surfaces. Conversely, as seen in 

Figure 5-6d and e, the water-in-oil emulsions that were predominately formed in cases 

FE2 and FE3 may explain the high apparent viscosities measured for those experiments. 

The wettability of these systems is more oil-wet, as evidenced by the presence of thin oil 

films, which favors the stabilization of W/O macroemulsions. In general, the phase 

viscosity map accurately supports the trends that were observed in the micromodel 

experiments, and this map could ultimately have utility for predicting the performance of 

other EOR processes involving phase behavior. 
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Figure 5-6. Typical single-pore fluid distribution for each flooding experiment. a) A 

simplified phase-behavior viscosity map with the characteristic locations of each 

flood circled. b) Example of a typical pore from the FE1- experiment undergoing AS 

flooding. An O/W emulsion is present and there is an absence of any oil film. c) 

Example of a typical pore from the FE1 experiment undergoing AS flooding. O/W 

emulsion droplets are present, and a thin oil film convers some of the surfaces.  d) 

Example of a typical pore from the FE3 experiment undergoing AS flooding. O/W, 

W/O/W, and W/O emulsions are all present, and a thin oil film covers most surfaces. 

e) Example of a typical pore from the FE2 experiment undergoing ASF flooding. A 

W/O emulsion is present, and a thin oil film covers all surfaces. All scale bars = 173 

µm. 
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5.1.7.3. Pore-Scale Mechanisms 

1. Water Flooding 

As expected, due to the unfavorable mobility ratio, water primarily fingered 

through a single pathway in the micromodel after water breakthrough. This pattern can be 

seen in a representative panorama of the middle half of the micromodel after water 

flooding (Figure 5-7). Because all pore throats are the same, the remaining oil was 

unswept due to viscous instabilities alone. Following water flooding, the micromodel 

surfaces in all experiments were mixed-wet as evidenced by a light brown oil layer 

remaining in some of the water-swept pores. Due to the mixed wet nature of the surfaces, 

some water-in-oil macroemulsions formed by snap-off. 

 

 

Figure 5-7. Representative image of micromodel state at the end of water flooding. 

Dark brown pores are oil-filled while blue/green pores are water filled. The light 

brown color in the water-filled pores indicates the presence of an oil film. 

 

2. Alkali-Surfactant Flooding: Wettability and Emulsification  

Wettability alteration took place in the presence of alkali surfactant solution in all 

flooding cases. The wetted state of the micromodel was determined by the movement of 
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oil films across the micromodel surfaces (Figure 5-8). A receding oil film was 

interpreted as a transition toward a water-wet state while a spreading oil film indicated 

the surfaces were becoming more oil wet. In the FE1- and FE1 cases, the presence of the 

alkali surfactant solution resulted in receding oil films. In the FE2 and FE3 cases, the 

opposite trend was observed, and the surface became more oil wet.  

 

 

Figure 5-8. Wettability trends observed in the FE1 and FE2 case.  The dark brown 

phase is the heavy crude oil, the light blue phase is the AS solution, and the light 

grey shapes are solid. a) The more hydrophilic FE1 transitions toward a water-wet 

stated while b) the opposite trend is exhibited in flooding case FE2.  All scale bars = 

173 µm. 
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The types of emulsions that formed in each case corresponded with the 

characteristic apparent viscosities. W/O macroemulsions resulted in high values of 

measured apparent viscosity while O/W macroemulsions led to low values of apparent 

viscosity. Furthermore, the trends in wettability corresponded to the types of emulsions 

that formed during the flooding processes. Note: these observed trends should depend 

only on the wettability transition and are independent of the solid surface material. Flow 

channels with more water-wet surfaces resulted in generation of O/W macroemulsions 

while channels with more oil-wet surfaces formed W/O macroemulsions. In the FE3 case, 

multiple macroemulsions, tending to be W/O/W or water-filled vesicles, were observed 

in conjunction with W/O macroemulsions. An example of wettability alteration 

influencing the formation of macroemulsions is given in Figure 5-9. In this case, for the 

FE1- experiment, O/W macroemulsions could form via de-wetting from the surfaces of 

the micromodel. Primarily, macroemulsions were formed by snap-off.  

 

Figure 5-9. An example of macroemulsion formation by wettability alteration 

during the FE1- alkali-surfactant flood. An oil ganglion (circled in white) dewets 

from the surface of the micromodel over time to form an O/W emulsion droplet. All 

scale bars = 173 µm. 
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3. Alkali-Surfactant-Foam Flooding 

Strong foam formed in situ in the porous media during co-injection. Slugs of gas 

broke up into smaller bubbles by pinch-off and lamella division. The primary foam-

destruction mechanism for all cases was Ostwald ripening. The foam remained stable in 

the presence of the crude oil. As seen in Figure 5-10a, for the FE2 case, oil tended to 

spread at the gas interfaces to fill lamellae, but the bubbles did not coalesce. In the FE1 

and FE2 cases, a bubble-oil pinch-off mechanism occurred in which two bubbles were 

involved in splitting oil ganglia into smaller droplets (shown for case FE1 in Figure 

5-10b. This mechanism is similar to the bubble-bubble pinch-off described by Liontas 

et.al.61, yet here all pinching entities are fluids similar to the phenomenon described by 

Vecchiolla et.al.214. 

 

Figure 5-10. Snapshots taken from experiments during ASF flooding. a) FE2 

experiment: Oil spreads into lamellae, circled in white, but coalescence did not 

occur. b) FE1 experiment: An oil O/W emulsion droplet, circled in white, is split in 

two by neighboring bubbles to form two smaller droplets. All scale bars = 173 µm. 
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Conclusion 

In this work, the impact of in situ emulsification of heavy oil on alkali surfactant 

foam enhanced oil recovery (ASF EOR) was explored. A novel phase-behavior viscosity 

map was proposed as an experimental method to aid in the rapid selection of optimal 

injection conditions for displacing heavy oil as a low-viscosity oil-in-water (O/W) 

emulsion. The map is constructed by arranging test results of phase behavior in sealed 

pipettes on a plot of the log of added salinity vs. soap fraction and by overlaying 

viscosities measured from the same test samples on said plot. The characteristic soap 

fraction 𝑋𝑠𝑜𝑎𝑝
𝑆𝑜𝑟  was selected as a benchmark to relate dynamic flow behavior in 

micromodel experiments to static phase behavior in sealed pipettes. The efficacy of 𝑋𝑠𝑜𝑎𝑝
𝑆𝑜𝑟  

as a benchmark was demonstrated by evaluating four flooding experiments (FE1-, FE1, 

FE3, and FE2), at different characteristic soap fractions and salinities, for consistency 

with predictions informed by the phase-viscosity map. Foam was found to be stable 

across all flooding experiments.  

In the most hydrophilic case (FE1-), 90% of the 5,855 cP heavy oil could be 

recovered at an apparent viscosity of 820 cP. This favorable result was due to wettability 

alteration towards water-wet and the formation of low apparent-viscosity O/W 

macroemulsions. Conversely, the most hydrophobic case (FE2) resulted in a lower total 

oil recovery (70%) accompanied by a large increase in apparent viscosity, likely due to 

the formation of W/O macroemulsions, as predicted by referencing the phase-behavior 

viscosity map. Thus, the map method is shown to help rapidly identify promising 

injection compositions for recovering heavy oil via in situ O/W emulsification during 
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ASF EOR. Additionally, wettability alteration and bubble-oil pinch-off were identified as 

contributing mechanisms to the formation of O/W macroemulsions in the more 

hydrophilic flooding experiments. Foam was more effective at recovering oil in these 

cases presumably due to more favorable mobility control. 
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Chapter 6 

Conclusions and Recommendations for 

Future Studies 

Summary of Main Points 

6.1.1. Foam Flow in Porous Media 

• With increasing foam quality at a fixed gas rate, directly measured capillary 

pressures increased and reached a plateau in the low-quality regime. The capillary 

pressure then decreased over most of the high-quality regime before increasing in 

some experiments at the driest and slowest injection conditions.  

• In-situ observations of foam texture confirm a fine discontinuous foam in the low-

quality regime, where bubbles travel by translation, and coarser foams in the high-

quality regime that slow and eventually halt, implying a continuous gas flow, at the 

same condition that capillary pressure begins increasing again (see Figure 3-8). 
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• A plateau capillary pressure occurs in the low-quality regime across all velocities 

and test conditions tested in these experiments.  

• Pressure gradient and capillary pressure for coarse foams or continuous gas flow in 

the high-quality regime are a strong function of the gas fractional flow and liquid 

velocity but only a weak function of gas velocity. 

• Transition foam qualities correspond to a transition between a coarse- and a fine- 

foam and depends mainly on the liquid velocity. 

• Foam rheology is very shear thinning in the low-quality regime and is closer to 

Newtonian in the high-quality. 

• CO2 foam exhibited expectedly lower pressure gradients, capillary pressures, and 

apparent viscosities than those for N2 foam while both gas types resulted in similar 

transition foam quality.  

• Foam strength increased in the presence of 3 wt.% NaCl vs. DI water. The high-

quality regime was affected greater than the low-quality regime. 

• Foam strength increased at elevated pressure. This increase could be a result of 

flow rate surges through the back pressure regulator or density-related effects. 

Future studies will be required to pinpoint the exact mechanism. 

• Foam strength decreased with increasing temperature. This decrease is most likely 

a result of decreasing aqueous-phase viscosity but could also be related to a 

decrease in IFT. 
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6.1.2. Alkali-Surfactant-Foam EOR of Viscous Oil 

• A novel phase-behavior viscosity map was proposed as an experimental method to 

aid in the rapid selection of optimal injection conditions for displacing heavy oil as 

a low-viscosity oil-in-water (O/W) emulsion.  

• The most hydrophilic case recovered the most oil due to wettability alteration 

towards water-wet and the formation of low apparent-viscosity O/W 

macroemulsions.  

• The most hydrophobic case recovered less oil due to the formation of W/O 

macroemulsions, as predicted by referencing the phase-behavior viscosity map.  

• Wettability alteration and bubble-oil pinch-off were identified as contributing 

mechanisms to the formation of O/W macroemulsions in the more hydrophilic 

flooding experiments.  

• Foam was found to be stable across all flooding experiments and was more 

effective at recovering oil in the hydrophilic cases. 

Conclusions 

6.1.3. Conclusions on Foam Flow in Porous Media 

In this thesis, aspects of making measurements with a capillary pressure probe 

have been explored. A validation protocol, based on that described by Khatib et.al. 39, is 
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established, and measurements made with the capillary pressure probe agreed well with 

the set point. 

For a foam-quality scan conducted at constant gas velocity, the time-averaged 

steady-state capillary pressure increased then reached a plateau with increasing foam 

quality in the low-quality regime. Shown for the first time, the measured capillary 

pressure then transitions and decreases with increasing quality over a range of foam 

qualities in the high-quality regime before increasing again at the driest qualities. The 

capillary-pressure plateau in the low-quality regime implies that a limiting capillary 

pressure occurs in this region. Direct in-situ observations of the foam confirm that 

bubbles were finely textured in the low-quality regime and became coarser in the high-

quality regime corresponding to the measured decrease in steady-state capillary pressure. 

Bubbles became almost stationary when capillary pressure began to increase implying 

that a continuous-gas foam (i.e., continuous channels of gas flowing around trapped 

pockets of foam) had formed. 

Transient and hysteresis behavior of the foam was characterized. Most foam flow 

conditions reached steady state within 2 total pore volumes (PV) of total (gas + liquid) 

injection. The exceptions occurred in the transient-foam regime, and these conditions 

required more than 2, up to 10, PVs of injection to reach steady state. The capillary 

pressure and pressure drop measurements reach steady state at nearly the same time for 

any condition when the probe functions as intended. Liquid purging the aqueous portion 

of probe was required to obtain accurate measurements at some conditions. Most often, 

water purges were required either at the highest capillary pressures (in the low-quality 

regime) or when the foam was injected at higher velocity. 
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Foam quality scans were conducted at fixed gas velocity in a 143-Darcy sand 

pack with foam pre-generation. A known strong-foaming solution of 1 wt.% AOS12-16 in 

3 wt.% NaCl brine was selected. The overall pressure drop and capillary pressure were 

measured and the microscopic foam structure was filmed in situ. Both N2 and CO2 gas 

foams were tested. The following insights were gained: 

1. The plateau values measured for capillary pressure in the N2 system were 0.53, 

0.82, 1.02, and 1.14 psi for standard superficial gas velocities of 2.3 ft/day (8.2 × 

10-6 m/s), 7 ft/day (2.5 × 10-5 m/s), 21 ft/day (7.4 × 10-5 m/s), and 42 ft/day (14.8 × 

10-5 m/s) respectively. Therefore, the plateau capillary pressure increased with 

increasing gas and liquid velocities. 

2. Regardless of gas velocity, the capillary pressure curves for the N2 foam system  

decrease in the high-quality regime with increasing foam quality to a convergent 

value of around 0.3 psi. 

3. Transitions in capillary pressure and pressure gradient behavior were linked to 

foam texture (fine vs. coarse) and flow type (discontinuous bubble flow vs. 

continuous gas channel flow). Fine foam in the low-quality regime exhibits high 

pressure gradients (that change little with foam quality) and contains a region of 

plateau capillary pressure. Pressure gradient and capillary pressure for coarse foams 

or continuous-gas flow in the high-quality regime are a strong function of the gas 

fractional flow and liquid velocity.  

4. Transition foam qualities correspond to a transition between coarse and fine foam 

and depend mainly on the liquid velocity rather than being a fixed value. 
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5. Apparent viscosity curves of different gas velocity collapse onto one another in the 

high-quality regime and are a linear function of the fractional flow. 

6. Foam rheology is very shear thinning in the low-quality regime with a power-law 

exponent of -0.9 and is closer to Newtonian in the high-quality regime with an 

exponent of -0.28. Transitioning between regimes with increases in gas velocity 

resulted in a shift the rheological trend for the same foam quality. 

7. The CO2 foam exhibited expectedly lower pressure gradients and apparent 

viscosities than N2 foam while both gas types resulted in similar transition foam 

quality. Plateau capillary pressure for the CO2 foam was also lower than that of the 

N2 foam in accord with the lower pressure gradients. The differences between gas 

types might be due to differences in the permeability of lamellae in the foam to 

each gas. 

 

6.1.4. Conclusions on the Alkali-Surfactant-Foam Process 

In this work, the impact of in situ emulsification of heavy oil on alkali surfactant 

foam enhanced oil recovery (ASF EOR) was explored. A novel phase-behavior viscosity 

map (phase viscosity map) was proposed as an experimental method to aid in the rapid 

selection of optimal injection conditions for displacing heavy oil as a low-viscosity oil-in-

water (O/W) emulsion. The map is constructed by arranging test results of phase behavior 

in sealed pipettes on a plot of the log of added salinity vs. soap fraction and by overlaying 

viscosities measured from the same test samples on said plot. The characteristic soap 
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fraction 𝑋𝑠𝑜𝑎𝑝
𝑆𝑜𝑟  was selected as a benchmark to relate dynamic flow behavior in 

micromodel experiments to static phase behavior in sealed pipettes. The efficacy of 𝑋𝑠𝑜𝑎𝑝
𝑆𝑜𝑟  

as a benchmark was demonstrated by evaluating four flooding experiments (FE1-, FE1, 

FE3, and FE2), at different characteristic soap fractions and salinities, for consistency 

with predictions informed by the phase-viscosity map. Foam was found to be stable 

across all flooding experiments.  

In the most hydrophilic case (FE1-), 90% of the 5,855 cP heavy oil could be 

recovered at an apparent viscosity of 820 cP. This favorable result was due to wettability 

alteration towards water-wet and the formation of low apparent-viscosity O/W 

macroemulsions. Conversely, the most hydrophobic case (FE2) resulted in a lower total 

oil recovery (70%) accompanied by a large increase in apparent viscosity, likely due to 

the formation of W/O macroemulsions, as predicted by referencing the phase-behavior 

viscosity map. Thus, the map method is shown to help rapidly identify promising 

injection compositions for recovering heavy oil via in situ O/W emulsification during 

ASF EOR. Additionally, wettability alteration and bubble-oil pinch-off were identified as 

contributing mechanisms to the formation of O/W macroemulsions in the more 

hydrophilic flooding experiments. Foam was more effective at recovering oil in these 

cases (presumably due to more favorable mobility control). 
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Recommendations 

6.1.5. Recommendations on Foam Flow in Porous Media 

The development of a probe for measuring in-situ capillary pressures of a foam 

flowing in porous media opens the door to many new avenues of exploration in this field. 

The findings from this research have significant implications for the general physical 

description of foam flow in porous media. For instance, many authors have assumed that 

foam is at the limiting capillary pressure in the high-quality regime; whereas the 

measurements presented here illustrate that, at least for some experimental conditions, 

this assumption is incorrect. Several questions are raised from these findings that are of 

interest to answer in future studies:  

1. How can foam simulators predict multiple steady-state values of fractional flow for 

a given capillary pressure?  

2. If not lamellae rupture, what mechanism(s) are governing foam texture in the high-

quality regime? One possibility is that foam generation may cease in this regime 

unless a minimum pressure gradient is exceeded. 

3. What is the effect of surfactant formulation on the measured capillary pressure 

curve?  

Some questions also remain regarding the use and interpretation of capillary 

pressure measurements made by the capillary pressure probe: 



 181 

1.  If trapped foam pockets can store a pressure gradient, how best should the 

capillary pressure measured by the capillary pressure probe in a continuous gas be 

interpreted?  

2. Beyond the results in Section 4.1.5, How well do saturation estimates (e.g., from 

CT scans, resistance measurements, or mass balance) agree with the trends in 

capillary pressure probe measurements? 

 

6.1.6. Recommendations on the Alkali-Surfactant-Foam Process  

The phase behavior-viscosity map was shown to be a convenient tool for planning 

the alkali-surfactant-foam EOR experiments presented in this thesis. The following 

questions could be motivation for future work in this area: 

1. Does the phase-viscosity map method work for other systems with different viscous 

and heavy crude oils (with different acid components) and different surfactant 

formulations? 

2. How useful is the phase-viscosity map for predicting recovery of non-viscous 

conventional oil? 

3. How does oil recovery change when ASF is performed as a secondary step without 

the AS flooding step? 

4. Do sand pack and core flooding tests result in the similar trends from micromodel 

experiments? 
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Appendix A: High Pressure Sand Pack 
Design and Transducer Calibration 

The high-pressure sand pack was designed for a maximum allowable working 

pressure of 5,000 psi, but experimental pressures were kept less than 2,000 psi. 

Schematics and photographs of the sand-pack and capillary pressure probe module are 

shown in Figure A1. 
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Figure A1. a) Top and side-view cross-section schematics and b) Exploded view of 

the high-pressure sand-pack column. c) Front view photograph of the sand pack 

setup inside an oven. d) Back view photograph of the sand pack, stand and capillary 

pressure probe module. e) Photograph of the capillary pressure probe module. 
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The set up for calibration of the gas-purge and capillary-pressure transducers is 

given in Figure A2. The transducers (Validyne Engineering) were calibrated against a 

digital manometer (Series 490, Dwyer; accuracy = 0.25 psi) that was checked with a 

more precise constant pressure source (Fluigent). Because the capillary pressures are an 

order of magnitude lower than the pressure drops for foam flowing in 20/40 mesh sand, 

the accuracy of the manometer was checked at low- and high-ranges (< 1psi and > 1 psi 

respectively). It was found that maximum cumulative error for the calibrations of the 

manometer and the Pc transducer relative to the process value in the low range was 

approximately 12% (𝑒𝑟𝑟𝑜𝑟 = ∑(
𝑆𝑃−𝑃𝑉

𝑆𝑃
∗ 100). This value is typically <2% for 

experiments conducted at standard conditions in the ambient-pressure sand pack. The 

calibration profiles for all transducers are provided in the Figure A3. 

 

Figure A2. Transducer calibration set up. Constant pressure sustained by an air-

filled ISCO pump.  
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Figure A3. Manometer and transducer calibration profiles. 
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Appendix B: Capillary Pressure Probe 
Construction 

 

This probe can be incorporated into ambient pressure or high-pressure 

experimental setup for unconsolidated or consolidated porous media. The procedure is as 

follows: 

1. With a CO2 laser cutter, ablate 40-micron holes into a 1 cm long section of 

1/16th inch-diameter Teflon tubing. 

2. With heating, crimp seal one end of the Teflon tubing, and trim any excess 

Teflon. 

 

3. With a heat gun, heat the Teflon tubing until it softens and expands enough to 

slip over the end of a section of 1/16th in stainless steel tubing (flared on the 

end). Allow to cool. 
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4. To ensure a seal at the Teflon-stainless steel connection, add epoxy (JB weld 

Marine Weld Epoxy). Allow 24 hours to cure. 
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5. Simultaneously, epoxy a dry ¼” ceramic cup frit (Soil Moisture) (with a 

1/16th inch hole drilled in the center of the flat face) to the smooth side of a 

custom connector piece. Allow 24 hours to cure. 

 

 

6. Add a Teflon gasket to the side of the connector piece with straight threads 

and screw the connector onto the ¼ inch stainless steel line (internally 

threaded at one end to match the connector piece). Use thread sealant (Loctite 

5113) or Epoxy (JB Weld) on the threads and allow to cure under light torque 

to keep gasket compressed.  
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7. Tighten 1/16th-inch Swagelok connection. 
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8. Epoxy-seal the 1/16th stainless line inside the cup frit. Ensure the line is 

completely centered in the hole while the epoxy cures. Allow 24 hours to 

cure. Vacuum saturate probe with aqueous phase. 
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Appendix C: Surfactant Recycle Bottle 

A custom surfactant reservoir bottle was constructed. This bottle holds surfactant 

solution that is continuously pumped to (1) the inlet of the porous media, and (2) the back 

pressure regulator by an auxiliary pump. Ideally, the auxiliary pump keeps the BPR under 

constant pressure when fluids of differing viscosity flow simultaneously through it, and 

so, preventing wild pressure oscillations. The bottle also receives surfactant that drains 

from the foam breaking column. As seen in Figure C1, the bottle was installed a balance, 

and its weight is auto recorded every 10 seconds.  

 

Figure C1. Photograph of the custom surfactant reservoir bottle (left) and the bottle 

(with surfactant solution) placed on the balance (right).  
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Appendix D: Foam Breaking Apparatus 

Due to excessive foaming, a foam breaker was required to allow for recycling 

surfactant solution. Gas coming out of solution after passing through the back pressure 

regulator (BPR) resulted in a robust foam that quickly overflowed the surfactant solution 

vessel (Figure D1). This issue was not present in the ambient pressure experiments due 

to the lack of a BPR and thus the absence of a large pressure drop at the outlet.  

 

Figure 1. Photograph of unbroken foam overflowing the surfactant solution vessel. 

 

As exemplified in Figure D2, for a core flooding apparatus, the foam breaking 

apparatus can be implemented in an experimental system after the BPR and before the 

surfactant solution vessel. The foam breaker is circled in red. 



 218 

 

 

Figure D2. Simplified foam flow experiment piping and instrumentation diagram 

for consolidated porous media. 

 

As shown in Figure D3, the foam breaking apparatus primarily consisted of a 6 ft 

tall 2-inch diameter polycarbonate column. The bottom of the column was connected to 

the surfactant vessel which was in turn connected to the outlet of the foam test. A short 

section of the polycarbonate column was wrapped with heating tape. The tape was kept at 

a constant 60 °C via a temperature controller. The axial and longitudinal temperature 

gradient imparted in the polycarbonate column results in Marangoni flows in the lamellae 

of the foam as it passes through the heated section. This then results in local thinning of 

the lamellae such that they become unstable and break. The section of the column above 

the heated portion acts as a condenser. The condensed surfactant solution flows back into 

the surfactant solution vessel where it can be repumped through the porous media.  
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Figure D3. Photograph of the foam breaking apparatus with detail pop-out. 
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Appendix E: Practical Guide to Polymer 
Microfluidic Devices Applied to 

Characterizing Pore-Scale Event Processes 
in Porous Media for Oil Recovery 

Applications 

Microfluidic devices are versatile tools for studying transport processes at a 

microscopic scale. A demand exists for microfluidic devices that are resistant to low 

molecular-weight oil components, unlike traditional polydimethylsiloxane (PDMS) 

devices. Here, we demonstrate a facile method for making a device with this property, 

and we use the product of this protocol for examining the pore-scale mechanisms by 

which foam recovers crude oil. A pattern is first designed using computer-aided 

design (CAD) software and printed on a transparency with a high-resolution printer. This 

pattern is then transferred to a photoresist via a lithography procedure. PDMS is cast on 

the pattern, cured in an oven, and removed to obtain a mold. A thiol-ene crosslinking 

polymer, commonly used as an optical adhesive (OA), is then poured onto the mold and 

cured under UV light. The PDMS mold is peeled away from the optical adhesive cast. A 

glass substrate is then prepared, and the two halves of the device are bonded together. 

Optical adhesive-based devices are more robust than traditional PDMS microfluidic 

devices. The epoxy structure is resistant to swelling by many organic solvents, which 

opens new possibilities for experiments involving light organic liquids. Additionally, the 

surface wettability behavior of these devices is more stable than that of PDMS. The 

construction of optical adhesive microfluidic devices is simple yet requires incrementally 

more effort than the making of PDMS-based devices. Also, though optical adhesive 
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devices are stable in organic liquids, they may exhibit reduced bond-strength after a long 

time. Optical adhesive microfluidic devices can be made in geometries that act as 2-D 

micromodels for porous media. These devices are applied in the study of oil displacement 

to improve our understanding of the pore-scale mechanisms involved in enhanced oil 

recovery and aquifer remediation. 

G.1 Materials 

Details regarding the materials and instruments required for this protocol are 

provided in Table G1. 

Table G-1. List of Required Materials and Instruments 

Name Company Catalog Number Comments 

3 ml Leur-Lok Syringe Fischer Scientific 14-823-435 polypropylene 

10 ml Glass Syringe Fischer Scientific 1482698G   

Photomask CAD/Art Services     

Silicon Wafer University Wafer 452   

Propylene-Glycol-Methyl-Ether-Acetate  Sigma Aldrich 484431-4L   

Glass Petri Dish Carolina Biological 

Supply 

# 721134   

60 mm Plastic Petri Dish Carolina Biological 

Supply 

Item #741246   

Mask Aligner     EVG 620 

1mm Biopsy Punch Miltex, Plainsboro, 

NJ 

69031-01   

Industrial Dispensing Tip CML Supply Gauge 23   

Inverted Microscope Olympus IX-71   

Plasma System Harrick Plasma PDC-32G Plasma cleaner 

Polydimethylsiloxane (PDMS) Dow Corning, 

Midland, MI 

SYLGARD 184   

Norland Optical Adhesive 81 (NOA81) Norland Products 

Inc. 

8116   

Quick-Set Epoxy Fisher Scientific 4001   

Glass Slides Globe Scientific 

Inc. 

1321   

SU-8 2015 MicroChem SU-8 2015   
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Syringe Pump Harvard Apparatus Fusion 400   

Glass Capillary Tubing SGE Analytical 

Science 

1154710C   

High-Speed Camera Vision Research V 4.3   

Lauryl Betaine MACKAM LAB     

Alpha Olefin Sulfonate Stepan     

UV Curing System Novascan 

Technologies Inc. 

  PSD-UV 

Polyethylene Tubing Scientific 

Commodities Inc. 

#BB31695-PE/3   

 

1.2. Protocol for Micromodel Construction 

Device Design 

1. Design a photomask in a CAD software application. 

1.1. Draw a rectangular channel that is 3 cm long and 0.5 cm wide (Figure G-6-1b-

top right). 

 

Figure G-6-1. The fabrication of porous media micromodel devices. (a) 

PDMS-based Foam Generator: the CAD design, the photoresist mold on a silica 

wafer, and the completed device; (b) Optical adhesive-based heterogeneous porous 

media micromodel with layered permeability contrast: the CAD design, the 
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photoresist mold, the PDMS mold, and the completed device. The scale bars indicate 

approximately one inch. 

 

1.2. Create an array of enclosed shapes representing the grains of the porous media.  

Note: These shapes are referred to as posts because they will become three-

dimensional structures during the soft lithography process. The shape and size of the 

posts should be on the order of tens of microns and have a spacing of ten to one hundred 

microns. Multiple post sizes may be employed to create heterogeneity, and a section can 

be left bare of posts to simulate a fracture in the media.   

1.3. Draw inlet and outlet channels that are approximately one-third as wide as the 

porous media section. Draw a channel stemming from the inlet port to act as a drain. 

1.4. Draw a bounding box around the entire design with a minimum of 1.0 cm of 

clearance from the design. 

Note: The area between the bounding box and the borders of the design, as well 

as the posts, are to be made transparent on the photomask. 

1.5. Submit the CAD file to a company for high-resolution CAD printing 

Note: Optional: For a foam displacement experiment, design a microfluidic foam 

generator (Figure G-6-1a). Repeat step 1, omitting the design heterogeneity and 

bounding box. A flow-focusing geometry is recommended at the inlet before the porous 

media design. The flow spaces should be transparent on the photomask. 
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 PDMS Mold Fabrication 

2. Create a photoresist-patterned silicon wafer master mold in a clean room 

2.1. Spin-coat a 20 μm layer of photoresist onto a new silicon wafer at 2,000 rpm for 

30 s. 

2.2. Soft bake the wafer on a hot plate in two increments: 65 °C for 1 min followed by 

95 °C for 3 min. 

2.3. Use a mask aligner to pattern the photoresist layer with the CAD design using a 

constant dosage of 150 mJ/cm2. 

2.4. Perform a post-exposure bake on a hot plate in two increments: 65 °C for 1 min 

followed by 95 °C for 3 min. Allow the wafer to cool for 5 min. 

2.5. Immerse the wafer in 100 mL of propylene-glycol-methyl-ether-acetate in a glass 

crystallization dish. Gently agitate by hand for 10 min to develop the photoresist pattern. 

Rinse it with isopropanol and dry the wafer under a stream of dry air. 

2.6. Hard bake the wafer on a hot plate in two increments: 120 °C for 5 min followed 

by 150 °C for 10 min. Allow the wafer to cool for 15 min. 

3. Cast PDMS onto the silicon wafer master mold 

3.1. Mix a total of 30 g of the PDMS elastomer and curing agent in a 5:1 ratio inside a 

dust-free disposable container. 

3.2. Degas the PDMS in a vacuum desiccator for 30 min.  
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3.3. Pour the PDMS onto the photoresist-patterned silicon wafer master mold in a 150 

mm glass Petri dish. 

3.4. Place the Petri dish containing the wafer and PDMS in an 80 °C oven for 1 h. 

3.5.  Remove the Petri dish from the oven and allow the contents to reach room 

temperature.  

4. Prepare the PDMS mold for pattern transfer to optical adhesive 

4.1. Carefully cut the PDMS mold out using a scalpel and peel the mold away from 

the wafer. 

4.2. Clean and protect the PDMS mold using clear adhesive tape.  

4.3.  Place the PDMS mold, pattern-side up, in the bottom of a dust-free 60 mm plastic 

Petri dish. Allow 10 s for the PDMS to stick to the plastic. 

4.4. Protect the surface of the PDMS with clear plastic tape. 

 

1.2.1. Optical Adhesive Device Fabrication 

5. Cast optical adhesive onto the PDMS mold 

5.1. Remove the tape from the patterned surface of the PDMS and pour optical 

adhesive into the 150 mm Petri dish to a depth of approximately 0.9 cm above the top 

surface of the PDMS mold. Gently remove any bubbles with any type of cotton swab. 

6. Cure the optical adhesive under UV light for a total of 40 in a PSD-UV system.  
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6.1. Expose the Petri dish to UV light (254 nm) for 5 min. 

6.2. Invert the Petri dish such that the bottom is now facing the UV source, and expose 

the under-side to UV light for 5 min. 

6.3.  Invert the Petri dish, return it to the upright position, and re-expose the top side to 

UV light for 5 min. 

6.4.  Invert the Petri dish upside down again, and re-expose the bottom side to UV 

light for 10 min. 

6.5.   Invert the Petri dish back to the upright position, and re-expose the top side to 

UV light for 15 min. 

Note: The curing procedure is only applicable when the specified PSD-UV 

apparatus is used (Table G-1). Cure times will vary depending on the specific lamp that 

is used and on the exact thickness of the optical adhesive layer.  

7. Remove the cured optical adhesive from the PDMS mold 

7.1. Use a box cutter to carefully break the optical adhesive out of the Petri dish mold.  

7.2. Use a sturdy pair of scissors to remove excess optical adhesive from the edge of 

the design. 

7.3. Slowly peel the PDMS mold away from the optical adhesive puck. Protect the 

patterned portions of the optical adhesive surface and the PDMS surface with clear tape. 
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7.4. Use a 1.0 mm biopsy punch to create inlet, outlet, and drain holes. Protect the 

patterned optical adhesive with clear tape. 

8. Prepare the substrate 

8.1. Dispense 1 mL of optical adhesive onto a new glass slide, and spin-coat the slide 

in two steps: 500 rpm for 5 s then 4,000 rpm for 20 s.  

8.2. Quickly transfer the substrate to the UV light treatment, and partially cure the thin 

optical adhesive layer under UV light for 30 s. 

9. Bond the optical adhesive cast to the substrate 

9.1.  Place the optical adhesive cast, patterned side up, and the substrate, coated side 

up, in an O2 plasma cleaner. Plasma clean the surface for 20 s at 540 mTorr. 

9.2.  Firmly press the two treated surfaces together until all undesired air pockets have 

been minimized or removed. 

9.3. Fully cure the device under UV light for 20 min. 

9.4.  Place the device on a hot plate at 50 °C for 18 h. 

10. Insert a 6-inch-long segment of 0.58 mm ID low density polyethylene tubing 

(PE/3) into each of the ports on the device. 

11. Use a 5 min quick-set epoxy to secure the tubing in place. 
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Discussion 

Careful attention should be paid to several critical aspects of the photoresist-

patterned silicon wafer master-mold preparation portion of the protocol to avoid 

unsuccessful results. First, best practice dictates ramping the temperatures slowly (5 °C 

per min) during all baking steps. Fast heating can cause thermal stress fractures in the 

wafer. Second, photoresist adhesion to the silicon wafer should be promoted as 

necessary. When using a new wafer, separation incidents should occur infrequently, but if 

separation of the cured photoresist from the wafer is a problem, then preventative 

measures can be taken. A quick isopropyl alcohol rinse followed by a pre-bake step at 

110 °C for 10 min can result in better photoresist affinity for the surface of the wafer. 

Third, note that the parameters given in the procedure for UV dosage, baking times, 

baking temperatures, and developing times can be sensitive to changes in environmental 

conditions, instrument brand, and chemical batch number. Thus, resources should be 

allocated for several trials to tune these important parameters to eliminate issues such as 

over-polymerization, under-developed features, unresolved features, or poor adhesion to 

the wafer.  

Later in the protocol, several nuances of the device fabrication and experimental 

steps of this procedure can contribute significantly to successful results. For example, the 

nonstandard PDMS component ratio offers a couple advantages. Commonly for PDMS 

cross-linking, a 10:1 elastomer to curing agent ratio is used; however, a 5:1 ratio allows 

for a tougher polymer that cures faster and can be reused more times. For the actual 
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optical adhesive device preparation, one should note that the curing steps are all precisely 

tuned to avoid potential pitfalls. As such, partially curing the thin layer of optical 

adhesive on the substrate for the device is crucial for an extra strong bond to the cast 

portion. Furthermore, the optical adhesive is cured from both sides to ensure even curing 

throughout. If the optical adhesive has not fully cured, then the PDMS mold could be torn 

during removal from the cast. Conversely, if the optical adhesive is cured for too long, 

then the material becomes unfavorably tough. Over-cured epoxy can potentially break the 

punching tool used to make the port holes. If the cast is over-cured, the ports can be sand 

blasted or drilled with a 1 mm diameter drill bit on a drill press.  
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Appendix F: Surfactant Salinity/Blend 
Scan with IOS and LB  

To select a blend ratio of IOS and LB, phase behavior salinity scan tests were 

performed. The salinity levels of 1.5, 3.0, and 6.0 wt% were selected to simulate low-

salinity injection, sea water, and formation brine cases. The surfactant concentration, 

alkali concentration, and water-oil-ratio (WOR) were fixed at 1.0 wt%, 0.5 wt%, and 3:1 

respectively. The surfactant concentration of 1.0 wt% was the maximum concentration 

tested in the construction of the phase-behavior viscosity map. The IOS/LB weight ratio 

was varied in 20 wt% increments from IOS only to LB only. The procedure was as 

follows: 

1. 0.9 ml of 0.5 wt% Na2CO3 (Sigma-Aldrich) solution in DI water was 

transferred to a 15 ml glass vial. 

2. A pre-determined amount of 10 wt% NaCl solution was then added to the 

vial.  

3. A pre-determined amount of 5 wt% of each surfactant solution was then 

added to the vial.  

4. The appropriate amount of DI water was added to bring the total aqueous 

volume to 9 ml. 

5. 3 ml of the crude oil sample was added to the vial to bring the total 

volume to 12 ml. A WOR of 3:1 was used. 
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6. The vials were capped, mixed end-to-end overnight, and allowed to 

equilibrate for 10 days at room temperature. 

7. Photos were taken of the equilibrated samples. 

The contents of each vial are summarized in Table H1. 

Table H1 Surfactant Salinity/Blend Scan for IOS/LB Crude Oil: 

Vial Contents Summary (WOR = 3:1) 

Total Surfactant 

Concentration 

(wt%) 

Alkali (Na2CO3) 

Concentration 

(wt%) 

Salt (NaCl) 

Concentrations 

(wt%) 

Surfactant Blend 

Percentages (IOS/LB) 

(%) 

1.0 0.5 1.5, 3.0, 6.0 
100/0, 80/20, 60/40, 

40/60, 20/80, 0/100 

  

The phase behavior results for the blend scan with the IOS/LB alkali system in 

contact with the crude oil is shown in Figure H1. A surfactant blend ration of IOS/LB 

50/50 was selected because this ratio exhibited a WI to WII transition across the salinities 

of interest. The presence of this transition was necessary to examine the effect of Winsor 

type on flow behavior. 
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Figure H1. Phase behavior for surfactant salinity/blend scan. The vertical black 

lines indicate the transition from a Winsor I to a Winsor II system. 
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Appendix G: Effect of Post-Equilibration 
Mixing on the Phase-Behavior Viscosity 

Map  

The effect of post-equilibration mixing on the viscosity measurements from 

falling sphere viscometer is interpreted from Figure I2.  

 

Figure I2. Effect of post-equilibration mixing on the phase-viscosity map. Map a) on 

the left is plotted with viscosity data measured after 412 days of equilibration before 

any re-mixing of the samples whereas map b) is plotted with data measured after 

the samples were re-mixed. 

 

By comparing the color range on each plot, the effect of mixing before measuring 

the apparent viscosity becomes clear. The apparent viscosity values on the map with data 
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for samples that remained undisturbed for 412 days, Figure I2a, spans from 600 to 

16,500 cP while those measured immediately after mixing, Figure I2b, cover a wider and 

lower reaching range of 8.5 to 15,000 cP. Most likely, a thin layer of separated bulk oil 

was present on top of the upper layer macroemulsion in the aged undisturbed samples. 

This highly viscous oil layer contributed to the higher apparent viscosities of the WI 

samples compared to that of the post-mixed samples for which this layer would be 

emulsified into the macroemulsion layer. Between these two maps, the post-mixing data 

more closely captures the diversity of apparent viscosities during micromodel flooding. 

Thus, the plot in Figure I2b is better suited as a tool for interpretation of the system 

behavior during dynamic micromodel floods. 
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