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Abstract 

Foam is a fascinating two-phase phenomenon with a wide range of different industrial applications; 

contaminated-aquifer remediation, separation of wastewaters, enhanced oil recovery, gas leakage 

prevention and matrix-acidizing treatments to name a few. The success of these applications relies 

heavily on the choice of the foam-stabilizing agent (e.g., surfactant). The surfactant should provide a 

set of specific and desirable foam properties under the intended conditions. Since many variables 

affect surfactants and foam, it is important to understand how and under what conditions various 

factors contribute to foam properties.  

The aim of this study is to evaluate salt effects on bulk foam properties with commercial surfactants. 

Salt tolerance to surfactants and the effect of salinity on foam properties are important first-hand 

knowledge in all surfactant selection processes. Such knowledge will usually eliminate many surfactant 

candidates for different saline environments.   

In this thesis, effect of salt type, concentration, and ionic strength are evaluated in a standard bulk 

mixer test at ambient conditions with respect to foamability and foam stability. Foamability refers to 

ǘƘŜ άŀōƛƭƛǘȅέ ƻŦ ǘƘŜ ǎǳǊŦŀŎǘŀƴǘ ǘƻ ƎŜƴŜǊŀǘŜ ŦƻŀƳǎ ǳƴŘŜǊ ƎƛǾŜƴ ŎƻƴŘƛǘƛƻƴǎΣ ǿƘƛƭŜ ŦƻŀƳ ǎǘŀōƛƭƛǘȅ ƛǎ 

understood as a parameter describing changes in the foam with time, immediately after the foam is 

generated. Two commercial anionic surfactants (i.e., AOS and SDS) and one cationic surfactant (MTAB) 

are used. Salt effects on bulk foam properties are also evaluated with different complex non-polar 

phases present (i.e., crude oils from different oil fields). 

Based on the results obtained, cationic MTAB surfactant shows significantly higher salt tolerances 

compared to anionic AOS and SDS surfactants. The anionic surfactants are sensitive to relatively low 

concentrations of CaCl2. Nevertheless, interestingly high tolerances to MgCl2 (> 9 mol/L) are observed 

with all surfactants.  

Tests with NaCl and MgCl2 salt solutions adjusted to the same ionic strengths show that foamability 

with AOS surfactant is more dependent on ionic strength than salt type. The opposite trend is observed 

with MTAB surfactant, showing a reduction in foamability with increasing salt concentration and ionic 

strength. Foamability is in general better with anionic surfactants (AOS and SDS) compared with 

cationic surfactant (MTAB).   

In the presence of oil, foamability is in general reduced in the presence of oil compared to without oil. 

Increasing surfactant concentration increases foamability for the two surfactants, nonetheless. We 

ŎƻǳƭŘƴΩǘ ƻōǎŜǊǾŜ ŀ ŎƭŜŀǊ ǘǊŜƴŘ ƻŦ changes in ionic strength and salt solutions on the foamability when 

crude oil is added. In addition, the results indicate that there might be a different influence of salinity 

and ionic strength on bulk foam stability with and without oil present. 
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1. Introduction 

Foam is a mixture of gas, liquid and a foamer (Figure 1).  The gas becomes the discontinues phase 

(dispersed) and liquid is the continuous phase (the dispersion medium). In bulk foam, gas bubbles are 

separated by thin liquid films called lamella. In recent decades, the fundamentals foam systems and 

their nature and behavior in different conditions were studied well and wide. In addition, many 

laboratory experiments have been performed in various areas of foam applications (Schramm, 1994, 

Schramm, 2006, HIRASAKI, 1989, Rubio et al., 2002).  

Foaming properties of solutions of various surfactants are generally described in terms of their 

foamability and foam stability. The term foamability refers to the ability of the surfactant solution to 

form foam under given conditions. The term foam stability is variation/duration of the foam bubbles 

(mostly as changes of height or volume) with the time immediately after the foam is generated.   

Foam is by definition a thermodynamically unstable system and cannot be treated as a new phase. 

Several parameters can influence the properties of foam, such as the surfactant type and 

concentration, gas composition, brine composition and salinity, interactions with oil, media, and 

temperature and pressure conditions and so on. A change in one or several of these parameters may 

affect the performance of foam and, consequently, the success potential for the intended foam 

application. A good understanding of the properties/tolerances/limits/performance to various foam-

stabilizing agents is therefore important. It is also important to understand foam on a broad 

experimental scale. 

In this thesis, the fundamentals of foam are presented, studied and discussed well. To understand 

more about the behavior of foam in different conditions and to improve knowledge and develop a new 

understanding of different stabilizing agents to foam, many experiments are performed including the 

effect of salinity and concentration, the type of surfactant, and oil-foam interaction by using different 

crude oils. 
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Figure 1: Foam structure and foam components (Vikingstad et al., 2005) 

1.1 Thesis Objectives 

The success rate of all foam applications relies heavily on the choice of the foam-stabilizing agent (e.g., 

surfactant). The surfactant should provide a set of specific and desirable foam properties under the 

intended conditions. Since many variables affect surfactants and foam, it is important to understand 

how and under what conditions various factors contribute to foam properties.  

The following questions are addressed in this thesis: 

¶ What is the difference between anionic and cationic surfactants in bulk foam properties? 

¶ Is there an optimum salt type or ionic strength which provides the best foam properties? 

¶ Is there an optimum surfactant concentration which provides the best foam properties? 

¶ Can changes in salinity or surfactant concentration improve foam properties in the presence 

of oil? 

 

A series of experiments are done to study:  

1. Properties of surfactant-stabilized systems (surfactant solubility, salt tolerance, surface 

tension and CMC).   

2. Bulk foam properties (foamability and stability): 

- Effect of salt type, concentration and ionic strength  

- Effect of surfactant type (cationic and anionic) and concentration 

- Effect of oil (low concentration, five different crude oils)  

3. Study the different theories about foam stability in the presence and absence of oil. (i.e., 

determination and evaluations of Spreading and Entering coefficient, Lamella number and 

Bridging coefficient). 
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2. Fundamentals 
This section pertains with the fundamentals of surfactant method of chemical oil recovery, which 

includes foam, surfactant and salinity effect.  

2.1 Foam  

One of the objectives of this section is to present the fundamentals of foams used in enhanced oil 

recovery. We also briefly discuss some basic scientific concepts that will help the readers to understand 

more about foam generation under different conditions. 

2.1.1 Definition of foam 

Foam is defined as gas dispersed in a continuous liquid phase (Schramm, 2006). Foams can stabilize by 

using surfactants. The illustration of a foam system can be seen in Figure 2.  Lamella and Plateau border 

details are specified within the enlarged area. The lamella is the thin film, between two plateau 

borders, where three lamellae meet at angles of ρςπЈdue to a polyhedral arrangement of bubbles in 

foam (Schramm, 2006). The width of this region (plateau border) is dependent on the capillary 

pressure. If the capillary pressure increases the lamellae thickness decrease until it reaches the critical 

thickness Ὤ , which will make the lamellae collapse (Rossen, 1996). Generation of foam can take place 

by disturbing an aqueous solution with surfactant while in contact with gas (Sheng, 2013).The thin 

liquid films are stabilized by adsorption of surfactant molecules on both sides of the film (Farajzadeh 

et al., 2011). The properties of thin liquid films are important in the discussion of foam stability.  

 

Figure 2: A schematic illustration of a foam system. Lamella and Plateau details in the bulk foam are enlarged on the left-
hand side. A container with bulk foam is an illustration on the right-hand side (Schramm, 2006). 

 



Chapter 1 

5 
 

2.1.2 Foam applications 

The oil industry has several applications with foam including enhanced oil recovery, well stimulation 

and drilling. There are also numerous other applications of foam, ranging from a variety of everyday 

uses (e.g., personal care/house products such as shaving cream, shampoo, bubble bath, and 

firefighting) to many chemical and industrial processes (e.g., food/beer industry, environmental 

remediation and mineral flotation). In the food industry, foams play an important part in both 

appearance and taste like bread. Froth flotation is a process for separating minerals from nonvaluable 

rock and dirt by using foam. Furthermore, foam can be applied for environmental purposes, like 

wastewater treatment systems. They use foam to remove fine solids from the water stream by 

absorbing the solids onto the foam (Rubio et al., 2002). 

 

2.1.3 Enhanced Oil Recovery 

More than half of oil discovered around the world remains unrecovered after using conventional 

production techniques, namely, primary and secondary recovery. Enhanced oil recovery, also called 

tertiary recovery, is a class of methods that aim to increase the recovery factor of a reservoir beyond 

the levels typically achievable with primary and secondary [Sheng, 2010], using thermal, chemical or 

other methods. The major shortcomings of these EOR methods are their poor volumetric sweep 

efficiency, especially gas injection due to poor gas contact with oil (Kuehne et al., 1990, Rossen and 

Van Duijn, 2004). In other words, the injected fluids are only able to contact and displace a rather small 

portion of the oil in the reservoir. Consequently, large volumes of oil remain uncontacted and unswept 

in parts of the reservoir. Under such conditions, the application of foam can be a technically feasible 

way to overcome this problem (Rossen, 1996, Schramm, 1994, Kovscek and Radke, 1994). 

The main target for EOR applications is to improve both the volumetric and the microscopic 

displacement efficiency. Improving the volumetric displacement efficiency can be achieved with 

mobility control. By either increasing or decreasing the viscosity of one of the fluids, ideal mobility 

ratios can be obtained. Increasing the microscopic displacement efficiency targets the capillary 

trapped oil. By reducing the interfacial tension between the displacing and displaced fluid, the capillary 

trapped oil can be produced. EOR methods can be classified into four classes, according to Figure 3. 

Foam, as studied in this thesis, is partly classified as gas-based EOR methods and partly as chemical 

(surfactant)-based EOR-methods. 
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Figure 3: Simplified view of EOR methods (Mandal, 2015). 

Based on the material balance the recovery factor, Ὁ , can be defined as (Skarestad and Skauge, 2009): 

                                        Ὁ    Ὁ ȢὉ   Ὁ ȢὉ ȢὉ                                                                   (1) 

Where ὔ  is the produced reserves, N is the total reserves, ὉȟὉ , Ὁ  and Ὁ are the microscopic 

volumetric, vertical and areal displacement efficiency, respectively. These concepts are illustrated in 

Figure 4. 

 

Figure 4: Recovery efficiency from gas injections may be low due to (a) poor microscopic sweep efficiency,Ὁ ; (b) poor 
volumetric (areal/vertical) sweep, Ὁ ; (c) viscous fingering problems; (d) gas override; or (e) gas channeling through highly 
permeable intervals ( thief Zones).modified from (Solbakken, 2015). 
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The microscopic displacement efficiency, Ὁ , and the volumetric displacement efficiency, Ὁ , can 

further be defined as: 

                                              Ὁ  
  

  
                                                                                 (2) 

                                             Ὁ   
  

   
                                                                                (3) 

The aim of increasing the microscopic displacement efficiency, Ὁ  is a production of oil that remains 

in the part of the reservoir already swept by the displacing fluid (decreasing residual oil saturation,Ὓ ), 

e.g. reducing capillary force by injection of surfactant. 

The aim for increasing the volumetric displacement efficiency Ὁ  is to produce oil that remains in the 

reservoir not swept by the displacing fluid, e.g. trapping mechanism and increasing the displacing fluid 

viscosity using polymers. 

2.1.4 Foam for enhanced oil recovery 

In EOR methods, foam has primarily been used to regulate the mobility ratio during gas injection 

(Figure 5 - a), or it has been used to shut off unwanted gas inflow in production well treatments (Figure 

5 - b). In fact, the combination of water, gas and surfactant to generate foam in a reservoir can mitigate 

the problems associated with gas injections and improve gas sweep efficiency to recover more oil. The 

presence of a foaming agent in porous rocks can reduce the mobility of gas and water simultaneously, 

stabilize the gas injection front and prevent unwanted production of gas and water from the reservoir. 

These unique effects Ŏŀƴ ŀǎǎƛǎǘ ǘƘŜ ǊŜǎŜǊǾƻƛǊ ŜƴƎƛƴŜŜǊ ǿƛǘƘ ŀ άǘƻƻƭέ ƛƴ ŘƛŦŦŜǊŜƴǘ ƻǇǘƛƳƛȊŀǘƛƻƴ ǇǊƻŎŜǎǎŜǎ 

that can improve the ultimate recovery and economics in mature oil fields. 

One of the major challenges to the success of foam in EOR is the adverse influence of oil on foam 

stability and characterization of the complex interaction between the foam and oil(Farajzadeh et al., 

2012, Nikolov et al., 1986).  Results from bulk foam experiments in the literature show an apparent 

contradiction of the effect of oil on foam stability. Some authors have argued that the presence of oil, 

especially lighter hydrocarbons, destroy or prevent the generation of foam (Minssieux, 1974, Denkov, 

2004). Others, on the other hand, have shown that stable foams can be generated in the presence of 

oil if an appropriate foaming agent is selected (Nikolov et al., 1986, Mannhardt et al., 1998). 
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Figure 5: Field applications of foam for EOR: (a) Injection well treatments; support gas injections with mobility control to 
combat viscous fingering problems, gas overrides, or excessive flow of gas through high-ǇŜǊƳŜŀōƭŜ άǘƘƛŜŦ ȊƻƴŜǎέ ƛƴ ǘƘŜ 
reservoir (i.e., conformance control, selective blocking, gas diversion, gas sweep improvements). (b) Production well 
treatments; prevent unwanted fluids from coning, channeling into the wells (i.e., Gas-Oil-Ratio/Water-Oil-Ratio control). The 
figure modified from (Solbakken, 2015). 

 

2.1.5  Foam in Porous Media 

Foam confined inside the pore network of a reservoir rock has a fundamentally different morphology 

from the structure of the bulk foam. The confined foam is made up of individual bubble of gas 

separated by liquid sheaths or lamellae as in Figure 6. Interaction between lamellae and pore walls 

dominates flow behavior. 

 

Figure 6: Typical morphology of foam in a porous medium  (Skauge, 2012). 
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It is commonly accepted that lamella is created by following three mechanisms inside a realistic media 

(Ransohoff and Radke, 1988): 

1. Snap off: is a mechanical process, liquid accumulates in the pore-throat and creates a new 

lamella. It is controlled by liquid saturation, pore geometry of the porous media and rock 

wettability. This kind of mechanism generates stable and so-called strong foams (Haugen et 

al., 2012) ǿƘƻǎŜ ōǳōōƭŜ ǎƛȊŜ ƛǎ ƻŦ ǘƘŜ ƻǊŘŜǊ ƻŦ ǘƘŜ ǎƛȊŜ ƻŦ ǘƘŜ ōƻŘƛŜǎΩ ƻŦ ǘƘŜ ǇƻǊŜǎΦ ¢Ƙƛǎ 

mechanism puts some gas into discontinuous form. 

 

Figure 7: Schematic of snap-off mechanism showing (A) gas penetrates to a constriction and a new bubble is formed (B) 
(Ransohoff and Radke, 1988) 

 

2. Lamellae division denotes the event when two or more lamella is created from one. The 

lamella approaches a branch point and branches into two lamellae. Lamella division primarily 

occurs when generated gas bubbles exceed the pore size (Skarestad and Skauge, 2009). This 

mechanism leads to increasing the number of lamellae of the foam and thus bubbles, in the 

porous medium. Snap-off and lamella division mechanisms are in effect at high flow velocities. 

 

Figure 8: Schematic of the lamella division mechanism showing a lamella is approaching the branch point from (A) and 
divided gas bubbles formed (B) (Ransohoff and Radke, 1988) 
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3. Leave behind: is considered a local fingering of gas in adjacent pores initially filled with liquid. 

Leave-behind does not generate separate gas bubbles but establishes a continuous gas flow 

path. likewise, it happens when gas flowing from two different directions converges to the 

same pore, trapping liquid in a pore throat between the two fronts, thus creating a lamella. 

This mechanism is important at low velocities and generates relatively weak forms. 

 

Figure 9: Schematic of leave-behind mechanism showing gas invasion (A) and forming lens (B) (Ransohoff and Radke, 1988). 

 

2.2 Surfactant 

Surfactants are needed to create foam. It is possible to stabilize foam using surfactant (Schramm, 

1994). Surfactants are chemical compounds that have a greater influence on the surface and interface 

properties. The surfactant molecules are composed of two parts; a polar head (ionic-anionic-or cationic 

ς or polar group) as shown in Figure 10 and a hydrophobic tail. The hydrophobic part is typically a 

hydrocarbon chain of varying length, which does not show affinity to water. Surfactants have an alkyl 

chain with 8-22 carbons. Adsorption of surfactant molecule at gas-liquid interfaces results in stabilizing 

foam film and reducing the interfacial tension. The reduction of tension in the water and oil interface 

is the main driving force that enables the use of chemical EOR (Gurgel et al., 2008). 

Surfactants have plenty of industrial and domestic applications; they are present in detergents for 

cleaning of both soft and hard surface, as emulsifiers, foaming agents or stabilizers for colloidal 

dispersions; in various applications in biotechnology, e.g. separation of proteins in reversed micelles, 

and catalysis and as components in many complex products, e.g. paints and coatings. 

Depending on their polar moieties, surfactants can be classified into four main groups: 

¶ Anionic: These surfactants are the most used in oil recovery since they are soluble in the 

aqueous phase; efficiently reduce IFT, relatively resistant to retention, stable and not 
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expensive. If an anionic surfactant is dissolved in an aqueous phase, the surfactant starts to 

dissociate into a cation (ὔὥ) and a monomer. 

¶ Cationic: have little use due to the high adsorption by the anionic surface of interstitial clays. 

¶ Non-Ionics: are mainly used as co-surfactants. 

¶ Zwitterion: have not been used in oil recovery. 

 

 

Figure 10: Schematic representation of small amphiphilic surfactant molecules (Roland.chem, 2006) 

When surfactants are added to an aqueous phase, some molecules enter the solution but most of 

them stick on the water-air surface, which reduces the surface tension. When the entire surface is 

saturated with surfactant monomers, the surfactants will find alternative ways to minimize the energy 

of the system; by creating semi-spherical liquid-like aggregates, called micelles (Figure 11). Micelles 

are of enormous importance in surface science. Micellization is another mechanism, to the adsorption, 

ŦƻǊ ƳƛƴƛƳƛȊƛƴƎ ǘƘŜ ǎȅǎǘŜƳΩǎ ŜƴŜǊƎȅΦ These aggregates are created when we have reached a certain 

concentration of surfactants that is called the critical micelle concentration (CMC). The CMC is the 

concentration of surfactants above which micelles form and all additional surfactants added to the 

system go to micelles.  Any further addition of surfactants after reaching CMC will just increase the 

number of micelles. Consequently, before reaching the CMC, the surface tension decreases sharply 

with the concentration of the surfactant. However, after reaching the CMC, the surface tension stays 

approximately constant. Micellization occurs over a narrow concentration range for a given system. 

This concentration is small about ρπ  to ρπ  mol/L for surfactants typically used in EOR. Therefore, 

CMC is often in the range of a few ppm to tens of ppm. 

The desired properties of a surfactant such as cleaning and stabilizing capabilities depend on both the 

surfactant characteristics like CMC, the Krafft point and its chemistry and on the solution properties 

(temperature, time, presence of salts and co-surfactants). 
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Figure 11: Surfactant monomer concentration curve and illustration of a typical surfactant monomer. modified from (Lake, 

1984) 

 

2.2.1 Surfactants used  

In this study, four different surfactants are used: Alpha sulfonate surfactant (AOS), 

Myristyltrimethylammomium bromide surfactant (MTAB), sodium dodecyl Sulfate (SDS), sodium 1-

decansulfonate (SDSs).  However, we have further looked deeper into only two types of surfactants 

which are: 

The AOS is a commercially available surfactant, acceptable with respect to health and environmental 

concerns, and can be produced in large volumes at a relatively low price. The most common formula 

from the AOS family of surfactants is the one with 14ς16 carbons and it is commonly known as sodium 

C14-16 olefin sulfonate or AOS. Members of the AOS surfactant family are stable over the wide range 

of pH, and even in hard water. In numerous research work conducted to date, this surfactant has been 

used as an alternative foaming agent in reservoirs to achieve good gas mobility and increase oil 

recovery. AOS has been used in several successful field applications (Aarra et al., 1997, Aarra et al., 

2002, Skauge et al., 2002). 
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Figure 12: Molecular structure of an Alpha-Olefin Sulfonate (AOS) (Negin et al., 2017) 

We used a cationic surfactant as well in this study, which is Myristyltrimethylammomium bromide 

(MTAB) to compare between anionic and cationic surfactants on surface tension, CMC and Bulk foam 

properties. Molecular structure of the surfactant (MTAB) is shown in Figure 13. 

 

Figure 13: Molecular structure of MTAB (Sigma) 

 

2.2.2 Effects of electrolytes on the solubility and aggregation of surfactant in the liquid. 

Surfactant self-assembly is driven by many interactions, such as van der Waals, hydrogen-bonding, and 

electrostatic interactions, and they play important roles in determining how micellization occurs.  

To understand deeply the physical mechanisms, which control self-assembly processes, requires 

detailed, microscopic level molecular information. Extracting this information experimentally is very 

challenging due to the characteristic length (20 nm) and time (1‘ί scales associated with surfactant 

micelles. Due to the hydrogen bonding between the polar groups of surfactants and water molecules, 

most surfactants have a good solubility in water. However, the solubility of surfactant is influenced by 

temperature and water salinity (Rico-Rico et al., 2009). CMC can also be influenced by the presence of 

electrolytes (Wennerstrom et al., 1991). The effects of the electrolytes on the solubility and 

aggregation behavior vary with the type of surfactant. 

The existence of divalent cations, mainly Ca+2 and Mg+2, are not desirable. They can significantly reduce 

the solubility of ionic surfactants (anionic and cationic) in solutions considering they can bind to the 

surfactant ions through electrostatic attraction (Yu et al., 2012). These cations have the potential of 

causing surfactant precipitation, which can result in blocking the pores, so they should be kept at low 

levels. Researchers who studied AOS showed that this family of surfactant performs particularly well 

in the presence of divalent ions (Negin et al., 2017).  
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Drawing on previous studies and calculations (Ghosh et al., 2001, Yan et al., 2010), the energy barrier 

between the head group and Mg+2 is the strongest, which means that it is the most difficult for Mg+2 

to enter into the first water shell of head group to form ion-pair, while for Na+  it is the easiest. We can 

conclude that Ca+2 and Mg+2 can enter the hydration shell of the head group. Moreover, they can affect 

the orientation of water molecular surrounding the head group. 

When the divalent ions are present, water molecules either can bind to the head group oxygen atoms 

directly or bridged by the ions; meanwhile, the cations, including Na+, may form ion bridges between 

two head groups (Yan et al., 2010). 

2.2.3 Krafft Point 

Most physicochemical properties of ionic surfactants in aqueous solutions show a very complex 

dependence on the composition, ionic strength of the medium, and/or intensive variables. Another 

interesting property is the unusual temperature-dependence of surfactant solubility.  

As for most solutes in water, increasing temperature produces an increase in surfactant solubility. Ionic 

surfactants are initially insoluble, however, there is often a temperature at which the solubility 

suddenly increases very dramatically.  This is known as the Krafft point or Krafft temperature (Ὕ) as 

shown in Figure 14 (Tsujii and Mino, 1978) and is defined as the intersection of the solubility and the 

CMC curves. In other words, the solubility of the monomeric surfactant is equivalent to its CMC at the 

same temperature at the temperature. The solubility of ionic surfactants increases very rapidly after 

the Krafft point. Knowledge of the Krafft point temperature is crucial in many applications since below 

it, the surfactant will clearly not perform efficiently; hence-typical characteristics such as maximum 

surface tension reduction and micelle formation cannot be achieved. This temperature is important in 

industrial preparations, especially where concentrated surfactant solutions are required.  

The Krafft temperature increases with an increasing number of carbon atoms in the hydrophobic part. 

Extensive research work has been dedicated to the effect of chain length, head group size, and 

different additives on the Ὕ and the CMC of ionic surfactants(Chu and Feng, 2011, Davey et al., 1998). 

These studies have revealed that the CMC decreases while the Ὕ  increases with increasing 

concentration of electrolytes. However, the Krafft point is typically much higher in the presence of 

divalent counter ions than monovalent counter ions.  
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Figure 14: A schematic phase diagram of a surfactant close to the Krafft point (Abbott). 

2.2.4 Surface/Interfacial tension and CMC Determination 

2.2.4.1 Surface and interfacial tension 

Surface tension is a measure of the force acting at a boundary between two phases. If this boundary 

is between a liquid or a solid and a gas (Weaire and Hutzler) the attractive forces are referred to as 

surface tension, but the attractive forces between two immiscible liquids, like oil and water, or 

between a liquid and a solid are referred to as interfacial tension. The common unites for 

Surface/interfacial tension are dynes/cm or mN/m.  

There are many ways to measure surface tension, such as; Wilhelmy plate technique, capillary rise 

technique, maximum-bubble-pressure method, drop-weight method and ring method. The surface 

tension of surfactant solutions depends on the number of surfactant molecules per unit area at the 

surface. For a given surfactant, the surface tension decreases with increasing surface concentration 

(Rosen and Tracy, 1998).  In other words, the greater concentration of surfactant molecules at the 

surface results in the lower surface tension.  

At constant pressure and temperature, the surface tension can be defined as the change in (G) Gibbs 

free energy per surface area (A), as seen in the equation below (4): 

                                                                            ‎   ȟ                                                                              (4) 

One of the most famous equations when it comes to Interfacial tensions is the Laplace equation, which 

was derived in 1805. Any generally curved surface at any point can be identified in terms of two local 

radii of curvature (Ὑ and Ὑ) orthogonal to each other at that point. 
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                                                                Ўὴ  ‎ Ȣ                                                                            (5) 

2.2.4.2 Surface tension measurements - Ring Method 

The Du Nöuy method utilizes a platinum ring (Fu et al., 2010), which is placed on a measurement hook 

connected to a high-sensitivity balance. The platinum ring is then submerged below the interface by 

moving the platform on which the liquid container is placed. When the ring is pulled to the liquid 

interface, there is a force that prevents the ring from leaving the liquid due to the intermolecular forces 

of the liquid. This force can be correlated to the surface tension. In other words, calculating surface 

tension is based on the measurement of the maximum force and the perimeter of the ring.  

                                                                       ‎  
 

Ȣ  
                                                                             (6) 

Ὂ :  Maximum force measured 

Ὂ:   Force of liquid volume= ”ȢὺȢὫ 

L:   Wetted length of the ring (circumference of the outer part of the ring+ circumference of the inner 

part of the ring) 

: Contact angle between liquid and ring (Usually zero, 0, when a platinum ring is used) 

 

Figure 15: From force vs. time curves different stages of the experiment. Modified from Kjem319 (UIB, 2016). 
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Figure 15 can be explained as follows:  

At the beginning (1), the ring has no contact with interface, and hence the force is zero. Then (2) the 

ring slightly touches the interface and due to adhesive force between the ring and surface, there is a 

small positive force. After that (3), the ring is forced through the interface leading to a small negative 

force. When the ring breaks through the interface and is fully submerged (4), a small positive force is 

measured due to the wires of the ring. As the ring is lifted through the interface (5 and 6), the measured 

force increases until it peaks (7), and then it reduces slightly until the lamella breaks (8). 

2.2.4.3 The critical micelle concentration, CMC 

CMC is a key thermodynamic quantity of surfactant-water mixtures. Knowledge of this quantity is 

crucial for both scientific and practical understanding of how surfactants behave. The CMC is the 

concentration at which surfactants in solution change their initial molecular solvated state. To 

determine CMC, there are many ways such as light scattering and viscosity. Surface tension is one of 

the most common methods used to measure the CMC, because the method is easy to automate, and 

the equipment can be relatively inexpensive. The CMC is determined to be the point at which a change 

in slope occurs in a plot of surface tension versus surfactant concentration. We will go in more details 

about CMC determination is the next sections. 

The CMC is influenced by a number of factors that are dependent on the nature of the surfactant and 

the aqueous environment.  One of these factors is the ionic strength; The CMC in an aqueous solution 

is influenced by the degree of binding of the counter ions to the micelle. For aqueous systems, the 

increased binding of the counter ions to the surfactant causes a decrease in the CMC and an increase 

in the aggregation number (Mukerjee, 1967). The extent of binding of the counter ion increases with 

an increase in the polarizability and valence of counter ions and decreases with an increase in its 

hydrated radius. There are many researches showing the effect of monovalent and divalent ions on 

the micelle. 
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Figure 16: Effect of counter ions on molecular packing of AOS at the air/ water interface. Area per molecule (Am): ὃ >ὃ . 

This picture modified from (Pandey et al., 2003) 

The phase behavior of anionic surfactant systems is much more sensitive to a change in divalent ions 

(Ca+2and Mg+2) compared to monovalent ions (ὔὥ), especially at low surfactant concentrations 

(Nelson, 1981). 

Sammalkorpi and Karttunen have studied the effect of divalent ions on the surfactant aggregates. They 

found that the aggregate structures were markedly different in the cases of NaCl and CaCl2. Especially, 

the aggregates appear much more compact in the case of CaCl2. They observed also that the micelles 

in the presence of excess NaCl undergo rapid fluctuations in size and shape, CaCl2 reduces the 

magnitudes of fluctuations in both quantities (Sammalkorpi et al., 2009). 

2.3 Importance of Salinity   

At an interface of an aqueous solution containing anionic surfactant, there will be some repulsion 

between the surfactant head group as it carries the same charge.  This in turn, makes the effective 

head-group area large due to its Electric Double Layer (EDL). Addition of electrolytes, however, will 

weaken the repulsive forces between the head groups and thus allows a higher concentration of 

surfactant at the interface/surface. An increase in surfactant/area ratio will decrease IFT/ST 

(Tichelkamp et al., 2014). Surfactant solution phase behavior is strongly affected by the salinity of the 

brine/salts.  

The effect of increasing salinity not only has on pertains to adsorption of molecules at the interface, 

but it also alters the aqueous phase solubility. As the concentration of salt increases, the solubility of 

surfactant in the aqueous phase decreases.  
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2.3.1 The Electrical Double Layer (EDL) 

A conceptual description of this topic will be helpful in understanding foams and other chemical 

enhanced oil recovery methods. A schematic description of an electric double layer is shown in Figure 

17.   When a charged particle is present in a solution containing an excess of ions, the ions will locate 

themselves around the particle to neutralize the surface charge. This accumulation of ions is named 

the electrical double layer (EDL). The double layer refers to two parallel layers of charge surrounding 

the particle surface. The first layer called the Stern layer which is formed by ions of opposite charge to 

the particle surface. These ions are named counter-ions and are adsorbed onto the particle surface.  

The counter-ions dominate close to the interface due to attractions with the surface. The second layer 

is a diffuse layer consisting of free ions that move under the influence of electrostatic attraction to the 

surface charge, and consists of both counter ions and co-ions - ions of the same charge as the surface 

(Berg, 2010, Hunter, 2013, Kontogeorgis and Kiil, 2016). 

 

Figure 17: Schematic of an electric double layer. Modified from  (Kontogeorgis and Kiil, 2016). 

 

The thickness of the electrical double layer is called the Debye length, ὑ  [nm]. The Debye length 

depends on salt concentration and valency of ions and can be expressed by the following equation for 

electrolyte solutions at ςυ C (Berg, 2010, Hunter, 2013). 

                                                            ὑ   
Ȣ

Ѝ
                                                                                             (7) 
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Where I is the ionic strength of the solution, which is a measure of the total concentration of ions in 

solution, given by: 

                                                                 Ὅ   Вᾀ ὅ                                                                                      (8) 

Where z is the ion valency, and C is the molarities of the ions in the solution (Berg, 2010, Hunter, 2013). 

From this equation, the Debye length must decrease with increasing concentration and /or valance of 

ions in the solution, and vice versa. This is consistent with the intuitive idea that a higher concentration 

of ions neutralizes the surface charge within a shorter range, due to a more effective screening of the 

particle surface. 

When two surfactant monomers with the same charge of the head group are present at an interface, 

their EDL will interact and repel each other. However, when salt is introduced into the system, positive 

and negative ions will interact with the double layer, decreasing the size of the EDL, and hence 

decreasing the repulsion between the two monomers (Brown et al., 2016). This is the reason why CMC, 

as well as ST /IFT, decrease in a surfactantςcontaining system when salt is introduced to the system. 

3. Foam Stability 

Foam are thermodynamically unstable systems, which eventually will collapse (Sheng, 2013). They 

evolve irreversibly over time because the interfacial area in the lamella diminishes in order to minimize 

the interfacial free energy of the system (Kornev et al., 1999).  

Foam stability is the ability of foam to resist bubble collapse or coalescence (Romero-Zeron and 

Kantzas, 2007) and it is one of the most important aspects in foam characterization. However, foam 

stability is relatively difficult to control, since it as affected by many parameters, such as the amount 

and type of foaming agent and the method of foam preparation (Ghorbani et al., 2019). Foam stability 

can be quantified by measuring its half-life (Sheng, 2013), which can be monitored by the evolution of 

liquid content of foam as a function of time. There are three different mechanisms governing the half-

life of foam: foam drainage (liquid drains out of the foam mainly through Plateau Borders and nodes 

under gravity), coarsening (enlargement of large bubbles by gas diffusion from smaller adjacent 

bubbles induced by the capillary differences) and bubble coalescence (merging of neighboring bubbles 

due to the rupture of the liquid films between them)(Cantat et al., 2013). 

For foam in porous media, the principal mechanisms are the capillary suction coalescence, the capillary 

pressure, the interfacial elasticity, and the disjoining pressure. The attribute that distinguishes foam in 

porous media from the ordinary gas-liquid flow is the stability of the lamella. The stability of the lamella 

is also very dependent on the chemical properties of the surfactants.  The foam films (lamella) are thin 



Chapter 1 

21 
 

free staying layers of aqueous solution surrounded by gas from both sides (Figure 18). Usually, 

surfactant molecules adsorb on both film sides and stabilize the film. The thickness of the films is 

usually only a few micrometers but could be even only a few nanometers while their area could be 

extended to a few square meters (Weaire and Hutzler, 2001). 

 

Figure 18: Illustration of a thin film stabilized by surfactant molecules (Solbakken, 2015). 

 

Surfactants stabilize lamellae by reducing IFT, improving lamella elasticity, and increasing disjoining 

pressure. (Farajzadeh et al., 2012, Bureiko et al., 2015). 

3.1 Gravity drainage  

The most obvious force acting on foam is the gravitational force, causing drainage of the liquid 

between the air bubbles. The drainage can be improved by increasing the viscosity of the bulk liquid. 

As a definition, the drainage is the irreversible flow of liquid through a foam film membrane via plateau 

borders under the influence of both gravity and capillary forces. As water begins to drain under gravity, 

the top of the foam quickly becomes dry, with <1% liquid, whilst the bottom remains wet. The shape 

of the bubbles transforms under the influence of drainage, going from a somewhat spherical shape to 

polyhedral shapes.  This drainage mechanism leads to foam gas bubbles becoming less stable, and 

increasingly susceptible to bursting (Heuser et al., 2008).  

Bubble size is also important. In foam with small bubbles, the viscous dissipation is larger, and drainage 

will therefore be slower. Foam bubbles usually have diameters> 10 ‘ά  and may be larger than 

1000 ‘ά. Even though foam stability is not necessarily a function of drop size, there may be an 

optimum size for an individual foam type. Some foams that have a bubble size distribution that is 

heavily weighted toward the smaller sizes will represent the most stable foam (Schramm, 1994). 
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3.2 Surface elasticity 

Surface elasticity sometimes referred to as the άǎŜƭŦ-ƘŜŀƭƛƴƎέ ŜŦŦŜŎǘΣ ƛǎ a direct consequence of 

surfactant adsorption at the interface. The mechanism behind this phenomenon is called the Gibbs-

Marangoni effect and is illustrated in Figure 19. Foam films should have some elasticity in order to be 

able to withstand small deformations without rupturing. The Gibbs-Marangoni effect (Schramm, 1994) 

is responsible for this elasticity. The Marangoni effect is the fluid mass transfer along with an interface 

between two regions due to surface tension gradient. In a foam system, when a surfactant- stabilized 

liquid film undergoes an expansion, the local surfactant concentration is lowered owing to the 

increased surface area, and the film becomes thinner. The lower surfactant concentration results in a 

locally higher surface tension, which causes a contraction of the expanded surface to maintain low 

energy. This effect provides resistance against film thinning, which could eventually lead to film 

rupture. In other words, the Marangoni effect due to surface tension gradient helps to stabilize a foam 

system. 

This condition of a surface elasticity must be valid in the time during which the lamellae is stretched 

and restored. Thus, it is a prerequisite for foaming that the diffusion of the surface-active component 

from the bulk solution to the newly created surface is sufficiently slow. If this is not the case, the 

adsorption at the surface will decrease the surface tension and the temporary stretch of the foam 

lamella will be made permanent with a weakening of the lamellae as the result. A film having high 

elasticity has more stability (Xu et al., 2003). The film elasticity decreases with increasing surfactant 

concentration (Rao et al., 1982), which leads to the rapid collapse of the foam. 

 

Figure 19: A sketch demonstrating the Gibbs-Marangoni effect. the locally lowered surfactant concentration causes 

contraction of the surface modified from (Schramm, 1994) 
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3.3 Laplace Capillary pressure 

The pressure in the Plateau borders is lower than in the films. Due to the difference in the curvature 

of the liquid surface, the liquid will flow from the films to the plateau borders, which causes thinning 

of the films. The driving force that leads to liquid flow toward the borders is referred to as the capillary 

pressure suction.  This thinning of the films can lead to rupture and foam collapse. 

The Yong-Laplace equation describes how the pressure difference between the gas and liquid phase 

varies with the radius (R) of the curved surface. 

                                                            Ўὖ  ὖ ὖ                                                                                 (9) 

 Where ὖ is gas pressure, ὖ the liquid pressure and ‎  the surface tension. The quantity ὖ ὖ is 

also known as the capillary pressure  ὖ . The radius of curvature at the surface of the Plateau border, 

R2 is smaller than the radius of curvature of the thin liquid film, but the gas pressure ὖ in the bubble 

is equal.  

 

Figure 20: Illustration of a foam film between two Plateau borders. Modified from (Bent, 2014). 

 

3.4 Disjoining pressure 

Disjoining pressure can be defined as the total pressure difference between the liquid phase and the 

gas phase within a foam film and it is particularly dependent on the film thickness (Aronson et al., 

1994). 



Chapter 1 

24 
 

The thin liquid film formed between bubbles initially thins under the influence of the capillary pressure.  

When the film thickness reduced to 300-200 nm, film drainage owing to the capillary pressure is slowed 

down and interactions between the film surfaces called the disjoining pressure start affecting the film 

drainage (Yaminsky et al., 2010). 

This is only stopped when the surfactant molecules at the outer surfaces of the lamella begin to 

interact with each other. There are three different components that contribute to the disjoining 

pressure (Б): van der Waals forces (Б ), electrostatic forces (Б ) and steric forces (Б ). 

                                                      Б   Б Б  Б                                                                  (9) 

The attractive van der Waals forces have a negative contribution to the disjoining pressure. The 

electrostatic forces stabilize the foam film. When equally charged interfaces approach each other and 

their electric double layer overlap, repulsive forces will be created, which is a positive contribution is 

to disjoining pressure. The steric forces arise from the fact that each atom within a molecule occupies 

a certain amount of Space; they are repulsive and only observed a very short length scale. Molecule 

size can be important for steric interaction (Sedev and Exerowa, 1999). The disjoining pressure is 

thought only for thin films (i.e., < 100 nm). For thicker films, the disjoining pressure is not expected to 

be important (Schramm, 1994). 

 

Figure 21: Schematic representation of the disjoining pressure curve (resultant from the attractive and repulsive forces), 

Modified from (Kornev et al., 1999) 

Common black film 

Newton black film 



Chapter 1 

25 
 

The magnitude and the sign of the total disjoining pressure vary with the film thickness (Figure 21). 

When the film thickness is decreasing, a local maximum in disjoining pressure is encountered. The 

repulsive overlap of the electrostatic double layer is overpowering the van der Waals attraction. Films 

on this branch are called common black films. If the film thickness decreases further, van der Waals 

forces become more dominant. Stability is reached again when steric forces become significant; these 

films are called Newton black films.  

3.5 Foams stabilized by ions 

The addition of other chemicals (additives) to surfactant solution has been considered to enhance 

foam surface properties, which ultimately can strengthen the lamellae. Specific types of additive may 

produce the synergetic effect with the surfactant to increase foam stability by several ways, such as 

improving the elasticity of lamellae, decreasing the drainage of the liquid phase, and increasing the 

surface viscosity. There are several categories of additives that can be used to stabilize foam, such as 

polymers, particles and electrolytes.  

Salts are either naturally present or added in many applications of foams. Salt influences the 

adsorption of surfactant molecules at the air-water interface and consequently alters the charge at the 

interface (Kralchevsky et al., 1999). Therefore, the adsorption and the stability of foam are strongly 

affected by the presence of salt. The ions of different valency affect the adsorption of surfactant to 

different extents due to their varied effect on the screening of electrostatic charge. The binding of 

counter ions can drastically reduce the forces at the air-water interface (Kralchevsky et al., 1999). Even 

salts having the same ions can lead to a significant difference in surfactant adsorption. This ion-specific 

effect has been attributed to the difference in the hydrated radius of the counterions (which leads to 

the difference in the area occupied by the ions in the Stern layer) and the effect of the counter ions on 

the structure of water  (Kunz, 2010). 

The properties of thin liquid films are important in the discussion of foam stability. The thickness of 

film depends on surfactant concentration in the solution. The film thickness decreases smoothly with 

increasing salt concentration. To verify this (Farajzadeh et al., 2008) had investigated two surfactant 

concentration (0.01 wt.% and 0.3 wt.%), and he found that the film of 0.01 wt.% surfactant 

concentration was thicker than the film which was prepared with 0.3 wt.% surfactant. This is because 

surfactant is an electrolyte itself and at low salt concentrations, its concentration determines the ionic 

strength of the solution.  
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Figure 22: Disjoining pressure as a function of lamella thickness (Rossen, 1996) 

In the presence of ionic surfactants, the electrostatic double-layer repulsion between the two opposing 

surfactant films also has a stabilizing effect. In that case, the presence of counter-ions can modify the 

foam stability by at least two mechanisms: 

1. Screening of the electrostatic repulsion between the two charged film surfaces, allowing to thinner 

films, and thus possibly reducing the foam stability (Pugh, 1996). This effect is dependent on the 

ion charge and its size (Sett et al., 2015). large ion penetrates a more deeply in the surfactant film 

which leads to decreasing more effectively the electrostatic repulsion between the two opposing 

films see (Figure 23) 

 

Figure 23: Effect of counter-ion size on the electrostatic repulsion between two negatively charged surfactant films, modified 

from(Schelero and von Klitzing, 2015). The dotted lines represent the hydration shell of the inorganic ions. 
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2. By screening of the repulsion between the charged surfactant head groups in the surfactant film. 

This leads to an increase in the amount of adsorbed surfactant at the air-water interface, therefore 

reducing the surface tension of the bubbles and increasing the film stability. This phenomenon is 

also dependent on the size as deeper penetration of the counter-ion in the surfactant film allows 

a more effective screening of the charged surfactant head group (Pandey et al., 2003, Sett et al., 

2015, Schelero and von Klitzing, 2015). 

The two previous mechanisms act in opposite directions: the former tend to destabilize the foam while 

the latter tends to stabilize it. Although the counter-ions appear to increase the lifetime of foams 

stabilized by ionic surfactant, (Sett et al., 2015) have shown that a rapid destabilization of the 

surfactant film occurs when a critical concentration of counter-ions is exceeded. 

3.6 Surfactant concentration  

Several studies show in their results the influence of surfactant concentration on foam generation, 

stability and bubble coalescence in presence and absence of salts are also reported in the literature 

(Farzaneh and Sohrabi, 2015, Rojas et al., 2001, Simjoo et al., 2013, Wang and Chen, 2013). Some of 

them reported that foam stability increases with increasing surfactant concentration while others 

reported increasing foam stability with the increasing surfactant concentration until a certain 

concentration is attained. Confirmed later that foam stability either decreases or remains the same 

from this surfactant concentration and beyond. The changes in surfactant concentration have a great 

influence on foam generation ability. In EOR foam application, surfactant concentrations are typically 

applied in the range of 0.1-1 wt.% (for economic reasons) (Mannhardt and Svorstøl, 2001).  

3.7 Effect of oil on foam stability 

Foam performance in the presence of oil plays an important role in foam applications in EOR. It is 

known that the addition of small traces of oil, hydrophobic particles, or a mixture of both strongly 

influences the foam stability. Since the foam is a closed system, the oil reaches only the outer surface 

of the foam. The defoaming activity of oil is usually explained in terms of the effects resulting from the 

surface activity of the oil or dewetting of the oil by the aqueous solution. This is turn depends on 

several physicochemical parameters. 

There are many studies and laboratory experiments on the effect of oil on the stability of foam (Simjoo 

et al., 2012, Schramm and Novosad, 1990). Some researchers report that foam stability decreases in 

the presence of oil. others show that the composition of the oil phase has a great effect on the foam 

stability such that the existence of light component is detrimental to foam stability (Schramm et al., 
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1993, Kuhlman, 1990). However, the parameters that determine foam ς oil interactions the most are 

Entering (E), Spreading (S) and Bridging (B) coefficients and Lamella number (L). 

To rupture a foam film, an oil droplet or a hydrophobic particle must firstly emerge from the aqueous 

phase into the gas-water interface during a process called entering. The entry coefficient is used to 

determine if it is thermodynamically favorable for the oil droplet to enter the solution gas surface:                                                        

                                                         Ὁ  „ „ „                                                                       (10) 

Where „  is surface tension between gas and water, „  is interfacial tension between oil and water, 

and „  is surface tension between oil and gas. The ability of oil drop to enter the gas-water interface 

is a necessary condition to rupture foam lamellae.  A positive entering coefficient means the surface 

tension of the antifoam liquid („ ) is lower than the sum of the surface tension of the foaming liquid 

(„ ) and the interfacial tension (IFT) between the antifoam and the foaming liquid („ ).  

If E is negative the oil droplet cannot enter the foam interface, and the surfactant solution completely 

wets the oil drop (Figure 24). After this entering, some oil from the droplet can spread on the solution-

gas interface in a second step. When an oil drop spreads over the gas-water surface, a new gas-oil 

surface and water-oil interface are created, and the change is measured by a spreading coefficient, S: 

                                                                 Ὓ  „ „ „                                                                    (11) 

Spreading oils have a negative effect on foam stability. A positive value of the spreading coefficient 

indicates oil that will spread along with the gas solution interface. A high spreading rate will have a 

negative effect on foam stability.  A negative spreading coefficient indicates that the oil not spread. 

 

Figure 24: Illustration of the different entering and spreading scenarios of an oil phase in contact with a lamella 

 (Solbakken, 2015). 
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When an oil drop fully breaks through the thin liquid film an oil bridge is formed (Figure 25).  

 

Figure 25: A schematic representation of the meaning of the bridging coefficient (Bent, 2014). 

 

If B is negative, a stable bridge can be formed. Positive values of B corresponds to unstable bridges, 

which in turn leads to rupture the foam film. The bridge coefficient can be determined by the following 

equation: 

                                                                ὄ  „ „  „                                                                     (12) 

Schramm and Novosad (Schramm and Novosad, 1990) proposed another mechanism for foam stability 

in terms of oil emulsification and imbibition in the foam structure. The main step of this mechanism is 

to form small oil droplets by emulsification, which allows oil droplets to move inside the foam 

structure. A dimensionless parameter, called Lamella number (L), is proposed to describe foam 

stability. It is defined as a ratio of capillary pressure at Plateau borders to the pressure difference across 

the oil-water interface: 

                                                                      ὒ πȢρυ                                                                            (13) 

Where 0.15 denotes the ratio between the radius of an oil droplet engulfed by water and the radius of 

the Plateau border contacting the oil surface.  

They defined three types of foam depending on the value of the lamella number (L): type (A) foam 

when L< 1, type B foam when 1< L < 7, and type C foam when L> 7.  The lamella number theory is 

summarized in table 1, while Figure 26 illustrates if and how oil is imbibed in the lamella in flowing 

foam. 
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Table 1: Foam stability prediction by the lamella number theory 

Type of foam Foam stability to oil E S 

A stable negative negative 

B Moderately stable positive negative 

C unstable positive positive 

 

 

Figure 26: Illustration of type A, B and C foams, modified from (Schramm and Novosad, 1990). 

 

There are two other criteria used to predict the stability of foam with and without oil. The following 

criterion is used to rank surfactants in the mixer method, modified from (Solbakken, 2015). The listed 

criteria were defined in this thesis based on earlier experiences and other surfactant screening studies 

using similar methods (Solbakken, 2015, Vikingstad et al., 2005, Aarra et al., 1997, Aarra et al., 2002): 












































































































