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ABSTRACT 

Visualization of Crude Oil Displacement by Foam Enhanced Oil 
Recovery (EOR) in Microfluidic Devices 

by 

Siyang Xiao 

Foam flooding, as an enhanced oil recovery (EOR) process, has become of 

great interest to the oil industry. However, the mechanism of oil displacement by 

foam has not been fully understood. This thesis describes the visualization of foam 

on a pore-scale level using microfluidic devices. A micro model patterned with a 

heterogeneous porous media was designed to mimic reservoir with permeability 

contrast. The micro model is made with Norland Optical Adhesive 81 (NOA81), an 

optical transparent material with high organic resistance available for crude oil 

tests. Foam was injected into the reservoir micro model to displace trapped crude 

oil. The smart rheology of foam can help mitigate reservoir heterogeneity by 

separating into dry- and wet-phases such that the flow resistance in high-perm 

region is much higher than that in low-perm region. Bubbles could block the high-

perm region and divert more fluids to displace the oil in low-perm part. One 

hypothesis is that the phase separation of foam is due to the difference in capillary 

entry pressure. Thusly foam shows a better sweep efficiency compared to gas and 

water flooding. 
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This thesis also compared different injection foam quality for different 

surfactant solutions. Results showed that higher foam quality has better sweep 

efficiency, especially in low-perm region. This is because high foam quality can 

create denser lamellae that increase flow resistance, which will thusly divert more 

liquid phase into low-perm region, improving oil displacement. Foam made with 

mixture of Lauryl Betaine (LB) and C14-16 Alpha Olefin Sulfonate (AOS) showed a 

better sweep compared to foam consisting of only AOS. The reason is that AOS foam 

tended to collapse more easily, changing to very coarse foam. 
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Chapter 1 

Introduction 

1.1.  Oil Recovery 

Oil recovery is the process of extracting oil from subsurface formations. This 

process can undergo three stages: primary, secondary and tertiary recovery. In 

primary recovery stage, oil is driven by natural forces such as the flow or expansion 

of natural water or the gas cap in the reservoir. In secondary recovery, industrial 

techniques are applied to increase reservoir pressure to extract oil, for example 

water flooding and gas injection. Tertiary recovery is the stage when primary and 

secondary recoveries have been applied, and other techniques are used to extract 

residual oil in reservoir. Tertiary recovery is also referred as Enhanced Oil Recovery 

(EOR), which is “oil recovery by the injection of materials not normally present in 

the reservoir.” (Lake, 1989)  
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Figure 1.1 – Classification of oil recovery (Lake, 1989) 

The primary recovery typically can extract 5-15% of the original oil in place 

(OOIP). Then secondary recovery can generate another approximate 25% of OOIP. 

Primary and secondary recoveries are considered as “conventional recovery”, they 

can overall extract 30-50% of OOIP. Additional 5-35% of OOIP can be recovered by 

EOR. (Tzimas et al., 2005) This portion of oil is also valuable since crude oil is not a 

renewable resource. As the need for oil is increasing and the price for EOR 

technique is declining, oil company and researchers are seeking more to improve oil 

recovery. (Alvarado & Manrique, 2010) 

1.1.1. Enhanced Oil Recovery (EOR) 

Many techniques have been used in EOR: thermal EOR, chemical EOR, and 

solvent EOR are the most common. (Lake, 1989) For example, surfactant alternated 

gas (SAG) is a method of foam assisted EOR. (Li et al., 2008) Surfactant solution and 

gas are alternatively injected into sand-pack sample so that they can generate foam 
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in situ in the porous media. According to their result, after only 1 PV injection, 

sweep efficiency of SAG is higher than 90% compared with water alternated gas 

(WAG) and water-flood. Notice that “sweep efficiency” 𝐸 is the amount of oil been 

displaced over oil that in place. This is a parameter used to evaluate EOR 

performance. 

𝐸 =
amount of oil displaced
amount of oil in place

= 1 −
𝑆
𝑆𝐼

 

Equation 1.1 

where 𝐸 is sweep efficiency, 𝑆𝐼 is oil saturation initially in place and 𝑆 is oil 

saturation after sweep.  

1.1.2. Principles of EOR 

In a fundamental perspective, two principles are applied to improve EOR: 

reduction of mobility ratio and increase of capillary number. By understanding 

these principles, we can more effectively improve EOR processes. 

1.1.2.1.  Reduction of Mobility Ratio 

In EOR, oil is referred as “displaced phase” and fluid injected into reservoir to 

displace oil is referred as “displacing phase”. Mobility ratio is used to compare 

mobility of displacing phase and displaced phase. 
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𝑀 =
𝜆𝑓

𝜆𝑜
 =

𝑘𝑟,𝐷 𝜇𝐷
⁄

𝑘𝑟,𝑑 𝜇𝑑
⁄

 =  
𝑘𝑟,𝐷𝜇𝑑

𝑘𝑟,𝑑𝜇𝐷
 

Equation 1.2 

where 𝑀 is mobility ratio, 𝜆𝐷 and 𝜆𝑑 are mobility of displacing phase and 

displaced phase, 𝑘𝑟,𝐷 and 𝑘𝑟,𝑑 are relative permeability of displacing phase and 

displaced phase, 𝜇𝐷 and 𝜇𝑑  are viscosity of displacing phase and displaced phase. 

From Darcy’s Law, mobility is proportional to permeability 𝑘 and inversely 

proportional to viscosity 𝜇. This will be further discussed in Chapter 2. (Conn et al., 

2014) 

Mobility, 𝜆, represents the ability for a fluid to mobilize, or flow, in porous 

media. With higher mobility, a fluid can pass through porous media more efficiently 

and quickly. So when mobility ratio 𝑀 is lower than 1, the mobility of oil is relatively 

higher than the displacing fluid. (Lake, 1989) 

A method to lower the mobility ratio is to increase the viscosity of displacing 

fluid 𝜇𝑓 and decrease the relative permeability of displacing fluid 𝑘𝑟,𝑓. In foam EOR, 

foam is the displacing phase. Foam can have a higher viscosity 𝜇𝑓 because of 

resistance increased by lamellae. Besides, because of the bubbles trapped in porous 

media, foam can also decrease relative permeability 𝑘𝑟,𝑓. In terms of these aspects, 

foam is favorable for displacing oil in reservoir. (Conn et al., 2014; Lake, 1989) 
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Other EOR techniques can also be implemented to lower mobility ratio. For 

example, steam flooding can increase temperature in reservoir so that the viscosity 

of the oil is decreased for easier displacement. 

1.1.2.2. Increase of Capillary Number 

Capillary number compares viscous force and capillary force in porous 

media, which is defined as follow: 

𝑁𝐶𝑎 =  −
𝑘∇𝑝

𝛾
 

Equation 1.3 

where 𝑁𝐶𝑎 is capillary number (dimensionless), 𝑘 is permeability of porous media, 

∇𝑝 is pressure gradient and 𝛾 is interfacial tension of displaced phase and displacing 

phase.  

Capillary forces play an important role in trapping oil in porous media. If 

capillary forces can be reduced so that viscous forces dominate, oil can be displaced 

efficiently. To achieve a better EOR, the capillary number should be increased by 

lowering interfacial tension 𝛾. 

A method to decrease interfacial tension is to use surfactant. Surfactants are 

usually amphiphilic molecules with combination of hydrophilic “head group” and 

hydrophobic “tail”. This unique structure enables surfactant molecules to partition 

at the interface between water and oil or water and air.  The presence of a low 
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concentration surfactant can dramatically reduce interfacial tension between two 

fluids. In foam EOR, surfactants can lower the interfacial tension between oil and 

water thereby increasing capillary number. This explains how foam can be used to 

reduce the mobility ratio and increase improve EOR. 

1.1.3. Crude Oil 

Crude oil is a very complex mixture, which contains primarily hydrocarbons. 

Under reservoir conditions, paraffins, naphthenes, aromatics and asphaltenes exist 

in crude oil. Fractions of these components varies widely for different reservoirs. 

(Pedersen & Christensen, 2007) Compare to long chain hydrocarbons, small chain 

hydrocarbons can be more harmful to foam. (Osei-Bonsu, Shokri, & Grassia, 2015)  

The reservoir can be considered to be a type of porous media, where the pore 

sizes can vary from under 10 μm to over 100 μm and pore throats can vary from less 

than 1 μm to greater than 10 μm. There is also a range of permeabilities, which 

range from as low as μdarcy to as high as 100 mdarcy. (Nelson, 2009) Such small 

pores can have very high capillary pressure that traps oil. Existence of fractures in 

rocks also adds complexity of geometry of reservoir. Thus, investigating a 

complicated porous media geometry is worthwhile to understand what is 

happening in the reservoir. 
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1.2. Microfluidics 

Microfluidics, also referred to as “lab on a chip”, is the science of 

manipulating small amount of fluid in tiny featured devices. Research in 

microfluidics are focused on combined and analyzing fluid flow and fabrication of 

devices. The smallest feature of a microfluidics devices can vary from hundreds of 

nanometers to millimeters. (Stone, Stroock, & Ajdari, 2004; Whitesides, 2006) 

Microfluidics has been widely used in research due to its advantages: 

inexpensive and fast fabrication; requires very small amounts of sample; high 

resolution control and observation; and adjustable material properties. 

Microfluidics devices are usually very small and Figure 1.2 shows a typical size of 

microfluidics channels on glass slides. Although they have a similar size to coins, the 

functions they can accomplish are tremendous: filtering chemicals, generating 

foams and carrying cells, for example. Also when restricting the fluid flow into such 

small and compacted channels, the mystery of the micro world is unveiled to 

humans. This attracts researchers to conduct various experiments that cannot be 

fulfilled in traditional ways. And all these features make microfluidics popular in cell 

biology, multiphase flow, and chemical analysis. (Whitesides, 2006) 

Microfluidics also has great potentials in EOR research. As a kind of porous 

media, oil reservoirs have structures with micro-meter or nano-meter magnitude. 

Tiny features allow microfluidic devices to mimic conditions of reservoir. These 

types of application will help understand more about flow in reservoirs at the pore-

scale level.   
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Figure 1.2 – Size of Microfluidics devices 

1.3. Thesis Overview 

In foam assisted EOR, the behavior of foam plays as a very important role in 

efficiency of oil recovery. Pores in real reservoirs are at microns’ magnitudes or 

smaller. Understanding foam behavior in a micro scale is very helpful in EOR 

research because they will provide a pore-scale view of how foam works when 

displacing trapped oil in porous media.   

However, traditional experiments in foam EOR are mostly based on core 

sample or sand pack system. (Haugen et al., 2012; Li et al., 2008) One disadvantage 

of these experiments is that it is very hard to visually observe the flooding process 

in pore level.  
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Some researches related to foam flowing in porous media and foam EOR 

have been performed with application of microfluidics, but none of them have 

investigated foam displacing crude oil in porous media made by microfluidics 

devices. (Conn et al., 2014; Gauteplass et al., 2015; Ma et al., 2012) 

This thesis provides a scheme of visualizing foam EOR on microfluidics 

devices. As to mimic EOR in reservoir, experiments in this thesis use foam to 

displace crude oil. Heterogeneous micro model of reservoir is patterned with 

different permeability regions and fracture. Foam is pre-generated by a 

microfluidics based foam generator. Novel features of this scheme compared to 

previous researches are as follow. 

1. Microfluidics is applied to oil recovery research. This work provides a pore-

level observation of foam EOR on microfluidics devices. Unlike previous work, 

images captured in this work are at higher resolution and faster frame rate. 

Behaviors of foam are clearer than before, which is helpful in understanding 

foam flow. (Ransohoff et al., 1988) 

2. Reservoir micro model is made by Norland Opitcal Adhesive 81 (NOA81), a 

material that is compatible with crude oil. Fabrication for NOA81 microfluidics 

devices is easy and fast and the fabricated devices have perfect optical 

transparency and strong organic resistance. NOA81 can thusly provide good 

visualization and be capable for tests involved with crude oil. (Philip Wägli et 

al., 2011; Philip Wägli et al., 2010) 
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3. Crude oil is used in this work. As described in former section, crude oil is 

complex mixtures with different chain length hydrocarbons. Previous research 

indicates that chain length of hydrocarbons in oil can largely affect foam 

stability. Hydrocarbons with small chain is more unfavorable for foam than 

hydrocarbons with long chain. At presence of crude oil, foam breaks easily and 

can form a weak foam. (Li et al., 2012; Motealleh et al., 2005; Osei-Bonsu et al., 

2015) 

4. Foam transport in heterogeneous reservoir micro model. Previous researches 

have proved that foam can cause flow resistance difference in regions with 

different permeability which can thusly improve sweep efficiency. But they 

have not investigated such behavior in micro scale at the presence of crude oil. 

This thesis will further examine this phenomenon.  

This thesis will first introduce backgrounds and fundamentals of foam in 

Chapter 2. Focus will be on foam transport in porous media. Then Chapter 3 will 

discuss micro-fabrication involved in experiments. In Chapter 4, details of 

experiments, data processing and results analysis will be discussed. Chapter 5 will 

briefly summarize this thesis and evaluate the performance of proposed schemes. 
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Chapter 2 

Foam Transport 

Foam is “dispersion of gas in liquid” where gas phase is discontinuous phase 

and liquid is continuous phase. (Falls et al., 1988) Liquid film that separates gas 

bubbles is called “lamella”. The foam system is thermodynamically metastable. 

Because interfacial area between two phases is very large and bubbles tend to 

coalesce to reduce interfacial area to reduce interfacial free energy. (Farajzadeh et 

al., 2012) So foaming agent is required to form a strong foam. The foaming agent can 

be surfactant or absorbing macromolecular solutes. (Berg, 2010) 

2.1. Surfactant in Foam 

Surfactant, or surface active agent, plays a very important role in foam EOR. 

Surfactant is usually an amphiphilic molecule consists of hydrophobic and 

hydrophilic parts. The hydrophobic part, also referred as “hydrophobic tail”, is long 

chain of hydrocarbons, which prefer attaching to fat or air. The hydrophilic part, or 
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“head group”, is usually highly polar or ionized group, which tends to stay in 

aqueous phase. This unique structure allows surfactant to adsorb at interfaces, such 

as water-air or water-oil interfaces. As a result, surfactant can lower interfacial 

tension between two phases. For example, 0.01 M surfactant can reduce surface 

tension of water from 72mN/m to lower than 40 mN/m. As interfacial tension been 

reduced, it is easier for two phases to form colloidal system, such as foam for water 

and air, or emulsion for water and oil. (Berg, 2010) 

Based on type of head group, surfactant can be categorized into Nonionic, 

Anionic, Cationic and Zwitterionic. Anionic surfactants have negatively charged 

functional head group. Examples are C14-16 Alpha Olefin Sulfonate (AOS, 

(CH2)nCH=CHSO3Na, n=12 and 14) and Sodium Dodecyl Sulfate (SDS, NaC12H25SO4), 

which is commonly used in detergent. On the contrary, cationic surfactants are 

positively charged on the head group. Zwitterionic surfactants have anionic and 

cationic heads. Betaines such as Lauryl Betaine (LB, C17H35NO2) are common 

zwitterionic surfactants. Nonionic surfactants do not have charges on the head 

group.   

When different types of surfactants are mixed in solution, synergism 

between them exist. Usually this will further reduce interfacial tension and create 

stronger foam. For example, when anionic and zwitterionic surfactant co-exist at 

interface, zwitterionic surfactants can pack between anionic surfactant molecules. 

The positive charged head group of zwitterionic surfactant can reduce repulsion of 

negative charged head group of anionic surfactant. As a result, packed surfactant 
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molecules at interface will become denser which can build up a more stable 

interface.  

 

Figure 2.1 – Scheme of surfactants packing at interfaces in reservoir 
(Farajzadeh et al., 2012)  

2.2. Foam Generation 

In oil industry, three types of injection can create foam: surfactant 

alternating gas injection (SAG), gas and liquid co-injection, and preformed foam 

injection. (Farajzadeh et al., 2012) SAG injection is to alternatively gas and liquid 

slug injection into reservoir. (Li et al., 2008) Co-injection is to inject gas and liquid 

phase simultaneously into reservoir at a fixed flow rate ratio. Preformed foam 

injection is using filter to generate foam before injection into reservoir. For SAG and 

co-injection, foam will in-situ generate in the reservoir, which is type of porous 
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media. But gas prefer the path with lowest pressure in the porous media and may 

only flow on this path, which is also termed as “gas breakthrough” or “gas finger”. 

Existence of such gas breakthrough will dramatically weaken efficiency of foam 

formation, thus decreasing oil displacement. Preformed foam injection can largely 

improve gas breakthrough problem, but it requires stronger surfactant that can 

keep foam stable and higher injection pressure.  

In porous media, three main mechanisms contribute to formation of foam: 

snap-off, lamella-division and leave-behind. Other foam generation mechanism has 

been reported by Liontas et al., where neighbor bubbles can also contribute to 

forming more bubbles. Figure 2.2 shows these mechanisms. (Kovscek & Radke, 

1994; Liontas et al., 2013)  

The leave-behind mechanism is shown as Figure 2.2-(a). As two gas fronts 

are moving through neighbored pore throat, they tend to squeeze liquid behind the 

obstacle and form a new lamella. If not sufficient surfactant left in the lamella, it will 

rupture.  

The snap-off mechanism is shown as Figure 2.2-(b). When gas is passing pore 

throat, gas front starts to expand. So curvature in the front decreases and becomes 

smaller than the neck, creating lower capillary pressure in the front. This lowering 

capillary pressure forms liquid pressure gradient where neck has lower pressure, 

thus causing liquid to flow back into neck and finally snap off the gas front into a 

bubble.  
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The lamella-division mechanism is shown as Figure 2.2-(c). It is different 

from leave-behind and snap-off, because it requires pre-formed lamella. When this 

lamella is pushed by gas bubble and in contact with obstacle, it can be separated 

into two lamellae. This is more common for large bubbles.  

Ransohoff et al. used packed glass beads as porous media to observe foam 

generation and concluded that critical capillary number existed for types of different 

mechanisms. Above this number, snap-off and lamella-division dominates the foam 

generation; while below this number, leave-behind dominates. Compared with 

leave-behind, mechanisms of snap-off and lamella-division can form new gas 

bubbles which may block gas bubbles flow path to increase flow resistance, thus 

increasing pressure drop. Lamellae formed by these mechanisms are perpendicular 

to flow direction create discontinuous gas bubbles. And these mechanisms can occur 

in the same place for many times so they are more efficient in forming more 

bubbles. So snap-off and lamella-division can form stronger foam. (Dicksen et al., 

2002; Ransohoff et al., 1988) 

Some other research reported new mechanisms for foam generation. Liontas 

et al. have observed foam generated by neighbor-induced bubble pinch-off, shown 

in Figure 2.2-(d). Two mechanisms are included: neighbor-wall pinch off and 

neighbor-neighbor pinch off. When a bubble is squeezed by curved obstacle and 

surfaces of neighbor bubbles, it can be pinched off to form a new bubble, which is 

called as neighbor-wall pinch off. Similarly, for neighbor-neighbor pinch off, when a 



  

 16 

bubble is squeezed by two bubbles on the side, it can also be broken off into new 

bubble. (Liontas et al., 2013) 

 

Figure 2.2 – Mechanisms of foam generation in porous media (Kovscek 
& Radke, 1994; Liontas et al., 2013) 

2.3. Foam Stability 

As mentioned before, foam is metastable system. Lamellae has ability to “self-

healing” because of Gibbs Elasticity, but they tend to collapse naturally. Many causes 

can contribute to coalescence. For examples, pressure gradient across curved 

lamellae can drive gas diffused from high-pressure bubbles into low-pressure 

bubbles. By such diffusion, small bubbles with high curvatures, high pressure can 

disappear gradually. In addition, acceleration of lamella drainage, thinning of film, 
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existence of organic solvent, surface wettability, temperature variation and ionic 

strength can all affect stability of surfactant produced foam. (Abdallah et al., 1986; 

Berg, 2010)  

2.4. Foam Transport in Porous Media 

2.4.1. Darcy’s Law 

Darcy’s Law shows volumetric flow rate is proportional to pressure gradient 

for flows in porous media. The equation is shown as follow: 

𝑞 =
𝑘𝐴
𝜇

𝑑𝑝
𝑑𝑥

 

Equation 2.1 

where 𝑞 is volumetric flow rate, 𝑘 is permeability of porous media, 𝐴 is cross-

sectional area, 𝜇 is viscosity of flow, and 𝑑𝑝/𝑑𝑥 is the pressure gradient across bulk 

flow direction.  

Mobility 𝜆 is given by, 

𝜆 =
𝑘
𝜇

 

Equation 2.2 
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Permeability is the ability a fluid can flow through a porous media. In high 

permeability region, fluid can flow more easily through the porous media than that 

in low permeability region. Unit of permeability is often used as “darcy”, where 

1darcy = 9.869233×10−13 m². 

These equations served as fundamental fluidic mechanisms for porous media 

in macroscopic view. For multi-phase flow, permeability can be separate to absolute 

permeability and relative permeability. These correlations show that permeability is 

an important factor for flow transport in porous media. (Donaldson et al., 1985; 

Lake, 1989) 

2.4.2. Foam Strength 

Foam strength is generally represented by apparent viscosity of foam. Strong 

foam comes with high apparent viscosity. Viscosity of multi-phase flow is not easy to 

measure. But by reforming equation of Darcy’s Law, apparent viscosity can be 

correlated with pressure drop. In porous media, apparent viscosity is proportional 

to pressure drop, or flow resistance: 

𝜇𝑎𝑝𝑝 = −
𝑘
𝑢

∇𝑝 

Equation 2.3 

where 𝜇𝑎𝑝𝑝 is apparent viscosity of foam, 𝑘 is permeability, 𝑢 is superficial velocity 

and ∇𝑝 is gradient of pressure.  

https://en.wikipedia.org/wiki/Square_metre
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Figure 2.3 – A comparison of foam strength. (Zeng, 2015) 

Figure 2.3 shows a correlation between foam quality and foam strength. As 

foam quality increases, foam strength increases. But when the foam quality reach to 

critical points, foam strength will sharply decrease. This is because the existence of 

lamellae in foam can dramatically increase flow resistance. Low foam quality is 

more like single phase liquid flow whereas high foam quality more like gas flow. 

These types of flow have less dense lamellae, thus they have low viscosities 

compared to strong foam. Before reach to critical points, higher foam quality can 

create stronger foam. 
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2.4.3. Interfacial Phenomenon 

In micro scale, interfacial forces in multiphase flow can be more important 

than gravity. Bond number is used to compare interfacial forces and gravity. 

(Günther & Jensen, 2006) 

𝐵𝑜 =
(∆𝜌)𝑔𝑑2

𝛾
 

Equation 2.4 

where ∆𝜌 is difference of density of two phases, d is characteristic dimension of 

channel, g is gravity constant and 𝛾 is interfacial tension of two phases. 

 When 𝐵𝑜 << 1, interfacial forces dominate over gravity. For example, a 

surfactant solution has a surface tension of 40 mN/m, and density difference 

between air and this surfactant solution is similar to density of surfactant solution 

which is about same as water. For example, for experiments conducted in this thesis, 

foam flows in a micro channel with hydraulic diameter of d = 20 μm, and magnitude 

of Bo is as low as 1×10-4, in which condition interfacial forces are dominant.  

For the foam flow in porous media, interfacial forces including interfacial 

tension, surface wettability and capillary pressure, are governing. This section will 

discuss interfacial phenomenon and related parameters. 
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2.4.3.1. Wettability and Interfacial Tension 

Wettability the ability of a solid to be contacted by a fluid. When a droplet is 

placed on a solid surface, angle between solid-liquid interface and liquid-vapor 

interface at the contact point is called “Contact Angle”. Contact angle can be used to 

describe wettability of a surface. When contact angle is lower than 90°, liquid tend to 

wet the surface; when contact angle is higher than 90°, the liquid has a low 

wettability on the surface.  

For the same surface, liquids with different wettability and be displaced by 

each other. For example, a droplet on the surface will be displaced by liquid that is 

more wetting on the surface. This example can be explained why some oil is hard to 

be recovered. For oil wetted reservoir, oil is wetting phase compared to flooding 

phase. That is also why understanding of wettability is very important for EOR. 

(Abdallah et al., 1986) 

Surface tension is “the contractile tendency of fluid interfaces”. (Berg, 2010) 

This “contractile tendency” is caused by forces between liquid molecules. The 

intermolecular forces can be physical interactions (van der Waals forces) or 

chemical bond (i.e. hydrogen bonding). (Israelachvili, 2011) To be specific, “surface 

tension” is used for tension of liquid-gas interface and “interfacial tension” is used 

for tension of liquid-liquid interface.  

Young’s equation can be used to correlation between interfacial tension and 

static contact angle.  
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cos 𝜃 =
𝛾𝑆𝐺 − 𝛾𝐿𝑆

𝛾𝐺𝐿
 

Equation 2.5 

where 𝜃 is contact angle and 𝛾𝑆𝐺 , 𝛾𝐿𝑆  and 𝛾𝐺𝐿 are interfacial tensions of solid-gas, 

liquid-solid and gas-liquid respectively. This equation is applied for liquid droplet 

on a flat solid surface, and contact angle must be at equilibrium. 

2.4.3.2. Young-Laplace Equation and Capillary Pressure 

At the interface between two fluids or between fluid and gas, due to the 

interfacial tension, there is a pressure drop across curved interface. This pressure 

drop is called “capillary pressure”, and Young-Laplace equation is derived to 

capillary pressure, 𝑝𝑐, with respect to interfacial tension 𝛾 and interface curvature 𝜅, 

as follow: 

𝑝𝑐 = 𝛾𝜅 = 𝑝′′ − 𝑝′ 

Equation 2.6 

where 𝑝′′ is pressure on the concave side and 𝑝′ is the convex side. Note that 

pressure of concave side is higher than convex side. Curvature 𝜅 can be presented 

by two principal radii of curved interface 𝑅1 and 𝑅2, or mean radius 𝑅𝑚. 
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𝑝𝑐 = 𝛾 (
1

𝑅1
+

1
𝑅2

) =
2𝛾
𝑅𝑚

 

Equation 2.7 

When consider capillary pressure in porous media, because interfaces are 

also confined by the narrow space, contact angle is also a factor accounted for 

capillary pressure. Assume water in a capillary tube with radius of 𝑟, water will form 

a meniscus due to capillary rise. If the radius of meniscus is 𝑅 and contact angle of 

water with tube surface is 𝜃, their relationship is given as: 

cos 𝜃 =
𝑟
𝑅

 

Equation 2.8 

which then gives capillary pressure as: 

𝑃𝑐 =
2𝛾 cos 𝜃

𝑟
 

Equation 2.9 

where 𝑃𝑐  is capillary pressure, 𝑃𝐷 and 𝑃𝑑  is pressure of displacing phase and 

displaced phase, 𝜃 is contact angle of displaced phase on solid surface, 𝑟 is radius of 

pore and 𝛾 is interfacial tension between displacing and displaced phase. (Abdallah 

et al., 1986; Hui & Blunt, 2000) 
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Notice that difference between Equation 2.8 and Equation 2.9 is that 

Equation 2.9 correlates capillary pressure with geometry of tube 𝑟 whereas 

Equation 2.8 correlates capillary pressure with interface curvature 𝑅. 𝑃𝑐  in Equation 

2.9 is also described as “Capillary Entry Pressure”. In porous media, if the fluid has a 

pressure higher than 𝑃𝑐 , it can override the capillary pressure and enter the pore 

space. 

As discussed before, in small size channels like porous media, interfacial 

forces are dominant. In porous media, capillary pressure is a dominant factor that 

trap the oil. When oil is trapped in tiny pores, foam must have a pressure higher 

than the capillary pressure that holds oil to displace oil. (Conn et al., 2014; Hirasaki 

et al., 1985)
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Chapter 3 

Microfluidics and Fabrication 

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 micrometers.” (Whitesides, 2006) Microfluidic 

researches focus on what they can do, where they can be applied to and how they 

can be made. Generally, microfluidic devices can be designed with a very compact 

pattern and then can be embedded onto a very small size glass slide, which can have 

a similar dimension to a coin. For most of the applications of microfluidics, devices 

are also embedded with minute reactors, pumps, sensors and electronics system etc. 

Many researches can be applied on microfluidics devices. For example, 

manipulation of flows and droplets, research in cell biology, control and observation 

of chemical reaction, and some other directions. Microfluidics is also called as “Lab 

on a Chip”, because many experiments, which are traditionally conducted in a lab, 

can now be completed simply on a tiny chip. (Stone et al., 2004; Whitesides, 2006)  
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3.1. Introduction of Microfluidics Fabrication 

The fabrication of microfluidic devices plays as the most important role in 

researches and applications of microfluidics. Because whether the devices are made 

properly determines how the experiments will be fully conducted. The most 

common fabrication for microfluidic devices is etching. In micro-fabrication, etching 

is using techniques to remove layers on surface of wafers. (Jaeger, 2002)  Here the 

wafer usually refers to silicon wafer or gas substrate; layers can be either polymer 

or other materials coated on the wafer, or the wafer itself. Techniques of etching can 

be either physically attack, for example Reactive-ion Etching (RIE) and Deep 

reactive-ion Etching (DRIE) or chemically removal, for example Wet Etching. 

Another technique which can also considered as etching is photolithography. This is 

to coat a layer of light sensitive material on a wafer, use a patterned photo mask to 

protect layer, expose wafer under UV light to change properties of layers and then 

use chemicals to remove useless layers.  

For Wet Etching, it is very difficult to achieve a completely anisotropic, which 

means walls of a channel can hardly be totally vertical to the surface of layers. RIE 

and DRIE can create higher precision and tinier features, but they require a very 

long time to finish the etching and the machine for these techniques are expensive 

and complicated. Compared to these techniques, photolithography usually requires 

much less time for micro-fabrication and can create an acceptable precision. For 

example, to make a PDMS micro channel by photolithography, it can take less than 

24 hours from design pattern to a final microfluidics device. Smallest features in a 
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PDMS micro channel can vary from 1 to 100 microns, which normally can satisfy 

most of the researches for microfluidics. (Grosse et al., 2001; Nayak et al., 2012) 

Many materials are used for microfluidic devices. Depending on purpose of 

devices, either for industrial production or academic research, there are many 

advantages and disadvantages for each material. Glass and silicone are two 

commonly used materials which are usually made by etching. Especially the glass 

microfluidic devices, because they can get to a higher resolution, and glass has a 

better surface stability and solvent compatibility. Also glass can sustain a higher 

pressure and temperature. But fabrication for glass and silicone is laborious, time 

consuming and expensive. (Duffy et al., 1998) For laboratory research, it is optimal 

that fabrication can be completed within short time but with acceptable resolution. 

To satisfy this goal, rapid prototyping polymers have been introduced in recent 

decades. Some examples of these polymers are Polydimethylsiloxane (PDMS), 

Poly(methyl methacrylate) (PMMA), Polycarbonate (PC) and Norland Optical 

Adhesive (NOA) et al. (Wu et al., 2009) Under many working conditions, they can 

serve as great alternative material for glass. For materials like PDMS, soft 

lithography, or replica molding, is used in the fabrication. This is to cast PDMS on to 

a mold made by SU-8 photoresist and then let PDMS cure to become final micro 

model. Material properties will be discussed further in this chapter. 

In this thesis, experiments are conducted by two microfluidics devices, foam 

generator and reservoir micro model. Foam generator is made by PDMS and 
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reservoir micro model is made by NOA81. Details of fabrication for these two types 

of microfluidic devices, their physical and chemical properties will be discussed. 

3.2. PDMS Microfluidic Devices 

3.2.1. Introduction of PDMS 

The breakthrough of microfluidics happens when G.M. Whitesides et al. 

developed soft lithography and brought PDMS into this area. (Xia & Whitesides, 

1998) This technique has many advantages over conventional photolithography. It 

is easier and faster in fabrication. Meanwhile, Polydimethylsiloxane (PDMS, 

CH3[Si(CH3)2O]nSi(CH3)3) is also introduced as a material for making microfluidic 

devices by soft lithography. (Duffy et al., 1998) PDMS is an optically transparent, 

non-toxic, gas permeable and generally inert silicone material. This material has 

many advantages in making different types of microfluidic devices, which make it 

very popular for laboratory in research institute. Fabrication of a PDMS based 

microfluidic device is very simple and easy.  

As a material for microfluidic devices, PDMS has many advantages and 

disadvantages list as follow. 

Advantages of PDMS: 

1. Fabrication of PDMS is very simple and fast. 
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2. Compared to other microfluidics devices like glass, PDMS is a low cost 

material. In this experiment PDMS (Sylgard® 184 Silicone Elastomer) is 

produced by Dow Corning®. It is usually $80-100/kg.  

3. PDMS is optically transparent which easily enable observation through 

optical microscope. 

4. Modification of PDMS surface properties has been researched over years. 

It is possible to modify PDMS surface for different purposes. 

5. Cured PDMS has a young’s modulus around 2.5MPa. This is a rubber like 

material and it can sustain moderate pressure. (Duffy et al., 1998) 

6. PDMS can be easily made into multi level microfluidics devices which can 

have complicated structures with several layers. (Anderson et al., 2000) 

Disadvantages of PDMS: 

1. PDMS surface properties, wettability for example, is not stable over time. 

(Bhattacharya et al., 2005; Bodas & Khan-Malek, 2007; Li et al., 2012) 

PDMS is natively hydrophobic. After oxygen plasma treatment PDMS 

surface will change to hydrophilic but will quickly recover to hydrophobic 

within hours. 

2. PDMS do not have good chemical compatibility with many types of 

solvents, especially some organic solvents. Highly permeable to organic 

solvent is a main drawback of PDMS. When contacted with such 

chemicals, PDMS will swell, which will change both geometry and 

chemical properties of PDMS. (Lee et al., 2003) 
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3. PDMS matrix can adsorb some of low weight molecules (LWM). This will 

potentially change concentration of solution flowing inside of PDMS. 

LWM movement in matrix of PDMS can also alternate surface wettability 

of PDMS. (Ma et al., 2011; Toepke & Beebe, 2006) 

4. Weak bonding of PDMS-PDMS and deformation of PDMS is unfavorable 

for many moderate or high pressure experiments. (Eddings et al., 2008)  

When apply to experiments mentioned in this work, PDMS is suitable for 

foam generator rather than reservoir micro model. As a foam generator, only 

nitrogen and surfactant solution are injected into the PDMS Microfluidic device. 

Permeation of water into PDMS matrix is negligible and pressure of flows are not 

very high in this experiment. It is reliable to use PDMS for foam generator. However, 

crude oil investigated here has very complicated components. For example, pentane, 

hexanes and n-heptane are some very common compounds in crude oil. Their 

swelling ratios, 𝑆 in Equation 3.1, with PDMS is 1.44, 1.35 and 134 respectively. (Lee 

et al., 2003) So presence of crude oil in a micro channel made by PDMS can have 

sever swelling issues. Adsorption of LMW is also a problem that PDMS will have for 

crude oil. Additionally, to mimic oil reservoir conditions, high pressure is usually 

required. But PDMS micro model has a very limited capacity in withstanding high 

pressure. So testing crude oil flow through PDMS channel cannot lead to a reliable 

experiment result.  
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𝑆 =
𝐷
𝐷0

 

Equation 3.1 

where 𝑆 is swelling ratio, 𝐷 is the length of PDMS in the solvent, and 𝐷0 is the length 

of the dry PDMS. If 𝑆 = 1, material can not be the swelled by solvent.  

Surface of PDMS is originally hydrophobic, but this is not quite favorable for 

many Microfluidic applications. Because aqueous solutions are commonly involved 

in Microfluidics, which requires injection of such solvents into micro channels. 

Within the tiny channels, due to the dominant capillary forces, hydrophobic surface 

has strong resistance for aqueous solutions. While hydrophilic surface is much 

preferred. So many researches have been done to develop techniques that can 

alternate PDMS surface from hydrophobic to hydrophilic. (Bodas & Khan-Malek, 

2007) 

One option is using oxygen plasma to oxidize PDMS surface properties, as 

shown in Figure 3.1. This can easily change PDMS surface into hydrophilic. But the 

alternation is not stable, because of the hydrophobic recovery. By immersing 

oxidized PDMS surface in water, surface wettability can be kept as hydrophilic for 

weeks. (Chen & Lindner, 2007; Ma et al., 2011) Because water-wet surface is 

favorable for foam generation and foam stability, this work will use this method to 

keep PDMS surface water-wet. (Kristiansen et al., 1992) 
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Figure 3.1 – Mechanism of PDMS surface modification by oxygen plasma 
(Bodas & Khan-Malek, 2007) 

 

Figure 3.2 – PDMS hydrophobic recovery after exposure of air, or 
immersion of water and NaCl solution (Chen & Lindner, 2007)  

3.2.2. Fabrication of PDMS Microfluidics Devices 

A functional Microfluidic device first requires proper design of pattern. 

Pattern can be printed onto a photomask. Under cover of the photomask, 

photoresist mold is then made by exposure of UV light. Finally, a PDMS devices with 

pattern can be made from that photoresist mold. This section will first discuss how 

to make SU8 photoresist mold and then PDMS microfluidics devices. Techniques for 

improving fabrication will also be discussed in this section. 
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3.2.2.1. SU8 Mold 

Photoresists are light sensitive material commonly used in lithography. They 

can be classified as two types: positive photoresist and negative photoresist. After 

exposed under light, positive photoresist becomes soluble to developer and can be 

removed; while the unexposed photoresist keeps insoluble to developer and will 

remain. On the contrary, after exposure, negative photoresist becomes insoluble to 

developer. Figure 3.3 shows difference of positive and negative photoresists. 

(Madou, 2002) For example, AZ® 40XT-11D is one type of positive photoresist and 

SU8 (MicroChem Corp.) is a negative photoresist, which is used in this thesis.  

 

Figure 3.3 – Comparison of negative and positive photoresist 

SU8 is an epoxy based photoresist which mainly contains 3 types of 

components: polymer (base resin), sensitizer and casting solvent. (Madou, 2002) 

The polymer can change structure under electromagnetic radiation, which is 365nm 

UV light in this case. Sensitizer can control photochemical reaction of polymer. 
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Solvent keep photoresist as a liquid phase so that thin flat film on substrate can 

form by spin coating. During the exposure process, sensitizer can generate acid. 

When photoresist is heated, this acid can work as catalyst to enhance cross-linking 

of polymer. Cross-linked polymer is insoluble to developer (1-Methoxy-2-propyl 

acetate) but the uncross-linked part is soluble to developer so it can be removed 

later. Two heating are essential: the first is Soft Bake which initially evaporates part 

of solvent in photoresist; the second is Post Expose Bake (PEB) which activates 

cross-linking and further evaporates left solvent. Here experiments use SU8-2015, 

which is a product of MicroChem Corp. Figure 3.4 is a schematic of procedure for 

making SU8 mold, and Figure 3.5 shows products of SU8 mold and PDMS micro 

model.  

 

Figure 3.4 – Fabrication procedure of SU8 mold 
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Following are detailed steps for fabrication, the whole procedure may take 

less than 2 hours. 

1. Pretreat Substrate. Clean and dehydrate silicon wafer on hotplate for 10 min 

at 120 °C. Any organism and water remained on wafer will affect adhesion 

between SU8 and wafer.  

2. Coat Film. Pour SU8 onto silicon wafer (4 ml SU8 for a 4-inch wafer). Use spin 

coater to coat a thin film of SU8 on silicon wafer. According to SU8-2000 

series instructions, for a 20 µm thickness film, spin coater speed should keep 

2000 rpm for 30 seconds. 

3. Soft Bake. Use hot plate to heat wafer for 1 min at 65 °C and then 3 min at 95 

°C. Temperature is recommended to be gradually ramped up. 

4. Expose. Use EVG 620 Mask Aligner to expose photoresist with constant dose 

of 150 mJ/cm2. Both under-expose or over-expose are not good, because 

improper exposure will leave cracks on SU8 and produce some unexpected 

cross-linked parts.  

5. Post Expose Bake. Use hot plate to heat wafer for 1 min at 65 °C and then 5 

min at 95 °C. Temperature is recommended to be gradually ramped up. 

6. Develop. Move wafer into developer and agitate for 3 min. After pattern is 

fully developed, spray IPA onto wafer to clean developer and uncross-linked 

SU8. Use nitrogen or air to blow and clean wafer. 

7. Hard Bake. Use hot plate to heat wafer for another 10 min at 150 °C. This step 

is not necessary for some conditions, but it will sometime heal cracks on SU8 

and help generate clear edge of pattern. 
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Improper fabrication procedures can result in defects on SU8 mold. For 

example, insufficient exposure and overexposure can cause unbalance of material 

stress, which will leave cracks on SU8. Over heating in soft bake or PEB may produce 

excessive SU8 cross linking, which makes it difficult to achieve good development.  

 

Figure 3.5 – From photomask to SU8 mold to PDMS micro model 

3.2.2.2. PDMS Microfluidic Devices 

When making PDMS micro model, for example the foam generator as shown 

in Figure 3.5, cross-linked SU8 on wafer should be the channel space for flow on 

PDMS. On the photomask in Figure 3.5, transparent (white) parts are the channel 

space and opaque (black) area are channel walls or posts in channel. That is to say, 

SU8 is a negative replica of PDMS. Procedure of making PDMS micro model is shown 

as follow, and it can be complete within 2 hours. 
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Figure 3.6 – Fabrication procedure of PDMS Microfluidic devices 

1. Prepare PDMS. Fully mix PDMS base and curing agent as a ratio of 10:1 (20g: 

2g). Use vacuum to remove bubbles in mixture. 

2. Molding. Pour PDMS mixture onto silicon wafer patterned with SU8 mold. 

3. Thermal curing. Use hotplate to heat PDMS for 1 hour at 80 °C. After mixing 

with curing agent, PDMS can be naturally cured in days. Heating can 

dramatically accelerate curing process. 

4. Removal. Peel fully cured PDMS off silicon wafer and punch holes for tubing 

as need.  
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5. Plasma treatment. Put PDMS with pattern and a piece of blank PDMS 

together into oxygen plasma and treat for 30 seconds. Plasma can help 

modify surface wettability into hydrophilic and help bonding. 

6. Bonding. Remove PDMS from plasma. Stick patterned PDMS and blank PDMS 

together to form closed channel. Successfully oxidized PDMS can bond 

together as soon as touching each other. Then heat PDMS for 20 min at 80 °C 

to harness bonding. 

7. Pretreatment of PDMS micro model. Insert tubes in holes on PDMS, use 

EPOXY adhesive(Hardman®) to seal connection of tubes and PDMS. Inject DI 

water and wait for at least 24 hours to maintain hydrophilic.  

3.3. NOA81 Microfluidics Devices 

3.3.1. Introduction of NOA81 

As discussed in the previous parts, PDMS have many drawbacks for 

Microfluidics research, which drives researchers to develop new materials and new 

techniques for micro fabrication. Norland Optical Adhesive 81 (NOA81) is one of the 

many alternatives for PDMS. NOA81 is a type of thiol-ene based resin, which is 

originally liquid monomers mixture and can be cured quickly when exposed under 

UV light. NOA81 is originally one type of UV fast curing adhesives from Norland 

Products Inc., but then found applications in working as a base material for micro 

fabrication. (Bartolo et al., 2008; Hung et al., 2008)  
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NOA products generally have three components: 1,1,1-tris(mercaptomethyl)-

propane, trimethylolpropane diallyl ether and isophorone diisocyanate. Under UV 

light, thiolene bonds and thiourethane bonds will form, thus material will be cured. 

(Silvestrini et al., 2012) 

NOA81 has several distinct properties to work as microfluidics devices 

material: 

1. Cured NOA81 has very light yellow color, but is perfectly transparent 

under visible light range. This makes NOA81 as available as PDMS under 

microscope observation. 

2. Compared to PDMS, NOA81 has a better chemical resistance to organic 

solvents and better bio-compatibility. This is because existence of thiol-

ene can help resist many kinds of solvents, for instance aliphatic and 

aromatic. And NOA81 is less prone to swelling when contacted with many 

kinds of fluids. Also NOA81 is impermeable to both air and water vapor. 

(Hung et al., 2008) 

3. Cured NOA81 surface is natively hydrophilic with a contact angle about 

50-70°. After oxygen plasma, NOA81 becomes more hydrophilic. It is 

experimented that hydrophilic surface of NOA81 can keep for days. (Hung 

et al., 2008; Silvestrini et al., 2012; Ph. Wägli et al., 2011; Philip Wägli et 

al., 2010) 

4. Many surface treatments of NOA81 are available. Previous researches 

have provided methods to change NOA81 to either hydrophilic or 
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hydrophobic for specific use. These results show surface treatments are 

more stable than common treatments on PDMS surface. Some of the 

surface treatments can last for 3 months. (Silvestrini et al., 2012; Ph. 

Wägli et al., 2011)  

5. NOA81 is much harder and stronger than PDMS. NOA81 has a Young’s 

modulus typically around 1 GPa, which is 3 orders magnitude larger than 

PDMS (around 2.5 MPa). And bonding of NOA81 shows stronger than 

PDMS. (Bartolo et al., 2008) 

6. Fabrication of NOA81 devices is as simple and fast as PDMS devices. 

When NOA81 is curing under UV light, it can be contacted with PDMS 

surface but not stick onto PDMS. After exposure, NOA81 can be easily 

peeled off PDMS surface. So NOA81 devices can be easily made from a 

PDMS mold. NOA81 can be cured in a very short time, for example, a 

NOA81 layer with thickness less than 1 cm can be cured within 20 

minutes. Fabrication for a simple NOA81 based device can be finished 

within an hour.  

Considering all characters of NOA81 discussed above, NOA81 can work as a 

good alternative for PDMS as a rapid micro fabrication material. Particularly when 

test with crude oil, NOA81 has many advantages over PDMS. Due to its strong 

organic resistance, NOA81 can provide more reliable experiment results when 

mimic reservoir porous media, compared with PDMS. Previous researches have 

used NOA81 Microfluidic devices in test of oil emulsion, but less researches have 



  

 41 

used it for crude oil sample. (Ph. Wägli et al., 2011) The following section will 

discuss fabrication of reservoir micro model made by NOA81. 

3.3.2. Fabrication of NOA81 Micro Model 

NOA81 micro model is molded from PDMS mold, and a PDMS model can be 

made from SU8 mold. Thus NOA81 fabrication requires an additional molding 

process compared to PDMS. The SU8 mold for NOA81 is opposite to that for PDMS. 

And SU8 mold here is actually same with NOA81 model. As a result, photomask for 

NOA81 is totally opposite to that for PDMS. 

 

Figure 3.7 – From photomask to NOA81 reservoir micro model 
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Figure 3.8 – Fabrication procedure of NOA81 reservoir micro model 

Fabrication procedure of NOA81 devices is very similar to PDMS devices. 

Details are shown as follow. 

1. Mold. Place PDMS mold with patterned surface facing upside, and pour 

uncured NOA81 on the PDMS mold. Use vacuum remove bubbles in 

NOA81. 

2. UV curing. Use UV light to expose uncured NOA81 10 min for each side. 

3. Removal. Peel NOA81 off PDMS mold, cut it into desirable piece and 

punch holes for tubing. 
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4. Plasma treatment and bonding. Use oxygen plasma to oxidize molded 

NOA81 and blank NOA81 for 30s. Then bond molded NOA81 and blank 

base together. Leave this NOA81 micro model rest for 24 hours before 

next step. NOA81 is relatively a tough material, it is better to let material 

balance its stress before use. Otherwise NOA81 may have bonding 

problems. 

5. Pretreatment. Use EPOXY to seal tubes with micro model. Inject crude oil 

to let it pre-saturated for 24 hours. Results show that NOA81 will 

become more wetting by oil than by water after this pretreatment. This 

is because a layer of crude oil can be “coated” on NOA81 surface, which 

appears more oil-wet.  

Because two molding processes are involved in NOA81 micro model 

fabrication, transfer of mold can slightly change the geometry of micro model. In this 

work, posts in reservoir micro model are slightly smaller than original pattern, and 

space has been expanded. This can be a problem in changing desired permeability. 
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Chapter 4 

Experiment and Analysis 

The primary experiment in this thesis is the foam flooding in microfluidic 

devices. Foam is produced in a foam generator made by PDMS and is then 

transferred into reservoir micro model made by NOA81. Both foam generator and 

reservoir micro model are made into microfluidic devices. Sweep process is 

captured by high speed camera through microscope so that it can be fully visualized. 

Data processing is another important part for the experiment. MATLAB is used to 

convert visualized results into quantitative data. Experiment results will be 

discussed in various aspects to compare different factors that affects foam flooding 

performance. This chapter will introduce procedure of experiment preparation, 

main experiment, data processing and result analysis.  
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4.1. Experiment 

4.1.1. Experiment Preparation 

Well designed microfluidic devices and well performed fabrication are both 

important factors contribute to success of this experiment. Also, pre-treatments of 

surfaces are conducted in the preparation. Two parts of microfluidic devices are 

used in this experiment: foam generator and reservoir micro model. Fabrication 

details have been discussed in previous chapter, this section will discuss additional 

information of preparation before tests. 

Foam generator is designed with porous media pattern as shown in Figure 

4.1. The porous media region has packed square posts, with smallest width of 20 µm 

and thickness of 50 µm. Surfactant alternated gas (SAG) is a more practical and 

commonly used technique in oil recovery, in which condition foam is generated in-

situ in the porous media of rock. So a porous media is designed as foam generator to 

mimic real reservoir foam generation. Gas and surfactant solution are firstly co-

injected and they will form very coarse foam before the porous media. The coarse 

foam is similar to gas slug, with large bubbles dispersed in liquid. Then the coarse 

foam enters posts region to form finer foam with smaller bubbles. For example, as 

shown in Figure 4.1, with a foam quality of 75% injection (LB:AOS surfactant and 

nitrogen flowrate ratio is 1:3), the average bubbles size before and after porous 

region decreases sharply. Transition from coarse foam to fine foam is due to 

mechanisms of foam generation in porous media. This has been discussed in chapter 

two. Based on the geometry of porous media, “neighbor-induced pinch off” and 
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“lamella division” happen very commonly in this experiment. Other types of foam 

generation mechanisms are more common when gas is first injected into liquid 

phase, which is not captured in this experiment. This foam generator is made of 

PDMS and treated by oxygen plasma to tailor the surface as water-wet. Micro model 

is filled with DI water after plasma treatment so that hydrophilic surface can be 

preserved for weeks. When forming foam in the micro model, foam is expected to be 

formed easily and with high stability on water-wet surface. So hydrophilic surface 

treatment is needed here. This foam generator shows similar apparent viscosity – 

foam quality trend with core flooding test mentioned in Figure 2.3.  

 

Figure 4.1 – Schemetic of foam generator (Red bar is 1 mm) 

Reservoir micro model is made of NOA81 patterned with circular posts, 

shown as Figure 4.2. This model has three regions: high-permeability region, 

fracture and low-permeability region. High-perm and low-perm regions are packed 

Foam Generation

Surfactant
Solution

Nitrogen
Foam

Coarse Foam Fine Foam
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with larger and smaller circular posts. Fracture is the wide empty channel between 

high-perm and low-perm region. Thickness of the whole model is 20 µm in 

homogeneous, but geometry is heterogeneous on a top view (shown in Figure 4.2).  

Specific geometry data is shown in Table 4.1. Pore size here is measured as the 

distance between posts. Permeability of three regions is calculated based on the size 

of posts. The permeability of whole micro model is measured as 9 darcy. Notice that 

actual posts are slightly smaller than designed posts on the model, so the actual 

permeability is higher than designed. NOA81 has strong organic resistance so it is 

available for crude oil flow. Before running test, micro model is pre-saturated with 

crude oil for over 24 hours and results show that contact angle of oil is lower than 

water.  

 

Figure 4.2 – Schemetic of reservoir micro model (Red bar is 1 mm) 
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 Diameter of 
posts (µm) 

Pore size 
(µm) 

Porosity Permeability 
(darcy) 

Capillary entry 
pressure 

High-perm 184 100 67% 14 Intermediate 
Low-perm 62 37 65% 11 High 
Fracture 0 398 100% 24 Low 

Total   70% 9  

Table 4.1 – Geometry of reservoir micro model 

 Middle East S4 
Crude Oil 

BDH® 
Paraffin Oil 

Density (g/cm3)  0.826 0.852  
Molecular Weight (g/mol) 176.05  

Viscosity (cP) 5.36 40 
Water Content (wt %)  0.031  

Saturates (wt %) 69.6  
Aromatics (wt %) 22.02  

Resins (wt %) 7.17  
n-C5 Asphaltenes (wt %) 1.21  

 

Table 4.2 – Comparison of crude oil and paraffin oil (Tavakkoli et al., 
2016) 

Surfactants used here are C14-16 Alpha Olefin Sulfonate (AOS) and Lauryl 

Betaine (LB). AOS is anionic surfactant and has show effective foam flooding in oil 

field. (Svorstoel et al., 1995) LB is zwitterionic surfactant and is generally 

considered as “foam booster”. (Motealleh et al., 2005) This work uses several 

surfactant solutions including AOS only and LB:AOS mixtures. In these samples, total 

concentration of surfactants is 1 % by weight (1 wt%) in DI water. To perform 

better image processing, 3 wt% blue dye is added (Wilton® Gel Food Colors).  
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Two types of oil are tested in this work: S4 Crude Oil (from Middle East) and 

Paraffin Oil. Crude oil is mixture of different hydrocarbons, with long and small 

chain hydrocarbons. Paraffin Oil (BDH®, CAS: 8042-47-5) is mixture of long chain 

hydrocarbons including C15 to C50. 

Gas such as air, CO2, N2, and hydrocarbon gasses (CH4) have all been used in 

oil field for EOR. (Farajzadeh et al., 2012; Kim et al., 2005; Mannhardt & Svorstøl, 

1999; Svorstol et al., 1996) This work will use nitrogen. Since foam strength has 

been related to foam quality, volumetric flow rate of gas need to be controlled in the 

experiment. A long capillary tube is connected between nitrogen gas tank and foam 

generator for flow rate control. The capillary has a length of 10 m and inside 

diameter of 0.025 mm. For the capillary tube, inlet is the connection point with gas 

tank, and outlet is the point connecting foam generator. Pressure gauge and valve 

are set at capillary tube inlet. Capillary tube outlet’s gas mass flow rate can be 

correlated with tunable inlet pressure by deformation of Darcy’s Law, shown as 

follow equation.  

𝑞 = −
𝑝

𝑀𝑅𝑇
𝑘
𝜇

𝜕𝑝
𝜕𝑥

= −
𝑘

2𝑀𝑅𝑇𝜇
∆(𝑝2)

𝐿
= −

𝑘
2𝑀𝑅𝑇𝜇

𝑝𝑂
2 − 𝑝𝐼

2

𝐿
 

Equation 4.1 

where 𝑞 is mass flow rate, 𝑀 is molecular weight of gas, 𝑅 is ideal gas constant, 𝑇 is 

temperature (room temperature), 𝑘 is permeability of capillary tube, 𝜇 is gas 

viscosity,  𝐿 is length of capillary tube, 𝑝𝐼 is inlet pressure and 𝑝𝑂 is outlet pressure. 
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In this experiment, 𝑝𝐼 is near 100-200 psi and 𝑝𝑂 equals to the inlet pressure of foam 

generator which is near 20 psi. If consider 𝑝𝑂 is much smaller than 𝑝𝐼 , also consider 

variation of 𝑝𝑂 caused by foam generator is much smaller than 𝑝𝐼 , then mass flow 

rate is only a function of 𝑝𝐼 which is tunable by valve. Mass flow rate of nitrogen can 

be measured before sweep, then the correlation of 𝑞 and 𝑝𝐼 can be acquired to 

control gas injection flow rate.  

4.1.2. Experiment Set-up 

Experiment set-up is shown in Figure 4.3 and Figure 4.4. Surfactant solution 

and gas are injected into inlets of foam generator simultaneously. Then a connecting 

tube transfers foam from foam generator outlet into reservoir micro model. 

Recovered oil is collected at the outlet of reservoir micro model. Meanwhile, a 

microscope coupled with high speed camera records the sweep video. Flow rate of 

surfactant solution is controlled by a syringe pump (Harvard® Pump 33), and gas 

flow rate is controlled by gas tank and pressure gauge. Thus foam quality can be 

calculated by the flow rate ratio. Microscope (Olympus® IX71) and high speed 

camera (Phantom v4.3) can provide a high-resolution live view of sweep in the 

microfluidics devices.  
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Figure 4.3 – Schmetic of experiment set-up 

 

Figure 4.4 – Experiment set-up 
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4.2. Data Analysis 

4.2.1. Data Processing Method 

In this work, primary data processing is the analysis of videos captured when 

foam sweep trapped oil in reservoir micro model. The basic idea of the image 

analysis is to separate gas, surfactant solution and oil phases by color. Captured 

video is converted to images frame by frame, and then images are analyzed pixel by 

pixel for separation of phases.  

Figure 4.5 is an example of data processing result. (a) is an image of reservoir 

micro model before sweep, white circles and blocks are posts and walls, brown 

parts are pre-saturated crude oil. From (a), background image of micro model is 

then converted as (b). This is a binary image that is constructed only by “1” and “0”, 

which are white pixels and black pixels. White area is space available for flow and 

black area is the posts and walls. When sweep starts, foam flows into micro model 

and penetrate into different permeability regions, as shown in the foam sweep 

image of (c). Surfactant solution is in blue color, and gas bubbles are the irregular 

white circles dispersed in surfactant solution. By subtracting background (posts and 

walls) from foam sweep image, only three phases of fluid are left on the image: blue 

surfactant solution, white gas bubbles and brown crude oil. Notice that gas and 

posts are transparent here, so color white means actually means no color or with 

very light color. Based on the color differences of three phases, each pixel on the 

image is filtered as one of them, which is converted as (d). For illustration 

convenience, gas phase, surfactant solution phase, oil phase and posts are colored as 
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green, blue, red and black on the resulting image. Meanwhile, saturation of each 

phase is calculated by counting pixels. The time dependent phase saturation is then 

plotted as phase saturation screening in (e). Moreover, gas bubbles size, gas bubbles 

quantity, foam quality and phase saturation in different regions can also be 

processed into data with similar method. 

 

Figure 4.5 – Example of data processing result (white scale bar is 400 
µm). (a) reservoir micro model backgroud image, (b) binary 

background image, (c) a frame of sweep video, (d) converted sweep 
image, and (e) phase saturation screening. Black arrow indicates 

moment of (c) and (d). 

This data processing method is accomplished with assistance of MATLAB and 

its Image Processing Toolbox. MATLAB can provide basic data processing and Image 

Processing Toolbox has many useful built-in scripts for image enhancement, image 

segmentation and object detecting. 

In art, red, blue and yellow are three primary colors which can be mixed into 

all colors based on fraction. However, in digital world, red, green and blue are 
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primary colors. With a combination of different brightness of red, green and blue, 

these three color can also produce all kinds of color, which is also referred as “RGB 

color”. A RGB color can be separated into three numbers, [R G B], and each number 

varies from 0 to 255 representing intensity of three colors. So it is actually a 3D 

matrix. This quantified representation enables computer to distinguish and display 

different colors by numbers. For example, [255, 0, 0] is red, [0, 255, 0] is green and 

[0, 0, 255] is blue. Full intensity of three color indicates white, [255, 255, 255] and 

on the contrary zero intensity indicates black, [0, 0, 0]. Similar share same range of 

RGB numbers. For example, [180, 168, 150] and [162, 154, 141] have only slight 

differences, and they are all brownish color.  

 

Figure 4.6 – A demenstration of RGB color  
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In data processing of this work, separation of different phases on an image is 

then a combination of MATLAB analysis and RGB color theory. By comparing RGB 

color of each pixel, blue, brown and white pixels will be differentiated into three 

sets, which come to three phases. Data acquired by this step is then converted to 

phase saturation. Notice that lamellae on the image are displayed as black and are 

counted as surfactant solution phase. (Farajzadeh et al., 2012) Except phase 

saturation, size and quantity of gas bubbles can also be analyzed through MATLAB. 

A built-in “Region Property” function can be used to detect “Components” on a 

binary image. “Component” is the region that similar connecting pixels shared. An 

independent bubble is such a component that can be detected. 

4.2.2. Introduction of Parameters in Data Processing 

Phase saturation is areal fraction of one phase in all phased of the captured 

window. Since thickness of reservoir micro model is homogenous, volumetric 

fraction of a phase be can represented by areal fraction.  

𝑆𝑜 =
𝐴𝑜

𝐴𝑡𝑜𝑡
              𝑆𝑤 =

𝐴𝑤

𝐴𝑡𝑜𝑡
          𝑆𝑔 =

𝐴𝑔

𝐴𝑡𝑜𝑡
 

𝐴𝑡𝑜𝑡 = 𝐴𝑜 + 𝐴𝑤 + 𝐴𝑔 

Equation 4.2 

where  𝐴𝑡𝑜𝑡 is total area all fluid occupied in the captured window, 𝐴𝑜 , 𝐴𝑤, and 𝐴𝑔 

are areas occupied by crude oil, surfactant solution and gas, respectively, 𝑆𝑜, 𝑆𝑤 and 
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𝑆𝑔 are saturations of crude oil, surfactant solution and gas, respectively. Notice, 

before foam flooding start, 𝐴𝑡𝑜𝑡 equals to the area that initially occupied by crude oil, 

or original oil in place (OOIP). 

Sweep efficiency is the ratio of swept oil of OOIP. In this experiment, sweep 

efficiency is only considered for the captured window. So Sweep efficiency can be 

acquired by area of swept oil over area of total fluid. 

𝐸 =
𝐴𝑡𝑜𝑡 − 𝐴𝑜

𝐴𝑡𝑜𝑡
= 1 −

𝐴𝑜

𝐴𝑡𝑜𝑡
= 1 − 𝑆𝑜 

Equation 4.3 

where 𝐸 is sweep efficiency, 𝐴𝑡𝑜𝑡 is OOIP, 𝐴𝑜 is current area of oil and 𝑆𝑜 is 

saturation of crude oil. 

Injection foam quality is fraction of gas flow rate in foam flow rate, given by, 

𝑞𝑓 =
𝑢𝑔

𝑢𝑤 + 𝑢𝑔
 

Equation 4.4 

where  𝑞𝑓 is foam quality, 𝑢𝑤 and 𝑢𝑔 are injection flow rate of surfactant solution 

and gas. 

Bubble density is the density of bubbles. Higher density comes with more 

lamellae in the foam, which creates higher flow resistance, or “stronger” foam.  
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𝜌𝐵 =
𝑁𝐵

𝐴
 

Equation 4.5 

where 𝜌𝐵 is bubble density, 𝑁𝐵 is quantity of bubbles and 𝐴 is area. 

Pore Volume (PV) is dimensionless time scale. Unit PV is the time when 

injected foam volume equals to total pore volume in the captured window. As 

shown in Equation 4.7, PV thusly has dimensionless unit. 

1 PV =
time(s) ×  flowrate(ml/s)

total pore volume(ml)
 

Equation 4.6 

In experiment, flow rate is calculated by the time when foam breakthrough 

captured window, and the volume swept by foam at that time. For example, in a 

foam sweep shown in Figure 4.7, the foam breakthrough moment is time when foam 

(either gaseous or aqueous phase) first touch right edge of the captured window. 

Initially at 𝑡= 0s, 𝐴𝑡𝑜𝑡 = 322614 px. Then at 𝑡𝐵𝑇 =2.65s, when foam breakthrough, 

𝐴𝑓,𝑡 = 𝐴𝑡𝑜𝑡 + 𝐴𝑜,𝑡 = 135784 px 

Equation 4.7 
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𝑄 =
𝐴𝑓,𝑡

𝑡𝐵𝑇
=

135784 px
2.65 s

= 51239 px/s 

Equation 4.8 

from Equation 4.6, time at 1PV is as follow, 

𝑡1𝑃𝑉 =
1 × 𝐴𝑡𝑜𝑡

𝑄
=

1 PV ×  322614 px
51239 px/s

= 6.30 s 

Equation 4.9 

where 𝑡 is time in second, 𝑡𝐵𝑇 is foam breakthrough time, 𝑡1𝑃𝑉 is time for unit PV 

injection, 𝐴𝑡𝑜𝑡 is initial oil occupied area, which is also total pore volume, 𝐴𝑓,𝑡 is 

swept area at 𝑡𝐵𝑇 , which is also area of foam, 𝐴𝑜,𝑡 is oil occupied area at 𝑡𝐵𝑇 ,  𝑄 is 

flow rate (use area to represent volume), and px is unit of pixel. 

        

Figure 4.7 – Foam breakthrough moment (t=2.65s) and unit PV 
injection moment (t=6.31s). Scale bar represents 500µm. 
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By converting time in captured video to PV scale, all videos can be correlated 

to same dimensionless time for comparison. 

4.3. Experiment Result 

4.3.1. Mechanisms of Foam Flooding in Heterogeneous Porous Media 

Previous chapters have discussed why foam flooding can improve oil 

displacement in porous media with heterogeneous permeability. In this work, foam 

flooding experiments are conducted for crude oil with a pore-scale level, which can 

unveil displacing mechanisms for crude oil with a clearer perspective.  

Figure 4.8 and Table 4.3 are comparison of water flooding, gas(nitrogen) 

flooding and foam flooding. It is obvious that foam flooding has a dramatically 

increase of oil displacement compare to other two flooding. In addition, co-injection 

of water and gas (WAG) through foam generator has been tested too. But after foam 

generator, WAG can only produce gas slug and foam can be formed. So oil 

displacement is also not as good as foam flooding. WAG flooding result is not listed 

in this thesis. 

For gas flooding, gas always prefers flowing in the path with highest pressure 

drop. Oil is trapped in the low-perm and high-perm region by capillary force which 

create a relative higher pressure compared to fracture. When gas enter micro 

model, fracture has lowest resistance with lowest pressure, and this create the 

highest pressure gradient in the fracture. So gas can only flood through fracture. 
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Capillary entry pressure in both high-perm and low-perm region are higher than 

that in fracture, so gas can barely penetrate into permeable regions, displacing very 

little amount of oil in these regions. This bad flooding results in very low oil 

recovery. Figure 4.8.(d) shows that in this condition only 70% oil is left after 1PV 

and oil saturation keep unchanged after 1PV. 

 

Figure 4.8 – Oil saturation screening and flooding comparison. (Scale 
bar represent 500 µm) (a) is oil saturation screening of foam flooding, 

water flooding and gas flooding, (b) and (c) are foam flooding images at 
1PV and 2PV, (d) is gas flooding image at 1PV, (e) and (f) are water 

flooding images at 1PV and 30PV (water is white phase on the image). 

Water flooding is better than gas flooding, because IFT between water/oil is 

lower than gas/oil, water can enter both low-perm and high-perm region. But water 

can not sweep oil in small pores region efficiently. Performance of sweep is not good 



  

 61 

and after large amount of water injection (30PV) nearly half of crude oil in low-

perm region can not be swept. In this case, oil saturation in the captured view finally 

stays at 20% after 60PV.  

Foam flooding shows a superior sweep efficiency compared to water flooding 

and gas flooding. This flooding experiment uses foam pre-generated by foam 

generator; co-injection foam quality is 87.5%; surfactant solution is a blend of 

0.5wt% LB and 0.5wt% AOS in water. It is shown that at 1PV, almost all the oil in 

fracture and high-perm region has been swept, and only small part of oil in low-

perm region has not been swept. After 2PV, oil saturation in the captured view has 

reached to nearly 0%.  

  Foam 
Flooding 

Water 
Flooding 

Gas 
Flooding 

Time 1PV 
High-perm 4.9% 67.0% 77.6% 

Fracture 0.0% 10.6% 0.6% 
Low-perm 38.3% 72.3% 94.2% 

Total 11.9% 69.8% 72.0% 
Time 2PV 

High-perm 0.9% 62.9% 71.3% 
Fracture 0.0% 10.6% 0.6% 

Low-perm 1.6% 72.3% 95.1% 
Total 1.0% 69.1% 69.8% 
Time 10PV 

High-perm   19.2%   
Fracture   0.8%   

Low-perm   46.3%   
Total   40.0%   

Table 4.3 – Oil saturation in three types floodings 
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Figure 4.9 – Phase saturation screening and gas fraction screening of 
foam flooding. (a) is total phase saturation in all regions, (b) is gas 

fraction in different regions, (c), (d) and (e) are phase saturation in 
high-perm, low-perm and fracture regions.   

Detailed oil saturation screening and foam sweep process images are shown 

in Figure 4.9 and Figure 4.10. Foam can be considered as a combination of two 

phases in the flow: gaseous phase and aqueous phase. Here in this case, gaseous 

phase is the gas bubbles in foam, colored by green in Figure 4.10 and aqueous phase 

is surfactant solution in foam, colored by blue. The bulk red colored phase is crude 

oil and black are posts and walls of the micro model. 

 

a

b

c

d

e
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Figure 4.10 – Converted sweep image. (Scale bar represents 500µm) 

At the beginning of foam flooding, t=0.2PV, foam enters fracture first, and 

squeezes aqueous phase into both high-perm and low-perm regions. Then at 

t=0.4PV, gaseous phase starts to flood into high-perm region to help sweep oil, but 

oil in low-perm region is still swept only by aqueous phase. Later after t=0.6PV, 

gaseous phase phase starts entering low-perm region to push aqueous phase and 

enhance oil sweep. At t = 1.2PV, almost all oil in high-perm region has been swept by 

foam, but oil saturation in low-perm region is about 18% which has not been totally 

swept. After t = 1.6PV, oil saturation of the whole area is less than 5%.  

In this flooding process, gas fraction in three regions are different, as shown 

in Figure 4.9.(b). Fracture has the highest gas fraction, high-perm region has 

intermediate gas fraction and low-perm region has the lowest gas fraction. 
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This is because of the difference of capillary entry pressure (as mentioned in 

Equation 2.9). For both liquid and gas in foam, due to the smaller pore throat size in 

low-perm region, capillary entry pressure in low-perm region is higher than that in 

high-perm region. So, for example, it needs higher pressure for gas to enter low-

perm region than enter high-perm region. Moreover, IFT between gas/oil is higher 

than IFT between surfactant solution/oil, so capillary entry pressure for gas to enter 

permeable region is lower higher than that for surfactant solution to enter 

permeable region. Due to these difference, gas bubbles are less able to enter low-

perm region but liquid phase is abler to enter low-perm region. So the foam can 

separate into gas-rich phase in high-perm region and liquid-rich phase in low-perm 

region. 

Meanwhile, high-perm region and fracture have higher gas fraction and 

bubble density creating higher flow resistance. When high-perm region and fracture 

are squeezed by bubbles, presence of large amount of lamellae can largely increase 

flow resistance in these areas. The high flow resistance can further divert more 

liquid phase into low-perm region.  

Thusly as a combination of these mechanisms, foam performs a “smart” 

phase separation to improve oil displacement. Trapped oil in high-perm region is 

displaced by gas-rich foam, while tapped oil in low-perm region is displaced by 

liquid-rich foam. Increasing of flow resistance caused by foam can especially 

enhance oil displacement in low-perm region. 
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Note that at t=0.5PV, oil saturation in fracture suddenly increases in Figure 

4.9. This is because some oil in low-perm region is pushed into fracture, as white 

arrow pointed in Figure 4.10(t=0.6PV). This indicates that swept oil in not flowing 

as the same direction with bulk sweep direction (from left to right). The flow 

direction of oil can be vertical to the bulk sweep direction. This may prove that 

network of various permeability regions can produce secondary flow other than 

bulk flooding flow. 

In general, foam can provide a better oil displacement for EOR. When foam is 

sweeping oil in heterogeneous porous media, more liquid can be diverted into 

regions with low permeability because of foam separating into gas-rich and liquid-

rich foam in regions with high and low permeability. This process help increase 

sweep efficiency EOR, especially for low permeability regions.  

4.3.2. Foam Generation and Coalescence 

As discussed in previous chapter, foam stability is a very important factor in 

EOR. Foam is a metastable system and it naturally tends to coalescence into large 

bubbles. A stable foam has a better longevity, which means foam can stay for a 

longer time without collapse. Collapsed foam is unfavorable to oil displacement 

because it will decrease foam density and change foam into gas slug. This will 

weaken the foam and reduce sweep efficiency. On the contrary, due to the 

complicated network or porous media, foam can also be generated in-situ and 

generation of more bubbles can improve sweep. Many factors can be considered for 

foam stability, including existence of organic compound, wettability, gas diffusion 
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between bubbles, liquid drainage in lamellae, Gibbs elasticity of film and etc. (Berg, 

2010) 

 

  Figure 4.11 – Foam coalescences and generations. Foam sweep from 
left to right. Red dash line is the “foam front”. 

Figure 4.11 is one sweep frame of experiment. This flooding uses foam pre-

generated by foam generator; co-injection foam quality is 87.5%; surfactant solution 

is blend of 0.5wt% LB and 0.5wt% AOS in water. Red dash line indicates a “foam 

front” in high-perm region at this moment. It is observed that near this foam front, 

many bubbles will coalesce into large bubbles. For example, at spots marked by 

label (b), (c), (e) and (d). Sometime several bubbles can collapse into one big 

bubbles as shown at spot (d). Such coalescence spots move together with the foam 

front. After the foam front has moved out of captured video, less coalescences 

happen. One hypothesis is that wettability alternation of surface cause this 
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transition. Foam is more stable on water-wet surface than on oil-wet surface. Before 

flooding test, reservoir micro model is saturated with crude oil and surface is 

modified to oil-wet. When foam front is flushing the surface, it is still oil-wet so foam 

tends to collapse. As sweep continues, surface wettability can be changed to water-

wet due to “tail-down” effect of surfactant. (Sanchez et al., 1992) When hydrophobic 

tails of surfactant molecules are adsorbed on oil-wet surface, hydrophilic head 

groups exposed in the fluid which form water-wet layer that favors foam flowing. So 

foam barely collapse after foam front. In addition, compared to same foam flooding 

for paraffin oil saturated reservoir micro model, foam collapse more easily in crude 

oil than that in paraffin oil. This is because crude oil contains small chains 

hydrocarbon which is more detrimental to surfactant efficient and can collapse foam 

into gas slug easily.    

Meanwhile, at spots marked by label (a) and (f), new bubbles are generated 

by the squeezed of neighboring bubbles and lamellae-division. Other foam 

generation mechanisms, leave-behind and snap-off also exist in the sweep process, 

especially when foam first evades oil saturated region. For example, “leave behind” 

usually happens in low permeability regions. When aqueous phase is displacing oil, 

a thin oil film can be hold between two posts.  

Overall, foam generation and coalescence co-exist when foam floods crude oil 

in reservoir micro model. Generation of foam assists the flooding but coalescence 

can weaken the foam. Generation of foam can create more and finer bubbles 

improving oil displacement. Collapsed foam turns finer bubbles into large bubbles, 
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creating gas slug flooding, which is not favorable for oil displacement. Oil-wet 

surface and presence of crude oil can result in foam coalescence, and wettability 

alternation can reduce foam coalescence.  

4.3.3. Surfactants in Foam Flooding 

Different surfactants have different efficiency in foam flooding. LB is 

zwitterionic surfactant and is known as “foam booster” for anionic surfactant like 

AOS. One hypothesis for the booster mechanism is that when zwitterionic surfactant 

packs together with anionic surfactant molecules at the interface, because of both 

positive and negative charges on zwitterionic surfactant head group, repulsion 

among negatively charged head group on anionic surfactant will be reduced. This 

can increase packing density of surfactant at the interface between surfactant 

solution and gas. If this type of synergism exists, mixture of LB and AOS may 

produce a stronger foam than solely AOS produced foam.  

To compare sweep efficiency of foam produced by LB:AOS mixture and AOS 

only, two surfactant solutions are made as Table 4.4 shows. These two samples are 

made in DI water. Experiments are conducted by co-injecting surfactant solution 

and nitrogen through foam generator, and then reservoir micro model. Co-injection 

gas quality is 75%. Both LB:AOS and AOS foam can be generated well through the 

foam generator. Sweep experiments results are shown in Figure 4.12 and Figure 

4.13. 
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  Figure 4.12 – Foam flooding comparison. (Scale bar is 500 µm) Top 
row is LB:AOS foam sweep at t = 0.5, 1, 2 PV; bottom row is AOS foam 

sweep at t = 0.5, 1, 2 PV. 

 

  Figure 4.13 – Oil saturation screening comparison. 
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Concentration by 
weight 

AOS LB : AOS 

AOS concentration 1 % 0.5 % 
LB concentration 0 % 0.5 % 

Table 4.4 – Surfactant solutions composition. 

When compares oil saturation, LB:AOS foam flooding is better than AOS 

flooding in this condition. Figure 4.13 shows that LB:AOS flooding has an ideal foam 

where gas-rich foam and liquid rich foam are displacing high-perm and low-perm 

region simultaneously. After about 1.5PV foam injection, only about 5% oil has not 

been swept. However, oil saturation of AOS foam flooding keeps higher than LB:AOS 

foam. AOS foam flooding is basically surfactant solution flooding at early stages and 

sweep efficiency is poor, especially for low-perm region. Although surfactant 

solution can also sweep most of the oil, it can not totally displace oil in low-perm 

region. When fine foam exist, lamellae can increase flow resistance, increasing fluid 

pressure and improving oil recovery in low-perm region. In AOS flooding, small 

bubbles quickly collapsed into huge bubbles which flow directly through fracture 

without entering high- and low-perm regions. Later due to wettability alternated 

from oil-wet to water-wet, foam stop collapsing and gas bubbles start to enter high- 

and low-perm regions. Though LB:AOS also has foam collapse at foam front region, 

it is not as bad as AOS foam collapse.  

Additionally, IFT between LB:AOS surfactant solution and crude oil is lower 

than it between AOS surfactant solution and crude oil. Lower IFT is favorable for oil 

displacement. Which also contribute to better sweep of LB:AOS foam than AOS foam. 
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Apparently, LB:AOS foam performs a better sweep efficiency than AOS foam 

in this condition. This experiment result proves the hypothesis described in the 

beginning paragraph. Thus, synergism of LB and AOS can improve sweep 

performance.  

4.3.4. Injection Foam Quality 

In EOR, strong foam can perform a better sweep efficiency. As mentioned in 

Chapter 2 and Figure 2.3, for foam transport in porous media, it is widely 

considered that foam strength is correlated with foam quality. Foam with low foam 

quality is also referred as “wet foam”, which is close to liquid flow, with a low 

pressure drop. On the contrary, “dry foam” represents foam with higher quality.  

Because of existence of denser lamellae, dry foam is stronger than wet foam. Thus 

dry foam usually has higher pressure drop and flow resistance. However, when 

foam quality reach to certain critical points close to 100%, pressure drop will 

quickly decrease to low value. Because very dry foam flow is close to pure gas flow 

with less lamellae, which has lowest flow resistance compared to foam and liquid 

flow.  

Four types of foam with different injection foam quality are tested in the 

foam flooding experiments as shown in Figure 4.14 and Figure 4.15. Figure 4.14 

shows images of sweep video at same PV for four tests, and Figure 4.15 shows oil 

saturation screening. Foam in these experiments are all produced by foam generator 

and then transferred into reservoir micro model. Surfactant solution used in these 

tests are same: blend of 0.5wt% LB and 0.5wt% AOS in DI water. The only difference 
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is foam quality of the co-injection of nitrogen and surfactant solution: (a) 25%, (b) 

60%, (c) 75% and (d) 87.5%. 

 

  Figure 4.14 – Different foam quanlity sweep. (a), (b), (c) and (d) are 
25%, 60%, 75% and 87.5% injection foam quanlity, respectively. 

These experiment results show that higher injection foam quality has better 

sweep efficiency, while lower injection foam quality has slower sweep, especially in 

low-perm region. Compared to high foam quality foam, 25% foam has less gas 

entering into low-perm region. Because of the low gas fraction in foam, this foam 
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has less dense bubbles. When foam keeps collapse, fewer small bubbles are left, 

which switches foam flow to gas-slug flow. Such flow provides poor sweep in low-

perm region and it is similar to surfactant solution sweep. However, high foam 

quality foams have more bubbles and lamellae which increase the strength of foam, 

performing better sweep. Oil saturation drops in the facture are similar for four 

conditions, except that “cross flow” exists in 60%, 75% and 87.5% foam. This is 

because higher flow resistance gradient diverts more foam into low-perm region in 

high foam quality sweep. As the foam entering in to low-perm region, oil is displaced 

both in the direction of bulk foam flow and the direction from low-perm to fracture. 

This further proves that high foam quality has a more effective oil displacement in 

low-perm region, compared to low foam quality. Additionally, when comparing 

60%, 75% and 87.5% foam, the higher foam quality is, the better and faster sweep 

performs.  

This section provides foam flooding comparison of different injection foam 

quality. Results show that high foam quality is favorable to oil displacement 

compared with low foam quality. Particularly in low-perm region, foam with high 

foam quality can perform a more effective sweep. 
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  Figure 4.15 – Oil saturation of different injection foam quality. 

4.4. Future Work 

As shown in the former sections, application of microfluidics in EOR can 

provide a closer view towards pore. Advantages of microfluidics give it strong 

potential in serving researches in foam EOR or other type EOR. Many other topics 

can be investigated in the future with this method. 

In micro-scale, behaviors of oil film and surfactant solution lamellae have 

much interesting interaction. By increasing the magnitude of microscope and 

focusing on interested area, closer view can be very helpful in understanding 

mechanisms of displacement, foam coalescence and in-situ foam generation in 
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multi-phase flow. Besides, if capture speed can be higher, it is possible to track 

movement of each phase, which can reveal the complex flow regime of foam and oil. 

The structures of reservoir micro model and foam generator are tunable. 

Reservoir may have a wide range of permeability and lower porosity. Researching 

influence of geometry on sweep performance might be useful. For example, liquid 

diversion from high-perm region to low-perm region is also a result of capillary 

entry pressure difference. Capillary entry pressure is directly related to pore size, so 

modification of pore geometry and permeability contrast can lead to different liquid 

diversion, thus may having different sweep pattern. Also a different foam generator 

can produce either coarse foam or fine foam, which may cast much impact on foam 

flooding. 

Gas and surfactant solution used to generate foam can be further tested. 

Surfactant concentration, blend ratio, surfactant type and solution salinity may 

effect foaming process and oil displacement.  

Some limitations remain in the experiments that can be further improved. 

The foam quality is controlled by the gas tank gauge and surfactant solution pump, 

but has not been measured. By applying mass/volumetric flow rate gauge can help 

accurately controlled the foam quality. This can establish a more reliable correlation 

between foam quality and sweep efficiency. In addition, effects of food dye on 

surfactants have not been tested in this work. Further experiment can measure IFT 

of dyed and undyed surfactant solution to verify whether the food dye has effect 

surfactant performance. Moreover, higher injection foam quality need to be 
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conducted to accurately correlate foam strength screening in micro model and core 

sample. 

4.5. Summary 

This chapter discussed experiments method and analyzed results. In a 

summary, following conclusions can be made based on this chapter. 

1. NOA81 is capable to work as a reservoir micro model and can provide 

acceptable visualized result of sweep process at the presence of crude oil.  

2. Data processing method proposed here is effective in converting visualized 

results into quantitative data. 

3. Results show that foam can improve oil displacement. In heterogeneous 

porous media, more liquid phase in foam can be diverted into low-perm 

region, and foam can separate into gas-rich and liquid-rich foam that 

corporately enhance oil displacement in low-perm region. 

4. In terms of sweep performance for crude oil in heterogeneous porous media, 

results prove that foam produced by mixture of LB:AOS is better than by AOS. 

This is expected to be a consequence of synergism of zwitterionic surfactant 

(LB) and anionic surfactant (AOS). 

5. In these experiment conditions, injection foam quality can affect sweep 

efficiency. Higher foam quality can sweep oil better than lower foam quality, 

especially in low-perm region. 
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6. Foam collapse and generation happen simultaneously in reservoir micro 

model at the presence of crude oil. Coalescence of foam is unfavorable to oil 

displacement. Coalescence can be the result of oil-wet surface and crude oil 

existence. Surface wettability alternation from oil-wet to water-wet can 

reduce the appearance of foam coalescence, and help gas entering porous 

media to improve sweep efficiency. 
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Chapter 5 

Conclusion 

This thesis proposed a complete method for analyzing foam EOR in 

microfluidics devices, from selection of microfluidics material and fabrication of 

reservoir micro model, to experiment and data processing techniques. The 

application of microfluidics in EOR research can provide a relatively reliable results. 

The most important is that this method provides a pore-scale level observation of 

how foam behaves at presence of crude oil.  

Firstly, foam can improve oil displacement in heterogeneous reservoir 

compared to water and gas flooding. Due to the flow resistance caused by lamellae 

and capillary entry pressure difference in porous media, liquid-rich phase in foam 

can be diverted to low-permeability region to displace trapped oil and increase 

sweep efficiency. 
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Secondly, injection foam quality can affect sweep efficiency. Results showed 

that higher injection foam quality can provide a better sweep efficiency, especially in 

low-permeability region. This might be a result of denser lamellae in high foam 

quality. Higher foam quality comes with high bubbles and lamellae density, creating 

higher flow resistance and stronger foam, thusly improving oil displacement. 

Thirdly, both foam coalescence and foam generation were captured in the 

test. Foam coalescence occurred commonly at beginning of sweeping, probably due 

to that the contact with crude oil is more detrimental to foam. After wettability 

alternating from oil wet to water wet, foam became more stable with less 

coalescence. Coalescence is not favorable for oil displacement. AOS foam has worse 

coalescence compared to LB:AOS foam, and showing a bad foam sweep compared to 

LB:AOS in same conditions. Captured foam generations occurred mostly due to 

“lamella division” and “neighbor-induced pinch off”. 

Fourthly, NOA81 was shown capable to work as a reservoir micro model. It 

provided acceptable visualized result of sweep process at the presence of crude oil. 

Because of its rapid fabrication and high organic resistance, NOA81 can further be 

used as microfluidics material for crude oil research. 

Lastly, data processing method and visualization method in this thesis are 

very successful. They provided a visualized result of interaction between foam and 

crude oil. Data processing also provided an effective conversion from raw video to 



  
 

 80 

quantitative results. The combination of microfluidics and well-designed data 

processing can thus be powerful in many research areas. 
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