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Abstract 
The addition of polymer has the potential to enhance both the viscosity and 

the stability of surfactant-stabilised foams. However, the degree to which the bulk 

properties of polymer-thickened foams are retained or enhanced in porous rock is 

not wholly understood and difficult to predict. 

A series of investigations into the basic flow properties of polyacrylamide 

polymer-thickened foams, stabilised with either an anionic or amphoteric surfactant 

was conducted at ambient temperature and low pressure conditions. The rheology 

of the underlying polymer-surfactant solutions, the viscosity of the polymer- 

thickened foams in bulk (pipe) flow, and the apparent viscosity of the same 

polymer-thickened foams in porous media were systematically investigated as a 

function of polymer concentration and shear rate. The results suggest that these 

foams, with their high viscosities and enhanced stability, would act as effective 

mobility control agents in improved oil recovery (IOR) applications. 

A suite of imaging techniques, including scanning electron microscopy and 

confocal laser scanning microscopy, was applied to the imaging of mobile, non- 

equilibrium polymer-thickened gelled-foams in porous media. Information was 

obtained about the morphology of some-nonequilibn'um foam lamellae in real 

porous media. The foam films are lamellar and three-dimensionally arranged in 

various structures. The measured film thicknesses ranged from 1 - 12 pm. This 

thickness range is much narrower than is observed for bulk dynamic foams. The 

present measurements also show that the foam lamellae in porous media can 

extend for considerable distances, greater than the length of the individual pores. 

In the context of IOR, this configuration, for which the apparent foam viscosity in 

rock was similar to the viscosity of the same foam in bulk Row, would reduce the 

mobility of the injected fluids. Conversely, the film lamellae can also span across 

the entrances to multiple pores. Thus in the context of improved oil recovery, this 

configuration yielded an apparent foam viscosity in rock that was as much as an 

order of magnitude greater than the viscosity of the same foam in bulk flow. This 



configuration would cause blocking and diverting of injected fluids. This is important 

to the specification and formulation of the most effective surfactant for varying 

applications. 
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1.0 Foams for improved Oil Recovery ([OR) Applications 
A foam can be described as a gas-liquid dispersion in which the liquid is the 

continuous phase and the gas is the discontinuous phase. The gas is dispersed in 

the form of bubbles that are separated from one another by liquid films known as 

lamellae. In a wet foam, where the liquid content is high, the gas bubbles are 

spherical, and the lamellae are thick. As the liquid drains from the films and the 

iamellae thin, the geometries of the gas bubbles change due to the proximity of 

other bubbles, which begin to influence each other. Thus, the bubbles take on 

polyhedral shapes resembling dodecahedra. Where three or more gas bubbles 

meet, the lamellae are curved, concave to the gas cells, and meet at junctions 

forming what are called Plateau borders. At a Plateau border three lamellae 

characteristically meet at angles of 1 20°(in two dimensions) or four larnellae at 109' 

(in three dimensions). Foams are colloidal systems as at least one linear dimension 

lies within the range of 1 O-g to l o 4  m. 

There is an abundant literature on the subject of bulk foams and thin films. 

'.2*33 The nature and properties of foams in porous media (lamellar foams) are also 

of great practical interest. However, the structure and behaviour of foam in porous 

media is not as well understood as it is with bulk foams. Of the many petroleum 

industry uses of foams,' several processes involve propagating foams through 

porous petroleum bearing reservoirs, including fracturing foams, acidizing foams, 

blocking and diverting foams, and gas mobility control foams. The latter two uses 

of surfactant-stabilised foams in improving oil recovery have become actively 

pursued in laboratory and field tests around the warld.6-7-B~9-10~11.12~13~14~15 In the 

development of suitable surfactant solutions for such applications of foams in 

porous media, one has to assess not only foam stability but also such properties as 

chemical stability, solubility, and adsorption by the r o ~ k . ~ ~ - ' ~ * ~ ~ ~ ~ ~ ~  

Stable aqueous foams are required in a variety of industrial processes, 

including the petroleum industry's enhanced flooding techniquesm21 Primary and 

secondary oil production from a petroleum reservoir may recover less than one third 



of the oil originally in place. The oil is left behind in the reservoir because it is either 

trapped as disconnected oil ganglia by the capillary forces* or because it was in 

some way bypassed. In order to recover additional oil, it is necessary to apply 

improved oil recovery (IOR) techniques, involving the injection of gases and/or 

chemical solutions- 

Many aqueous foams are rather dry, consisting of a high volume fraction of 

gas dispersed in a low volume fraction of liquid. The aqueous phase contains a 

discrete amount of surfactant and other additives such as alcohols, inorganic salts, 

or polymers. The additives are needed to reduce the energy barrier to forming foam 

and also to promote foam stability. Surface active materials that will adsorb to the 

gasniquid interface often promote foaming, even at very low concentrations (as low 

as lo4  M). When one refers to a stable or persistent foam it is meant in a kinetic, 

not thermodynamic, sense as all foams will eventually collapse. 

Surface tension lowering due to the presence of sumctants is a necessary, 

but not sufficient, condition to form reasonably stable foams. Foams will collapse 

because the liquid will drain out from the lamella, causing it to thin. The film will 

reach a critical thickness (50 - 100 A) where the random motion of the molecules 

is sufficient to cause the film to collapse. The liquid drainage occurs under three 

influences: gravity; pressure; and surface tension. 

Gravity drainage is important primarily for very thick lamellae, such as when 

a foam is initially formed. In contrast, drainage under the influence of the difference 

in surface tension is dominant when the lamellae are thin. If the foam is transient, 

the foam will collapse before gravity drainage is complete and while the films are 

still relatively thick. If the foam is persistent, the foam lamellae will rupture primarily 

when they have thinned to a critical thickness. 

The pressure differences that exist at various points in each lamella. 

because of differences in surface curvatures, will result in drainage due to surface 

tension differences. The curvature in a lamella is greatest at the Plateau border. 

Generally, the greater the curvature in a lamella, the greater the pressure difference 



across the lamella which drives the drainage- 

The bulk viscosity of the solution in the lamella will also influence the 

drainage rates. As a general rule, the drainage rate of foams can be decreased 

(thus, increasing the stability of a foam) by increasing the bulk viscosity of the liquid 

phase.P24 

Another factor determining the stability of foams is the rate of gas diffusion 

from one bubble to another through the separating lamellae. As a rule, gas diffusion 

occurs in the direction of decreasing pressure. As the bubbles take on a larger 

polyhedral shape, the curvature in the Plateau borders increases. thereby 

increasing the pressure force driving liquid drainage? 

Evaporation of the liquid will also cause the lamellae to thin. The removal of 

solvent from the lamella will result in an increase in the surfactant concentration 

which can induce the films to 'stretch" and thin, thus aiding drainage- 

Two other important factors are the surface elasticity, which acts to resist 

rapid expansion of the foam films, and the surface viscosity, which acts to slow the 

rate of film drainage from the thin laminar regions towards the Plateau borders.26 

Surface elasticity is required so that any applied stresses that cause local thinning 

or stretching of the film are rapidly opposed by a restoring force. The Gibbs- 

Marangoni effect provides the restoring force to counteract film rupture. This 

restoring force operates till the surfactant adsorption equilibrium is re-established 

at the interface. The magnitude of the Gibbs-Marangoni effect will vary with the 

nature of the ~ur fac tan t .~~ 

Aqueous foams are utilised in a variety of the petroleum industry's enhanced 

oil recovery flooding techniques. 21*28 For example, surfactant stabilised foams have 

been used as mobility control a g e n t ~ ? ~ n ~ ~ ~ '  The foam. which has an apparent 

viscosity greater than the displacing medium, lowers the gas mobility in the swept 

andfor higher permeability region in the formation. The advantage of using foam, 

rather than a liquid that has a comparable mobility, is that the foam mobility is more 

significantly reduced in the high permeability zones. The foam will divert some of 



the displacing medium into other parts of the reservoir formation that was previously 

unswept or poorly swept to recover additional oil. Significant foam stability is a 

prerequisite for the successful application of foam flooding. There are also many 

other applications of foams in the petroleum industry, all requiring controlled 

~tability.2~. 3t 

In addition, foam has been used as a blocking agent because of its selective 

ability to reduce the gas permeability.32133 A foam that has been developed for a 

blocking application must meet different requirements than a foam that has been 

developed for sweep efficiency applications. A blocking foam must possess the 

ability to completely fill a selected volume in all locations where the gas could travel 

through and act as a barrier to flow. The gas blocking foam must stay in place and 

possess long term stability, providing the largest possible gas mobility reduction for 

the longest periods of time. 

Several kinds of foams have been utilised as alternatives to suspensions 

(muds) in drilling fluid formulation.M~35~36~37=38~39~40-41 They possess the following 

advantages: 

wet cuttings can be removed from the hole with less pressure: 

sloughing is reduced because of pressure stabilization; 

penetration rate and bit life are improved because the pressure stabilises at 

a lower level than if the cuttings were allowed to build up; and 

can withstand large amounts of fluid influx from the forrnati~n?~ 

A stable foam is necessary to maintain the hydrostatic pressure in the hole, cool 

and lubricate the cutting bit, and to carry drilled rock cuttings up to the surface. 

Since foams can exhibit a high carrying capacity (viscosity), they can also be used 

to clean out sand or scale particles that may have accumulated down hole. Through 

the careful selection of the type of surfactant used in the formulation, one can adjust 

the salinity and oil tolerances of the foam. Other additives, such as guar and 

xanthan gums, may be added to the foam to adjust the foam viscosity and enhance 

its carrying capacity for cuttings. 



Foams have also been used to increase the productivity of wells by fracturing 

or acidizing. Fracturing fluids are injected through a wellbore at a carefully selected 

high pressure and velocity to create and propagate fractures (cracks) in the 

formation. Acidizing foams (the liquid phase consists of either hydrochloric or 

hydrofluodc acid, or a combination of the two) are used to increase the productivity 

of resenroirs by dissolving fine particles within the Row channels of the porous 

media. Foaming an acidizing fluid will increase its effective viscosity, allowing some 

mobility control. In both instances, the flow capacity in the near -well region of a 

reservoir is increased. Compared with other fluids, foamed fracturing fluids tend to 

be less expensive, contribute less liquid contact and less damage to the formation, 

provide reduced proppant requirements, and possess a more rapid recovery and 

clean out step. 

As previously stated, foams can be injected into a reservoir for mobility 

control or for blocking and diverting. One of the challenges that must be overcome 

in the formulation of an effective foam formulation is the proper selection of foam- 

forming surfactants. Generally, a foaming agent should possess many of the 

following characteristics to be effective in porous media:u 

good solubility in the brine at surface and reservoir conditions, 

good thermal stability under reservoir conditions, 

low adsorption onto the reservoir rock, 

low partitioning into the crude oil phase, 

strong ability to promote and stabilise foam lamellae, 

strong ability of the foam to reduce gas mobility in porous media, and 

good tolerance of the foam to interaction with crude oil in porous media. 

These requirements can severely restrict the number of surfactant candidates. 

By examining the factors that affect the stability of a foam and the underlying 

liquid film structure one finds that there are a variety of ways by which an additive 

can enhance stability. A wide variety of foam additives have been reported in the 

literature including organic compounds, electrolytes, finely divided particles, 



polymers, proteins or liquid  crystal^.^ Frequently, the stability of aqueous foams is 

enhanced by W e  addition of organic additives known as co-surfactants that 

increase the surface viscosity and elasticity.45 Another approach for foam 

stabilisation has utilised the addition of polymeric compounds!6*" The interactions 

between the polymer and surfactant molecules may also affectthis stability."" The 

addition of polymers to foaming solutions has also been known to affect the solution 

properties, primarily by increasing the liquid phase viscosity which enhances foam 

stability by decreasing the rate of drainage? The rate and value of the decrease 

in foam persistence vary in different degrees for the different additives. The 

amplified stability of polymer thickened foams has also been largely attributed to a 

retardation in the rate of inter-bubble gas diffusion by decreasing the lamellae's gas 

perrneabi~ity.~' 

The use of polymer thickened foams in improved oil recovery (IOR) 

applications has experienced a resurgence of interest during the past fifteen years. 

Incorporating polymer into foaming solutions affects the solution properties primarily 

by increasing the liquid phase viscosity, which enhances foam stability by 

decreasing the rate of drainage and reducing the rate of inter-bubble gas 

diRusion.46*49*505'52a~m Polymer thickened foams can be formulated using the same 

range of types of gases, surfactants, and other additives used in conventional 

surfactant-stabilised foams. A range of polymer additives have been tested, 

including polyacrylamide, polyvinyl alcohol, polyvinylpyrrolidone, xanthan and guar 

biopolymen. In addition to changing foam quality and texture, the effective 

viscosities of polymer thickened foams can be adjusted by varying the polymer 

concentration and molar mass. A variety of polymers have been used in IOR 

applications. The type of polymer selected will largely be determined on the type 

of application (i.e., blocking, and diverting or sweep efficiency), and the particular 

environment (i-e., temperature, salinity, pH, and shear conditions). 

Many early references exist which cite, or relate to, the use of polymer 

thickened foams in petroleum Several references have been 



made to the use of polymer thickened foams as fracturing  fluid^.^^*^" In addition, 

polymer thickened foams to which timedelayed cross-linking agents have been 

added, known as gel-foams, can be used to improve the efficiency of oil 

displacement by blocking swept zones and by diverting fluids into underswept 

zones in reservoirs containing large permeability variations a n d l o r f r a ~ t u r e s . ~ ~ ~ ~ ~ ~ ~ ' ~ ~ ~  

Once gelled, these foams can function in a similar manner to conventional gels, but 

with only a small fraction of the pore space being occupied by the gelled liquid. 

There is a small but growing amount of literature on the development of polymer- 

thickened foams in terms of both fundamental and applied aspects.m~Y*63-M*65 

However, many mysteries still remain regarding the relationship between the 

physical characteristics of polymer thickened foams and their performance in 

porous media- 

While much is now known about the bulk properties of foam, currentIy it is 

difficult to predict the performance of the same foam in constrained media- As 

mentioned previously, the bulk properties of a foam are influenced by numerous 

factors (i.e.,liquid drainage from the lamellae, surface tension of the liquid phase, 

surface viscosity, texture, inter-bubble gas diffusion, Gibbs elasticity). The 

properties of foam in porous media, m i l e  dependent on the same factors as in bulk, 

are also influenced by a host of other factors such as the permeability of the porous 

medium, the pore sizes and pore distribution, and the surface properties of the 

matrix. It would be beneficial to develop relations that would be able to predict the 

performance of foam in porous media based on its performance in bulk. 

This research is centred on the examination of the physical and chemical 

properties of foams that have been thickened with polymer additives. The bulk 

properties of the thickened and unthickened foams are contrasted with their 

properties in porous media. The influence of polymer additives on the properties of 

foaming solutions are also examined in the absence of gas using two different 

polymer-surfactant combinations. The polymer-surfactant combinations have been 

chosen based on materials commonly used in enhanced fiooding applications by 



the petroleum industry to increase the potential impact of the research for industrial 

application. This investigation into the properties of polymer thickened foams is 

organized into five sections. 

As the properties of a foam are largely determined by the properties of the 

liquid phases3 the first section of this dissertation is devoted to the examination of 

the properties of the polymer-surfactant solutions in the absence of gas. 

Incorporated into this section is the examination into the effect of the polymer- 

surfactant relation on the critical micelle concentration, crnc, of the surfactant- The 

determination of the cmc should provide valuable insights into the influence of the 

polymer additives on the properties of the foaming solutions. In addition, the 

rheology of the surfactant solutions with and without the polymer additives is 

examined in low-shear rheometers. 

The second section investigates into the bulk properties of polymer 

thickened foams. The bulk stability of polymer thickened and unthickened foams 

were investigated by monitoring the collapse of a column of foam. The bulk flow 

properties of polymer thickened and unthickened foams, are also examined with 

a single pass, large diameter pipe viscometer. 

Recent studies have shown that polymer thickened foams can possess 

extremely high effective viscosities in porous media.B4-65The effective viscosities of 

the polymer thickened foams were comparable with the viscosities of the stock 

polymer solutions. This suggests that these foams, with their high viscosities and 

enhanced stability, could act as effective mobility control and improved sweep 

efficiency agents in IOR applications. 

To investigate this possibility, the third section of my dissertation is devoted 

to examining the physical (rheological) properties of the polymer thickened and 

unthickened foams in porous media through a series of core flood tests in 

consolidated core samples. The apparent viscosity of the foam in porous media can 

then be contrasted with the "bulk flow" apparent viscosity of the foam in the single 

pass, large diameter, pipe viscometer. 



The fourth section is devoted to the visualization of foam larnellae within the 

pore space of a porous medium. To gain insight into the nature and organization 

of foam in porous media, a cross linking agent was incorporated into the polymer 

thickened foam to gel the foam within the pore space of the core sample. A suite of 

imaging techniques including scanning electron microscopy (SEM) and confocal 

laser scanning microscopy (CLSM) were applied to sub-samples of the gelled core. 

The last section provides a summary of the results of the entire study and 

develops principles that may be applied to the scale-up of the laboratory 

phenomena to reservoir technology. Recommendations for future areas of 

investigation are included. 
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2.0 Background 
A foam is a complex, dynamic system. Continually changing, it fascinates 

young and old alike. Foams also play an important role in our practical lives. It is 

important to know how to create them, as well as how to eliminate them. In practical 

applications, foam may be desirable or undesirable. For example, in many 

formulated products such as ice cream, shaving foam, and fire-fighting foam, a 

stable foam is desirable. In other areas, such as water treatment or petroleum 

refinery processes, the formation of foam is unwanted and must be eliminated, or 

broken. However, the interactions between the physical forces that exist within the 

foam's structure and how they relate to a foam stability, or performance, is still 

relatively unknown. The followi.ng pages provide an overview of the physical 

properties of aqueous, surfactant-stabilised foams in bulk and in porous media. In 

addition, the methods used to characterize such foams will be outlined. 

2.1 General Concepts 

2.1.1 The Structure of Foam 

A foam may be physically characterized by the following quantities. The 

volume of gas in a foam is expressed as a percentage or a fraction of the total 

volume and is referred to as the foam quality. The average bubble size, which can 

range from 0.01 pm to greater than 1 pm18= is known as the foam texture. The 

bubble size distribution is also used to characterize a foam. 

2. I -2. Surfactants 

A surfactant, or surface active agent, is a molecule that possesses surface 

activity. Structurally, it consists of a nonpolar, oil-soluble, hydrocarbon tail and a 

polar, water-soluble, head group (Figure 2.1 .I). It possesses partial solubility in 

both aqueous and nonaqueous solvents. As a result, a surfactant will preferentially 



adsorb onto the surfaces and interfaces of a system. The surfactant provides an 

expanding force that will cause a net decrease in the surface or interfacial tension. 

Surfactants are classified by the ionic charge of the polar hydrophillic head group: 

ionic (either anionic or cationic), nonionic and zwitterionic. A zwitterionic surfactant 

possesses both a positive and a negative charge on the head group. Table 2.1 -1. 

illustrates examples of each class.' 

The ability of a surfactant to act as a foaming agent is dependent primarily 

on its effectiveness at reducing the surface tension of a solution, its diffusion 

characteristics, its properties in regard to the disjoining pressure in thin films, and 

its properties in regard to the elasticity it imparts to the thin The relation 

between a surfactant's structure and its foaming ability is complex and cannot be 

simply correlated. Having said that, there exist general rules. Generally, the amount 

of foam produced by a surfactant under constant conditions will increase with 

surfactant bulk concentration until a maximum is reached around the cmc. Thus, 

the cmc is often used to predict the concentration at which a surfactant will foam. 

However, the crnc cannot be used to predict the persistence of a foam. Nonionic 

surfactants generally produce less foam with diminished stability than ionic 

surfactants in aqueous solution. The repulsive electric double layer interactions that 

occur between the ionic surfactants located on opposing interfaces aid foam 

formation and stabilisation. Many other factors are also involved, and are discussed 

in the following sections. 



Wdrophobic hydrocarbon tail 

head group 

Figure 2.1.1. Illustration of the general structure of a surfactant molecule. 
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Table 2.1.1 Examples of the Various Classes of Surfactants 

2.1.3 Surfactants for Improved Oil Recovery (IOR) Applications 

Surface active agents (surfactants) have been utilized in many industrial 

applications including the petroleum industry's improved oil recovery (IOR) foam 
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injection techniques. A major challenge in formulating an effective foaming agent 

is the proper selection of surfactants. Sometimes harsh chemical environments are 

present in oil reservoirs. Several hundreds of papers have been published in the 

past thirty five years identifying desirable foam-forming characteristics. Some of 

these factors are: 

long-term chemical stability at reservoir conditions (temperature, pressure. 

salinity); 

low adsorption onto the surface of reservoir rock; 

strong ability to promote and stabilise foam lamellae; 

compatibility with the other additives such as polymers; and 

tolerance to interaction with crude oil in porous media. 

These requirements can severely limit the number of surfactant candidates. 

Generally, the most salinity and hardness tolerant surfactants are betaines and 

sulf~betaines.~ A list had been compiled of a number of foaming surfactants that 

have been used in less demanding en~ironrnents.~ 

The foaming capability of a surfactant relates to both foam formation and 

foam persistence. These are influenced by many factors such as surface tension 

lowering, surface elasticity, surface viscosity and disjoining pre~sure.~ Surface 

tension lowering is necessary but not sufficient. Some combination of surface 

elasticity, surf'ace viscosity and disjoining pressure is needed, but the definitive 

requirements for an effective foam in porous media remain elusive. Little relevant 

information is available, and what information is available is contradictory. For 

example, both direcf and inverse7 correlations have been found between surface 

elasticity and gas mobility reduction in foam floods. Overall, it is generally found 

that the performance of foams in porous media are not predicted on the basis of the 

bulk physical properties or on bulk foam measurements. Instead, it tends to be more 

useful to study the foaming properties in porous media at the microscopic, 

mesoscopic and macroscopic scales. 



2.1.4 Surface Tension 

Probably the most frequently measured property of a surfactant is its ability 

to modify the surface tension of a solution. Surface tension (y) is the force that 

operates on a surface, acting perpendicular and inward from the boundaries of the 

surface, which tends to decrease the area of the interface.* Figure 2.1 -2 provides 

a simple illustration. A liquid film is contained in all directions within a loop of wire 

which has one frictionless, movable side. The surface tension of the stretched film 

within the loop will cause the slide wire to contract and decrease the film area 

unless an opposing force (F) is applied. This force will be felt along the entire 

length of the edge and will vary with the length (L) of the slide wire. As the film has 

two sides, the surface tension would be related to F by the following equation, 

y = F I 2 L  Equation 2.1 

Equation 2.1 defines the units of surface tension as force per length or Nm-'. From 

thermodynamic principles, surface tension can also be defined as the work required 

to increase the area of a surface. Thus, area expansion of a surface will require 

energy. 

Surface or interfacial tension can be readily explained in terms of short range 

intermolecular forces such as van der Waals forces, and hydrogen bonding 

between water molecules (Figure 2.1.3).9 The molecules located at the surface of 

a liquid will experience an imbalance of the attractive forces, while the molecules 

in the bulk of the liquid will sense equal forces of attraction in all directions. This 

inequality will result in a net contraction inward of the surface as the molecules at 

the surface spontaneously move into the interior of the liquid. This is the reason 

that liquid droplets and gas bubbles tend to be spherical. 

2.1 -5 Foam Degradation 

As foams are dynamic systems, their structure will vary with the height of the 

foam column (Figure 2.1.4). There exists considerable variation in the gross 



structure and physical characteristics at the top, middle, bottom and at the edge of 

the foam column. Accordingly, the density of the foam will also vary in these 

regions. In addition, these conditions will change as time progresses. This is due 

to several factors: 

the drainage of the liquid from the foam films; 

bubble coalescence; and 

the separation of the gas bubbles, (creaming). 

The capillary pressure and the disjoining pressure govern the drainage of 

foam films after the initial gravity drainage has occurred. 

As a general rule, the drainage rate of foams may be decreased by 

increasing the bulk viscosity of the liquid from which the foam is prepared. This may 

be achieved by incorporating glycerol, or polyoxyethylene to the aqueous phase, 

or by adding an electrolyte to produce a gel network. The more viscous the liquid, 

the slower the drainage of the layers between the bubbles. 

Alternatively, the surface viscosity and the surface elasticity may be 

increased. This can be accomplished by increasing the surfactant concentration at 

the air-water interface. The increased surfactant concentration will result in a large 

increase in adhesive or cohesive bonding. The high surface viscosity will retard 

drainage. In addition, electrostatic repulsion of the double layers help keep the 

lamellae intact. 



Figure 2.1.2 A liquid film constrained in a loop (adapted from 
Hiemenz ef a/, 1997). 
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Figure 2.1.3 The intennolecuiar forces in a solution (Shaw, 
1992). 



Figure 2.1.4 A column of foam with the structure varying with height 
(adapted from Pugh, 1994). 
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2.1.6 The Surface Properties of a Foam 

Surface Potential 

As a foam film consists of two equal interfaces, any interfacial charge will be 

similarly present on each side of the film. If ionic surfactants stabilise a foam film, 

then their presence at the interfaces will result in an opposing force that act to 

diminish the rate of film thinning. The magnitude of the force will depend on the 

thickness of the film and the charge density. 

The presence of the ionic surfactants at the interface will influence the 

distribution of the nearby ions. Counterions will be attracted to the interface while 

like charged ions will be repelled, thus, an electric double layer will be formed. The 

electric double layer (EDL) can be viewed as being composed of two layers: 

an inner layer that may include adsorbed ions, and 

a diffuse layer where ions are distributed according to the influence of 

electrical forces and thermal motion. 

Since ions are not point charges, they will usually possess a hydration 

sphere which will influence the extent to which the ion may approach the surface. 

The Stern model defines a plane that bounds a layer of specifically adsorbed ions 

which are attracted to the surface by electrostatic and/or van der Waals forces 

strong enough to overcome thermal agitation (Figure 2.1 .5).1° 

The centers of any specifically adsorbed ions are located in the Stern layer 

and the rest of the ions past the Stern plane are located in the diffuse layer. In this 

model, the potential changes from yP at the surface, to y(b) at the Stem Plane, to 

q~ = 0 in bulk solution. The zeta potential corresponds to the surface of shear, but, 

the exact location of the shear place is usually not known in practice. As a result, 

the zeta potential (0 is usually taken to be approximately equal to the potential at 

the Stern plane: 
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Figure 2.1.5 A schematic representation of the structure of the 
electric double layer according to the Stem Model 
(Shaw, q992). 



Equation 2.2 

where 6 is the distance from the surface to the Stern plane. 

In regards to foam stability, the gas bubbles and the liquid films between 

them would be predominantly stabilised by the repulsive forces created when the 

two charged interfaces are close enough to allow their electric double layers to 

overlap. 

The addition of an electrolyte to a foaming solution will compress the electric 

double layers associated with the interfacial films. As a result, there will be 

decreased repulsion between the electric double layers on opposing interfaces. 

This is believed to account for the decreased thickness of liquid films with 

increasing electrolyte content," which results in the diminished persistence of many 

foams.12 

At very small separation distances an additional repulsion force will develop. 

Born repulsion will become important as the neighboring atomic clouds get close 

enough to interact. 

Disjoining Pressure 

When the interfaces of a foam film or lamella are charged, the interacting 

electronic double layers will provide an electrostatic pressure that will separate the 

interfaces. The stability of a foam film or lamella can be characterized by its 

disjoining pressure, /7. The disjoining pressure of a foam film is a combination of the 

electrostatic repulsion (which will be influence by the electrolyte concentration), van 

der Waals attraction and the steridhydration forces between surfactant at opposing 

interfaces of a foam film. An idealized disjoining pressure isotherm for a foam film 

stabilised by an ionic surfactant is presented in Figure 2.1 -6. 



Figure 2.1.6 Comparison of the total interaction energy, V (-), and the 
disjoining pressure, IT (- -), in a foam lamellae as a 
function of film thickness, h (adapfed from mcenf 1984). 



For very thin films (< 0.2 prn or 200 nm), the disjoining pressure is a very 

important component of stability as the electrostatic, dispersion, and steric forces 

all will be significant. However, for much thicker films the other forces previously 

mentioned are predominant. 

Surface Elasticity 

To be able to withstand deformations without rupturing, the foam films must 

possess a degree of elasticity. Surface elasticity is required so that any applied 

stresses that tend to cause local thinning or stretching of the film are rapidly 

opposed by a restoring force. The Gibbs-Marangoni effect provides such a restoring 

force to counteract film rupture (Figure 2.1.7). If a portion of a surfactant-stabilised 

film undergoes an expansion that increases the surface area, the surfactant 

concentration will be diminished in the immediately expanded region. As a result, 

the surface tension in the expanded region is larger than in the unexpanded region. 

This local rise in the surface tension produces an almost immediate movement of 

liquid from the low-tension to the high-tension region, which prevents the film from 

thinning. This restoring force operates until the surfactant adsorption equilibrium is 

re-established in the film. This effect explains why some substances that lower the 

surface tension do not stabilise foams; that is, they do not possess the requisite 

surface elasti~ity.~ Many surfactant solutions exhibit dynamic surface tension 

behaviour. Following a surface perturbation, a period of time is often required to 

establish the equilibrium surface tension by diffusion of surfactant from or to the 

interface. Therefore, the Gibbs-Marangoni force varies with the nature of the 

su rfactant. 
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Figure 2.1.7 Gibbs-Marangoni mechanism for dynamic foam stability 
(adapted from Pugh, f996). 



2.1.7 Foam Stability or Persistence 

Foams are thermodynamically unstable dispersions that will eventually break 

down to their individual components to decrease the surface free energy. For any 

foam to be reasonably long lasting, surface active agents must be introduced to the 

aqueous phase. The term 'foam stabilityn more correctly refers to a foam's 

persistence. Persistent (metastable) foams are distinguished from transient 

(unstable) foams by mechanisms that prevent the larnellae from rupturing once 

most of the liquid has drained away. Persistent foams have lifetimes that are 

commonly measured in hours or days, whereas transient foams possess lifetimes 

on the order of a few seconds to a few tens of seconds. 

There are two different approaches to enhance foam stability or improve its 

persistence. The physical properties of foam films (ie., surface viscosity, surface 

elasticity) can be strengthened, and thus diminish their susceptibility to rupture. In 

many instances additives such as polymers, or additional surfactants, can be 

included into the formulation to achieve the desired effect. Alternatively, the 

environment can be modified to promote foaming. For instance, a change in the 

temperature, pH, or pressure can either promote, or diminish, the foaming ability of 

a surfactant. However, this type of modification may not be possible on a large 

scale basis (ie., improved oil recovery applications). 

By far the majority of research reported in the literature has centred on the 

first approach. The second approach is based on external factors which are difficult 

to translate from the laboratory scale. By examining the factors that affect the 

stability of a foam, and the underlying liquid film structure, one finds that there are 

a variety of ways by which an additive can enhance stability, such as: 

a increase the surface elasticity of the lamellae, 

increase the surface andlor bulk viscosity of the lamellae, 

a diminish the inter-bubble diffusion of gas across the lamella, 

a increase the electrical double layer repulsions within the lamellae, and 

create steric repulsions within the lamellae. 



Techniques to monitor foam stability 

Foam stability has been examined using a variety of techniques. These can 

be generally grouped into the following categories: 

monitoring the lifetime of single bubbles or a bubble r n ~ n o l a y e r ; ' ~ ~ ~ ~ - ' ~ - ~ ~  

the steady-state foam height under given conditions of gas flow, shaking or 

s hearing;^' or 

the rate of collapse of a foam column generated under specific  condition^.'^ 

The first method is quite variable and extremely sensitive to small 

contaminants and vibrations. The latter methods suffer from a lack of reproducibility 

as the methods are not standardized. There can be significant differences between 

the results produced by the various techniques. 

One of the simplest, and most commonly used methods of assessing foam 

stability is to measure the average foam lifetime. To determine the bulk foam 

stability, a standard volume of foam is generated in a special visual cell to form a 

column. The changes in the height of the foam column are monitored over time to 

determine a half-life, which is a measure of the bulk foam stability. The collapse of 

the foam column, through liquid drainage from the foam films and bubble re- 

arrangement, is directly related to the stability of the foam f i l m ~ . ' ~ ~ ' ~ ~ ~  

Another commonly used method is the shake test2' It is easy to use and the 

reproducibility is good once the conditions are standardized." Generally, a known 

volume of a foaming solution is placed in a graduated cylinder and stoppered. The 

stoppered cylinder is then shaken manually in a standardized manner. The mixture 

is then allowed to stand for a certain period of time and the foam height is then 

measured. In addition, the height of the foam column could also be monitored over 

an extended period of time (several hours) to get a measure of its stability. 

Conductivity measurements have also been used to monitor the drainage 

rates, thus the stability, of aqueous foams.23~24-25*26 The apparatus will generally 

consist of a tube with a sintered frit at the bottom. At different heights along the 



column, pairs of silver- or platinum-plated electrodes are connected to an analog- 

to-digital converter. The foaming solution is poured into the tube and sparged with 

gas to generate a column of foam that completely fills the cell. Then, the 

conductivity between each pair of electrodes is measured, related to the foam's 

density, and then to the drainage rate. 

More recently, nuclear magnetic resonance (NMR)" has been utilized to 

monitor bulk foam drainage. Several other techniques involving Raman 

spectro~copy,~~ light scattering.29 centrifugal fields.3o and stereology3' have also 

been used but are still in the early stages of development. 

2.1.8 The Effect of Additives on the Foaming Properties 

The introduction of additives to a surfactant solution can alter any of its 

physical properties. For instance, a surfactant that is a good foamer can become 

a poor foamer with the incorrect choice of additive. Conversely, a poor foaming 

surfactant can be made into a good foamer with the right additives. As a result, with 

careful formulation, surfactant solution properties can be altered to meet the needs 

of a particular system. 

The additives that are commonly used can be divided into three general 

categories: 

• inorganic electrolytes that are most effective with ionic surfactant 

formulations; 

polar organic additives (e.g., alcohols, or amides) that can interact with all 

of the types of surfactants; and 

• macromolecular materials (e.g., polymers). 

The addition of polymer additives is a relatively new method of increasing the 

stability of a foam. Water-soluble polymers can stabilise foams by increasing either 

the surface or bulk viscosity of the film, thereby increasing the film elasticity or 

decreasing the film drainage rate. They are often effective at lower concentrations 

than other organic additives. and more compatible with different types of foaming 



systems, 

Another approach to foam stabilisation is through the use of finely divided 

(nm) hydrophobic particles such as coal dust or metal soap particles. These solids 

will aggregate at the film's surface and form a closely packed layer that prevents 

bubble coalescence. They may also be dispersed within the liquid phase and 

increase the bulk viscosity of the liquid which will act to diminish the rate of 

drainage- 

The foaming properties of a surfactant can also be related to its solution 

properties through the cmc. Various investigators have reported that factors that 

decrease the cmc will result in greater foam stabi~ity.~*.~~" 

It is often necessary to destroy unwanted foams. This can be done 

mechanically, or by the use of antifoaming agents. Antifoaming agents commonly 

contain polar organic molecules. Antifoaming agents may act to decrease the 

stability of foam lamellae by decreasing the surface viscosity and elasticity. This 

may be accomplished by displacing the adsorbed surfactant molecules. Often the 

antifoaming agent will spread over the foam larnellae, and replace the adsorbed 

surfactant on the interface with a practically insoluble film. This will result in the 

rapid collapse of a bubble. This may occur because the film elasticity has become 

essentially zero andlor the insoluble film will provide little opposition to film 

drainage. The antifoaming agent may also adsorb at the interface and interfere with 

the "healingn action of the Gibbs and Marangoni effects. They may also alter the 

kinetics of micelle formation and other surfactant properties in solution. 

2.2 Properties of PolymerSurfactant Solutions 

2.2.1. P olymerSurfactant Interactions in Solution 

When surfactants are used in various industrial applications, they are 

commonly mixed with various substances to improve their performance. When a 



surfactant and a polymer are combined in an aqueous solution, significant changes 

in the properties of the individual components can occur. However, depending on 

the application, these polymer-surfactant interactions can be undesirable. For 

instance, if a polymer solution is being used as a mobility control agent for a 

preceding surfactant solution, it is desirable to have very little interaction between 

the polymer and surfactant molecules. 

The interactions between surfactants and polymers have been studied for 

many years. Several reviews provide good overviews on the interactions between 

ionic surfactants and various p o l y r n e r ~ . ~ ~ ~ ~ ~  Although the basic mechanisms of 

interaction are reasonably well known, the surfactant-polymer interactions at the 

molecular level are not completely understood. 

It is generally recognized that surfactant-polymer interactions occur between 

the individual surfactant molecules and the polymer chain (i-e., simple adsorption) 

or in the form of polymer-aggregate complexes. These interactions can significantiy 

alter the macroscopic physicochemical characteristics of a system (i-e., interfacial 

and rheological properties). 

The forces influencing polymer-surfactant interactions are the same as those 

involved with other solution or interfacial properties: van der Waals or dispersion 

forces; the hydrophobic effect; and electrostatic interactions. The importance of 

each type of interaction will vary with the nature of the molecules involved and the 

type of complexes formed. 

Practically all natural polymers (i.e., proteins, resins, and gums) and many 

synthetic polymers possess are charged. The presence of electrical charges along 

the polymer backbone will probably result in significant coulombic interactions with 

ionic surfactants. Charged polymers, or polyelectrolytes, are commonly used 

industrially as viscosity enhancers (thickening agents), stabilisers, or gelling 

agents. In most cases, the polymer's charge is either positive or negative, which 

easily defines the possible interactions with the various types of surfactants. Other 

polymers, particularly proteins, are amphoteric. In such cases factors such as pH 



influence the net and localized charge distribution. Generalfy, interactions between 

like charged polymers and surfactants are minimal. With opposing charges, 

stronger interactions are bound to occur. When surfactants bind to the polymers by 

electrostatic attraction the system may undergo significant changes. The system 

may experience: a reduction in viscosity; a loss of polymer solubility (at least at the 

point of charge reversal); and a reduction in the effective surfactant concentration. 

This is reflected by increased surface tension over what would be measured for that 

surfactant concentration in the absence of polymer.37 

It has been obsenred that the more hydrophillic polymers will only weakly 

interact with anionic surfactants. For example, no interactions have been found in 

mixtures of sodium dodecyl sulfate (SDS)38 or petroleum s u l f o n a t e ~ ~ ~ ~ ~  with low 

molecular weight polyacrylamide polymers. 

The exact manner of how polymer-surfactant molecules interact and how 

these interactions affect the physical properties of the solution is still under debate. 

Certain explanations have been developed for opposite charged species. Initially, 

binding occurs through electrostatic association of the opposite charged species. 

As a result, the electronic character of the polyrner is modified and conformational 

changes may occur. Previously inaccessible binding sites may be exposed, along 

with hydrophobic portions of the molecule that had been previously protected from 

water contact. 

As the charge neutralization occurs the polymer may precipitate out. Also, 

association of the surfactant's hydrophobic tail and similar areas on the polymer 

may become more favourable, which could change the net electrical character of 

the polymer complex. Complete charge reversal is a possibility. This can have a 

significant effect on the viscosity of the solution as the polymer coil will undergo 

collapse, and then again expand after charge reversal has taken place. 

At high levels of surfactant adsorption, both the head group and the 

hydrophobic chain may become involved in the binding process. The bound 

surfactants are often associated into micelle-like structures forming a 'string of 



pearlsn along the polymer chain.' Alternatively, the micelles may act as a site for 

polymer absorption. Both association possibilities have the potential to dramatically 

effect the rheological properties of the system by bridging several polymer 

molecules to form a polymer aggregate. 

2.2.2 Critical Micelle Concentration 

Surfactants undergo surface adsorption. When a small quantity of a 

surfactant is added to a solution, it will become adsorbed at the surface or interface 

and form a monolayer. This will reduce the surface tension in a measurable 

manner. At low surfactant concentrations, the surfactant molecules exist as 

monomers in solution and will adsorb onto the walls of the container and onto the 

surface of the liquid, lowering its surface tension. When a specific concentration is 

reached, the critical rnicelle concentration (cmc), the surfactant monomers will 

aggregate and form micelles. Adynamicequilibrium will be established between the 

monomer and the rnicellised surfactant molecules. From a thermodynamic point of 

view, it is more favourable for the surfactant molecule to organise themselves into 

micelles than to precipitate or continue to adsorb at the surface. In regards to the 

property of surface tension at and above the cmc, the surface tension will remain 

approximately constant. 

The physical properties of the surfactant solutions above and below the crnc 

are significantly different and change in an easily observable and measurable 

manner. It is possible to determine the cmc for a particular surfactant solution by 

plotting an appropriate solution physical property (ie., surface tension) versus the 

surfactant concentration. Generally, the inflection point on the graph corresponds 

to the micellar region. Depending on the method used to determine the cmc, its 

value will vary slightly (Figure 2.2.1). Thus, it is more correct to think of the cmc as 

an approximation of a narrow concentration range rather than an absolute 

concentration. 

At low surfactant concentrations, little variation in the physical properties of 



the surfactant solution is generally observed. At the cmc, an observable shift in the 

slope occurs as the surfactants in solution begin to form rnicelles. Upon further 

addition of surfactant, a dynamic equilibrium is reached between the monomers and 

micelles such that the monomer concentration is approximately constant. At higher 

surfactant concentrations, the rnicelles become increasingly packed and more 

monomers return to solution, and a new equilibrium is established. Alternately, the 

micelle may undergo a change of shape to relieve some of the strain associated with 

the crowding of the micelle. Each new arrangement will be reflected, in some 

manner, in the solution's properties. 

The Energetics of Micellisation 

The formation of micelle is driven by free energy considerations. The 

aggregate that is formed is the one with the lowest free energy within any particular 

system. 

Micellisation permits strong water-water interaction (hydrogen bonding) which 

would otherwise be prevented, or diminished, if the surfactants were present as 

monomers. This is often referred to as the 'hydrophobic effect". The work of 

Nishikido et aL4' has shown that there is a significant change in the entropy upon 

micellisation, while the value for the enthalpy of micellisation is small or even 

negative in aqueous solution. This entropy change arises from the increase in the 

partial molar entropy of water when the surfactant monomer is transferred from the 

water to the micelle interior. Generally, water molecules tend to form an ordered 

structure, the 'icebergn effect, around the hydrocarbon chain of the surfactant 

monomer. The disruption of this structure upon micellisation causes a positive 

change in the conformational entropy of the hydrocarbon chains. 

The intermolecular attraction between the hydrocarbon chains in the interior 

of the micelle is an energetically favourable situation. 



Figure 2.2.1 Schematic illustration of the change in solution 
properties with surfactant concentration (adapted from 
Shaw, 1992). 



Factors Affecting the Crifical Micelle Concentration 

There are many factors that will influence the ~rnc .4~  The factors that are 

relevant to the present work will be briefly highlighted. 

The crnc is known to vary with different types of surfactants. In aqueous 

solution, the crnc of an anionic surfactant is generally less than the crnc of an 

amphoteric ~urfactant?~ 

The addition of organic molecules may influence the crnc at higher additive 

concentrations because they may influence the organisation of the water molecules. 

In addition, they can also become incorporated into the outer regions of the micelle. 

As a result, they can reduce electrostatic repulsion and steric hindrance which will 

have the effect of lowering the cmc. 

The addition of electrolytes to an amphoteric, or ionic, surfactant solution has 

the effect of increasing the micelle aggregation number and narrows the crnc 

region? Electrolytes act to reduce the repulsion between the charged groups at the 

surface of the micelle by the screening action of the added ion, and as a result, the 

crnc is lowered. 

Increasing the hydrophobic part of the surfactant molecule will favour the 

formation of micelles. Aqueous solutions of ionic surfactants will have their crnc 

halved for each addition of CH, group." 

2.2.3 Rheology and Viscornetry 

Rheology is the science of the deformation and flow of matter. The viscosity 

of a liquid is a measure of the internal resistance offered to flow.' The coefficient of 

viscosity, r), is given in terns of shear stress, r, and shear rate, y', by 

Z =  1 7 ~  Equation 2.3 

The simplest rheological description applies to Newtonian behaviour in laminar flow. 

For most pure fluids, the viscosity is well defined and independent of the shear 

stress and shear rate as long as the flow continues in the laminar region. Consider 



a fluid that is contained between parallel plates as shown in Figure 2.2.2. If a fluid 

is visualized as a set of thin plane layers, the topmost layer will move with the plate 

while the lowermost layer remains motionless (no-slip condition). The layers in 

between will possess intermediate velocities. This flow situation is known as shear 

flow. Many colloidal systems, including the higher gas fraction foams, do not 

necessarily behave like Newtonian fluids. The viscosities of non-Newtonian fluids 

are generally not constant even at constant temperature and pressure. The viscosity 

will be a function of the shear rate, thus, 

Equation 2.4 

Non-Newtonian behaviourwill occur for several reasons: interparticle hydrodynamic 

interactions, the influence of colloidal forces such as electrostatic effects, the effects 

of polymer layers adsorbed to the surface of particles, and others. The flow 

properties of fluids are often expressed by plotting curves (rheograrns) of shear 

stress versus shear rate or r versus y. These curves are classified into several 

rheological categories. 

Non-Newtonian FIo w 

Non-Newtonian behaviour is generally divided into several categories which 

will be outlined below: Figure 2.2.3 provides a simple illustration of the various 

rheological behaviours. 

A colloidal system can exhibit several of these characteristics at once. 

1 .Shear thinning behaviour, time independent (Pseudoplastic) 

Shear-thinning is characterized by a gradual decrease in apparent viscosity 

with increasing shear rate. Shear thinning is common to systems containing 

asymmetric particles. These particles will disturb the flow lines to a greater extent 

when they are randomly oriented at low-velocity gradients, than when they have 

been aligned in high velocity gradients. Thus, the viscosity of the system will 



decrease as the particles align themselves as the shear rate increases. Large 

variations in the viscosity occur with these systems at intermediate shear rates 

(y = 100 -500 s-l) where there exists a fragile balance between randomness and 

alignment." Some examples of shear thinning fluids include polymer solutions and 

paints. 

2.Shear thinning behaviour with a yield stress, time independent (Bingharn plastics) 

These types of fluids (plastics) behave similarly to the fluids described above, 

except that they do not flow until the shear stress exceeds a certain threshold value. 

The applied stress that is needed to exceed this value is known as the yield stress. 

This type of behaviour is thought to be due to the presence of a continuous 

structural network, which imparts a degree of rigidity to the sample that must be 

broken down for the system to flow. Common examples of these types of fluids are 

modeling clays, inks, and oil well drilling muds. 

3.Shear thickening behaviour, time independent (Dilatant fluids) 

Shear thickening fluids will undergo an increase in viscosity as the shear rate 

is increased. The best example of this type of behaviour is found in the simple action 

of walking on wet sand. Wet sand is a system of densely packed particles in which 

there is only a finite amount of liquid within the voids. When pressure is applied to 

the system (i.e., when someone walks across a beach), the sand underneath the foot 

is dry and firm to the touch. For this system to undergo flow, the dense packing must 

be broken down to allow the particles to flow past one another. However, the 

expansion of the system results in too little fluid to fill the voids and adequately 

lubricate the particles, thus an increase in the viscosity. 
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Figure 2.2.2 Schematic illustration of steady shear flow. The flow 
between two parallel plates with the top plate moving at 
a constant velocity creates a velocity gradient in the 
fluid. 
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Figure 2.2.3 An illustration of the characteristic flow curves and the 
corresponding fluid types (adapted from Myem, 1992). 



4.Shear thinning behaviour, time dependent (Thixotropy) 

Thixotropy is time dependent shear-thinning (pseudoplastic) flow. When a 

thixotropic system undergoes a constant rate of shear, the viscosity will diminish with 

time. If the sheared system is allowed to stand, it will eventually regain its original 

microstructure. Thixotropic behaviour is characterized by the presence of a hystersis 

in the rheograrn, which occurs when the shear rate is first increased and then 

decreased in a regular manner. 

Highly concentrated polymer solutions may be thixotropic to a certain degree. 

For flow to occur, intermolecular attractions and polymer chain entanglements have 

to be overcome. The viscosity of the solution will decrease as the polymers begin 

to elongate. Brownian motion will restore the system to its original condition with 

standing time. Quick sand is another example of a thixotropic material. 

5.Shear thickening behaviour, time dependent (Rheopexy) 

Rheopexy may be defined as time-dependent, shear-thickening (dilatant) 

flow. It is often observed as an acceleration of thixotropic recovery. A hystersis in the 

flow curve will also occur, but in the opposite manner of the thixotropic case. For 

example, bentonite clay suspensions often set only slowly on standing, but can 

settle out quite rapidly when disturbed. 

Wscometry of Polymer-Surfactant Solutions 

A number of different types of viscometers are currently being used to 

determine the rheological properties of polymer-surfactant solutions. The premise 

behind the viscorneter is that the fluid in question is subjected to a well-defined flow, 

which can be analyzed mathematically. The most common geometries used in the 

laboratory are the capillary, cone and plate, and concentric cylinder systems." 

Although the capillary geometry is more simplistic than the other two, the method to 

analyse the rlly relationship is more complex. The fundamental measurements for 

a capillary viscometer are a flow rate Q and a pressure drop AP along the capillary. 



For both the cone and plate, and the concentric cylinder viscorneters, the basic 

measurements are a torque on the central spindle which is translated into shear 

stress, for a given rotation rate which is translated into a shear rate. These two 

parameters yield the corresponding viscosity. The shear rate is directly measured 

because the shear rate is constant for a given rotation rate, provided that the narrow 

gap between the outer wall and the inner cylinder, and the small angle, remain the 

same. However, for the capillary viscorneter the shear rate calculation may have an 

added degree of complexity depending on the type of flow being examined (i-e., 

Newtonian or non-Newtonian), and the model being used to describe the behaviour. 

The viscosity of a non-Newtonian fluid (without linking the behaviour to any model) 

may be determined using the Mooney-Weissenberg-Rabinowitsch equation,48 and 

expressed as, 

Equation 2.5 

However, for this equation to be valid, the shear rate at a given radius in the tube 

must be unique. Quite simply, the radius of the tube must be large in comparison to 

the polymer and surfactant molecular dimensions. Other equations have also been 

developed to correlate the viscosity in different fiow regimes (le., shear rate and 

shear stress condition, and pressure effects). The flow conditions are often classified 

according to their Reynold's number, which relates the viscosity of the solution to the 

flow conditions through the following equation, 

Equation 2.6 

For systems flowing under laminar conditions, when the Reynolds number, 

N,,, is less than 2100, the apparent viscosity of the solution can be related to the 

measured pressure drop across the pipe by using the well known Hagen-Poiseuille 

law, 



Equation 2.7 

A non-Newtonian equivalent of the Hagen-Poiseuille law is given by the following 

equation, 

Equation 2.8 

When n = 1 and K = q, Equation 2.8 will reduce to Equation 2.7. 

Reynolds numbers above 21 00 describe non-laminar, turbulent flow which will not 

be examined in this investigation. 

The rheology of polymer-surfactant solutions generally falls in the category 

of shear-thinning behaviour. As mentioned previously, highly concentrated polymer 

solutions are often thixotropic. 

2.3 Bulk Foam Properties 

2.3.1 Density and Expansion Ratio 

The density of a foam is difficult to measure because foam structure is 

extremely variable. A range of densities will exist throughout a column of foam 

because of the continuous drainage of the liquid phase, gas diffusion and 

evaporation effects. However, density measurement can be accomplished with very 

stable foams through the use of a pycnometer. An alternate method involves 

measuring the conductivity of a column of foam?' For bulk foams, the specific 

conductivity is proportional to the volume fraction of liquid in the foam. 

The density of a foam (p J can be calculated through the following equation, 

Equation 2.9 

where m, is the mass of the liquid in the foam and V'is the total volume of the foam. 



Generally, the mass of the gaseous phase is neglected. This calculation is the most 

common method of arriving at the density of foam because of the difficulty otherwise 

involved in arriving at an accurate, reproducible measurement. 

The expansion ratio, or expansion factor, is defined as the ratio of the total 

volume of the foam (V , )  to the volume of the liquid phase (\/; ) in the foam. It may be 

expressed as, 

Equation 2.1 0 

2.3.2 Bulk Foam Stability (Drainage) 

A multitude of methods have been developed to determine the stability of 

foams. Generally, many of the methods were developed to investigate a particular 

industrial situation. As a result, data that is generated by one method is not easily 

compared with the results generated from other methods. Two classes of foams 

were investigated, dynamic and static foams. We will focus our discussion on the 

static foams. A static foam, once formed, is allowed to collapse without regeneration 

by further agitation or input of gas or liquid. The standard method of monitoring the 

stability of a static foam is the measurement of the rate of foam collapse. 

Foam stability is not necessarily a function of bubble size, although optimum 

size distribution may exist for foams generated with different surfactants. In such 

cases, monitoring the changes in the size distribution over time may act as an 

indication of stability. Cheng et aPo monitored the bubble size distribution by flash 

freezing the foam in liquid nitrogen, slicing the frozen foam samples and then 

examining the slices with a microscope. 

Recently, bubble size distributions within a foam column have been measured 

with the use of an optical fibre probe.51 The fibre optic probe is slowly inserted into 

the foam at a known speed. Light is sent into the probe and the amount of light 



reflected from the tip is continuously measured. If the tip is in a gas pocket (ie., gas 

bubble) then part of the light will be reflected. When the tip is in liquid (ie., thin film), 

almost no light will be reflected. The bubble size is determined by relating the chord 

lengths of gas and liquid phases that are traversed to foam structure. This method 

allows the bubble size distribution to be measured, assuming that the probe does 

not disrupt the foam cells during the measurement and that the probe is smaller than 

the drops. The optical fibre probe offers a straightforward method for determining 

cell size distributions, but the accuracy of the method has yet to be confirmed. 

More recently, Gardiner et aLgl monitored the drainage profile of a column of 

foam using sonic velocity. They were able to obtain the local gas fraction at any 

height with a column of foam by monitoring the variation of the speed of sound. In 

general, the sonic velocity in foam is less than it would be in its two components, air 

and water. In addition, video microscopy was utilized to characterize the bubble size 

at certain time intervals during the drainage process to extract details on how the 

bubble size changed as a function of time. 

The rate of drainage, and therefore the rate of decay, of a thin film is 

governed by the electrical, rheological, and transport properties at the surface. 

2.3.3 The Rheology of Bulk Foam 

The rheological behaviour of foam can determine the degree of success or 

failure of various industrial applications. Many techniques exist which can be used 

to investigate the rheology of colloidal systems and they are described in detail in 

several texts.52*53*54*55 With special care, some may be applied to the measurement 

of foams. One of the reasons that there is a relative paucity of rheological studies 

dealing with foams is the great difficulty associated in arriving at a reproducible and 

representative measurement Once formed, a foam will start to degrade due to? 

• the creaming of bubbles, which will result in a nonuniform distribution within 

the chamber; 

centrifugal separation of gas and liquid phases. resulting in foam collapse; 



and 

shear-induced coalescence or re-sizing of the bubbles. 

Several dominant variables that affect the rheology of foam have been 

identified: the foam quality; the bubble size distribution; and the interfacial ten~ion.~' 

There is a growing awareness that the bubble size distribution may have a 

predominant role in determining rheological behaviour. However. most of the 

literature on the rheology of foam have not monitored many of these parameters. It 

is very common for only one or two of the parameters to be mentioned, or monitored, 

but not reported. The bubble size distribution has been the most unreported 

parameter of all. Ironically, it may be argued that much of the experimental data on 

foam rheology actually reflects changes in bubble size due to different bubble 

generation conditions. Thus, it is difficult to make any correlations or comparisons 

between data sets generated by different methods. The most important point to 

remember is that at high volume fractions, foams are structured materials; the 

rheology and structure are intimately coupled.56 

The flow of foam is different from many non-colloidal fluids because it is 

affected by the shape and size of the channels that confine it. Many researchers 

have attempted to characterize foam behaviour on a laboratory scale.w58~60~63-a*65".9' 

Several publications review the work that has been done in foam r h e o l ~ g y . ~ * * ~ ~ ~ ~ '  

Generally, the apparent viscosity of a foam increases with increasing gas content, 

and is diminished with increases in the shear rate. However, as mentioned 

previously, the actual magnitude of the apparent viscosity vanes with experimental 

conditions, and the lack of an overall unifying principle. While no means conclusive, 

the following discussion highlights some of the work that bears relevance to the 

present investigation. 

As mentioned previously, bubble size is not easily measured and not always 

reported. The size of the foam bubbles is difficult to quantify in rheological 

experiments because the average bubble size will increase over time, as the gas 

diffises from the smaller bubbles to the larger bubbles. This action is driven by the 



higher pressure gradient in the smaller bubbles. Various methods have been used 

to try to monitor the bubble size and the changes in bubble size distribution. Each 

method has its limitations and measuring bubble size properties remains a difficult 

task. Several investigators60fi1fi2~63*64*65-66.67 have carried out numerous inquiries on 

foam rheology, and have attempted to monitor the foam texture either with optical 

methods (i.e., photography, light scattering, video microscopy), or a multichannel 

particle detector. Photography and image processing is most commonly used as it 

gives fast, direct information on bubble size and shape. However, under fast Row 

regimes, it can be difficult to capture and analyse the image. Direct photography can 

overestimate the average bubble size by not resolving the smaller bubbles, or 

underestimating the average bubble sizeB8 due to the deformation of the bubbles 

under a microscope cover slip. 

The bubble size distribution also has an important influence on the viscosity. 

For bubbles that interact electrostatically or sterically, foam viscosity will be higher 

when the bubbles are smaller (for a given foam quality). This condition occurs 

because the increased interfacial area and thinner films increase the resistance to 

flow. The viscosity will also be higher when the bubble sizes are relatively 

homogeneous (ie.,the bubble size distribution is narrow). 

Rheological Classification 

To instrumentally determine the rheological characterization of a material, two 

critical requirements must be met: 

• the data must be reproducible, and 

the observed rheological phenomena should be unique and independent of 

the viscometer. 

The rheological characterization of foam is a complex issue. Foams are 

generally non-Newtonian: the viscosity of the foam changes with a change in shear 

rate. A number of different rheological models have been applied to describe the 

flow behaviour of foam. from power law to various yield-plastic models (i.e., Bingham 



plastic), with varying degrees of success. Several investigators have described foam 

as acting either as a pseudoplastic power  la^,^^^^^-^^*^^^^^^^ a Bing ham plastic,75 or a 

Herschel-Buckley f l ~ i d . ~ ~ - ~ ~  All the models are variations of a power law relationship. 

These models are briefly described in Table 2.3.1. 

Foams possess a more complex structure than either single-phase non- 

Newtonian liquids or dilute suspensions. It is therefore difficult to obtain a unique 

rheologicaf description. Several theoretical descriptions have been developed," 

some especially for dry f o a r n ~ , ~ ~ ~ ~ ~ ~  but they are difficult to relate to experimental 

results. 

Table 2.3.1 Mathematical Models Used To Describe the Rheology of Foam 

The dominant variables that affect the rheology of foam are: the stability; the 

volume fraction of the gaseous phase; the bubble size and bubble size distribution 

; and the viscosity of the continuous phase. As a result, several factors that may 

influence the flow behaviour of foam should be taken into account in the design and 
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interpretation of foam flow experiments: (a) the ratio of the mean bubble size to the 

flow channel size; (b) bubble size distribution; (c) Row induced anisotropy of bubble 

distribution; (d) interactions between the foamant and the channel wall (i-e., slip, 

adsorption ,and such); (e) characteristics of flow geometry and flow rate; (f) foam 

quality; (g) physical and chemical properties of the constituent phases and species; 

(h) system pressure; (i) the nature and concentration of the surfactant used; and (j) 

interfacial properties of the foam lamellae and their variation with time.=' 

Due to the in herent complexity in foam structure, conventional techniques 

used for measuring fluids may not necessarily be appropriate or directly applicable. 

In addition, foams are compressible fluids which increases the difficulty in obtaining 

an allencompassing description of its rheological character. 

Slip and Weld Stress M'ts 

Another characteristic of bulk Row is the existence of slip velocity at the wall, 

which allows flow to take place even when the maximum shear stress is below the 

yield stress. There are various ways to consider slip, as a local and extreme 

variation in viscosity, or as a true discontinuity in velocity. A physical explanation 

may be found in the consideration of the bubble distribution near the wall. A 

spherical bubble cannot be nearer to the wall than half of its diameter. As a result, 

the region near the wall will not contain many large diameter bubbles. While there 

may be some migration of smaller bubbles towards the wall, most of the deficit will 

be made up of liquid. Thus, there will be a liquid-rich lubricating layer near the wall 

having a lower viscosity than the bulk foam. This may be treated as a Newtonian 

layer whose viscosity properties are the same as the foam base liquid. Its thickness 

will be related to the average bubble size and the thickness of the foam lamellae.84 

The literature values span a wide range from a few V r n  to up to 100 pm, presumably 

because of the different bubble size characteristics. 

Slip velocities cannot be predicted because they are dependent on a wide 

range of experimental conditions and the foam's structural features. Some factors 



that may influence the development of slip at the wall include: surface roughness; 

wetting; bubble size; volume fraction; and shear stress. One method used to 

determine the existence of wall slip involves undertaking a series of experiments 

using two different geometries. For pipe/capillary measurements the viscosity is 

measured under the same experimental conditions in pipes/capil faries of two 

different radii. Wall slip exists when two different pipe diameters give different 

viscosities for the same imposed pressure drop (same shear stress). Thus, the wall 

slip velocity must be taken into account, or eliminated, when determining foam 

viscosity. Two general r n e t h ~ d s ~ ~ v ~ ~  are used to calculate the wall slip velocity and 

each has been used with some success. Experimentally, slip may be eliminated 

through the use of plates or walls with a significant degree of surface roughness.125 

It has also been put forward that a foam may possess a yield stress below 

which it wi-ll not ffow. Above the yield stress, the foam defons/flows in a non-linear 

manner. The existence of a yield stress may be explained in terms of the energy 

required to change the geometry of the Plateau borders from one stable 

configuration to another." However, the existence of a 'yield stressn has been much 

debated because it is not easily measurable, especially in capillary 

When using the capillary geometry, the yield stress value is determined by 

extrapolating to zero shear rate values. When having over 70% gas fraction foam 

quality. foam has been experimentally shown to possess a 'solid-liken behaviour to 

support the existence of a yield stress.6g 

Several experimental methods have been used to measure the yield stress 
of a foam. For instance. Kraynikag experimentally observed the flow of foam through 

large diameter transparent pipes and monitored the position of the bubbles in the 

near vicinity of the wall. He observed that at low stresses the foam moved as a solid 

body, slipping along the wall. At higher stresses the foam began to shear inside the 

tube, in addition to slipping at the wall. Alternately, a vane rheorneter has been used 

to measure a foam's yield stress with some success.g0 Recently, Gardiner et aleg' 

measured the yield stress of dry foams (high gas fractional quality) using a 



pendulum device while carefully monitoring the gas quality and the average bubble 

size. This relatively simple method measured the yield stress of a foam at low shear 

rates. If a freely suspended pendulum is released above the surface of a fluid at a 

finite angle from the vertical, it will continue to fall until gravitational forces are 

balanced by the buoyancy and shear forces acting on the pendulum bob. In a fluid 

that possesses a yield stress, the bob will reach an equilibrium position at a non- 

zero angle from the vertical. This angle is related to the fluid's yield stress. Their 

results suggest that the yield stress increases with: increasing gas content and 

surface tension; and decreasing bubble size. However, the scatter within the results 

suggests that other factors not included in the analysis, such as the bubble size 

distribution. may also influence the yield stress of a foam. 

When the shear stress is less than the yield stress, and wall slip is occurring, 

foam will travel entirely as 'plug flow" over a thin lubricating liquid layer at the wall. 

If the shear stress is increased, the foam will start to deform in the region of 

maximum shear stress near the pipe wall. Further increase of stress will move the 

boundary of the deforming region inwards, but there will always be a region of plug 

flow in the centre of the pipe where the shear stress is zero." 

Measurements in Rotational Wscometers 

A number of studies have been conducted in a variety of rotational 

viscometers. However, a major concern with these types of measurements is that a 

fixed amount of foam is contained in the instrument. It is necessary that the foam 

remain stable for the entire duration of the measurement. Within the sample 

chamber, the constrained foam will be subjected to shearing over a period of time 

that will lead to the collapse or rearrangement of the foam lamelfae network. This 

results in a discontinuity, or heterogeneity, of the sample structure. Thus the 

measured torques are not indicative of the whole structure. In addition, foams are 

inherently unstable systems and will deteriorate through liquid drainage. The liquid 

will accumulate at the bottom of the sample container. Unless the foam is very dry 



(foam quality greater than 90 %). the gas fractional quality may change significantly . 

within the measurement period.=' 

In an attempt to overcome some of these problems, concentric cylinder 

viscometen have been developed which allow the foam to continuously flow axially 

through the sensor system during the course of the mea~urernent.'~ This helped 

eliminate the problems with an ageing sample and the flow rate was kept low enoug h 

so that it did not affect the viscometer behaviour appreciably. 

Another method used to study foam rheology, especially at elevated 

temperatures and pressures, involves the use of a capillary or pipe viscometer. In 

most of these experiments, the externally generated foam was passed through the 

capillary tube and exited to the atmosphere. This method involves the measurement 

of the pressure drop generated as the foam flows through a known length of pipe, 

versus the volumetric flow rate. As the foam is Rowing continuously, the problems 

related to using a finite volume of foam are removed. 

Foam in Capillary Viscometers 

To measure the bulk rheological properties of foam, the diameter of the 

capillary/pipe must be much greater than the bubble size so that the foam may be 

treated as a continuous medium. Generally, a minimum pipe to bubble diameter ratio 

of I 0  must be met.5556-92 Numerous  investigation^^^^^^^^^^^^^^^ have been carried out 

in capillary pipes less than 1 mm in diameter. The justification for using such small 

diameters is the potential for relating the measurements to the flow behaviour of 

foam in porous media. Foam texture has been found to be an important influence on 

foam rheology in smalldiameter pipe  experiment^.^^ 

Raza and Marsdeng6 made an experimental study of the flow of finely 

textured, high gas fractional quality foam (76%-96%) in glass tubes (diameter= 0.03 

to 0.14 cm). They concluded that foam behaved as a pseudo-plastic fluid. In 

addition, the apparent viscosities increased with gas fractional quality. but a 

geometry dependence was observed. In the final analysis, the fluid slippage at the 



wall and the compressibility of the foam was used to explain the geometry 

dependence. 

David et examined the foam flow behavior in capillary tubes, and also 

observed a diameterdependence in the apparent viscosity measurements. The 

foam qualities ranged from 80% to 96% and the tube diameters from 0.04 to 0.07 

cm. They developed the following differential equation for the Row of foam in 

capillary tubes, taking into consideration the fluid slippage and the compressibility 

of foam. 

Equation 2.1 1 

where r, is the shear stress and X =  (Qv/&), and D= (c, r/4), are factors that are 

dependent on foam quality (0. The total velocity, v, is defined as a summation of 

the contribution of the velocity due to fluidity, v., and the velocity due to slip, v,, 

vt = v, + vg Equation 2.12 

They conclude that foam behaved as a pseudoplastic fluid, and that static 

foam had a measurable gel strength which increased with foam quality. 

Hi rasaki and ~ a w s o n ~  published a theory to predict the apparent viscosity of 

foam in smooth capillaries. They determined that three major factors increased the 

flow resistance of foam: 

the viscosity of the liquid lamellae that separated the gas bubbles; 

the viscous resistance of the liquid layer that is formed between the gas 

bubbles and the wall of the capillary; and 

the surface tension gradient that results when the surfactant molecules are 

swept from the front of the bubble and accumulated at the back of it. 

When the average bubble density in the Rowing phase was less than the 

density of the pore constrictions, and the relative permeability of the gas phase was 

much less than one, the apparent viscosities were correlated with the following 

expression,186 



Equation 2.1 3 

where G is a geometrical factor, CJ is the interfacial tension, n, is the number of 

lamellae per unit length, R, is the equivalent capillary radium, v, is the interstitial 

velocity of the gas, and qs is the smooth tube contribution to the viscosity. In 

addition, they determined that the most important variable affecting the foam 

viscosity (in uniform smooth capillaries) was the foam texture. Foams with a finer 

texture possess more lamellae per unit length, offering greater resistance to flow, 

therefore possessing a greater apparent viscosity. 

More recently, Calvert and Nezhati60 also found that the slip within the liquid 

layer near the wall had a larger impact on the bulk rheology of the foam, rather than 

the volumetric flow rate which seemed to be independent of the foam quality. A 

pseudoplastic model was also applied to evaluate the results generated in a pipe 

viscometer and a cone and plate rheometer ( y *  = 4.8 to 1 10 s-I). The n and K 

factors were fairly constant over a range of qualities, suggesting that the values at 

low shear rates may be independent of flow rate and foam quality. They also 

determined that the thickness of the slip layer is related to the bubble size, and 

compares with the diameter of the smallest bubbles present (the slip layer thickness 

was approximately1 0% of the bubble diameter). 

In summary, the viscosity of foam has been investigated within small- 

diameter capillary tubes because it was believed that the relations developed would 

bear some similarity to flow in porous media. The tube diameters would be on the 

same order of magnitude as the dimensions of the pores that make up the pore 

network. However, a successful correlation has yet to be developed. 

Foam in Pee Viscometers 

Foam Row in large diameter pipes has been studied extensively by several 

investigators. 72-n* 73997 Some of the work dealing with polymer thickened foams will 

be examined in detail in the following paragraphs. 

Blauer et aP7 examined the flow of aqueous foams in industrial large-scale 



diameter pipes. They also observed that the apparent viscosity of a foam in a pipe 

increases with improving foam quality. A Bingham plastic relation coupled with a 

quality-dependent yield stress was used to quantify the observed rheological 

behaviour. 

Hanselmann and Windhabg8 investigated the flow of a polymer-thickened 

food foam through a pipe viscometer under pressure (3 bar). The pressure drops 

were measured and the apparent viscosities were calculated after correcting for slip 

and compressibility effects. The flow rate, but not the foam quality, for foam flowing 

into a mixing chamber was controlled during the experiment. Thus, the equations 

relating to shear rate were slightly more complex in an attempt to quantify the foam 

quality as the foam entered and exited the pipe viscometer. They observed that the 

apparent viscosity of the foam decreased with an increase in pressure. At higher 

pressures, the apparent viscosity of foam approached the viscosity of the foaming 

liquid. 

Volume Equalization 

Several foam quality-based correlations have been developed in the 

petroleum industry to describe the flow of foam as a homogeneous fluid whose 

rheology is dependent on the shear rate and other parameters. An alternative 

approach has been developed to describe the non-Newtonian flow of foam in which 

the density difference between the liquid and the gas is great? The specific volume 

expansion ratio was introduced as an additional parameter, defined by the ratio of 

the liquid density, p ,  to the foam density, p, 

Equation 2.14 

This parameter may be used to convert the flow curves of foams with different 

qualities and pressures into one master flow curve.*99 The principle of volume 

equalization is based on the following principle: that there exists a unique function, 

f,, relating the volume equalized stress to the volume equalized shear rate, 



Equation 2-15 

Recently, Enzendorf'er et al.loO published an investigation into the pipe 

viscometry of polymer thickened foam, in stainless steel pipes, using the specific 

volume expansion ratio so as to compile varying experimental conditions into one 

master curve (for y = 3 to 2500 s-').The flow curves exhibited a marked dependence 

on the diameter of the pipe over a range of pipe diameters (D = 0.405-1 -2 cm). The 

flow velocity was corrected for slip using the Oldroyd-Jastrzebski rne th~d, '~ ' * '~~  

which takes into account the observation that the apparent slip velocity (vsIfp) of 

complex systems (ie-, slurries, suspensions) will depend not only on the wall stress 

(r,) but also on the pipe diameter (D), 

Equation 2.16 

where /3, is the modified slip coefficient. The classical method of slip correction 

developed by Mooneylo3 was not applicable to the rheology of foamed polymer 

solutions. When Mooney's correction was applied, the corrected shear rates 

possessed a high degree of scatter and negative values were calculated in several 

instances. Once the data was corrected for slip, the observed foam velocity could 

be expressed as, 

1 

true 

Equation 2.17 

According to equation 2.17, a plot of the Newtonian shear rate versus the reciprocal 

of the squared pipe diameter (at a fixed wall stress) should result in a straight line. 

The slope of that line divided by 8r, will give the modified slip coefficient for a given 

wall stress. By plotting the modified slip coefficients as a function of the wall stress, 

r,,a linear relationship can be obtained that will express the slip coefficient as a 

function of the wall stress. By re-arranging equation 2.17, the corrected, or actual 



shear rate is given by the following expression, 

Equation 2.18 

After the data was corrected for slip, Enzendorfer ef al. discovered that for high 

quality foams the modified slip correction factor showed almost no dependence on 

the wall stress. The polymer foam viscosity increases as the quality increased. 

Using the volume expansion ratio, a single master flow curve (~Jiversus 8vk) was 

constructed, irrespective of the pressure, quality, or density characteristics of the 

various data sets. The system was then characterized by the volume equalized 

power law, 

n 
Z 

Equation 2.1 9 
E 

where the flow behaviour index, n, is equal to the slope of the line and the pipe 

consistency index, K, ,is equal to the intercept. 

Equilibrium Foam Wscosity Measurements 

~ a r r i s ~ ~ * ~ ~ ~ * ~ ~ ~ * ' ~ ~  has published a large body of work on the viscosity of 

hydroxypropylguar (HPG) foams. He simultaneously measured the bubble size 

distributions and pressure droplflow rate relationships for foams in various 

capillaries. The measurements were carried out in a continuous, recirculating 

stainless steel flow-loop viscometer. The foam was circulated through a coil until 

steady-state was achieved. Then the pressure drop in the tube was measured while 

the bubble size distribution was monitored with a particle counter. The bubble size 

distribution changed significantly with time, with the mean bubble diameter shifting 

to larger values as time progressed. Steady state conditions were defined as the 

point where the mean bubble size remained "constant." 

Based on the work by Harris ef al.65~'04~106,and Reidenbach et aLlo7 presented 



a detailed investigation into the rheological properties of foamed polymer solutions. 

They examined the viscosity of foams generated with aqueous HPG solutions and 

either nitrogen or carbon dioxide gas. The viscosity measurements were carried out 

in the laminar flow region and the texture was kept as constant as possible. A 

single-diameter pipe was used to focus only on the effects of foam quality. They 

developed the following quality based correlation, based on the Herschel-Bulkley 

(HB) model, 

~ W P  = (3 " ../(W/D)+ ( "' 4n ' ' ') n' &(w/D)'~' Equation 2.20. 

where r, is the yield stress, D is the diameter of the pipe, v is the fluid velocity, K, 

and n' are constants that are characteristic of a particular fluid and the flow 

geometry (4 = K, eC2r and T, = C,eC,T) 

The foam quality, r, may be defined as the ratio of the volume of gas to the 

sum of the gas and liquid volumes and ranges is between zero and one. An implicit 

assumption when using quality-related correlations is that the pressure and density 

of the gas phase, does not directly influence the rheological behaviour. 

The Relationship Between Emulsion and Foam RheoIogy 

An emulsion is very similar to a foam except that the dispersed phase is a 

liquid rather than a gas. Much of the information on foam rheology has been taken 

by analogy from the results of experiments on emulsions, in which the drop sizes 

are more easily measured and the difficulty of changing bubble size is diminished. 

At higher volume fractions (> 70 %), emulsion rheology is dominated by surface 

forces and not by dissipation inside the emulsion drops. Thus, the rheology of 

emulsions is relatively insensitive to the viscosity of the internal phase. This 

behaviour is shared with foams. As a result, foam viscosity can be equivalent to 

emulsion viscosity and both will depend on bubble size distribution, interfacial 

characteristics, and external phase viscosity. Several recent studies on emulsion 



rheology have characterized the effect of emulsion drop size distribution, interfacial 
tensions, and viscosity ratios.~08n~0g~~~0.111.112.113.114.115 

The viscosity of a wet foam may be estimated using methods used to predict 

emulsion viscosities as the gas bubbles in a wet foam are approximately spherical 

and not too large. A wet foam is similar to a dilute emulsion because they both 

possess a relatively low internal phase volume. Generally, wet foams will behave 

as Newtonian fluids. In dry foams, where the internal phase has a high volume 

fraction, the foam viscosity will increase dramatically. This is due to bubble 

'crowding', distortion, exhibited non-Newtonian flow behaviour, and may even 

exhibit a yield stress. Dry foams, unlike most emulsions, will readily exceed the 

maximum packing fraction (74%) calculated for uniform, incompressible spheres 

because the gas bubbles are compressible and possess a significant degree of 

elasticity. 

Emulsions as Models for Foams 

Much ofthe knowledge that has been developed on the influence of bubble 

size and bubble size distribution on the viscosity of a complex fluid (i.e., emulsions, 

foams) has been based on experiments involving emulsions. As mentioned 

previously, foams and emulsions share many of the same characteristics and may 

behave in a similar manner in response to shear rate and other environmental 

conditions. In comparison, emulsions are much easier to work with in t e n s  of 

controlling the bubble size and possess the requisite stability to remain relatively 

unchanged during the measurement period. 

Concentrated emulsions are emulsions that contain a high internal fraction 

of the dispersed liquid. The viscosity of concentrated emulsions and dry foams 

(high gas fraction quality) should depend in a similar manner to the drop size, 

interfacial tension, and external phase viscosity. Thus. it should be possible to 

extend the knowledge of the rheology of concentrated emulsions to gain insight into 

the viscosity of dry foam. 



Emulsion Rheological Studies 

A number of rheological studies involving concentrated emulsions have been 

published, including several good review articles.116-117*118.'n Several theoretical 

models have also been developed.'1g*'20*121g1221123 Most of the experimental 

investigations have been undertaken in rotational rheometers, primarily using 

parallel geometry, most likely because of the ease in using these instruments. The 

correlations developed using rotational instruments are not directly applicable to the 

rheology of the same systems in a pipe, or capillary geometry. However, they may 

be used as indicators of some of the factors that will be at work during the flow of 

emulsionslfoams in a tube geometry. 

Urdahl et examined the effect of temperature and pressure on the 

rheological behaviour of concentrated emulsions. Although a correlation was not 

developed, they observed that the rheology of the system changed with 

temperature; observing shear thinning at low temperatures, and shear thickening 

at higher temperatures. It was concluded that the stability, and the rheology of the 

emulsion changed as the properties of the surfactants are modified. 

A recent study by Otsubo et ab109~v0 examined the rheology of a series of 

concentrated olw emulsions in a rotational rheometer using the parallel plate 

geometry. The aqueous phase contained varying concentrations of polyacrylic acid 

polymer. Mono-dispened stock emulsion solutions, with differing mean bubble 

sizes, were diluted with the continuous phase to create a series of emulsions of 

varying oil to water ratios (0.1 to 0.9) with the same internal droplet size but 

different continuous phase viscosities. A significant amount of wall slip was not 

observed except for the most viscous emulsion series. 

The value of the mean drop diameter will vary depending on the method 

used to calculate the mean diameter. Otsubo etal.log compared the results obtained 

when the mean diameter was calculated using the Sauter mean, ds, and the root- 

mean-cube, dm,, 
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Equation 2.21 

Equation 2.22 

where n, is the number of drops with diameter Di. Generally, d, > dm, 

In the end, Otsubo et al.lo9 generated a master curve (d,g/uq), versus qoy) 

for the three size distributions. The viscosity was scaled using the Sauter mean 

diameter d, , interfacial tension a, and the continuous phase viscosity qo. The shear 

rate y', was scaled with the continuous phase viscosity. As the master curve 

variables are not dimensionless, it was postulated that the viscosity was most 

probably influenced by the disjoining pressures and the film thicknesses, which are 

governed by surfactant properties. 

In highly concentrated emulsions, the droplets cannot remain spherical and 

a thin film will form between the two deformed drops.32 When the emulsion is 

subjected to shear forces, the liquid film must stretchfcontract until a critical strain 

is reached which will initiate flow. The rheological properties are controlled by the 

network structures of liquid films. In highly concentrated emulsions, the network of 

thin liquid films between the droplets are fully developed. Hence, the deformation 

and rearrangement of the thin liquid films are fundamental mechanisms in the 

rheology of foams and concentrated emulsions. 

Otsubo et a/.'09-"0 also observed that the emulsions can exceed the 

maximum ideal packing parameter of close packing of large drops without 

deformation. Smaller diameter drops will occupy the interstitial space between the 

large drops. In addition, at low shear rates, there was an observed droplet size 

dependence on the viscosity. At the lower shear rates, the droplet interfaces were 

not completely mobile as the adsorbed surfactant layer at the interface was partially 

rigid and could support shear stress.'25 



Princen and KisslZ6 studied the rheology of such concentrated emulsions, 

with volume fractions exceeding 0.74. They determined that concentrated 

emulsions possess a measurable yield stress and developed the following empirical 

viscosity relation, 

Equation 2.23 

where qc is the viscosity of the continuous phase and N, is the capillary number (N, 

= qCdSy/20). They also observed, at high volume fractions (cp > 0.7), that there was 

no effect of the viscosity of the internal phase on the emulsion viscosity. 

Pa11'1*114q113-127 has also published several investigations into the rheological 

characterization of emulsions, including a comprehensive review of the rheology of 

dispersed systems.127 He has developed a correlation for emulsion viscosity data 

that takes into account the effects of shear rate, droplet size, droplet size 

distribution, and viscosity ratio. According to this model, the relative viscosity of an 

emulsion is a function of the particle Reynold's number Nm-,, volume fraction of the 

dispersed-phase (p, maximum packing concentration of dispersed phase (p,,,, and 

the intrinsic viscosity [q] provided that the capillary number N, is small. The 

influence of the bubble size distribution, and bubble deformation, are accounted for 

with the maximum packing concentration factor. 

Pall2' concluded that for any given system, a fine emulsion exhibits a much 

higher viscosity when compared with a coarse emulsion. When a fine emulsion is 

mixed with a coarse ernulsion, the new heterogeneous emuision exhibits viscosities 

even lower than the original coarse emulsion. This was especially true at lower 

shear stress, and small additions of the smaller, fine emulsion droplets. The 

observed decrease in viscosity was explained through the maximum packing 

concentration cp,. When 9, was calculated128~'2g*130 for the various emulsions and 

examined against the viscosity, it was observed the maximum value in (p, coincided 

with the minimum in the viscosity trend. 



In the end, Palln developed a correlation through a normalized plot of 

~ , ' ~ [ 1  -rl, "I[NQ,,J versus N,,p, where [rl] is the intrinsic viscosity. The plot was 

analysed weth the following equation, 
2 

&"'[I - v~"'O1'k] = A. + ~ O & o ( ~ & p )  + 4[10&0(~&~)] Equation 2.24 

the Reynolds number N, of the particle is used to account for the effect of shear 

rate, while the packing parameters relate the influence of the droplet size 

distribution. 

Comparisons Between the Rheology of Foam in Porous Media and in Bulk 

Only a few investigations131 have attempted to correlate the flow of an 

emulsion/foam in bulk and porous media, and these have met with limited success. 

The stumbling block has been determining what, if any, characteristics are 

transferable between the two situations and how they may be modified in response 

to the different environment (i.e., micro-heterogeneity of the pore walls, pore throat 

constrictions). As mentioned before, the rheology of foam has been shown to be 

strongly geometry dependent.60.85*100 It is still uncertain what is the best way of 

accounting for the change from the simple bulk flow geometry within a tube to the 

complexity and heterogeneity of the flow path within porous media. 

Marsden et a1.132-13311w1359136 carried out an investigation that compared the 

flow of oil-in-water emulsions in capillary tubes and in porous media. They used 

what were termed "macro-emulsionsn, emulsions with the average droplet diameter 

greater than 1 pm. which is on the same order of magnitude as the pore 

constrictions. The flow behaviour of various emulsions, ranging in oil concentrations 

from 10 to 70 %, were examined as they travelled through the various types of 

porous media which were connected in series with capillary tubes. They observed 

that the o/w emulsions with less than 50 % volume oil content behaved as 

Newtonian fluids. Emulsions with oil concentrations greater than 50 % volume 

behaved as pseudoplastic fluids. Viswelastic effects were not observed. Marsden 



compared the behaviour of the o h  emulsions by developing shear stress r, versus 

shear rate y', log-tog plots for both geometries and then superimposed the two lines 

through the use of a fitting parameter /3. 

The rheological behaviour of the o/w emulsions in the capillary tubes were 

characterized using the following relation,136 

n' 

Equation 2.25 

where r is the shear stress, is the consistency index, n' is the flow behaviour 

index, v, is the velocity of the fluid in the capillary, and d is the diameter of the 

capillary tube. The term 8vjd, represents the apparent shear rate y'. Thus, the 

apparent viscosity r),,, for a non-Newtonian fluid is given by,136 

Equation 2.26 

A log-log plot of rversus y' is used to obtain I(' and n', which are the intercept and 

the slope of the line. 

The shear stress of the olw emulsions in porous media r,, was given as,'% 

Equation 2.27 

where a is a parameter of the porous medium that depends on the tortuosity, A p ,  

is the pressure drop across the core length, I, and K and Q are the core 

permeability and porosity, respectively. 

The average shear rate within the porous medium was then defined as,136 

- 4v, 

'c= a a  
Equation 2.28 

where v, is the velocity of the fluid in the porous medium. Accordingly, the equation 



that was used to describe the flow of the emulsions through the porous medium was 

expressed as,'36 

Equation 2.29 

Figure 2.3.1 provides an illustration of one of Marsden's final superimposed 

graphs, relating the bulk and porous medium situations. It should be noted that the 

.rheogram of the capillary tube data was kept stationary, and the rheogram for the 

situation in porous media was adjusted by manipulating the f i  parameter. A /3 value 

of 10 provided the best fit. 

2.4 Imaging the Morphology of Foam 

2.4.1. Introduction 

To understand and quantitatively model the behaviour of foam flow-ng in 

porous media, a knowledge of the foam structure is needed. However, relatively 

little is known about the exact structure under such conditions. One of the research 

objectives outlined in the introductory chapter, is centred on the structural 

determination of foam in porous media. In the present work, our particular interest 

is in the general structure and thickness of the foam lamellae. 

2.4.2. Methods to Examine the Structure of Foam in Porous Media. 

The experimental techniques used to investigate the nature and stability of 

foams to be applied in porous media can be broadly categorized as bulk foam 

stability tests, micro-visual simulations, and core flood tests. The first category, bulk 

foam tests, are not directly related to the situation of foam lowing in porous media 

at all. However, they do have the advantages of simplicity and common availability 

of suitable apparatus. 



Figure 2.3.1 Superposition of core and capillary rheograms for a 60 % 
olw macroemulsion ( adapted from Alvaredo eta!, 1979). 



Bulk foam lamella thicknesses may span a very wide range, from the order of nm 

to mm or more. Unfortunately, bulk foam tests may impart so much shear that 

artificial mechanisms may dominate. Also, the physical situation in such foam tests 

is far removed from what happens during foam flow in porous media, especially as 

regards the foam quality, texture, flow rate, and effective shear rate. Perhaps even 

more importantly, foams flowing in porous media are subjected to considerable wall- 

effects. In porous media, there may be only one or two bubbles, or thin liquid films 

(lamellae), between the walls of a pore. There may even be many pores per bubble 

or lamella. In bulk foams, on the other hand, there may be many hundreds or 

thousands of bubbles between container walls. It has been found137*1381118 that core 

flood foam test results are not predictable from bulk foam stability tests. 

Accordingly, the foam bubble sizes and thin film thicknesses observed from bulk 

foam tests may depart greatly from those that occur when foams flow in porous 

media. 

Another approach has been to create a single thin liquid film in apparatus 

designed to pennit measurement of the disjoining pressure. Such films thin down 

to meta-stable thicknesses, such as those of Newton and common black films.' It 

has been suggested that the thicknesses of such large, free films may be similar to 

those that would occur for foam films in porous media, and which would therefore 

be less than about 100 nrn,139 but greater than Newton black film thicknesses (ca. 

5 nm).'" Indeed, it is quite common in foam modelling research to consider that the 

meta-stable film thicknesses, measured by interferometry in disjoining pressure 

experiments, exist at exactly the same thicknesses when they occur in foam flowing 

in porous media, although the specific ranges cited vary somewhat (e.g., 5-7 nm,j4' 

versus 20-100 n n ~ ' ~ ~ ) .  For modelling purposes, it is important to know the actual 

thicknesses in porous media since the disjoining pressures will only be important 

Thin equilibrium liquid films which possess a characteristic black colour. A 
Newton black film has a typical thickness of 5 nm and a common black film has a 
typical thickness of 30 nm. 



for very thin lamellae, typically for films thinner than 100 nm, whereas for thicker 

films other factors, such as surface elasticity, are more important. 

The foam lamella thicknesses predicted from single-thin-film approaches are 

challenged by the thicknesses observed in micro-visual experiments which, 

although the experiments are more difficult, are used to more closely represent the 

physical situation in porous media. Glass micro-visual apparatus of several kinds 

have been used to visualize the generation and propagation of foams in 

constrained media, and also their interaction with additional phases such as oil.'" 

Typically such micro-visual cells consists of two glass plates sandwiched together 

to enclose an etched flow pattern of channels, pores, and throats, and having fluid 

entry and exit ports. The etched patterns are generally intended to represent a 

region of a real porous medium, although some are extremely simplified. With foam 

flowing in such cells one can use light microscopy to observe foam texture and 

lamella thicknesses. Chambers and Radke140 observed micro-model foam lamella 

thicknesses of somewhat less than 10 pm. Kuhlmanl" observed foam lamellae on 

the order of 40 prn thick. In addition, Schramm et aL145*146*'47 observed lamellae 

having thicknesses on the order of 50 - 80 pm. 

These kinds of micro-visualization studies provide valuable insights in terms 

of foam flow in highly constraining and tortuous media, but they operate using 

porous networks in which the pore and throat sizes are typically 5 to 1 Ox larger than 

those in actual resewoir formations, 

Neither of the experimental approaches just described is completely realistic 

and a very wide range of lamella thickness estimates remain. Thin-film studies 

suggest tens of nanometres, whereas the micro-visual studies suggest tens of 

micrometres. 

The most realistic experimental investigations of foam behaviour in porous 

media are conducted in "core flood" apparatus, in which fluid flow and pressure 

transducer fittings are secured to sections of porous rock (cores), which are then 

encased in a constraining sleeve.130*148 Foam is prepared either in situ, by co- 



injection of gas and surfactant solution, or else pre-generated by passing gas and 

surfactant solution through a foam generator prior to injection into the rock. During 

foam tests the pressures generated across the length of the core sample and the 

fluid productions at the outlet can be measured. These tests are extremely useful 

because they employ real porous rock. As a result, the pores, throats, and tortuosity 

are all at the correct scale. However, with rock samples non-disturbing pore-scale 

imaging is extremely difficult to accomplish. 

2.4.3. Foam Microscopy 

It must be remembered that a foam is a dynamic system, and its structural 

organization is extremely sensitive to even slight changes in its environment. 

Ideally, a nondestructive in sfiu technique is needed to directly examine the 

population, distribution, and organization of foam lamellae within a consolidated 

core sample which would ensure the integrity of the system. A number of 

techniques exist that have the required resolution capability to successfully image 

the fragile lamellae. Unfortunately, there are a variety of problems associated with 

sample preparation that reduce the possibilities to a slim few. In the past fifteen 

years a number of investigators have applied a variety of microscopic techniques 

to bulk foam samples and other 'wet' interfacial systems. As such, a body of 

information has been developed regarding the problems and possible solutions 

relating to these systems. Some of the issues that must be dealt with will be 

examined in the following paragraphs. 

Optical Microscopy 

Most of the research into bulk foam bubble structure has employed macro- 

photography or low-powered light microscopy. The advantages of these techniques 

are that they are relatively quick and simple to perform with minimal sample 

preparation, and are very inexpensive- The major disadvantages associated with 

photography or light microscopy are that the resolution of these techniques are 



limited by the wavelength of the visible part of the spectrum. In addition. optical 

techniques possess a small depth of field because of the large semi-aperture angle. 

This small depth of field reduces the potential for stereo-imaging of the highly three 

dimensional foam samples. 

Confocal laser scanning microscopy (CLSM) solves some of the problems 

of optical systems and provides an additional dimension to optical microscopic 

analysis. The confocal microscope possesses the ability to digitize the entire field 

of view and then reconstruct the image over a significant depth in a sample. This 

feature allows further information about possible phase association within a sample 

to be obtained. 

Confocal microscopes achieve a high degree of resolution of a selected 

plane in a specimen through the following steps (Figure 2.4.1).'~~ Initially, light is 

focussed through an objective lens into an hour-glassed beam so that the highly 

focussed, bright 'waist" of the beam strikes one spot of the specimen at a chosen 

depth. This ensures that the selected point would be the most intensely illuminated 

spot at the selected depth of the specimen and would reflect the most light. Then, 

the light reflected from that spot is focussed to a point and is passed through a 

pinhole aperture in a mask that is positioned in front of the detector. The mask 

blocks out the light reflected by parts of the specimen that were above and below 

the plane of interest. The entire plane will be rapidly scanned from point to point to 

acquire a complete picture. The process can be repeated at other depths and the 

optical images can be electronically combined to obtain a composite (three 

dimensional) image of the specimen. The resolution along the optical axis is around 

0.65 (rm and the width of an imaging point is around 0.2 pm.lM In addition, CLSM 

has the added advantages of requiring very little sample preparation as the imaging 

process is quite rapid and the method does not require a high vacuum which makes 

it amenable to liquid samples. 



Figure 2.4.1 Schematic illustration of a CSLM ( Lichtman, 1994). 



CLSM can use both reflected and fluorescent light simultaneously. The 

potential application to emulsions, gels, and surfactants systems is significant. For 

example, the ability to image fluorescent materials or the movement or deposition 

of fluorescent labelled components while still observing the nonfluorescent 

components can add a great deaf of knowledge about a certain system. One of the 

more recent applications of fluorescent CLSM probed the vertical distribution of 

fluorescent probes at the airlwater interface.''' Fluorescence was detected in the 

range of a couple of tens of micrometers along the monolayer's vertical section. The 

optical section thickness was found to be 20-25 pm. Although this method is not 

directly comparable with other methods that can resolve down to the molecular 

range, it can easily obtain information of the vertical distribution at the interface. 

The existence of fluorescent concentration gradient of fluorescent molecules can 

be monitored, and quantitative comparisons of different interfacial situations can 

also be directly studied by means of fluorescence intensity at the aidwater interface. 

Although most of the applications of CLSM have occurred with biological 

systems,152 CLSM has also been used to develop three dimensional images of 

microstructures of various rock  sample^.'^^*'^^ Microfractures, fissures, and pore 

geometry dimensions are easily resolved using CLSM. In addition, this technique 

provides a unique 30 picture of the rock microfractography and its relationship to 

other form-forming components. 

Particles smaller than about 0.5 vm begin to approach the resolution limit of 

the optical microscopy. Frequently, particles can be recognized but not analysed 

correctly because of the limitations in the resolution and the depth of field and focus 

in an optical system. 

Electron Microscopy 

Due to the limitations of light microscopy, electron microscopy has been used 

in foam studies because of its superior imaging capability. The major advantage in 

using electrons rather than photons to resolve the structure of foams is the clear 



improvement in contrast and resolving power (e-g. <1 nm for TEM compared with 

0.25 pm for light microscopy). The narrow semi-aperture used in electron 

microscopy (EM) imaging results in a large depth of fieldlfocus, allowing for the 

capability of stereo imaging. The principal problems associated with electron 

microscopy observation of foams are associated with the hostile environment of the 

EM column, the considerable heat generated as a result of electronlspecimen 

interaction, the high vacuum contained within the column and the specimen 

chamber of the instrument; and the high radiation flux (on the order of 10~-10'~ 

fads).'" As foams are a variable dispersion of gas in a liquid they are both 

mechanically dynamic and thermodynamically unstable, and therefore pose the 

worst possible specimen preparation problems. The processes of fixation, 

dehydration, and infiltration of foam structures cause inevitable volume changes 

and denaturation. Since the larnellae of foams are typically composed of 80% water, 

removal of this major structural component prior to observation results in an 

abundance of artifacts that distort the image. 

For some time, the scanning electron microscope (SEM) has been the 

standard tool for surface characterization because of its excellent resolution. 

However, SEM requires the specimen to be coated with a metal and imaged in a 

vacuum and it has poor three-dimensional resolution. In addition, the high energy 

electron beams can damage or destroy a delicate film? SEM has been previously 

used in the characterization of various emulsions, dispersions, and foams. 

However, the sample must undergo several destructive sample preparations (Le., 

dehydration or cryo-fixation). This prevents in situ observation and creates an 

artifactual image which provides questionable information about the system. 

2.5 Foam in Porous Media 

2.5.1. Foam in Improved Oil Recovery 

lmporved oil recovery techniques are designed to increase the amount of oil 



produced from a reservoir by increasing the capillary number and lowering, and 

hence improving, the mobility ratio. These will be discussed in more detail below. 

The capillary number, N,, is defined as 

Equation 2.30 

where rl is the fluid viscosity, v is the fluid velocity, K is the permeability, AP is the 

pressure drop, u is the interfacial tension, and L is the length of the core. This is 

a measure of how effectively the oil is being displaced from the pore space. The 

above equation points to several methods by which an increase in the capillary 

number results in a decrease in the residual oil saturation (meaning that more oil 

is displaced from the pore space in the rock). This can be achieved by reducing the 

oil viscosity, increasing the pressure gradient, or by decreasing the interfacial 

tension. 

The mobility ratio, M, is usually defined as the mobility of the displacing fluid 

divided by the mobility of the displaced fluid- In our case, the displacing fluid would 

be polymer-thickened foam and the displaced fluid would be the crude oil. The 

mobility of a fluid, A, is simply defined as 

/Z = K , / V  Equation 2.31 

where K is the effective permeability and r l  is the viscosity of the fluid. If M > 1, then 

the mobility of the displacing fluid is greater than the displaced fluid. This simply 

means that the displacing fluid (i-e., polymer-thickened foam) moves more easily 

than the oil. As a result, the polymer-thickened foam will flow past the oil and less 

oil will be produced. It is clear that for maximum production the mobility ratio should 

beM s l .  

There are four primary mechanisms by which enhanced oil recovery can be 

accomplished with the use of surface active additives2 



• The production of very low (< 1 OJ mN/m) interfacial tensions between the oil 

and the aqueous flooding solution to facilitate the removal of small oil 

droplets entrapped in the pores that have been wetted by water. 

The spontaneous emulsification (or micro-emulsification) of the trapped oil, 

to form small droplets of oil (1-2 prn in diameter) which should facilitate the 

flow of the oil in the system. The emulsification process must take place with 

a minimum of energy input which is supplied by the diffusion of components 

from the oil phase to the aqueous phase, creating turbulence at the interface 

and emulsification. 

The reduction of the interfacial rheological properties at the oil-aqueous 

solution interfaces to prevent the formation of a highly viscous interfacial 

layer that could inhibit the expansion and contraction of the oil/water 

interfaces that must occur as the oil moves through the porous rock 

formation - 

Control of the wettability of the rock pores to optimize oil displacement. It is 

desirable to enhance the extent and rate of wetting of the rock by aqueous 

solutions so that the petroleum deposits can be more efficiently displaced by 

the water pumped into the formation. 

In improved oil recovery techniques, the potential use of foams is a result of 

its physical structure and surface properties that produce a high Row impedance to 

improve sweep e f f i ~ i e n c y . ' ~ ~ ~ ~  Significant foam stability is a prerequisite for the 

successful application of foam flooding in most applications. Foam applications are 

not without some disadvantages. For instance, the foam is often destroyed when 

in contact with hard brines (lots of salts) and oil. 

Suitable foams can be formulated for injection by combining a foam forming 

surfactant solution with either a i r / n i t r ~ g e n , ~ ~ * ~ ~ ~ ~  natural gas,160*161 carbon dioxide, 
162*163 or Foams intended for use in wells and in several near-well reservoir 

processes are preformed at the surface before injection into the reservoir. 

Generally, the surfactant soiutions and gas are combined at high Row rates and a 



value, or choke, is used to bring about a sudden drop in pressure to generate the 

foam. In addition, the surfactant solution and the gas may be rapidly co-injected into 

a foam generator that may contain screens, steel wool, glass beads, metal 

shavings, or rings. If polymers have been incorporated into the foaming solutions 

there is a danger of shear degradation at very high rates of injection. 

2-5.2. Structure of Foam in Porous Media 

Generation of foam is a dynamic process: foam lamellae are continuously 

generated and destroyed as they travel through the tortuous pathways in a porous 

media.165 

Many laboratory investigations into the generation of foam in porous media 

have been carried out using a variety of media such as sand or bead packs, or 

natural and synthetic cores. It has been noted that the nature of the medium, its 

permeability, and its homogeneity play an important The foam's texture 

(the mean bubble size and bubble size distribution), can be varied by changing the 

grain size of the packing at the lower, exit end of the generator.lB8 In addition, the 

relation between the bubble size to the dimensions of the flow conduit will play an 

important role in determining the rheological behaviour of the foam.16g Thus, it is 

important that the bubble size is somehow incorporated into the rheologicai 

description of foam flow in porous media. 

It is postulated that within porous media the structure of the foam will bear 

some resemblance to the corresponding bulk foam. There will exist a continuous 

liquid phase and the gas phase will be dispersed within the liquid. However, it is 

also possible that in some regions within the porous media, that the gas phase will 

be continuous. In addition, foam lamellae will be present. Figure 2.5.1 gives a 

schematic illustration of a liquid lamella between two gas bubbles in a pore throat. 

The lamella is stabilised by the surfactant molecules in a similar manner as in a 

bulk foam. The liquid coats the surface of the pore as the surface is water-wet and 

spans the pore constriction. 



The mechanisms through which foam is generated within a porous medium 

were investigated by Ransohoff and ~ a d k e l ~ '  in glass bead packs. Three 

mechanisms were identified: leave-behind; snap-off; and lamellae division (Figure 

2.5.2). 

During leave-behind, a continuous gas phase enters the surfactant-laden 

aqueous phase. The lamella is formed when two gas fingers converge at a pore- 

throat. The lamella is stationary, and blocks part of the pore-network to the gas 

phase. As a result, the relative permeability of the gas phase is diminished. This 

mechanism is considered to be the dominant mechanism of foam generation at low 

velocit ie~.'~~ 

Discrete bubbles are created by the snap-off mechanism which can either 

flow or become lodged at some point within the porous medium. Again, the gas 

mobility is reduced. When gas flows as a series of discrete bubbles, rather than as 

a continuous phase, a much greater resistance to flow is generated.ln Snap-off is 

considered to be the dominant mechanism of foam generation at high velocities. 

The final mechanism, lamella division, will only occur when the lamellae 

generated by the previous mechanisms are moving through the pore-network. 

Lamella division take place when a lamellae encounters a branching off in the flow 

field and then advances into two or more channels, generating two or more lamella 

from the initial one. It is much like snap-off because a discrete bubble is formed that 

can also either move through the pore network or act as a blocking agent and 

reduce the gas mobility. 

2.5.3. How Foam Travels in Porous Media 

The propagation of foam through a porous medium (i.e., reservoir rock) is a 

complex, dynamic process that is not fully understood. Part of the problem is the 

complexity and variability in the conditions within any single specific medium which, 

in turn, make it a daunting task to develop any generalized correlation that can be 

broadly applied to various porous media. 
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Figure 2.5.1 Illustration of a lamella within the pore space (Coombe, 1996). 



Snap-off mechanism (gas is unshaded) 
(a) gas entry into liquid filled pore throat 
(b) gas finger and wetting collar formation prior to break- 

UP 
(c) liquid lens after snap-off 

Leave behind by division 
(a) gas bubble approaching branch point 
(b) divided gas bubbles 

Leave behind 
(a) gas invasion 
(b) stable lens 

Figure 2.5.2 Mechanisms of snapoff (adapted from Kovscek 8 
Radke, 1989). 



Thus, the challenge lays in defining which foam properties to examine and how they 

may be influenced by conditions within the porous medium. Then determining which 

of the multitude of conditions may be controlled or manipulated. Three different 

experimental approaches have been developed to investigate foam flow in porous 

media. The first method attempts to simulate the reservoir conditions as realistically 

as possible and then compare the relative performance of each foam formulation. 

This technique will give a good indication of how the foam will perform in the field 

but will provide little information on the fundamental mechanics of foam propagation 

and stability. The second method involves relating a physical property of the 

surfactant-stabilised foam (i-e., surface tension or surface elasticity) with the foam's 

performance in porous media. So far no single physical property has been identified 

that can reliably predict the stability and effectiveness of surfactant-stabilised 

foams. The third method involves micro-visual observations of foam lamella moving 

through an etched glass micro-model. Quantitative information on the mechanics 

of propagation and the interaction with residual oil can be easily obtained. 

As the flow of foam through porous media is dynamic, the foam lamellae 

continually undergo ruptures and reconstruction during their passage along the 

pore system, at rates which are determined by the pore geometry as well as by the 

foam quality, the foam flow rate, and the rheological properties of the lamellae.'72 

In addition, the flow of foam in porous media is coupled to the connectivity and 

geometry of the constraining media. The flow of a foam differs from conventional 

fluids with respect to the way the Row is affected by the size and shape of the pore 

channels. Foam generation and destruction mechanisms strongly depend on the 

body to pore throat size aspect ratio. 

Visual observation has shown that foam tends to flow through porous media 

as a series of lameltae rather than as discrete bubbles with diameters smaller than 

the pore dimensions. The motion of each lamellae proceeds by a series of stop and 

go sequences in response to the physical conditions along the flow path. For a 

particular portion of the flow path along a pore system, the pressure differential 



driving the foam is not steady but fluctuates and sometimes falls to a value 

insufficient to drive a lamella into a wider point in the pore. 

Many individuals have attempted to describe how foam flows through porous 

media. How the model is developed depends on how each research group looks at 

or understands foam flow. To date, there is no one theory to explain the flow of 

foam in porous media. What has developed are several theories to explain certain 

aspects of foam flow but they cannot be combined because they are often 

contradictory. 

Petcolation Theory of Foam Mobilization in Porous Media 

The percolation model of foam mobility in porous media indicates that there 

exists a minimum pressure gradient or minimum gas velocity to initiate 

mobilization.173*174J75*176*1n The actual magnitude of the minimum pressure gradient 

is under debate as the reported values range over an order of magnitude. To further 

complicate matters, some investigators have found that the pressure gradient 

increase with increasing pem~eab i l i t y , ' ~~~~~~  while others have reported the 

Some of the main points of the percolation theory will be briefly 

discussed below. 

The percolation model is based on the concept that lens and lamella occupy 

the pore space and pore throats within a porous medium. A lens is a small slug of 

liquid occupying the pore throat between two-gas-occupied pore bodies. A lens is 

stable with and without surfactant present. Both the lens and the lamella block the 

flow of gas through a pore throat. For foam to flow through the medium, both the 

lenses and lamellae must be mobilized. This may occur in three possible ways. 

Both the lens and the lamella can be displaced from the pore throat if the pressure 

differential is significantly large. Once moving, the lamellae can multiply by lamella 

division and repeated snap-off at the vacated pore throats.'" For each lamella or 

lens, there exists a minimum pressure drop (vpmin) required to displace it from the 

pore throat. This pressure drop is a function of the surface tension between the 



liquid and the gas, the geometry of the pore throat, and capillary pressure. If foam 

flows through regions of entrapped gas as "bubble trains" Rossen predicts that the 

vpmin can be much greater.174 For foam to flow through a porous medium, vpmin 

must be exceeded. If the Vp of the reservoir is less than vpm", foam flow will stop 

and the foam will plug/block the zone. 

2.5.4. Rheological Parameters of Foam Flow in Porous Media 

To date, a generally accepted correlation between foam performance in 

porous media and interfacial or bulk foam properties has not been established. As 

a result, core flood experiments, which employ real porous rock samples, are still 

considered to be the most reliable indicators of foam performance in the reservoir. 

Several measures have been developed to quantify the effectiveness of foams in 

porous media. These will be briefly discussed below. 

One of the simplest and most straightforward methods, is the mobility 

reduction factor (MRF). The MRF is defined as the ratio of the pressure gradient 

across the core during co-injection of a gaslsurfactant solution (AP to the 

pressure gradient during brinelgas co-injection ( APwg) under identical conditions, 

Equation 2.32 

The larger the MRF the more effective the foam is in reducing gas mobility for any 

particular surfactant/rock combination. One of the difficulties in determining an MRF 

arises from the fact that the measured pressure drops from the brine/gas injection 

are very small and difficult to measure accurately. Thus, the calculated MRF will 

possess a large margin of error. 

Another measure of foam effectiveness is expressed as the foam flow 

resistence (FFR'''). The FFR is defined as follows, 



K AP 
FFR = - 

-87- 

Equation 2.33 

where K is the brine permeability, AP is the pressure drop, L is the core length, 5 
is the gas viscosity, and v, is the apparent linear velocity of the gas. v, is expressed 

as, 

qtr vg = - Equation 2.34 
A4 

where q,is the volumetric flow of the gas, A is the cross-sectional area of the face 

of the core sample, and O is the porosity of the core sample. The foam Row 

resistance is a dimensionless quantity. 

Another way of expressing the foam effectiveness is through the relative 

mobility (A,) of the foam, 
- 

Equation 2.35 

The flow of foam, or any fluid, in porous media is commonly described using 

Darcy's law. Darcy's law is an empirical flow law developed from classical principles 

of fluid dynamics. It can also be derived from first principles using Navier-Stakes 

equations. Darcy's law relates the differential pressure drop generated across the 

length of a core as a fluid travels, at a known flow rate, in a porous medium (i-e., 

core sample or actual reservoir), to the apparent viscosity of the fluid. Darcy's law 

can be expressed in the following manner, 

Equation 2.36 

where Q is the volumetric flow rate, L is the length of the core, AP is the differential 



pressure drop across the core, A is the cross sectional area available for flow, and 

K is the brine permeability. Most of the literature on the flow of foam in porous 

media is concerned with the apparent viscosity of the foam. It has become widely 

recognized that the apparent viscosity of foam is geometry-dependent. 

The rate at which gas and liquid flow through the porous medium is related 

to the size of the bubble and the pore it is travelling through, and to the properties 

of the foam films that separate the b~bb1es. j~~ As a result, surface properties 

influence the ability of foam to act as a mobility control agent. Several investigators 

have attempted to characterize how dynamic surface properties relate to efficient 

fluid displacement. Huang et al.,6-183 had found a correlation between surface 

elasticity and mobility reduction for foams stabilised with alpha-olefin sulfonate 

surfactants with varying chain lengths. 

Another factor that will influence the flow of foam is the relative permeability 

of the medium. The pore space within a porous medium can be divided into two 

categories: an interconnected network which is available for fluid flow; and a 

disconnected porosity that is unavailable for fluid flow. When a fluid flows through 

a porous medium it is assumed that the fluid will fill the entire pore space. The 

permeability of the medium, the interconnected network of pores, is used to quantify 

the Row path in the same manner as the dimensions of a pipe are used in bulk flow. 

If two or more phases occupy the pore space, the wettability of the surface of the 

rock will affect the distribution and flow of the different phases.'% If the rock surface 

is perfectly water wet, then the aqueous phase will fill even the tiniest of pores. 

When two phases 'sharen the pore space (e-g., brine and gas), it is believed that 

each will develop their own interconnected pore network which would allow the 

simultaneous flow of both phases. The permeability of the porous medium to each 

phase is reduced by the presence of the other. This reduction in permeability can 

be represented by the "relative permeabilityn KRi, of phase i, which is a function of 

the saturation, Sf, of the phases (i.e., volume fraction of the pore space occupied 

by the phase).185 The mobility of a fluid, Ai, relates the pressure gradient and the 



volumetric Row, q, within a medium by, 

qi = -2iVp Equation 2.37 

The mobility is a product of the permeability (a property of the medium) and the 

relative permeability (a function of the saturation of the phases) divided by the 

viscosity of the fluid phase. 

Many experiments have established that gas mobility will depend on the 

foam quality, texture, and the composition of the liquid phase.186 It has been found 

that the gas mobility is significantly reduced in the presence of foam. 

2.5.5. Modelling Foam flow in Porous Media 

The traditional way to analyse foam Row has been to extend Darcy's law, 

Equation 2.38 

where 4 is the relative permeability of Phase j and is usually expressed as the 

relative permeability of the medium to Phase j divided by the phase viscosity, K is 

the absolute permeability, and q+ is the porosity. Darcy's law has been used to 

describe the mobility of foam by treating the gas and liquid as separate phases.165* 

187*188 In this approach the Newtonian viscosities of each phase and different 

permeabilities are both used when the phases are travelling separately (not as a 

foam). Other approaches have treated foams as a single phase. 168.189.190 

Various approaches, based on theoretical and empirical relations, have been 

used to simulate the flow of foam in porous media. They can be grouped into three 

general categories: 

• population balance methods, 

• network models and percolation theories, and 

• empirically based models. 

Only the first two methods are derived from first principles. 

The population balance method of modelling can account for the effect of 

foam texture on the gas mobility as it travels through the porous media.191*192 It 



utilises conservation of mass balance equations to monitor the gas, water, 

surfactants, and number density of the foam bubbles as they travel through the pore 

network. This approach to modelling foam flow does well in predicting the behaviour 

of foam from a mechanistic viewpoint as it takes into account the microstructure of 

the foam at pore level. 

Percolation and network models are both based on the premise that the flow 

channels are chaotic, interconnected components of the pore network in a porous 

medium. These models provide an in depth analysis of the microscopic scale of 

foam flow in the pore space but require large amounts of computational time to 

develop a simulation of a relatively small grid.lg3 These models are not suited for 

field scale simulation orthe monitoring of the changes in transient phenomena such 

as surfactant concentration or saturation. 

Some empirical or quasi-empirical models have been developed which 

attempt to explain the decrease in the gas mobility in the presence of foam by 

manipulating the viscosity or the relative permeability of the gas, or both.lg4 These 

models are popular due to their relative simplicity. 

2.5.6 The Retention of Surfactants in Porous Media 

Ideally, as foam propagates through porous media, all of the surfactant 

molecules remain in solution and continue to stabilise the foam lamellae. 

Realistically, a portion of the surfactant molecules are retained in porous media. 

Some of the possible retention mechanisms are:lg5 

chemical degradation especially at elevated temperatures; 

precipitation of the surfactant out of solution and onto the solid surface due 

to limited solubility; 

adsorption of the surfactants at the solid-liquid interface; 

the surfactant partitions out of the aqueous phase into the oil phase; 

adsorption of the surfactant at the oil-water interface; and 

. deactivation of the surfactant due to association with the asphaltenes in the 



crude oil, 

The first three mechanisms are the most inff uential in oil-free conditions and the last 

four dominant in the presence of oil. Proper surfactant selection will practically 

eliminate surfactant loss due to the first two mechanisms. Surfactant loss due to 

adsorption will occur to some degree because there will always be some interaction 

between the surfactant and the solid. Most of the surfactants that are suitable for 

high salinity conditions are very hydrophillic and will not partition into the oil. 

A petroleum reservoir is a complex system consisting of multi-component 

solid and liquid phases. The composition of the solid and liquid phases and its local 

variation within the reservoir may affect adsorption but it is often not well-defined 

and difficult to quantify. Generally, factors such as the temperature, mineral 

composition, wettability, surface charge, surfactant type, surfactant solubility, brine 

salinity, and composition will all contribute to the overall adsorption of surfactants 

within the reservoir. 195*196~197 

It is important to minimise surfactant adsorption from an economic 

perspective. The economic feasibility of a flooding project is largely based on the 

cost of the amount of chemical (surfactant) required. This obviously is heavily 

influenced by the potential surfactant loss due to adsorption into the rock. Three 

approaches have been identified as a means of minimising surfactant adsorption:lg5 

matching surfactant type to the reservoir rock type considering factors such 

as the surfactant ionic charge and charge of the solid surface; 

using surfactant mixtures such that the overall adsorption is lower than the 

sum of the adsorption of the individual components; and 
• using sacrificial adsorbates in order to block adsorption sites and reduce 

subsequent surfactant adsorption. 

2.5.7. Foam and Additives 

Significant stability is required for the successful application of foams in oil 

recovery techniques. Various additives have been added to aqueous foams in an 



attempt to modify (enhance or diminish) their physical or chemical properties. It has 

been shown that the stability of aqueous foams can be significantly enhanced by 

the addition of water soluble polymers and h y d r o ~ l l o i d s . ~ ~ ~  

Polymers in IOR 

Virtually all of the important physical properties of the polymer, such as flow 

behaviour, and thermal and shear stability, can be understood in terms of the 

molecular structure of the polymer. Polyacrylamide polymer, in its partially 

hydrolysed form (PHPA), has been frequently used as a mobility control agent in 

IOR p r o c e s s e ~ . ~ ~ ~ ~ ~ ~ ~  PHPA is a synthetic straight chain polymer made up of 

acrylamide monomers, some of which have been hydrolysed. This polymer has a 

random coil and a flexible chain structure. It does not possess a permanent 

secondary structure that would give it some rigidity in the backbone. It is considered 

to be a polyelectroiyte (i.e.,polymers with multiple charges distributed along the 

chain), will react quite strongly with ions in solution, and is sensitive to the degree 

of hardness or salinity of the solution. The main solution property that is of interest 

for IOR applications, such as polymer flooding or polymer-thickened foam flooding, 

is the viscosity of the polymer. Polymers are frequently added to the injection 

solution in order to increase the viscosity of the driving solution which will improve 

the mobility ratio and hence increase the sweep efficiency. Polymer solutions are 

generally considered to be Non-Newtonian solutions, meaning that the viscosity of 

the polymer solutions changes with shear rate as discussed in section 2.2.3. 

It is not completely clear how polymers increase the viscosity of a solution. 

One interpretation of polymer viscosity examines the influence of the energy of 

dissipation resulting from molecular interactions. It is fairly easy to understand how 

polymers dissipate energy much more efficiently than smaller molecules like water. 

The long polymer chain has many more modes of motion and it may interact along 

its entire length with solvent molecules. Since polymers dissipate mare energy than 

low molecular weight solutions, the viscosity of polymeric fluids is much higher than 



that of liquids made up of small molecules. The rate of dissipation of energy Q', 

within simple shear flow, is given by the following expression: 
CI 

Equation 2.39 

where Q* depends directly on the fluid viscosity and on the square of the shear 

rate-201 

2.5.8. Polymer-thickened foams 

Polymer-thickened foams (PTF) are aqueous foams in which a water-soluble 

polymer has been introduced into the aqueous phase. The addition of the polymer 

is to augment the viscosity of the aqueous phase which is transferred to the entire 

foam. Many investigations have examined polymer-thickened foams for possible 

use in improved oii recovery techniques. 

Several investigators have used water soluble polymers as a stabilizing 

agent for aqueous foams for IOR  application^.^^^*^^^*^^ It has also been observed 

that the addition of a thickening agent, such as a polymer, to a foaming solution 

could diminish the loss of foam viscosity caused by foam degradation in the 

presence of oil.lgo The rheology of polymer stabilised foams, intended for oil 

recovery, has also been e ~ a m i n e d . ~ ~ ~ ~ . ~ ~ ~  Bernard and Holm have patented the use 

of polymer-thickened foams for gas confinement and water displacement in gas- 

storage water bearing reservoirs.207 Persoff et al., suggested that polymer-thickened 

foams could be used as a gas-blocking agent for gas-storage projects.181 Several 

references have been made to the use of polymer-thickened foams as fracturing 

f l ~ i d s . ~ ~ ~ - ~ ~ ~ ~ ~ ~  Several patents exist on the use of polymer-thickened foams for 

blocking and sweep efficiency applications.211*212*213*214 

Another IOR application of polymer-thickened foams incorporates a cross 

linking agent to gel the foam in place. During the gelation process the foam 

structure solidifies, imparting greater stability and increased gas blocking ability. 



while only a small fraction of the pore space is occupied by the gelled lamellae. 

This type of technique has been mainly used for near well-shut off for gas 

coning/channeling by placing the foam inside high permeability zones and allowing 

it to gel, generating a long lasting barrier to gas flow. The gel foams have been 

found to possess superior gas-blocking ability in comparison to polymer-thickened 

foams. 215-216217 They are also more persistent than polymer-thickened foams. Gel 

foams have also been investigated to improve conformance in injection 
wells.21 8 2 1  9.220 

In addition to traditional IOR techniques, some investigations into the 

possible application of polymer-thickened foams for hydrocarbon contaminated soil 

remediation have been reported."ln 

In surveying the literature dealing with the IOR application of polymer- 

thickened foams, several general characteristics are revealed: 

• polymer-thickened foams can be formulated using the same types of gases, 

surfactants, and other additives, used in conventional surfactant-stabilised 

foams; 

• polymer-thickened foams possess higher effective viscosities in porous 

media than any of its components; and 

polymer-thickened foams provide an economical method for introducing 

polymer and surfactants into the resewoir. In the absence of gas, 

tremendous amounts of chemicals need to be injected. In the form of a foam 

the amount can be more than halved. 

A wide range of polymers, from biopolymers to various kinds of synthetic 

polymers, have been used in PTF formulations. The choice of polymer depends on 

the application and the reservoir conditions. Under high shear and temperature 

conditions many polymers are subject to shear or chemical degradation. The 

salinity must also be taken into account as some polymers do not perform well in 

highly saline conditions and will undergo shrinkinglcoiling. In addition to changing 

foam quality and texture, the effective viscosities of polymer-thickened foams can 



also be adjusted by varying the polymer concentration and the molar mass. In 

general, polymer-thickened foams are shear thinning. 

Although polymer-thickened foams have been applied in the field with some 

commercial success, their physical and rheological properties are not fully 

understood- Thus, the properties of polymer-thickened foams and their constituent 

solutions must be more fully examined to reveal the advantages and possible 

disadvtanges of incorporating polymer into a surfactant-stabifised foam. In addition, 

a correlation between the physical and rheological properties of polymer-thickened 

foams in bulk and their performance in porous media does not exist. Exhaustive trial 

and error laboratory tests must be undertaken for each specific application to 

optimize formulation. As mentioned previously, the bulk properties of a surfactant- 

stabilised polymer-thickened foam are influenced by host of factors such as the 

liquid drainage from the lamellae, surface tension of the liquid phase, surface 

viscosity, texture, inter-bubble gas diffusion, and the elasticity of the films. The 

properties of the same foam in porous media, while dependent on the same factors 

as in bulk, are also influenced by a host of other factors such as the permeability 

and wettability of the medium, the pore sizes and pore distribution, and the surface 

properties of the matrix. It would be extremely desirable to develop relations that 

would be used to predict the performance of foam in porous media based on its bulk 

physical characteristics. 
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3.0 Experimental 

3.1 Materials 

3.1 -1 Surfactants 

The two commercial surfactants used in this study were selected because 

they had been proven to possess good foaming ability and stability in saline 

conditions. They have also been previously used in IOR applications.' The first 

surfactant was an anionic hydrocarbon surfactant (Dow XSS 84321.05, Dow 

Chemical Co.). This was a I :I mixture of C,, diphenyletherdisulfonate (Dowfax382) 

and C,,,, alpha ofefin sulfonates (Canada Stirling AOS). It was supplied as a 44% 

wlw active aqueous solution, and had an average molar mass of 440 glmol 

(estimated from chemical composition). An alkylamido sulfobetaine, an arnphoteric 

surfactant, was also used (Rewoteric AM CAS U, Witco Co.) which was supplied 

as a 49.7% w h  active aqueous solution. It had a molar mass of 480.5 glmol 

(estimated from chemical composition). All the surfactants were used without any 

further purification- Surfactant concentrations of 0.5 % w h  were used in all cases- 

This concentration, well above the cmc for both types of surfactants, was chosen 

to provide an excess of surfactants to offset any losses which may occur due to 

surface adsorption within the porous media. Figure 3.1 .I illustrates their general 

structural composition. 

3.1.2 Polymer 

Partially hydrolysed polyacrylamide polymers have been used extensively 

as mobility control agents in enhanced oil recovery techniques2s3". The structure of 

a partially hydrolysed polyacrylamide (PHPA) molecule is shown in Figure 3.1 -2. 

The polyacrylamide polymer used in this investigation was supplied by Ciba 

Specialty Chemicals (AC 1 175a). This polymer was a commercially available, high- 

molar mass anionic polyelectrolyte. It was approximately 25 % hydrolysed, and had 

an average molar mass of 10 to 12 x 106 g/mol (supplier's information). 
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Figure 3.1.1 The chemical structures of the surfactants studied. 



The polyacrylamide polymer was supplied as a solid-grade powder and had to be 

hydrated prior to use. Appendix A provides an outline of the hydration procedure. 

All of the polyacrylamide polymer solutions were prepared by dilution, using 

a synthetic brine, of a stock 1.5 % wlw polyacrylamide polymer solution (see section 

3.1.3). Prior to use, the stock solution was filtered under 15 psi (103.4 kPa) 

pressure through two Whatrnan 1 I pm filter papers and then through a short piece 

of epoxy wrapped Berea sandstone (air permeability = 500 mD, length = 0.9 cm, 

cross-sectional area = 6.75cm2) under 20 psi pressure. 

3.1.3 Brine 

A standard, degassed, 2.1% w/w total dissolved solid (TDS) brine solution 

was used in all cases. It was prepared by dilution of a stock 21 % wlw brine solution 

using boiled and filtered (0.45 pm) doubly deionized water. The composition of the 

synthetic 21 % w/w brine is given in Table 3.1.1. The brine was modeled on the 

composition of the Beaverhill Lake reservoir brine in the Western Canadian basin. 

The density and viscosity of the 2.1 % w/w brine at 23 OC were 1.015 g/cm3 and 

0.997 mPa.s, respectively. The 2.1 % brine was filtered through a 0.45 pm filter 

under 10 psi (68.9 kPa) pressure prior to use. 

Table 3.1.1. Composition of the 21.0% wlw TDS brine. 

3.1.4 Gas 

The nitrogen gas (technical grade, minimum purity 99.5%) was supplied by 

Medigas (Calgary, Alberta). 

.I Concentration (pi1 OOO@ - - - . - , - Salt .. . 

NaCl I 72.45 
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Figure 3.1 -2 The Structure of a partially hydrolysed polyacrylamide 
molecule (PHPA). 



3.1 -5 Crosslinker 

Chromium (Ill) acetate (X-Linker 5000, Gel Technologies Cop.) was used 

as the cross-linking agent to gel some of the polymer thickened foam samples (see 

section (3.4.3 for further details). It was supplied as a 11 -5 % wlw active aqueous 

solution. It was used at a concentration of 146 pprn with the Berea sandstone 

samples, and at a concentration of 176 ppm in the case of the silicon carbide 

sample. The chromium (Ill) acetate concentrations were optimized through a series 

of bulk gelation experiments. Further details may be found in section 4.3. 

The cross-linking reaction that resulted in a gel occurred between the Cr(ll1) 

ion and the carboxylate groups on the polymer chain. The carboxylate groups were 

the result of the hydrolysis of the amide functional groups of the polyacrylarnide 

polymer. The product of the reaction is illustrated in Figure 3.1 -3. 

3.1.6 Fluorescent Dye 

Acridine orange (C,, HI, N, YZnCI,HCI), a metachromatic, fluorescent, 

cationic acridine dye, was used in some studies at a concentration of 21 ppm. The 

optimum concentration was determined through a series of bulk gelation 

experiments. Further details may be found in section 4.3. It was a red-brown 

powder which was slightly soluble in water and even less soluble in the lower 

alcohols. It was supplied by Sigma-Aldrich as a 90 % active powder with a 

molecular mass of 369.94 g/mol. Figure 3.1 -4 illustrates its general structure. 

3.1 -7 Consolidated Rack Samples 

A variety of consolidated rock samples were used in this study. Cylindrical 

and rectangular cores were cut from blocks of Berea sandstone supplied by 

Cleveland Quarries (Amherst, Ohio). The circular Clashach sandstone samples 

were supplied by Mark Soper 8 Associates (Donet, United Kingdom). The silicon 

carbide sample was provided by ACT. Equipment (Calgary, AB). The physical 

properties are listed in Table 3.1.2. Each Berea sandstone core was selected from 



a large batch of samples for which the pore body size ranged from 50-185 pm. the 

average pore body size was 100 pm and the average aspect ratio was 7- These 

properties were based on data obtained from thin section and mercury capillary 

pressure analy~es.~ The Clashach sandstone is 99.5 % quartzitic with a very low 

clay concentration (much lower than the Berea sandstone). Both sandstones are 

well sorted and are predominately water wetting. 

Table 3.1.2. Physical Properties of the Consolidated Core Samples. 

3.2 Confocal Laser Scanning Microscope 

3.2.1 Principles 

Conventional optical microscopy can resolve features down to about the 

wavelength of visible light, about 500 nm. Confocal microscopy adds the ability to 
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make three-dimensional scans and optical sectioning of a variety systems. 

Confocal laser scanning microscopy (CLSM) combines some of the features 

of light microscopy and scanning electron microscopy (SEM). Like SEM, which 

scans microscopic entities with an electron beam, CLSM scans the sample's 

components point-by-point with a finely focused laser beam. The reflected or 

emitted light (fluorescence) from the specimen is detected by two photomultipliers, 

digitized, and displayed on a monitor. The main feature of CLSM is that it removes 

out-of-focus information from the image by means of a spatial filter. This filter 

consists of an adjustable pinhole (ins) and is positioned before the detector. It 

permits independent imaging of structures with height differences on the order of 

the wavelength of the light source. As a result, profiles, three-dimensional 

reconstructions, and quantitative measurements of height can be obtained. 

Reference6 provides a recent review. 

Fluorescent CSLM is based on the same principles as conventional CSLM, 

However, instead of detecting the reflected light from the sample surface, it will 

detect the emitted or fluorescing light from the specimen. Thus, the spatial 

arrangement of a single component of a complex system may be isolated and 

examined in detail. 

3.2.2 Apparatus Schematic and Particulars 

The CLSM used in this investigation was located at the CANMET facilities 

(Devon. Alberta). The CSLM system consisted of a Bio-Rad MRC-600 confocal 

imaging system attached to a Nikon Microphot 2 optical microscope equipped with 

a kryptonlargon mixed gas laser (15rnW). It provided lines at 488,568, and 647 nm. 

The use of suitable filters allowed the selection of wavelengths. The reflectance 

andlor fluorescence modes were used to image inside freshly exposed pores and 

detect foam lamella. Magnifications are indicated on the confocal micrographs. 



Figure 3.1 -3 Cr(lll)-polyacrylamide complex. 
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Figure 3.1.4 The Molecular Structure of Acridine Orange. 



3.2.3 Procedure 

Consolidated core samples containing polymer thickened foam that had been 

gelled (see section 3.4.3 for details), were cut into several two to four mm thick 

slices with a rock saw. The direction of flow, the original position and orientation 

were marked and recorded for each segment. For each investigation a sample slice 

from the front and back of the core were imaged to rule out a positional dependence 

in the foam films. The core samples were sliced as close to imaging time as 

possible and then sealed into a thermostated bag during transit to the CANMET 

facilitites. If left overnight, the samples were refrigerated to slow down evaporation. 

A fresh surface was always imaged with every sample. Just prior to imaging 

the core sections were carefully cracked open with a chisel to expose the interior. 

A portion from the center of each sample was removed and then mounted on a 

glass slide. To determine the background fluorescence, a background image was 

initially made on an un-gelled sample of the core. 

3.3 Scanning Electron Microscope 

3.3.1. Principles 

Scanning electron microscopy (SEM) is an ex situ UHV technique that 

measures the secondary electrons that are emitted from a surface after it has been 

bombarded by a high energy electron beam. A low energy scanning electron 

microscope may be used to examine surface topography down to a resolution of 50 

* 3 nm which is approximately 100 times better than an optical microscope. In a 

SEM, the surface is scanned with a focused electron beam in an evacuated 

chamber, and the intensity of the secondary electrons emitted are monitored. The 

secondary electrons are released when the high energy primary electrons from the 

incident beam ionizes the electrons from the sample's atoms. The secondary 

electrons possess a broad energy distribution, considerably lower than the primary 

electrons. They are collected at a positive electrode, and the resulting signal is 

amplified through a photo-multiplier circuit and viewed on a cathode-ray tube 



(CRT). SEM images characteristically have a wide range of contrast and a great 

depth of focus. 

SEM has excellent surface sensitivity. The secondary electrons will be 

reabsorbed in sample if the emission is too deep. Although, the sample can be of 

any thickness, it must be less than 10 cm in diameter. In addition, SEM also 

provides excellent field depth resulting in very sharp topographical images of the 

surface. 

One of the limitations associated SEM is that liquids cannot be imaged 

because of the high vacuum requirements The surface must be very clean and free 

of any contaminants. SEM is the method of choice for examining the topography of 

a variety of surfaces. 

3.3.2 Apparatus 

The low energy SEM used in this investigation was located at the CANMET 

facilities (Devon, Alberta). The samples were investigated using a Hitachi S-2500 

scanning electron microscope operating in the low energy regime (200 to 500 V). 

Typical beam energies of 15 to 25 kV can result in damage to the samples, and 

diminishes resolution. This is due to the fact that a significant proportion of the 

imaging electrons come from some depth in the sample, rather than from the 

surface. By lowering the beam energy, sample charging and beam damage 

problems were avoided and suitable images of the foam lamellae were obtained. 

Raising the beam energies to more conventional levels (I 5-25 kV) resulted in foam 

film destruction. 

in some cases, the core samples were sputter-coated with gold under 

vacuum. The gold-coated specimens were then imaged using the same microscopy 

operating at higher energies. 



3.3.3. Procedure 

The samples were prepared in the same manner as outlined in section 3.2.3. 

Just prior to imaging, the core samples were carefully cracked open to expose a 

fresh surface and a section from the center of the slice was mounted. In some 

cases, the core samples were sputter-coated with gold under vacuum and then 

imaged. 

Both secondary and back-scattered electron imaging modes were used in 

order to more accurately distinguish between actual gas pockets and "shadowsn in 

the secondary electron images. The back-scattered electron images possessed a 

brightness proportional to the average atomic number of the region being observed. 

The gas pockets appeared almost completely black. In comparison to the water 

phase, the mineral components appeared almost bright. 

3.4 Core Flood Experiments 

3.4.1 Principles 

A core flood experiment provides the most realistic way to investigate the 

rheological behavior of complex fluids in porous media. A core flood experiment 

allows the in situ rheology of the fluids to be monitored at temperature and pressure 

conditions similar to what would be experienced in the field, but on a much smaller 

scale. These tests are extremely useful as the pores, pore throats and the tortuosit. 

of the flow path are all on the correct scale because real porous rock is used in the 

investigation. The pressure drop (AP) across a defined length of the core sample 

(L) was measured and the apparent viscosity (qaPP) of the fluid calculated using the 

a modified form of Darcy's law (section 2.5.4). 

It is imperative for the pressure drop, measured across the core, to reflect 

the conditions as the fluidlfoam traveled within the core. The core had to have been 

correctly loaded into the core holder, or wrapped with epoxy, to prevent the 

development of alternate flow channels (ie., leaks). These would artificially 

increase or diminish the measured pressure drop. The dimensions of the core were 



accurately known, and all the dead volumes accounted for, to properly determine 

the core's properties. 

Some important factors that influence the rheologicai behavior of the fluid 

were the microscopic structure and geometry of the porous media. Clearly, the flow 

of a fluid through a porous medium would be much more tortuous and complexthan 

within a rheometer where the fiow path was well defined (e-g. in capillaries, 

concentric cylinders, etc.). Therefore, it was preferable to investigate the flow 

behavior in a medium that most reflected the reservoir conditions. Several different 

porous media have been chosen to act as industry standards, and their mineralogy 

and pore structure have been studied extensively. For our purposes, Berea and 

Clashach Sandstone consolidated core samples were used. 

3.4.2 Apparatus 

Low pressure, ambient temperature, core floods were conducted to 

determine the rheology of foam in porous media. Figure 3.4.1 provides a 

generalized illustration of the core flood apparatus. Fluid and pressure ports, 

mounted in phenolic plates, were attached to rectangular core samples. The core 

samples were wrapped with fiberglass tape and sealed with an epoxy resin (Figure 

3.4.2). In other cases, the core sample was encased in a lead sleeve with mid and 

end ports attached and loaded into a high pressure core holder. Water was used 

to pressurize the lead sleeve against the surface of the core to prevent the fluid 

from preferentially traveling along the outer edge (Figure 3.4.3). 

All of the core flood experiments were undertaken at room temperature, and 

against 10 psi (206.7 kPa) back pressure which was controlled with a back pressure 

regulator. 

Differential pressure transducers (Model DP15, Validyne Eng. Corporation) 

were used to measure the pressure drop across both the entire length of the core, 

and the back half of the core. They were diaphragm-type transducers designed on 

the principle of magnetic reluctance. The differential pressure was the pressure 



measured across the diaphragm. The differential between these two pressures was 

the electrical output of the transducer. 

Multichannel demodulators (Model MCI-333, Validyne Eng. Corporation) 

were used to amplify and rectify the AC output voltage from the transducer to a DC 

output voltage which was proportional to the pressure difference across the 

transducer's diaphragm. 

The demodulators were connected to various strip chart recorders (Soltec 

1242; Fisher Recordall, Series 5000; Linear) to record the change in pressure over 

time. 

Nitrogen gas was loaded into an airtight transfer vessel and the flow rate was 

controlled by a positive displacement pump (LC-5000 syringe pump, ISCO, Lincoln, 

Nebraska). The polymer-surfactant solutions were loaded into piston vessels and 

then injected into the core sample at a constant flow rate using a positive 

displacement pump (Model 31 4, ISCO, Lincoln, Nebraska). 

The foam was generated by co-injection of the nitrogen gas and the poiymer- 

surfactant solution into a mixing chamber and then through a stainless steel in-line 

filter (nominal pore diameter of 0.5 or 15 pm diameter). 



- - ' A : polymer-surfactant &~ufiOFdeliwery i 
B : Nitrogen gas delivery 
C : Nometurn valve 

: D : Foam generatar 
E : Pressure measurement 
F : Visual cell 
G : Back pressure regulator 
- - - - - -. 

Figure 3.4.1 Diagram of a core flood apparatus. 
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Figure 3.4.3 High pressure core holder. 



3.4.3 Procedure 

Core Preparation 

The following steps were taken to prepare all of the core samples for 

flooding? 

Berea sandstone reservoir cores, once cut, were dried at 100 OC for several 

hours. The length, cross-sectional area, and dry weight were then measured. If the 

cores were meant to be mounted in a lead sleeve, they were measured and 

weighed after they had been machined. Then the core was either mounted and 

placed into a core holder, or wrapped with fiberglass tape and coated with an epoxy 

resin. The epoxy coated cores were dried in a 60 'C  oven for several hours. 

Subsequently, the epoxy-coated cores were tested for leaks by immersion in water 

as the core sample was pressurized to 30 psi with compressed air. A high pressure 

core was considered to be leak-proof if the sleeve pressure remained constant. The 

dead volumes of all the tubing that was attached to the cores were also calculated. 

Air Permeability 

The absolute air permeability of a core was determined by monitoring the 

Row rate of air (from a compressed air outlet or a cylinder) as it passed through the 

core. The pressure at the core inlet was measured with an accurate gauge, and the 

flow rate was monitored with a bubble meter which was connected to the outlet of 

the core. Figure 3-44. presents a schematic of the set-up. 

The flow rate was measured at several different pressures, and the 

measurement repeated at each pressure setting two or three times. The data was 

then plotted on a flow rate versus pressure graph. The slope of the line was used 

to calculate the permeability using the following equation, 

Equation 3.2 

where K is the permeability of the core (Darcy), L is the core length (cm), q is the 
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Figure 3.4.4 Air permeability set-up ( M a n n h a a  1987). 



viscosity of air (cP), A is the core cross-sectional area (crn2), and m is the slope of 

the line (mUs-psi). 

Porn Volume 

The pore volume of a consolidated core sample may be determined by gas 

expansion or by brine imbibition. Both methods were utilized in this investigation 

and are described in the following paragraphs. 

Gas expansion: 

The schematic of the gas expansion set-up is given in Figure 3.4.5a. Initially, 

valve A was closed and valve B (a three-way valve) was opened between the air 

supply and the core. The core was pressurized with air and the pressure monitored 

with an accurate gauge. Then, valve B was opened between the core and the water 

vessel, and the amount (g) of water displaced from the vessel was measured. 

Initially, the outlet end of the tubing was placed slightly above the surface of the 

water in the vessel- At the end of the water collection, the tubing outlet and the 

water level in the vessel, were on the same plane as indicated in Figure 3.4.5a. 

This prevented the water from being displaced by a difference in hydrostatic heads. 

The measurement was repeated several times with the same pressure and at 

different pressures. The pore volume was calculated with the following equation, 

Equation 3.2 

where V, is the pore volume (mL), w is the weight of the water collected (g), p is the 

density of water at 23 OC (glmL), Pa is the atmospheric pressure (psi), P, is the 

gauge pressure (psi) and V1 and V' are the dead volumes of brine in the lines (mL). 

Generally, Vp>>(Vl+ V,). 



Brine imbibition 

A schematic of the set-up is given in Figure 3.4.5b. The core was well 

evacuated (Valve A open and Valve B closed), to prevent the calculated pore 

volume from being artificially too low. Then, valve A was closed and value B 

opened, to saturate the core with brine. The change in the volume of the brine in 

the container was measured, and the pore volume was calculated with the following 

relation, 

Vp = M - ( V I + V ~ + V ~ )  Equation 3.3 

where V, is the pore volume (ml), V, is the volume of the brine imbibed, and V,, V,, 

and V, are the dead volumes of bine in the lines. Generally, V, >> (V, + V, + V.). 

Brine Saturation 

Before the brine permeability of a core sample was determined, the core was 

saturated with brine. The following steps were taken to saturate a core sample. The 

core sample was first evacuated, and then flushed with CO, for thirty minutes. The 

core was filled with CO, because it was more soluble in brine than air. Next, several 

pore volumes of brine were pumped through the core, against 30 psi (kPa 206.7) 

back pressure, and the pressure drop across the length of the core was monitored. 

When the measured pressure drop had stabilized, the core was considered fully 

saturated. 

An epoxy-coated core was brine saturated in a slightly different manner. 

First, the core was weighed dry with the fittings in place. Then, the core sample was 

evacuated and Rushed with CO, for half an hour. Subsequently, several pore 

volumes of brine were pumped through the core against 30 psi (206.7 kPa) back 

pressure. The core was weighed at several intervals during the saturation process. 

When the weight remained constant the core was considered to be saturated. 

Brine Permeability 

Once the core sample was saturated, the brine permeability was determined 
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Figure 3.4.5b. Brine imbibition set-up for pore volume 
measurement (Mannhardt, 1987). 



by flowing brine through the core at a known flow rate. The pressure drop across 

the length of the core was measured under constant temperature conditions. The 

flow rate was determined by monitoring the volume of brine collected from the core 

outlet over a known time period. The pressure drop was measured at several Row 

rates (five or six), and the measurement was repeated two or three times at each 

flow rate with a reproducibility of 2 %. The data were then plotted on a flow rate 

versus pressure drop graph and the slope was used to calculate the permeability 

through Equation 3.2. 

Porosity 

Porosity is defined as the ratio of the void (pore) volume, to the macroscopic. 

or bulk volume. The volume of the rock, or solid phase volume, is the bulk volume 

less the pore volume. 

The porosity of a core sample was simply calculated by dividing the pore 

volume of the core, by the bulk volume of the sample. Porosity was reported as a 

percentage. 

Core Flooding 

Once the pore volume, porosity, air and brine permeability of a core sample 

had been determined, the core was ready for flooding. Generally, a core sample 

was first flooded with a series of polymer-surfactant solutions following the 

sequence outlined below. When the solution-only core flood series had been 

completed, the same core sample would be flooded with a series of polymer- 

thickened foams. All of the core flood experiments occurred at 23 OC and against 

10 psi (68.9 kPa) back pressure, which was controlled wSth a back pressure 

regulator. The pressure drop was monitored across the length of the core sample, 

and across the back half of the core. The second pressure drop was measured as 

a check on the flow behavior in the core. Ideally, the pressure drop across the back 

half of the core would be equal to half of the pressure drop measured across the 



length of the core. If the pressure drop was significantly larger, or smaller than 

expected, it was a strong indication that the permeability of the core had been 

greatly reduced, and that part of the core was 'pluggedn. 

For all of the core flood experiments, the apparent viscosity measurements 

were referenced to the equivalent shear rate at the wall in porous media (fq) which 

was calculated using the following equation, 

Equation 3.4 

where Q is the volumetric flow rate, A is the cross sectional area available to flow, 

K is the permeability, and (p is the porosity of the core. Appendix B provides the full 

mathematical development behind equation 3.4. 

General Outline for a Solution-Only Core Flood Sequence 

Several pore volumes of a polymer-surfactant solution were injected, at a 

constant flow rate, until a steady pressure drop across the length of the core sample 

was obtained. Then, the core was flushed with degassed 2.1% w/w TDS brine at a 

rate of 2 mUhr for twenty four hours, or until baseline conditions were reached. At 

this point, the flow rate was either modified, or a different polymer-surfactant 

solution was injected. The polymer-surfactant solutions were injected in random 

sequence to prevent any history artifacts in the data. Each polymer-surfactant 

solution was injected at two frontal advance rates (FAR): 2 mlday and 4mlday. The 

flow rate was calculated using the following equation: 

Equation 3.5 

where A is the cross-sectional area, Q is the volumetric flow rate and p is the 

porosity of the core sample. 



In some instances, the effluent solution was collected and the viscosity 

determined and compared to the viscosity of the entrance solution. This was 

undertaken to determine whether the sample had been mechanically sheared as 

it had traveled through the core which would result in a significant decrease (at 

least an order of magnitude) decrease in the viscosity of the solution. 

General Outline for a Polymer-Thickened Foam Flood Sequence 

The polymer-thickened foam was generated by co-injection of the nitrogen 

gas with the polymer-surfactant solution into an initial mixing chamber, then through 

a stainless steel in-line filter (nominal pore size of 0.5 or 15 pm). The nitrogen gas 

and polymer-surfactant solution were injected to generate a 95 % gas fraction foam 

quality foam. For each polymer-thickened foam formulation, several pore volumes 

were injected into the core at a constant flow rate (2 or 4 Wday) until a steady 

pressure drop across the length of the core was obtained. In some cases, the 

effluent liquid sample was collected and the viscosity analyzed to determine the 

degree, if any, of mechanical shear degradation. Prior to each change in the flow 

rate conditions, or the introduction of a new polymer-surfactant solution, the core 

was Rushed with brine at a constant rate of 2 mllhr for a period of twenty four hours, 

or until baseline line conditions were reached to prevent any history effects. Again, 

the polymer-thickened foams were injected into the core sample in a random 

sequence, not in order of increasing polymer concentration. 

General Outline for a Gelled Foam Core Flood Sequence 

Once all of polymer-surfactant solution and polymer-thickened foam floods 

had been completed, the core sample would be gelled. The flood sequence used 

to gel a core was similar to the procedure outlined for a polymer-thickened foam 

with certain exceptions. The gel foams were injected at 80 % gas fraction foam 

qualities, and were generated by co-injection of the nitrogen gas and the polymer- 

surfactant solution into an in-line stainless steel filter (2 or 15 vrn nominal pore 



size). Initially, the core was flooded with several pore volumes of a 80 % gas 

fraction foam quality polymer-thickened foam, traveling at a constant flow rate (2 or 

4 mlday) until steady-state flow conditions were reached. This occurred when a 

constant pressure drop across the length of the core was attained. Then the cross 

linker, and in some cases the fluorescent dye, would be incorporated into the 

polymer -surfactant solution and mixed for thirty minutes. The cross linked solution 

was then loaded into the transfer vessel, and the core flooded with several pore 

volumes of the cross linked polymer-thickened foam to ensure that essentially all 

of the available pore volume was filled. Foam flooding was discontinued as soon 

as the cross linking began, which was indicated by a sudden increase in the 

pressure drop. The core was then locked in for a period of at least seven days. This 

allowed the gelation reaction to reach completion before the core would be 

prepared for imaging. As a final check, the inlet and outlet flow lines were examined 

for the presence of gelled foam. 

3.5 Flow Loop Rheometer 

3.5.1 Principles 

A simple, and frequently employed method for measuring the viscosity of a 

fluid is based on monitoring the flow of a fluid through a capillary tube or pipe. The 

choice of tubing size (i-e., capillary or large diameter pipe), is usually determined 

by the shear rate or shear stress requirements, and the application of the 

measurement. 

Viscosity measurements can easily be made at elevated temperature and 

pressure conditions, which is a limitation of many rotational instruments. In addition, 

the flow geometry of the pipe, or capillary method is most similar to the flow 

geometry within a porous medium. 

The viscosity of a fluid can be determined by either monitoring the pressure 

drop, AP, across a specific length of tubing, L, at a fixed Row rate, Q, or vice versa. 



The following variables must be controlled/eliminated for an accurate 

measurement to be made: end effects; temperature and flowvariation; and changes 

in the fluid's structure. 

End effects occur because of (i) viscous and inertial losses in the converging 

stream up to the entrance, (ii) redistribution of the entrance velocities to achieve the 

steady state velocity profile within the tube, and (iii) similar effects to the above at 

the exit! Most of the end effects can be avoided if the pressure taps are positioned 

well away from the entrance. In addition, if the ratio of tube length to tube radius is 

very large (>100), the end effects are negligible. 

The shear viscosity of a fluid is dependant on the temperature and the actual 

shear rate. As a result, the temperature must be accurately known and the flow 

rates carefully controlled. 

As foams are dynamic systems, it is important that the sample is relatively 

unchanged, in terms of bubble size and foam quality during the course of the 

measurement. By monitoring the bubble size of the foam as it entered and exited 

the flow loop, a quantitative measure of the homogeneity of the foam as it traveled 

through the coil was established. 

3.5.2 Apparatus 

The %ow loop rheorneter utilized in this investigation was custom built in the 

laboratory. Figure 3.5.1 gives an illustration of the instrumental set-up. A more 

detailed description of the major components are given below. 

The solution flow rates were controlled with either a high pressure positive 

displacement pump (Model 314, ISCO, Lincoln,Nebraska) or a flow through pump 

(Waters Extended Flow Model 590). The nitrogen gas flow rates were regulated 

through the use of either a I 000 SCCM (Model 581 06, Brooks Instrument Division), 

200 SCCM (Model 58108, Brooks Instrument Division), or 100 SCCM (Model 

5850TR, Brooks Instrument Division) mass flow controller. The gas flow rates were 

adjusted to maintain a 95 % gas fraction foam quality at a specific total Row rate. 



All the measurements were carried out at ambient temperature and against 10 psi 

(68.9 kPa) back pressure supplied by a back pressure regulator. 

The flow loop was constructed with a continuous loop of either a Teflon lined, 

flexible hose (1 98 Plantmaster multipurpose hose, pressure tested to 250 psi) 

which was 3.05 m in length (an internal diameter of 0.635 crn). The coil was kept 

flat, and leveled with the transducer body to prevent the distortion of the signal by 

hydrostatic head pressure. End effects were prevented by placing 2-3 ft lengths of 

the same diameter coil before, and after, the pressure pork- 

Two plexiglass viewing cells were fabricated, and plumbed into the system 

at both the entrance and exit ports, to monitor the bubble size distribution as the 

foam traveled into and out of the coil. The diameter of each viewing window was 3.2 

cm and each cell was approximately 8 mm thick. Both of the view cells were 

transparent from both sides and pressure tested to 150 psi (1034 kPa). The cell 

was illuminated from behind with a high powered photo optic halogen light bulb 

(250W, 120V, Model ENH, Osram Corp., Winchester, KY). A cooling fan was used 

to prevent the bulb from overheating the viewing cells. Pieces of double sided 

flashed opal glass were placed between the light source and the viewing cell to 

create an evenly diffused light source. 

A Nikon CoolPix900 digital camera, with a 3x zoom lens, was used in 

combination with a 3x magnifying glass to image the foam as it traveled through the 

view cells. The images were then manually analyzed using Corel Photopaint 8. 

The pressure drop was measured across the length of the flow loop coil 

using a sensitive differential pressure diaphragm type transducer (DP15, Validyne) 

in conjunction with a demodulator (Model CD 223, Validyne). The pressure profile 

with time, was monitored with a strip chart recorder (Fisher Recordall, Series 500). 

3.5.3 Procedure 

The Row loop viscometer was used to measure the viscosity of various 

polymer thickened foams at shear rates that were comparable to the shear rates 



utilized in the core flooding experiments. All the brines and polymer-surfactant 

solutions were made up according to the procedures outlined in section 3.1. Prior 

to loading the sample solutions into the transfer vessels, the vessels were rinsed 

twice with the 2.1 % wfw synthetic brine and then once with the sample solution. 

The polymer-thickened foams were generated by co-injecting the nitrogen 

gas and the polymer-surfactant solution into an initial mixing chamber and 

subsequently through an in-line stainless steel foam generator (0.5, 7 and 15 pm 

nominaI pore size). 

Once the coil was completely filled with foam, the coil pressure 

stabilized and a steady pressure drop was obtained, the images of the foam as it 

entered and exited the coil were captured with the digital camera with the 3x zoom 

lense. A magnifying glass (3x) was positioned in front of the view cells to further 

enlarge the images. 

After each trial was completed, the flow loop and all the attached 

plumbing, was flushed with copious amounts (greater than 5 system volumes) of 2.1 

% wlw brine and then dried by blowing nitrogen gas through the lines. 

The apparent bulkviscosity of the foam was calculated using equation 

2.7. The bulk viscosity measurement was then referenced to the shear rate at the 

wall which is calculated using the following equation, 

Equation 3.6 

where Q is the volumetric flow rate, and r is the internal radius of the pipe. 

Appendix C provides a full description of the mathematical development behind 

equation 3.6. 
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Figure 3-51 Diagram of the flowloop viscometer. 



3.6 Rotational Viscometers 

3.6.1 Principles 

The rheological behavior of colloidal systems (i-e., emulsions, suspensions 

and foams), will depend on a variety of factors such as: the viscosity of the 

dispersion medium; the particle concentration; the particle size and shape; and the 

interactions between the particles and the dispersing medium. Generally, most 

rotational instruments operate by rotating one surface at a constant rate about a 

common am's while the other surface remains stationary. One of the advantages of 

the rotational rheometer/viscorneter is that all of the sample material is continuously 

undergoing shear. 

Concentric cylinder instruments are particularly useful for studying the 

rheology of non-Newtonian fluids. A uniform shear rate throughout the sample is 

achieved by shearing a thin film of liquid between two concentric cylinders. The 

outer cylinder can be rotated (or oscillated) at a constant rate and the shear stress 

is measured in terms of the deflection of the inner cylinder, which is suspended on 

a torsion wire. Alternatively, the inner cylinder can be rotated (or oscillated) with the 

outer cylinder stationary and the resistance offered the motor is measured. 

If w is the angular velocity of the outer cylinder, and 8 the angular deflection 

of the inner cylinder, the coefficient of viscosity of the liquid is given by. 

Equation 3.7 

where K is an apparatus constant (usually obtained by calibration with a liquid with 

known viscosity). By having the end of the inner cylinder cone shaped, or if air is 

entrapped in a hollowed-out inner cylinder base, an end correction is avoided. 

Accuracy of measurement is an important issue in viscornetry. The viscosity 

of a solution can be significantly affected by such variables as shear rate, 



temperature, pressure and time of shearing. For our purposes, the effects of shear 

rate and temperature were of the greatest importance. 

Accurate temperature control was vitally important. Isothermal conditions 

must be maintained to 1-2 % degree of accuracy. The sensor systems are 

fabricated from metals which possess good thermal conductivity for thermal 

equilibrium to be reached rapidly. 

In addition, mechanical vibration and air currents were also carefully 

controlled. The sensor systems were carefully handled as even the smallest dent 

or groove would permanently reduce the accuracy of the measurement- 

As with all viscometen, it was important to check the calibration and zeroing 

periodically with standard. calibrated Newtonian oils with viscosities within the 

range of those being measured. 

3.6.2 Apparatus 

Two different commercial rotational viscometers, a Contraves Low Shear 30 

and a HAAKE rotoviscometer CV 100 (HAAKE, Paramus, New Jersey), were used 

to determine the viscosities of the polymer-surfactant solutions. 

The Contraves Low Shear 30 was used in conjunction with a NESLAB RTE- 

110 refrigerated circulating water bath. This instrument would permit the shear 

stress to be varied over a predetermined low shear rate range (0 to 115 s-I). A 

concentric cylinder sensor system was used with this system. 

The HAAKE CV I00  rotoviscometer was used in conjunction with a HAAKE 

RV 100 unit and the temperature was controlled by a Thermomix 1460 (B. Braun, 

Germany) recirculating water bath. The HAAKE viscometer possessed the flexibility 

of independently setting the shear stress and shear rate ranges. The actual ranges 

were dependant on the type of senor system used and the shear rate and shear 

stress limits that were set Several senor systems were used, each one wbth a 

different area of best performance. Table 3.6.1 describes the sensor systems used 

and gives their operational parameters. 
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Table 3.6.1 Properties of the Sensor Systems Used With the Haake RVlOOl 

CVI 00 Rotoviscorneter. 

3.6.3 Procedure 

All the rheological behaviors were investigated at 23 O C .  The instrument was 

given a period of fifteen to thirty minutes to stabilize the temperature setting. All of 

the sample solutions were agitated for several minutes prior to use to ensure the 

sample was homogeneous. Then, solution was either accurately weighed (* 0.01 g) 

or pipetted into the sample vessel to deliver the correct volume. If too much, or too 

little, solution was delivered, the measured shear viscosity would be inaccurate. 

Care was also taken to remove even the tiniest of entrapped air bubbles from the 

solution. The sensor head would be slowly inserted into the sample vessel, and the 

solution was allowed to come to thermal equilibrium within h e  sample vessel over 

a period of two to five minutes- A draft shield was placed around the sensor system 

to prevent the air currents, which exert a force onto the extremely sensitive sensor 

head, from interfering with the measurements. 

In all instances, the shear rate was slowly increased, in gradual stages until 

the maximum shear rate, and shear stress conditions were reached. The shear rate 

was then lowered slowly, in the same steps. Ideally, as the shear rate was 

increased and then decreased, the flow profile of the sample solution would be 

unchanged. If a hysteresis was observed, the solution was discarded and a fresh 

sample would be measured- 

At the end of the trial, the cup and bobbin were washed with copious 
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amounts of hot water, thoroughly rinsed with acetone and distilled water, and then 

allowed to air dry. 

3.7 Wilhemy Plate Method of Surface Tension Determination 

3.7.1 Principles 

The Wilhelmy plate method of surface tension determination is a relatively 

rapid technique, especially suitable for aging surfaces. It allows for a continuous 

measurement of surface tension. Figure 3.7.1' illustrates the general set-up. 

A small, flat, rectangular shaped solid plate, with accurately known 

dimensions, was attached to a force measuring system and suspended above a 

liquid. The plate was made of platinum but other materials have also been used 

(ie., glass) in other investigations. It was important for the bottom edge of the plate 

to be kept straight and parallel to the liquid surface, or corrections would need to 

be made. The sample vessel was then raised until the liquid surface just touches 

the bottom of the plate. The force on the plate (F, mN) increase because of the 

wetting of the liquid against the plate. If the contact angle (8) between the plate and 

the liquid was zero (i-e., perfect wetting) then the surface tension (a, mN/m) was 

easily determined by the following equation, 

Equation 3.8 

where L is the wetted length (mm) on the plate and F, is a buoyancy correction that 

is made if the plate was not correctly aligned with the liquid surface. This direct 

measurement does not require the densities of the liquid or vapor as part of the 

calculation. 

The greatest potential source of error was the presence of dirt or other 

sources of contamination. All the vessels were scrupulously cleaned with a 

concentrated sulfuric acid solution and dust-free. In addition, when great accuracy 



was required, it was important to accurately control the temperature (1-2%) and 

minimize evaporation effects. 

3.7.2 Apparatus 

The Kriiss model K12 tensiometer was used in this investigation in 

conjunction with a Metrohm 665 Dosimat autoburet and a Neslab RTE-110 

refrigerated circulating water bath. Data acquisition was controlled with a Packard 

Bell IBM PC using the K12 cmc software. The surface tension was measured using 

the Wilhemy Plate method. 

3.7.3 Procedure 

All the glassware was cleaned by immersion in a NoChromix/H,SO, mixture 

for several hours, then repeatedly rinsed with deionised water. The surface tension 

of the rinse water was measured to assess the cleanliness of the glass ware. Prior 

to every use, the Platinum plate was rinsed in distilled water, and then flame heated 

until the plate was red hot. 

The solutions were prepared by accurately weighing the surfactants (k 

0.1 mg) into a 100 or 250 mL volumetric flask. Subsequently, an appropriate amount 

of a 0.5 % wlw polyacrylamide polymer solution was added. The solution was made 

up to the mark with either a specially prepared brine, or triply distilled water, and the 

final weight of the solution was recorded. The polymer-surfactant solution was 

mixed for five minutes prior to measurement to ensure it was homogeneous. 

All the measurements were made at 23 C. Prior to the measurement, the 

instrument was allowed to come to thermal equilibrium over a period of thirty 

minutes. The humidity of the measuring chamber was maintained by placing a glass 

of water in the enclosing box. 

For every trial, the automatic buret was flushed with deionised water and the 

sample to be analyzed. The solution was dispensed into a clean I10 mL sample 

vessel which initially contained 50 g of the solvent. 50 g of the solvent was 



accurately weighed into the sample vessel (k 0.001 g) prior to the measurement and 

quickly covered with a plastic lid to minimize evaporation losses. 

During a measurement, a clear plastic cap was placed over top ofthe sample 

cup to minimize the loss of solvent through evaporation, and to prevent the 

contamination of the surface by particulates from the environment. The cap 

possessed a slit to allow the plate to enter the vessel and a port to allow the 

solution to be dispensed into the chamber. 

At the beginning of each trial, the surface tension of the solution in the 

sample vessel was measured to assess the cleanliness of the solution. If the 

surface tension of the solution was not within k0.5 mN/m of the expected starting 

value ( 73.2 mNlm for 2.1 % TDS brine or 72 mN/m for distilled water), the solution 

would be discarded. The vessel was again cleaned, and the procedure attempted 

with a fresh sample. 

The surfactant containing solution was dispensed into the sample vessel 

using the Metrohrn 665 Dosimat autoburet. The solution was dispensed in thirty 

additions, with the volume of each addition increasing on a logarithmic scale. 

After each addition, the solution was stirred for thirty seconds before the 

surface tension was measured. For each titration addition, the surface tension 

would be measured, up to 10 times, in ten second intervals, until five consecutive 

surface tension measurements were within * 0.1 rnN/m. The entire surface tension 

curve would take approximately two and a half, to three hours to run. The cmc of 

each polymer-surfactant combination was measured several times and an average 

crnc value was calculated. 

At the end of each trial the plate was rinsed with distilled water, flame 

cleaned and the lines were flushed with copious amounts of distilled water. The 

glass ware was rinsed with copious amounts of hot water and acid cleaned. 
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Figure 3.7.1 Diagram of the Wilhelmy Plate Method (KNSJ, 1990). 



3.8 Bulk Foam Stability: Foam Drainage Experiments 

3.8.1 Principles 

The typical experiment to measure foam persistence monitors the rate at 

which a known volume of foam collapses with time. One of the standard 

experiments used in studying the bulk stability of foam is the foam column test. This 

is a relatively quick and straightforward measurement that will give an indication of 

the bulk foam stability of any surfactant formulation. 

To perform a column test, a known volume of foam is generated by the 

method of choice into a vessel with known dimensions. Then, the collapse of the 

column is monitored with time. In some variations of the experiment, the amount of 

water that was collected at the bottom of the column over time was also monitored. 

It was important for all the measurements to be carried out in the same 

manner. Small changes in the temperature, pressure, volume, and even the size of 

the container, can influence the rate of drainage. 

The equipment was scrupulously cleaned, by repeatedly rinsing the system 

with copious amounts (greater than 5 system volumes), to obtain a reliable 

measurement. It was also important to prevent the contamination of the system with 

particles from the environment, or residues from prior measurements. 

3.8.2 Apparatus 

Static foam drainage experiments were carried out in the apparatus 

illustrated in Figure 3.5.1. The foam heights were measured in a modified Jerguson 

cell to which a 1 mm increment scale had been attached to the cell window. The 

rectangular cell possessed a square base, with an area of 4 crn12 and a height of 

approximately 25.5 cm. The chamber was illuminated from behind with the use of 

a fluorescent light bulb. The nitrogen gas and the polymer-surfactant solution were 

combined in a mixing chamber and passed through an in-line stainless steel foam 

generator (0.5, 7 and 15 pm) prior to entering the Jerguson cell. The solution flow 

rates were controlled with a high pressure, positive displacement pump (Model 314, 



ISCO, Lincoln, Nebraska). The nitrogen gas flow rates were regulated with either 

a 200 SCCM, (Model 58108, Brooks lnstrument Division), or 100 SCCM (Model 58 

50TR, Brooks Instrument Division ) mass flow controller. The gas Row rates were 

adjusted to maintain a 95 % gas fraction foam quality at a specific flow rate. All the 

measurements were made at ambient temperature and against 10 psi (68.9 kPa) 

pressure back pressure. 

3.8.3 Procedure 

The polymer-surfactant solutions were made following the procedures 

outlined in section 3.1. The solutions were gently stirred prior to use, to ensure that 

the sample was homogeneous and any entrapped air bubbles were removed. The 

foam was generated by co-injection of the solution and the gas through an in-line 

stainless steel filter (0.5 pm nominal pore size ) to develop a 95 % gas fraction foam 

quality against 10 psi back pressure. The foam flow was allowed to stabilize before 

being diverted into the Jergusen cell. The foam slowly entered the cell at a flow rate 

of 40 mllmin. When the foam column was approximately 12 cm in height the 

entrance valve was closed and foam flow was discontinued. The height of the foam 

column was taken as the difference between the top of the foam column and the top 

of the liquid that had collected at the bottom of the cell. The collapse of the foam 

column was monitored over time to determine when the column had collapsed to 

half of its original height. Depending on the conditions of temperature, pressure and 

polymer-surfactant concentration being studied. the half life was generally reached 

in several hours. 

At the end of the trial, the liquid was completely drained out of the cell and 

then flushed with copious amounts of distilled water to remove all of the polymer 

and surfactant residues. When not in use, the chamber was filled with distilled 

water. 



3.9 Density Measurement 

3.9.1 Principles 

The density meter used in this investigation was designed on the 'vibrating 

tube principle". It operated in relative mode, where the density of the sample, at a 

given temperature, was obtained from the measured period of vibration of the 

mechanical oscillator filled with the sample. The measuring principle was based on 

the change of the natural frequency of a hollow oscillator when filled with different 

liquids or gases. The natural frequency of the hollow oscillator would change 

because of the gross mass change, caused by the introduction of the sample liquid 

or gas. It was essential that the oscillating sample tube was completely filled with 

the liquid. 

A basic requirement for an accurate determination was good temperature 

equilibration of the sample (iO.1 OC). An additional source of potential error was the 

presence of tiny entrapped air bubbles. Care must be taken while filling the sample 

tube. If the sample was injected too quickly, it was possible to introduce unwanted 

air bubbles. The sample must be homogeneous, and free of even the smallest 

bubbles, for an accurate measurement to be made. The existence of small, even 

invisible, air bubbtes can be suspected if several, successive measurements do not 

converge towards a certain value. 

The sample tube was thoroughly cleaned before and after each 

measurement. Even the smallest amount of residue would affect the measurement. 

3.9.2 Apparatus 

The density meter was a PAAR DMA 46 supplied by Anton Paar K.G. 

(Austria). The U-shaped borosilicate glass (DURAN 50) oscillator (sample tube) 

was mounted in the center of a copper-coated glass cylinder fused at both ends. 

The space between the sample tube and the inner wall of the cylinder was filled 

with a gas with high thermal conductivity. The outer wall of this cylinder was 

electronically temperature controlled. A built in air pump provided a stream of 



filtered air to dry the sample tube. The density of the sample was digitally displayed 

in units of glcm3. 

The density meter was calibrated with water and air at 23 O C to determine 

the apparatus constants necessary to calculate the density. The apparatus 

constants were temperature dependent, and had to be determined each time the 

measuring temperature was changed. 

3.9.3 Procedure 

The temperature was set to 23 OC, and the instrument was allowed to come 

to thermal equilibrium over a period of ten to fifteen minutes. The calibration of the 

instrument was checked against distilled water, the sample tube dried, and then the 

density of air was measured. If both measurements agreed with the instrumental 

calibration values, the sample density was then measured. 

Prior to the measurement, the sample solution was gently stirred to ensure 

the solution was homogeneous and the entrapped air bubbles were removed. 

Approximately 0.7 rnL of sample was slowly injected into the oscillator cell with a 

gas tight glass hypodermic syringe fitted with a plastic tip. Thermal equilibrium was 

reached when the displayed value remained within k 0.0001 g/cm3. The 

measurement was then repeated with a fresh sample to confirm the density reading. 

When finished, the sample tube was rinsed with copious amounts of distilled 

water, then rinsed again with acetone and air dried. If necessary, the chamber was 

also rinsed with bleach to completely remove the polymer residue. To confirm the 

cleanliness of the sample tube, the density of distilled water was again measured. 
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4.0 Results and Discussion 

4.1 Properties of Foaming Solutions 

4 . 1  The Effect of PHPA Polymer on Surface Tension 

Surface tension determinations have been used as an indicator of the 

interactions between polymers and surfactants in the bulk phase.' Generally, 

surfactants are much more surface active than polymer molecules. Hence, the 

surface tension is taken as an indicator of the "free" surfactant in solution in 

equilibrium with the airfwater interface. However, it has been found that many 

polyelectrolytes exert a limited influence on the surface tension. 

To determine the influence of the PHPA on the surface tension of surfactant 

solutions, a series of single point surface tension measurements were made at 23 

OC. The surface tension was measured with a suspended platinum plate using the 

Kruss tensiometer (Section 3.7). The surfactant concentration was kept constant (5 

glL) in all of the solutions tested and the polymer concentration was systematically 

varied. 

Table 4.1 .I provides a summary of the measured surface tensions for the 

various pofymer-surfactant solutions. 

As all of the measurements were within 2 mN/m over the entire range of 

polymer concentrations, the surface tension of the solution was considered to be 

essentially unchanged. From Table 4.1.1, the addition of PHPA polymer had a 

minimal effect on the surface activity of both the anionic (Dow XSS) and the 

amphoteric (Rewoteric) surfactant. 

4.1.2 The Effect of PHPA Polymer on the cmc 

Initially, one of our goals for this investigation was to examine the influence 

of increasing polymer concentration on the crnc of both the anionic and amphoteric 

surfactants in saline solutions. This was undertaken in hopes of determining 

whether the incorporation of polymer molecules may cause a shift in the crnc due 



Table 4.1 .I The surface tension of various PHPA-surfactant solutions in 2.1 % 
TDS brine. T = 23 OC. 

*Average of ten measurements taken in ten second intervals. 

to some of the possible polymer-surfactant interactions discussed in Section 2.2. 

Further details on the procedure used to undertake the cmc measurement 

and the apparatus details are given in section 3.7. As mentioned in Section 2, 

several of the physical properties of a surfactant solution will change above and 

below the critical micelle concentration, cmc, in an observable manner. For this 

investigation, the change in the surface tension of a solution was monitored as 

successive additions of a surfactant solution were injected into the starting solution 

with an autoburet. Figure 4.1 -1 serves as an illustration of how the surface tension 

will change as the surfactant concentration is increased. Initially, the surface 

tension is relatively unchanged when only a small amount of surfactant has been 

introduced into the solution, since there are only a few surfactant monomers 

adsorbed at the interface. Subsequently, as the surfactant concentration is 

increased and more of the monomers adsorb at the airlsolution interface, the 

surface tension will begin to rapidly decrease. Eventually, the surface tension levels 



out as the surfactants begin to spontaneously form aggregates commonly referred 

to as rnicelfes. The crnc is calculated by the intersection of the regression line from 

the steepest part of the slope in the pre-micellar region and the most level part of 

the slope in the post-micelfar region. 

Figures 4.1.2, 4.1 -3, 4.1 -4, and 4.1 -5 serve to illustrate the crnc curves 

generated with the commercial anionic and amphoteric surfactants we have used 

throughout this study. Both surfactants were used without any purification, to reflect 

how these chemicals are commonly applied in the field. All of the reported crnc 

values were calculated as the average of 5 to 10 trials. To check our experimental 

technique, the cmc of purified SDS in triply deionised water was measured at 23 

OC. The measured value was 6.75 mmol/L and the literature vaf ue2 was 6.8 mmolIL. 

To establish a baseline comparison for the polymer work, the crnc of both 

surfactants were measured in triply deionised water and in the standard, degassed 

2.1% TDS bnne solvent which we have used throughout this investigation- Table 

4.1.2 shows that the crnc values measured compare well with the few literature 

values that have been rep~r ted .~-~  Some s t ~ d i e s ~ * ~  have been published with 

commercial surfactants but in distilled water and these did not include our types of 

surfactant. Thus, it was not possible to make any additional comparisons. 

Table 4.1.2 The crnc of Dow XSS and Rewoteric in 2.1% TDS brine and triply 

deionised water. T = 23 OC. 
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Figure 4.1 .l. The relationship between the cmc and the surface tension of a 
solution. 



Figure 4.1.2 The cmc curve for Dow XSS in triply deionised water. T = 23 OC. 
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Figure 4.1.3 The cmc curve for Dow XSS in 2.1% TDS brine. T = 23 OC. 
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Figure 4.1.4 The cmc curve for Rewoteric in triply deionised water. T = 23 OC. 
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Figure 4.1.5 The cmc curve for Rewoteric in 2.1% TDS brine. T = 23 "C. 



The change in the crnc in the presence of electrolyte was not unexpected. 

Several investigation~~e~*~ have established that the addition of electrolytes will 

diminish the crnc in an observable manner according to surfactant type: ionic > 

amphoteric. This agrees well with our measurements. 

To our surprise, it appears that the amphotericsurfactant, Rewoteric, has two 

distinct breaks past the crnc (Figure 4.1 -4 and 4.7.5). The second slope change 

was diminished in the presence of electrolytes (and polyacrylamide molecules), but 

not eliminated. This surfactant was supplied by a different supplier (Witco Corp.) 

than the one used in other investigations within our laboratory. Previous cmc work 

*th the old supplier (Shevrex) did not reveal a second break in the crnc curve. 

Thus, the surfactant supplied by the new manufacturer may be chemically different 

from the previous manufacturer's product. Alternately, the surfactant used in this 

investigation may contain other surface active components not present in the 

previous manufacturer's product. 

To detennine whether the second slope change was due to the presence of 

a contaminant, the Rewoteric solutions were passed drop wise through a Waters 

Sep-Pak C-18 cartridge connected to a Luer syringe to remove any remaining 

impurities. The cartridge was prepared by initially injecting a small volume of 

methanol (Fisher, HPLC) followed by 5 mL of triply deionised water. Then a small 

volume of the surfactant solution was moved through before the test solution was 

pushed through. No change in the cmc or the second slope was observed. As a 

result, the second break in the slope past the crnc may indicate a confonnational 

change in the rnicelles. Thus, the first slope break after the crnc was always used 

to calculate the crnc for all measurements involving this amphoteric surfactant 

Only the effect of PHPA on the cmc of the amphoteric surfactant was 

examined. A modification was made to our procedure for this series of 

measurements. The solution in the sample vessel and the surfactant solution which 

would be titrated into the vessel contained polymer at the same concentration. This 

was done to keep the polymer concentration constant. A limited range in polymer 



concentration was examined (0 to 3 glL) because the sample solutions became too 

viscous for the measurements to be made. The polymer-surfactant solutions were 

tested in a random sequence to minimize any systemic errors.. The results are 

presented below in Table 4.1 -3. Figure 4.1 -6 provides an illustration of a cmc curve 

generated for a PHPA-Rewoteric combination. 

The area that a surfactant molecule (o)would occupy at the surface was also 

calculated using the following equation, 

Equation 4.1 

where N is Avogadro's number and f, is the surface excess concentration of the 

surfactant. The surface excess concentration is determined using the Gibbs 

adsorption equation ,g 

Equation 4.2 

where c, is the concentration of the surfactant and (dy/dcl) is the slope of the line 

before the cmc on a cmc plot. This checked whether the polymer was associating 

with the surfactant. The CT values are summarised in Table 4.1 -3. It was concluded 

that the polymer does not interact with the surfactant at the surface. 

The presence of PHPA polymer molecules had no effect the cmc of the 

amphoteric Rewoteric surfactant. Other investigators have also found that the affect 

of polymer on the cmc for non-associating polymer-surfactant mixtures is 

undetectab~e.~~~'' Thus, if a foam was generated with the PHPA-Rewoteric 

solutionsl the presence of the polymer would not interfere or influence with the 

ability of the surfactant to stabilise the lamellae. Based on the surface tension 

results. it seems likely that same would apply if foam was generated with the PHPA- 

Dow solutions 



Table 4.1.3 The effect of PHPA concentration on the cmc of Rewoteric 
solutions in 2,1% TbS brine, T = 23 OC, 

# I 1 I 

*Average of five to ten trials. 

4.1.3 The Effect of PHPA Polymer on the Viscosity of Surfactant Solutions 

To explore the effect of increasing polymer concentration on the viscosity of 

two types of surfactant, a series of rheological measurements were made in a 

rotational viscometer over a shear range of 0 to 225 s-'at 23OC. The procedure and 

apparatus details are detailed in Section 3.6. The viscometer was calibrated with 

several Newtonian viscosity standards (S6.S2O1S60, S6O0, Cannon Instruments) 

spanning the expected viscosity range of the polymer-surfactant solutions.The 

standard deviation between the measured and the expected values was * 5%. Flow 

curves of shear stress versus shear rate, and viscosity versus shear rate, were 

generated for various PHPA-Dow and PHPA-Rewoteric polymer-surfactant 

solutions at 23%. Figure 4.1 -7 provides an illustration of a viscosity versus shear 

rate curve. To remove any systematic error, the polymer-surfactant solutions were 

tested in random sequence. The viscosity of the polymer-surfactant solution was 

calculated and the measured viscosities at two shear rates, y=90 and 200 sf-' were 

compiled to develop graphs of viscosity versus polymer concentration for both 

polymer-surfactant combinations. The polymer concentration range (0 to 15 glL) 



Log (Surfactant Concentration) 

Figure 4.1.6 The cmc curve for Rewoteric in the presence of 5 glL PHPA in 
2.1% TDS brine. T = 23 OC. 



was chosen to match the polymer range that was investigated in the core flood 

experiments. To provide a baseline comparison, the viscosities of various PHPA 

polymer solutions were measured in brine solvent, without surfactant present. 

Figures 4.1 -8 and 4.1 -9 display the final composite plots as a function of polymer 

concentration. The polymer solutions and the polymer-surfactant solutions all 

exhibited shear-thinning behaviour. The viscosity the polymer solutions with 

polymer concentration begins to rise rapidly around 5 g/L and then dramatically 

around the 10 glL mark. At all polymer concentrations investigated, the polymer and 

polymer-surfactant solutions behaved almost identically. 

High molecular weight polyacrylarnide polymers, such as the one used 

in this investigation (1 0 to 12 x 1 o6 g/mol), are known to display strong viscoelastic 

Non-Newtonian behaviour at high shear rated2 Heemskerk et a/-13 systematically 

investigated this phenomenon with PHPA and determined that it was the result of 

the nature of the polymer's flexible coil, which can show viscoelastic and 

extensional effects at the same time. If the molecules are allowed sufficient time to 

fully extend in elongational flows, there is a large increase in the viscosity. For 

PHPA, the elongational viscosity may be as high as lo4 times the low shear rate 

vis~osity.'~ The dramatic rise in viscosity, with increasing polymer concentration 

observed in our experiments, may be due to a combination of such elongational 

effects coupled with strong steric interactions. Finally, PHPA polymers have been 

shown to suffer from mechanical degradation because the macromolecules 

experience an internal tensile force as a consequence of stretching. This force may 

be large enough to break the carbon-carbon backbone chain of the polymer 

molecule into smaller polymer fragments, thus reducing the polymer viscosity. 

Although this was not observed in our rotational viscometer experiments, it is a 

concern, for high flow rate, within porous media.l5 

From these results, it is reasonable to conclude that the viscosity of the 

polymer-surfactant solutions is determined by the concentration of the polymer and 

that neither surfactant exerts a significant influence on the viscosity of the solution 



Figure 4.1.7 Viscosity versus shear rate curve for polymer-thickened Dow 
XSS solution (PHPA = 5 glL). T = 23 OC. 
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( e ,  no evidence for positive or negative polymer-surfactant association was 

observed) - 

4.1.4 Summary of Highlights 

In conclusion, the PHPA polymer acts primarily as a thickening agent. The 

PHPA does not influence either surfactant's ability to lower the surface tension or, 

in the case of the amphoteric surfactant, affect the cmc. Similar behaviour would 

be expected in the foam lamellae. 



4.2 Bulk Foam Properties 

4.2.1 Sulk Foam Stability 

The bulk stability of surfactant-stabilised foams were examined in a series 

of foam column drainage experiments. The half-fife of a static column of surfactant- 

stabilised foam, under 10 psi pressure, was monitored as a function of increasing 

polymer concentration as outlined in Section 3.8. Initially, we were interested in 

determining the bulk stability of the foams formulated at the same rates of injection 

that were used in the core flood and flow loop experiments. However it was 

immediately apparent after our first attempt, that the surfactant-polymer solutions 

must be co-injected with the nitrogen gas at a much slower rate (almost an order of 

magnitude) to allow the foam column to form gradually. When the foam was injected 

into the viewing cell at more elevated rates, the column would form poorly. Large 

gaps would be observed in the structure which made it impossible to accurately 

monitor the collapse. 

To make comparisons to the core flood measurements, the foam column 

drainage was undertaken at the same temperature and pressure conditions (23 OC 

and against 10 psi back pressure). The stainless steel filter size (0.5 prn nominal 

pore size) used to generate foam in the core flood experiments was also used in 

these experiments. 

Ideally, the foam column should collapse more or less uniformly so that the 

tap of the column remains flat. In reality, the foam column would often collapse non- 

uniformly, and occasionally separate into two sections. This behaviour was 

attributed to the presence of contaminants (polymer-surfactant residues) from 

previous trials. If a column did break up, the trial was abandoned, and a new 

column formed. To minimise such problems, the viewing cell and the injection lines 

were scrupulously cleaned after each trial and flushed with large amounts of brine. 

The surface tension of the rinse water was measured by single point surface 

tension determination using the Kriiss tensiometer to assess the cleanliness of the 



system. 

For each polymer concentration, the reported half life is an average of three 

to five measurements. The standard deviation for all the measurements was ); 1 

hour. The initial volume of the generated foam column was kept constant for all the 

measurements to improve the similarity between the various trials. 

The effect of polymer concentration 

Figure 4.2.1 and 4.2.2 illustrate the effect of increasing polymer 

concentration on the half-lives of the PHPA-Dow XSS and PHPA-Rewoteric 

polymer-thickened foams respectively. For both surfactant-stabilised foams, a non- 

linear relationship exists between the bulk stability and the PHPA concentration. 

Addition of polymer increased the bulk stability. The greatest increase in bulk 

stability occurred around the 5 to 8 g/t polymer concentration. However, the degree 

of enhancement varied with the surfactant type. The stability of the anionic Dow 

XSS surfactant foams increased over most of the polymer concentration range. The 

Rewoteric foams did not experience the same degree of enhancement. In one 

instance, the stability actually decreased. A significant enhancement in the bulk 

stability was obsenred when the polymer concentration exceeded 5 glL. After the 

maximum enhancement, the bulk stability decreased as the polymer concentration 

increased. 

The collapse of a foam column occurred in three distinct stages. When a 

column of foam was first formed it was a dense body of mainly spherical bubbles. 

Within the first hour after foam formation, most of the liquid in the column had 

drained out and pooled at the bottom of the cell. At this point, the foam column was 

a network of thin lamellae that remained unchanged for several hours. At some 

point in a column's life, after remaining relatively unchanged for several hours, the 

column would begin to rapidly deteriorate. Other investigators have also observed 

what are termed 'avalanche phenomenan in foam collapse.16 

The mechanisms governing the coilapse of the foams were not fully explored 



due to insufficient data. As mentioned previously, the foam columns collapsed in 

three stages. To properly generate the drainage profile as a function of time, the 

time scale must be on the second (for the first stage) and preferably on the minute 

scale for the rest. This was beyond the scope of our resources (our measurements 

were made on the scale of hours). As a result, this avenue of research was not 

explored. 

The eff't of initial foam texture 

A series of measurements were undertaken to examine the influence of the 

generation filter size (initial bubble size) on the bulk stability of both types of 

polymer-thickened foams. In this series of experiments, the range of polymer 

concentrations investigated corresponded with the concentrations investigated in 

the bulk rheology work. The drainage experiments were undertaken at the same 

temperature and pressure condition used with the flow loop viscometer. Two 

different stainless steel filters were used (0.5 and 7 vm nominal pore size) to 

initially generate the foam. Each half-life measurement was the average of three to 

five trials. The standard deviation for all the measurements was i 0.7 hours. 

Figure 4.2.3 and 4.2.4 illustrate the effect of initial foam texture on the bulk 

stability of PHPA-Dow and PHPA-Rewoteric foams, respectively. An examination 

of the figures clearly shows that the change in generation filter has a dramatic effect 

on the value half life of the polymer-thickened foam columns. Both types of foams 

experienced a significant decrease in the half-life at the very low polymer 

concentrations. As the polymer concentration increased, the bulk stability of the 

polymer-thickened foams also increased. The large filter size produced foams 

which possessed much larger bubbles. Figure 4.2.5 shows the difference in initial 

bubble sizes for a PHPA-Rewoteric foam using the two filters. From Figures 4.2.3 

and 4.2.4, foams that were generated with a smaller initial bubble sizes possessed 

greater bulk stability. Clearly, the initial foam texture strongly influences the bulk 

stability of a foam. 
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Figure 4.2.2 Half-life measurernenb for PHPA-Rewoteric foam columns as a 
function of polymer concentration. Generation filter size = 0.5 
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Other investigators observed similar effects of polymer additives on the bulk 

stability of surfactant-stabilised f o a r n ~ . ' ~ ~ ' ~ ~ ' ~ ~ ~ ~ '  The temporal stability of the foams 

was dependent on the exact composition of the liquid phase. The polymer additives 

act as thickening agents that increase the bulk viscosity of the aqueous phase, and 

thus diminish the rate of liquid drainage. Even small amounts of polymer improved 

the foaming capability of a surfactant. 

4.2.2 Bulk Foam Rheology 

The effective viscosities of various polymer-thickened foams were 

determined in a single-pass, continuous flow pipe viscometer as outlined in Section 

3.5. The flow loop apparatus was calibrated with several Newtonian viscosity 

standards (S6, S20, S60, Cannon Instruments) which possessed viscosities that 

spanned the viscosity range of the polymer-thickened foams. The viscosity 

standards were polydimethylsiloxane polymers. The standard deviation between the 

measured and the actual values was i 5%. All the apparent viscosity 

measurements were referenced to the shear rate at the wall which is calculated with 

the equation 3.6. 

One pipe diameterwas used in this investigation (6.35 mm) and the apparent 

viscosities reported have not been corrected for slip. A slip correction is measured 

by running the same experiment in two different pipe diameters- If the calculated 

viscosities are the same in both situations, it is taken as an indication that the fluid 

is slipping at the wall on a thin layer of liquid 

As a qualitative check, digital images of the foam were captured as the foam 

entered and exited the pipe line through the viewing cells that were situated at the 

entrance and exit of the coil. The images were analysed and an assessment was 

made as to whether the foam texture had changed in a discernable manner. 

The viewing cells in this investigation were designed to have the same 

internal diameter as the pipe line used in these measurements to prevenvdiminish 

the possible distortion of the bubbles while they passed through the viewing cell. 



As a result, the foam in the viewing cell was several bubbles thick, which made it 

very difficult to analyse. Bubbles sizes under 10 yrn could not be resolved and the 

bubble size distribution could not be determined. Figure 4.2.6 is a photograph of a 

95% Dow XSS foam taken from the view cell at the exit of the coil. 

However, it was possible to get a sense of the range in the bubble size and 

calculate the average bubble size using our digital photographic method. Generally, 

the bubble diameters ranged from under 10 pm to 100 pm at the higher shear rate 

and from 100 to 660 pm at the lower shear rate.  rayn nip has proposed that a pipe 

diameter to bubble diameter ratio of 10:l must be met for foam to travel as a plug. 

The pipe used in our experiments possessed an internal diameter of 6.35 mm. The 

ratios generated with the above mentioned diameter ranges meet this requirement 

and allow the various foams to travel as a plug. 

The effect of shear rate and polymer concentraton 

A series of experiments investigated the effect of increasing polymer 

concentration and shear rate on the bulk viscosity of polymer-thickened foams. The 

range of PHPA polymer concentration investigated (0 to 5 g/L) was restricted due 

to the pressure limitations of the instrument. In addition, a stable foam could not be 

generated at high polymer concentrations. At high flow rates, the PHPA polymer 

underwent mechanical shear degradation. This was not a problem with the core 

Rood experiments because the flow rates were much lower. We have not reported 

viscosities for any experiments where polymer shear degradation was 

obse rvedlsus pected . 

Figures 4.2.7, and 4.2.8 contrast the behaviour of two polymer-thickened 

foams as a function of polymer concentration at shear rates of 200 s-I and 90 s-' 

respectively. Some general trends could be discerned. As the polymer 

concentration was increased, the apparent bulk viscosity of both types of polymer- 

thickened foams increased. Both types of polymer-thickened foams exhibit shear 

thinning. Sydansk14 Harris et a1.23*24 and Wassrnuth et have also observed 



similar trends with other types of polymer-thickened foams. 

The influence of foam texture 

An exploration into the influence of foam texture on the apparent bulk 

viscosity of polymer-thickened foams. The foam texture was varied by changing the 

size of the stainless steel filter used in the in-line foam generator. For simplicity, the 

foam texture will be referenced to the nominal pore size of the filter. Three different 

filter sizes (0.5, 7 and 15 pm) were used to generate polymer-thickened foams at 

shear rates of 90 s-1 and 200 s.-I The foams generated at the higher shear rate were 

very dense and constructed with very small bubbles, physically resembling shaving 

cream. However, the average bubble size could not be calculated for most of the 

polymer-thickened foams because the bubbles were below our limit of resolution 

(1 0 pm). The measured average bubble sizes are presented in Table 4.2.1. The 

standard deviation was k 5 pm. 

Table 4.2.1 Average bubble diameters for polymer-thickened foams. Shear 
rate = 200 s." 



Figure 4.2.6 95% gas fractional quality Dow foam. Shear rate = 200 s.'' 
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Figure 4.2.7 The apparent viscosity of various PHPA polymer-thickened 
foams as a function of polymer concentration. y = 200 s." 
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Figure 4.2.8 The apparent viscosity of various PHPA polymer-thickened 
foams as a function of polymer concentration. y = 90 s." 



The polymer thickened foams generated at the lower shear rate possessed 

much larger bubbles which could be analysed. Table 4.2.2 tabulates some of the 

average bubble diameters measured at the lower shear rate, 90 s" as a function of 

concentration. The standard deviation was * 15 pm. The smaller the nominal pore 

size of the foam filter, the smaller the average bubble size at both shear rates. In 

addition, the bubble size is independent of the polymer concentration and is 

primarily determined by the shear rate. 

Table 4.2.2 Average bubble diameters for PHPA foams. Shear rate = 90 s:' 

The apparent bulk viscosities for the PHPA-Dow and PHPA-Rewoteric foams 

are presented in Figures 4.2.9 and 4.2.1 0 respectively. 

From the two plots, the apparent bulk viscosity of the polymer-thickened 

foams increased as the foam texture increased (bubble size decreased). In 

addition, as the shear rate was increased, the apparent bulk viscosity generally 

decreased. Harrisz6 and Calvert and ~ e z h a t i ~ ~ ? ' ~  have also observed similar trends 

in the apparent bulk viscosity as a function of foam texture. 



Figure 4.2.9 The effect of foam texture on apparent viscosity of PHPA-Dow 
polymer-thickened foams as a function of polymer 
concentration. 



Figure 4.2.1 0 The effect of foam texture on apparent viscosity of PHPA- 
Rewoteric polymer-thickened foams as a function of 
polymer concentration. 
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The 7 y m and 15 pm filters produced similar results at both shear rates. The 

calculated bubble sizes for these two filters were also very similar (Table 4.2.2). 

However, the apparent viscosity of the polymer-thickened foams generated with the 

0.5 pm filter generally did not increase with increasing polymer concentration. With 

both types of foams, the apparent bulk viscosity was relatively unchanged at low 

polymer concentrations and decreased at the upper limit of the range of polymer 

concentrations examined. This was attributed to the possible mechanical shear 

degradation of the PHPA polymer. Simple inspection of the filter revealed the 

presence of a gelatinous mass (at the higher polymer concentration). As the 

polymer concentration increased the generated foam became patchy and filled with 

large gas pockets (extremely large bubbles, diameters > 3 cm). The pressure drop 

across the pipe never stabilised (above 2.5 g/L polymer concentration) and large 

pressure spikes were also observed.. Conversely, the larger filter sizes produced 

a more uevenlyn textured foam ( the gas pockets were absent), and the measured 

pressure drops were extremely stable (* 2 %). Thus, the trends in the apparent bulk 

viscosity with the larger filter size are a fair representation of the effect of foam 

texture, while the 0.5 pm results reveal that mechanical degradation of the polymer 

will significantly diminish any possible advantage of incorporating the polymer as 

a thickening agent. 

Film thickness measurements 

At low flow rates, foam will Row within a pipe as a plug. As a result, it will 

travel through the pipe along the thin film of water at the pipe wall. At low velocities, 

no shear takes place in the body of the foam plug itself.28 The thickness of the liquid 

at the wall was calculated with the following equation,2g 

Equation 4.3 

where Q, is the volumetric flow rate of the foam, L is the length of the pipe, q, is the 



viscosity of the aqueous phase, R is the radius of the pipe, and AP is the measured 

pressure drop across the core. For our purposes, the viscosity of brine was used 

for the calculations because of the uncertainty in the actual polymer concentration 

within the liquid layer near the wall. Table 4.2.3 and Table 4.2.4 tabulates the film 

thicknesses for each polymer-thickened foam. 

The slip layer thickness tends to increase as the shear rate is increased. The 

thickness of the liquid layer appears to be relatively independent of bubble size for 

foams generated with 7 pm and 15 pm in-line filters. Calvert and ~ezha t i ~ '  have 

also observed similar results. The liquid layer is generated from the liquid that has 

separated from the foam network. With that in mind, the trend in the 6, values 

coincides with the results of the bulk stability measurements where an increase in 

the polymer concentration decreased the rate of liquid drainage. Interestingly, the 

film thickness does depend on the surfactant type. The Dow surfactant stabilised 

polymer-thickened foams produced thicker films at the wall than the Rewoteric 

foams at both shear rates. 

The film thicknesses for the foams generated with the 0.5 pm in-line filter 

contain conflicting trends. At the higher shear rate, the film thickness increased with 

increasing polymer concentration for the PHPA-Dow polymer-thickened foams. At 

the lower shear rate, the film thickness decreased slightly with increasing polymer 

concentration, before climbing up again for the same foam. However, for the PHPA- 

Rewoteric foams travelling at the high shear rate, the film thickness decreased 

slightly with increasing polymer concentration, but again climbs up at the 5 glL 

concentration to the same level as the polymer free foam. It is possible that, at the 

higher polymer concentration and shear rate, the polymer has undergone a 

significant degree of shear degradation and no longer possesses the ability to 

retard the liquid drainage. 
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Table 4.2.3 Calculated film thickness values for PHPA-Dow XSS foams. 
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Table 4.2.4 Calculated film thickness values for PHPA-Rewoten'c foams. 

While the concept of slippage within a layer of liquid found at the wall may 

be successful in explaining the differences in data from different rheometer 

geometries, the applicability of this concept to develop a wide ranging rheological 

relation is limited. The difficulty lies in developing a correlation for the thickness of 

the slip layer, or the slip velocity, with a physical property. Specifically for the case 



of polymer-surfactant solutions, if the wall stress was calculated using the film 

thickness and the viscosity of the liquid in the film, the viscosity inside the liquid film 

might be significantly different from the bulk liquid phase because of depletion of 

the polymer rno lecu~es.~~*~~ 

4.2.3 Summary of Highlights 

The bulk stability of various polymer-thickened foams were investigated as 

a function of polymer concentration and generation filter size. Generally, the 

addition of PHPA increases the bulk stability of foam generated with both the 

anionic and amphoteric surfactants. For both surfactants, a monotonic relationship 

between increasing polymer concentration and bulk stability was observed. The 

degree to which the addition of PHPA polymer enhanced the bulk stability of the 

polymer-thickened foam seems to be largely determined by the surfactant type. 

The polymer-thickened foams formed with either surfactant type were non- 

Newtonian fluids. The apparent bulk viscosity of the polymer-thickened foams 

decreased as the shear rate increased. Also, as the polymer concentration 

increased, the apparent bulk viscosity of the polymer-thickened foam increased. For 

both surfactants the apparent bulk viscosity increased when the average bubble 

size decreased. The texture of both polymer-thickened foams was influenced by the 

shear rate- As the rate of shear increased, the average bubble size decreased. 



4.3 Imaging the Morphology of Foam in Porous Media 

A suite of imaging techniques, including lowenergy SEM and confocal laser 

scanning microscopy (CLSM), were applied to sub-samples of various core samples 

to probe the structure and evaluate the thickness of the foam films?3 Details on the 

various techniques and instruments may be found in Sections 3.2.and 3.3. Table 

4.3.1 provides a summary of the cores that were imaged and some of their physical 

properties. The core flooding sequence used to prepare the samples is given in 

Section 34. Microscopy in several forms was used to image either frozen or 

unfrozen gelled polymer-foams in porous media. Several independent methods 

were applied in order to obtain specific types of information about foam structure 

and to guard against studying artifacts. 

Determination of the optimum crws linking agent concentretion 

Chromium (I II) acetate was chosen as the cross-linking agent because of its 

successful application in earlier investigations with partially hydrolysed 

polyacrylamides (PHPA)?A polymer gel is formed when the C?' ions complex with 

the carboxylate groups on the polymer chain, effectively linking several polymer 

chains into a "solidn network- 

To determine the optimum chromium to polymer ratio several bulk tests were 

carried out. Each 60g polymer-surfactant-cross-linker solution was mixed by slow 

tumbling for 15 minutes prior to use. Two bulk tests were carried out with each 

formulation. In one instance the time it took for a 60g solution to gel was monitored. 

The samples were placed in a test tube (without an air space) and inverted 

periodically and a qualitative description of the change in viscosity was determined 

based on a system developed by Sydansk? 
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Table 4.3.1 Properbies of the porous media used in the imaging studies. 

Simultaneously, 609 samples were placed into an air tight syringe with a disposable 

filter attached to the syringe outlet (5 and 0.45 pm). Periodically, an attempt was 

made to inject the solution through the filter to monitor how long the solution would 

retain its fluidity. This test gives a rough estimate of low long the solution could be 

injected into the core. As a result, a ratio of polymer to cross-linker of 100:l was 

chosen as the best possible combination. It was anticipated that some of the 

chromium molecules would adsorb onto the surface in the pores within the cores. 

To offset these adsorption losses, each gelling solution was formulated with a slight 

excess of chromium ions which worked out to a concentration of 146 mglL. This 

would allow several pore volumes of the polymer-thickened foam, which contained 

the cross-iinker, to pass through the core, thus, maximizing the possible amount of 

the pore space that could be filled with the gelled-foam. It was assumed the 
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adsorption sites would be saturated with respect to surfactant and polymer 

molecules because each core had been previously injected with large amounts of 

polymer-thickened foam during our core flood experiments. 

lncoiporation of the fluorescent dye 

For some of our experiments a fluorescing cationic dye (Acridine Orange) 

was also incorporated into our samples. This was undertaken to permit imaging of 

even thin lamellae by fluorescence CLSM. The Acridine orange, a water soluble 

dye, was chosen to match the capabilities of the CLSM's Argon laser. Surface 

tension measurements made on aqueous surfactant solutions that contained the 

dye confirmed that Acridine orange was not surface active and would not change 

the manner in which the foam lamellae were stabilised. In addition, the dye did not 

seem to influence the nature or the extent of bulk polymer-thickened foam 

formation. Finally, bulk gelation tests were conducted in order to determine whether 

addition of Acridine orange would interfere with the cross-linking process using the 

same bulk tests that have been described in the proceeding pages. It was noted 

that the cationic dye affected with the cross-linking process. Specifically, the gel 

which contained the dye was more elastic than the gel which was formed in the 

absence of the Acridine orange. To offset this decrease in the gel-strength, the 

concentration of the chromium was increased slightly and the "softeningn effect was 

removed, 

A further complication with the introduction of the dye was observed in the 

results of one of our imaging experiments. The Acridine orange experienced strong 

adsorption losses in the core. When the core was sectioned for imaging, it was 

noted that the first 0.5 cm of the core, especially around the injection port, was 

heavily stained with orange colour. The rest of the core retained its normal 

colouring. This possibility had not been tested for prior to the actual experiment. 

The adsorption losses were confirmed in many of the CLSM images obtained with 

this core as the background fluorescence almost swamped the signal from the foam 



films. An alternate method has been developed, but not yet thoroughly tested. In 

this technique, a small quantity of an oil-soluble fluorescent dye (Bromothymol blue) 

is carefully dropped onto the freshly exposed surface of the core sample. The non- 

aqueous solution coats the exposed surfaces, including the foam films. We have 

experienced some success with this method in our initial tests on foam that had 

been gelled in unconsolidated sandpacks (no images were taken), but have not as 

yet tried to use this technique to image films in a consolidated core sample. 

4.3.1 SEM imaging of Gelled Foam 

Low energy SEM images of Dow stabilised gelled foam 

The structure of non-equilibrium foam larnellae flowing through porous rock 

resembles the organisation of foam in bulk, and in the constraining micro-model 

used in the micro-visual experiments. The foams were lamellar and were three- 

dimensionally arranged. Figure 4.3.1 clearly shows the sheet-like lamellae 

spanning portions of a pore body. Figure 4.3.2 shows a sheet-like lamellae 

spanning rock grains. 

Another feature that was clearly observed was the presence of many 

lamellae which were perforated or possessed thin film regions (Figures 4.3.3.4.3.4. 

and 4.3.5). It is possible that these regions represent holes caused by stresses 

created as the samples were evacuated in the electron microscope vacuum and are 

thus artifacts. However, such holes would normally expand so rapidly that it would 

be doubtful that the film would remain stable enough to be imaged. The most likely 

explanation that these regions are not holes but actually represent thin film regions 

in which the film thickness approaches that of a black film ( - 30 nm). This would 

be consistent with the studies published by Asnacios et and Bergeron et a/.36837 

on the effects of incorporating high molar mass molecules into surfactant-stabilised 

thin films. 

Bergeron et observed the simultaneous occurrence of black film regions 



(1 1 nrn thick) and dimples with thicknesses of up to 1 pm within stable non-aqueous 

surfactant-stabilised films. Contrary to their initial expectations, these regions could 

remain stable contemporaneously for several hours. The marked surface 

heterogeneity was attributed to 'gel-like" behaviour caused by the use of a high 

molar mass (5000-1 0000 g/mol) surfactant. Bergeron et and Asnacios et aL3 

also observed similar behaviour in several aqueous poiymer-thickened thin film 

systems. Thin film regions, 100 nrn thick4 and 20 nm thick3, occurred at the same 

time as dimples with much greater thicknesses, 1 pm thicp and 1000 prn thickm3 

They both observed that the strong surface heterogeneity seemed to be associated 

with rapid rather than slow film generation. In addition, once formed, the very thick 

regions could persist for several days. Again, the surface heterogeneity was 

attributed to the 'gel-liken behaviour caused by the use of a surfactant and a 

polymer to generate the film. 

Of all the Dow stabilised samples imaged, 75 % of the film larnellae were 

either rod-like filaments or narrow sheets with dimensions smaller than the pores. 

In the context of improving oil recovery from petroleum-bearing reservoirs, the 

iamellae sheets and filaments which possess dimensions that are equal to and 

smaller than the dimensions of the pores, would most probably act to reduce the 

permeability of, but not block, the pores to the injected fiuids. 

SEM images of Rewoteric stabilised gelled foam 

A series of SEM images were obtained from sub-samples of core sample Dl ,  

which contained Rewoteric stabilised gelled foam. Core D l  was sectioned and 

broken apart to select rock fragments from the centre of the core. Sections were 

obtained from two locations, one about 3 rnm form the injection face of the core and 

another near the longitudinal centre, just before the location of the mid-port 

pressure tap. Again, the fragments were chosen from regions that had not been cut 

by the rock saw. 

A series of eight separate sub-samples were taken from similar locations 



Figure 4.3.1 Low energy SEM image of gelled-foam lamellae in Be 
sandstone, showing typical sheet behavior spanning the p 
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Figure 4.3.2 A low energy SEM of a Berea sandstone pore containing gelled- 
foam lamellae (central region of the image). Several tiny foam 
filaments may also be obsewed in the lower right hand portion 
of the image (PHPA & Dow). 



Figure 4.3.3 Perforated foam lamelfae in a Berea sandstone pore as shown 
low energy SEM (PHPA & Dow). The arrow indicates a foam fil 
The view is down a pore surrounded by rock grains. 



Figure 4.3.4 Magnification of the perforated foam lamellae in a Berea 
sandstone pore from Figure 4.3.3 ( PHPA 8 Dow XSS). 



Figure 4.3.5 Perforated foam lamellae in a Berea sandstone pore as shown 
by low energy SEM (PHPA 8 Dow). Arrow indicates foam film. 
Side view as exiting a pore channel. 



(four near the injection face and four from the centre) for SEM imaging. The 

important feature of this experiment was that we were able to formulate the gelled 

foam in core D l  with enough gel strength to undergo the process of being sputter- 

coated with gold under vacuum without the films deteriorating. All of the eight 

fragments were coated in this manner and the gold-coated specimens were imaged. 

This time the films were viewed under greater magnification than had been possible 

with previous samples. Individual foam lamellae thicknesses could not be measured 

with any accuracy because the gold coated were not imaged in the CLSM and we 

were not certain that both sides of the foam larnellae were properly coated and 

represented. 

With this technique we were able to view several foam lamella features, 

including sheets (Figures 4.3.6,4.3.7,4.3.8), apparent filaments (Figure 4.3.6) and 

Plateau borders (Figures 4.3.9 and 4.3.10). Figure 4.3.6 show all these features in 

a single exposed pore. A sheet-like lamellae spans two rock grains in the central 

region of the image, while two apparent plateau borders or rod-like lamellae are 

clearly visible in the lower central region. Again, these apparent rod-like filaments 

are thought to represent Plateau borders anchoring films that are too thin to resolve 

(such as nearequilibrium black films) or which ruptured during the gelation 

process. Figure 4.3.7 and Figure 4.3.8 provide more images of sheet-like lamellae. 

Figure 4.3.9 provides an excellent illustration of a lamella in the form of a broad 

sheet that is extended from one pore into the adjacent pore. 

Figure 4.3.1 I shows a much larger foam lamella sheet that is covering the 

entrance to several pores. This particular lamella was measured to be more than 

400 pm in breath. A higher magnification of section of this lamella is shown in 

Figure 4.3.1 2. 

90 % of all the images of the Rewoteric stabilised foam films were structured 

as broad sheets with dimensions greater than the pores. These films could 

completely fill the pore space and pore throats. In the context of improving oil 

recovery from petroleum-bearing reservoirs, this kind of foam lamella structure 



would form a barrier to flow and therefore cause blocking and diverting of fluids 

injected into a reservoir. 

4.3.2 CLSM Imaging of Gelled Foam 

All the cores which have been prepared were imaged with CLSM. In our 

initial attempt to use this technique it was observed that it was very difficult to locate 

foam films using reflected light However, rock fragments from the same core 

sample (core A2) had produced many fine images with low energy SEM. Thus, in 

our subsequent attempts (cores S1 and D l )  a fluorescent dye, Acridine orange was 

incorporated into the cross-linking solution so that the films could be more 

selectively located and imaged with fluorescence CLSM. As a result, images and 

film thicknesses were obtained in types of porous media (Berea sandstone and 

Silica carbide) and with gelled foam stabilised with both surfactants. The results 

from all three core samples will now be discussed. 

As mentioned previously, our initial attempt to obtain images of foam film with 

CLSM from fragments from a gelled core sample (core A2) met with limited success. 

Some foam films could be imaged using visible light CLSM but little information 

about the organisation of the foam films within the pore spaces were revealed. 

Images of films stretching across the pores were found but nothing was revealed 

about the spatial relations between the films. It was determined that the way the 

images were gathered in visible light CLSM made it impossible to resolve any film 

structures that were oriented perpendicular to the image plane. 

Core S1, a Silicon carbide core, was steady-state flooded using a polymer- 

thickened foam (PHPA concentration, 10 glL) which also incorporated the cross- 

linker and the fluorescing dye and then gelled. The core was sectioned and broken 

apart to image rock fragments from the centre of the core, far from the entrance and 

exit ports, and away from the regions that had come into contad with the rock saw. 

It was later determined that conventional SEM imaging could not be used with these 



Figure 4.3.6 SEM image of several gold coated foam films spannit 
entrance to a pore in Berea sandstone (PHPA 8 Rewo 
Arrows indicate foam films. 

ig  the 
bteric). 



Figure 4.3.7 Low energy SEM of a perforated sheet-like foam lamellae 
spanning the pore space (PHPA 8 Rewoteric). Arrow indicates 
foam film. View is looking into the pore. 



Figure 4.3.8 Low energy SEM image of a wide foam film spanning the pore 
space. Arrow indicates foam film. (PHPA 8 Rewoteric). 



Figure 4.3.9 Low energy SEM image of a perforated foam lamellae 
horizontally spanning a pore space (PHPA & Rewoteric). Distinct 
remnants of a Plateau border are revealed. 



Figure 4.3.1 0 A SEM image of a gold coated foam filament in Berea 
Sandstone with pronounced Plateau borders (PHPA 8 
Rewoteric). 



Figure 4.3.1 1 A SEM image of gold coated foam lamellae in a Berea 
sandstone pore. The large foam lamella visible in the 
lower left hand comer covers the entrance to several 
adjacent pores (PHPA 8 Rewoteric). 



Figure 4.3.12 An enlarged image of a portion of Figure 4.3.1 1. A broad 
undulating sheet which is covering the entrance to a 
number of pores (PHPA & Rewoteric). 



samples because the foam had gelled to the point where it had a significant yield 

stress, but was not completely solid (possibly due to adsorption losses of both the 

cross-linker and the dye). As a result, the lamellae experienced evaporation under 

vacuum, something not experienced with our first SEM imaging attempt On the 

other hand, revealing ambient condition CLSM images were obtained. 

As mentioned in Section 3.2, fluorescence CLSM allows the simultaneous 

acquisition of images in two wavelengths, exciting the fluorescence of dye- 

containing sample components with blue light (488 nm) while detecting the 

fluorescence images in the green region (514 nm). Simultaneously, using a second 

photo-multiplier, other components which reflect a longer wavelength (ca. 647 nm) 

can also be detected. Image processing software will combine the reflected and the 

fluorescent images in order to study the fluorescent components in context the 

surrounding non-fluorescent grain surfaces. 

The fluorescence CLSM imaging enabled the direct measurement of the 

thickness of the foam films as they reside in the pore space. Figure 4.3.1 3 provides 

an illustration of the individual image slices obtained at 3 pm intervals through a 

single foam lamellae within a pore in the silicon carbide sample. Figure 4.3.1 3 (A) 

and (E) show the outside sudaces of the film and (C) is the approximate centre of 

the film. In this instance, the foam film is approximately 15 pm thick. The image 

slices that are collected can then be combined to make a composite reconstruction 

in three-dimensions. Figure 4.3.14 provides an illustration of a composite three 

dimensional image that can be obtained with CLSM (viewed with 3-D glasses). The 

enhanced depth of field emphasizes the sheet-like foam lamella structures. 

Many other foam lamellae were imaged from the pores in the same Silicon 

carbide sample, and thicknesses extracted using the number and depth intervals of 

the image slices. First, several images were gathered with the image plane parallel 

to the original foam flow direction. The measured foam film thicknesses ranged from 

1.3 to 1.7 pm. Subsequently, more images were gathered with the image plane 

being perpendicular to the original direction of flow. In this direction, the measured 



foam lamellae thicknesses ranged from 3.3 to 5.9 y m. It was observed that the span 

of the individual foam lamellae ranged from 20 to 320 pm. Similar film thicknesses 

were obtained with the other core samples, including the foam films stabilised with 

the other surfactant at the same polymer concentration and generated at the same 

foam quality and flow rates. The individual foam film thicknesses for the Rewoteric 

stabilised polymer-thickened foams ranged from 4 to 8 pm, which is in agreement 

with the thicknesses reported for the Dow XSS stabilised polymer-thickened foams. 

These films also possessed the same type of features that were discussed above. 

However, it was noted that in all the cores which have been imaged, the span of the 

foam films generated with both surf&tants was much larger in the direction of foam 

flow than when the films were oriented perpendicular to the original direction of foam 

flow. By examining images constructed from many different image planes and 

applied to rock fragments broken along and against the original direction of foam 

flow, we have been able to determine that at least some of the foam lamellae that 

appeared in a single image to possess the form of a simple rod were in fact sheets 

viewed end on. 

Table 4.3.2 presents a comparison between our film thickness values and 

others reported in the literature. Our values are not significantly different from 

measurements made on frozen surfactant-only stabilized foams which suggests the 

gelation does not "thicken" the films. In addition, our values are closest to values 

measured in micro-visual experiments. 



Table 4.3.2 Comparison of Aqueous Film Thickness Values 
- -- 

4.3.3 Summary of Highlights 

Low energy SEM and reflected visible light, and fluorescence CLSM 

techniques were applied to the imaging of mobile, non-equilibrium gelled polymer- 

thickened foams in porous media. The gelled lamellae were revealed to exist in a 

variety of shapes, from thin filaments to broad sheets. The measured film 

thicknesses range from about I to 12 pm. This range is comparable with the 

thickness measurements obtained with micro-visual and thin film techniques. 

Bulk foam lamella thicknesses may span a very wide range, on the order of 

nm to mrn. However, bulk foam tests possess little similarity to the physical situation 

of foam flowing in porous media. As a result, the foam bubble sizes and thin film 

thicknesses extracted from bulk foam experiments may depart greatly from the films 
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that are developed when foam flows through porous media. This investigation has 

revealed that the thickness of foam lamellae within porous media span a much 

smaller size range than in bulk. 



Figure 4.3.1 3 Image slices taken at intervals through a single foam 
lamella within a Silicon carbide sample. This foam lamella 
had been gelled in situ, and contained a fluorescing dye to 
permit fluorescence CLSM imaging. Each image slice was 
taken at a distance of 3 pm from its neighbors (PHPA 8 
Dow). 



Figure 4.3.14 Three dimensional composite reconstruction image of 
foam lamellae in a Silicon carbide core sample using 
fluorescence CLSM (PHPA & Dow). Use 3-D glasses to 
view. 



As mentioned previous[y, the structure and organisation of films in micro- 

visual experiments are believed to more closely represent the physical situation in 

porous media. The film thicknesses in micro-visual experiments range from 10 to 80 

pm. This range is obtained when a shallow depth of field is used to eliminate near- 

wall Plateau border artifacts. This represents the closest approach to the actual 

dimensions of films within the pore network- The values from the micro-visual 

experiments are larger than the values in porous media by about the same factor 

that the micro-visual cells are larger than an actual pore (5 to 10x larger). This 

suggests that a simple scaling factor might be applied to the measured lamella 

thicknesses in micro-visual experiments. 

The film balance work of Asnacios et aIs3 and Bergeron et aL4w5 show that 

persistent dimples with thicknesses on the order of microns can coexist with very 

thin (c 1 pm) and even black film (30 nm) thickness regions when high molar mass 

additives are employed (either surfactants or polyelectrolytes). This is in agreement 

with the findings of the present investigation. 

The images have shown that the gelled-foam lamellae can extend for 

considerable distances, greater than the length of individual pores, if oriented 

parallel to the overall direction of flow. In addition to penetrating through multiple 

pores, they also possess the ability to span across multiple pores. In the context of 

improved oil recovery from petroleum-bearing reservoirs, the latter configuration 

would cause blocking and diverting of injected fluids, whereas, the former 

configuration would be effective at reducing the permeability of the pores to the 

injected fluids. 

From a survey of the results, it would appear that the polymer-thickened foam 

films formulated with the anionic Dow XSS surfactant primarily occur as thin 

filaments and rods. The films that had been stabilised with the amphoteric 

surfactant, Rewoteric, were structured as broad sheet-like films. It would seem that 

a structurelperformance relation could be developed for the application of these two 

types of surfactant-stabilised foams. Again, in the context of improved oil recovery 



reservoir applications, the Dow XSS polymer-thickened foams would probably be 

more effective at reducing the permeability of the pores to the injected fluids. The 

broad sheet-like structures of the Rewoteric foams would be more effective as a 

blocking and diverting agent. This will be discussed further in Section 4.4. 

Originally we had hoped to determine whether the permeability of the porous 

medium influenced the structure and the organisation of the foam films. This was the 

basis for the permeability range of the porous media as chosen. Based on our 

limited data set, no evidence was observed to indicate that the permeability played 

a role in determining the film thickness or the organisation of the foam lametlae 

within the pore space. Rather, the thickness and organisation is determined 

primarily by the properties of the surfactants, and their interaction with the other 

chemicals that reside within the film. 



4.4 The Rheology of Foam in Porous Media 

A series of core Rood experiments were undertaken in consolidated core 

samples to examine the influence of increasing polymer concentration on the 

apparent viscosity of foam. The properties of the consolidated core samples and the 

procedures used to prepare them are outlined in Section 3.4.3. Unless otherwise 

stated, the method of polymer-surfactant solution and polymer-thickened foam 

injection into the core samples followed the sequence in Section 3.4.3. 

This work was developed to examine the rheology of foam from a mechanistic 

perspective that could be related to, or used as, a starting point for the reservoir 

situation. The high gas fractional quality (95%) was also chosen for similar reasons. 

Much lower gas qualities are often used in the field (60-85 %). However, it is known 

that the apparent viscosity of foam in porous media becomes relatively insensitive 

to foam quality over a range of 60 to 95 % gas fractional quality.43 Foams formulated 

either above or below this range act significantly differently. Below 60 % gas 

fractional quality, the foam takes on the behaviour of a Newtonian fluid phase. At the 

95 % gas fractional quality, the foam present in the porous media will be constructed 

primarily of thin lamellae. 

In this investigation, the rheological behaviour of the various fluids has been 

referenced ith the shear rate at the wall. For all of the core flood experiments, the 

equivalent shear rate at the wall in porous media (y',) was calculated using 

equation3.4. 

4.4.1. The Apparent Viscosity of PolymerSurfactant Solutions in Porous 

Media 

A series of core floods were undertaken to examine the apparent viscosity of 

the polymer-surfactant solutions, in the absence of gas, which would be used to 

formulate the various polymer-thickened foams. This was undertaken to see if the 

rheological behaviour of the polymer-surfactant solution could be used as a 

indicator to predict the performance of the polymer thickened foams. The core 



sample used to investigate the apparent viscosity of the solutiononly conditions, 

would also be used for the polymer thickened foam trials. This was done to keep the 

conditions as similar as possible so a comparison can be made. The brine 

permeability of the consolidated core samples ranged from 0.061 D to 0.904 D. The 

range was chosen to develop an overview of the performance of the polymer- 

surfactant solutions, and polymer-thickened foams, in various permeability 

situations. In a real reservoir the permeability is heterogeneous, with low and high 

permeability areas in close proximity. Between each trial the core was brine flushed 

for several hours, even days, to bring the core back to initial baseline conditions. 

Baseline conditions were defined as the pressure drop that was generated across 

the length of the core once 5 pore volumes of brine had been injected into the core 

at a rate of 2mllhr. With the more concentrated polymer solutions it took a much 

longer period of time to bring the core to baseline conditions. However, in most 

instances, the baseline condition was regained to within 15 %- The pressure drops 

generated for each trial, both full and half core measurements, have been tabulated 

in Appendix D. The various polymer-surfactant solutions were injected in random 

error to prevent systematic errors. 

The effect of polymer concentration 

In total, four cores were used to examine the rheological behaviour of the 

polymer-surfactant solutions formulated with either the anionic surfactant, Dow XSS 

84321.05, or the amphoteric surfactant, Rewotenc. The figures are referenced with 

the brine permeability of each core, along with the core ID number. Figures 4.4.1 

and 4.4.2 illustrate the effect of concentration on the apparent viscosities of the 

PHPA and Rewoteric solutions. Figures 4.4.3 and Figure 4-4-4 illustrate the effect 

of polymer concentration on the apparent viscosities of PHPA and Dow XSS 

solutions. 

For both surfactant-polymer combinations, the apparent viscosity of the 

pojymer-surfactant solutions increased with increasing polymer concentration. 



However, the manner in which the viscosity increased differed between surfactant 

t~ pes- 

The PHPA-Rewoteric solution viscosities increased with polymer 

concentration and then levelled out to a maximum value. This is clearly illustrated 

in Figure 4.4.1. Figure 4.4.2 displays the same behaviour but displays a drop in the 

apparent viscosity at higher polymer concentrations. The high polymer concentration 

range was not investigated in the [ow permeability core (Figure 4.4.1), and thus, 

does not rule out the possibility that the same drop would have been observed. 

The PHPA-Dow XSS solution viscosities experience the same trend. The 

apparent viscosity generally increased with increased polymer concentration 

(Figures 4-4.3 and 4.4.4). However, the drop in viscosity experienced with the 

Rewoteric surfactant at the higher polymer concentration was not evident. 

The actual magnitude of the apparent viscosity differs from core to core for 

both polymer-surfactant combinations. It is important to stress that the apparent 

viscosity is dependent on both the properties of the fluid and the properties (i.e., 

permeability) of the medium it is travelling in. This will be discussed more fully in the 

following pages. 

The effect of shear rate 

The influence of flow rate, or more correctly shear rate, on the apparent 

viscosities of the polymer-surfactant solutions was also examined. For reservoir 

placement purposes, it is important to have an understanding of the characteristics 

('e., apparent viscosity) of the fluid being injected to be able to predict that type of 

pressure that must be generated to inject the fluid into the reservoir without 

damaging the reservoir (i-e., unintentionally fracturing the formation). 



Figure 4.4.1 The effect of shear rate and polymer concentration on the 
apparent viscosity of polymer-surfactant solutions (PHPA & 
Rewoteric) in low permeability Berea Sandstone. Core C4, bdne= 
0.061 D. 

J 

2-5 . 

n 
V) rn 

+ 

0 ,- I I I I I I I I 

0 I 2 3 4 5 6 7 8 8 

Polymer concentration @A)) 
shear rate = 90 I Is + shear rate = 200 1 /s 

m 



L 

300 

n 

250 - 
(d 
Q 
E \ - 200 - f 
2. \ 
.- 
cn 1 
0 
0 150 - 
cn 

h 
.- > 
CI \ 

\ 

1 
\ 
\ 
I 
\ 

b 

0 I I I I 1 I 

0 - 3 1 6 8 10 12 14 

Polymer concentration (gR) 
a shearrate =90 1/s shearrats =200 l / s  

L 

Figure 4.4.2 The effect of shear rate and polymer concentration on the 
apparent viscosity of polymer-surfactant solutions (PHPA CL 
Rewoteric) in medium permeability Berea Sandstone, Core Dl ,  
hd,,,=0.396 D. 
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Figure 4.4.3 The effect of shear rate and polymer concentration on the 
polymer-surfactant solution (PHPA 8 Dow XSS 84321 -05) in low 
permeability Berea Sandstone. Core C1, K+,",, = 0.184 D. 



Figure 4.4.4 The effect of shear rate and polymer concentration the apparent 
viscosity of polymer-surfactant solutions (PHPA 8 DOW XSS 
84321.05) in high permeability Clashach Sandstone. Core El, K,,,, 



The polymer-surfactant solutions made with both surfactants are non-Newtonian 

fluids (section 4.1). It would be of interest to determine to what degree the non- 

Newtonian behaviour is retained in porous media. 

The influence of the shear rate on the apparent viscosities of the PHPA- 

Rewoteric solutions are illustrated in Figures 4.4.1 and 4.4.2. In both cores, the 

PHPA-Rewoteric solutions are significantly shear thinning at high polymer 

concentrations. There is a clear break, or transition, in behaviour at concentrations 

around 3 g/L. The apparent viscosities below 3 glL are weakly shear thinning. 

The effects of shear rate for the PHPA-Dow XSS solutions are shown in 

Figure 4.4.3 and Figure 4.4.4. The PHPA-Dow XSS solutions behaved in a similar 

manner as the PHPA-Rewoteric solutions. At the high polymer concentrations (over 

5 glL) the apparent viscosity of the polymer-surfactant solutions are strongly shear 

thinning. The apparent viscosity of the polymer-surfactant solution decreased as the 

shear rate increased. At polymer concentrations below 5 glL, the fluids were still 

shear thinning, but not to the same extent as the more concentrated solutions. 

The 3-5 g/L polymer concentration range seems to be a transition point in the 

rheological behaviour of the two polymer-surfactant combinations. Below this region 

the polymer-surfactant solutions are only weakly shearthinning. Above the transition 

region the fluids are strongly shear thinning. 

In some instances, particularly with the more concentrated solutions, a 

sample of the effluent solution was analysed to determine if the solution's viscosity 

had significantly changed. This checked whether the polymer had undergone any 

mechanical/shear degradation or experienced a significant loss in polymer 

concentration. The viscosities of the effluent polymer-surfactant were consistently 

lower but within 10% of the initial solution viscosity. Only the 15 g/L solutions 

displayed a strong decrease in viscosity. As a result, the pressure drop from such 

trials were excluded from analysis. 



The effect of permeability 

In the previous sections obvious differences in the apparent viscosity were 

observed with the two polymer-surfactant solutions which may be due to the 

influence of the properties of the core, especially the permeability. The permeability 

of a core is a measure of the available volume of the pore space that is open to flow 

and is influenced by the conditions within the pores (i-e., wettability, mineralogy, 

presence of other phases). 

The effects of permeability on the apparent viscosity of the PHPA-Rewoteric 

solutions are illustrated in Figures 44.5. At both shear rates, and at all polymer 

concentrations, the apparent viscosity of the polymer-surfactant solutions increased 

with permeability. The increase in apparent viscosity was strongly marked at the 

higher concentrations, but a significant increase also occurred with the lower 

polymer concentrations- 

Figures 4.4.6 display the effect of permeability on the apparent viscosity of 

PHPA-Dow XSS solutions. The apparent viscosity increased with increasing 

polymer concentration at both shear rates. The apparent viscosity of the low polymer 

solutions (PHPA = 0.5-0.75 g/L), was insensitive to the change in the core's 

permeability. 

Polymers of this molecular weight (10-12 x lo6  glmol) are strongly 

viscoelastic. This means that their viscosity, at any moment, depends on the flow 

conditions. Under conditions of simple (nonelongational) shear, such as in standard 

viscometers, they display shear-thinning behaviour. However, under strongly 

extensional flow conditions where there is a significant amount of interaction 

between the polymer chains, they can show a sudden and large increase in the 

viscosity. The extensional flow of polyacrylamides in porous media has been 

observed previous~y."~~ It is possible that with these polymer-surfactant solutions, 

the sudden rise in the apparent viscosity may indicate a change in the type of flow, 

from simple shear-dominated to extensional fluid flow. 



4.4.2 The apparent viscosity of polymer-thickened foam in pornus media 

The apparent viscosities of polymer-thickened foams (PTFs) in porous media 

were examined as a function of polymer concentration, flow rate, and permeability. 

The core flood conditions were analogous to those set for polymer-surfactant 

solution trials. The pressure drops generated for each trial, both full and half core 

measurements, have been tabulated in Appendix D. 

The low pressure core flood apparatus had a maximum pressure limit of 11 5 

psi, which could not be surpassed. Thus, the generated pressure drop had to remain 

below this limit. This was a concern with the polymer-thickened foam trials. Foam 

flooding was discontinued if the measured pressure drop neared the limit to prevent 

potentially irreparable harm. 

Generally, it would take several days, often over a week, for the polymer 

thickened foam to reach steady state conditions. Steady state conditions were 

defined as the point when a stable pressure drop (i 1 psi) was generated across the 

length of the core, and foam steadily exited the core. 

The effect of polymer concentration 

The influence of increasing polymer concentration on the apparent viscosity 

of the polymer-thickened foams was investigated to determine whether an optimum 

polymer concentration could be identified that would possess the largest apparent 

viscosity. The PTF must possess an apparent viscosity that is greater than the fluid 

that it will mobilize or block, to be used as a sweep or blocking agent respectively. 

The influence of increasing PHPA polymer concentration on Rewoteric PTFs 

is illustrated in Figures 4.4.7 and 4.4.8. From these graphs, the apparent viscosity 

undergoes a 320 fold increase with increasing polymer concentration. At the higher 

polymer concentrations (Figure 4-4.8), a maximum is reached at 10 glL. In both 

cores, a significant increase in the apparent viscosity with polymer concentration 

occurred at both shear rates. 



Figure 4.4.5 The effect of permeability on the apparent viscosity of polymet- 
surfactant solutions (PHPA & Rewoteric). 
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Figure 4.4.6 The effect of permeability on the apparent viscosity of polyrner- 
surfactant solutions (PHPA & Dow XSS). 



The influence of polymer concentration was also examined for PTFs 

formulated with the anionic Dow XSS surfactant. The results are displayed in 

Figures 4.4.9, 4.4.10, and 4.4.1 1. Only one flow rate was investigated in core A2 

(Figure 4.4.10). From these graphs, the apparent viscosity of the Dow XSS PTFs 

steadily increased with increased polymer concentration for both shear rates. In 

addition, the apparent viscosity of the PTF reaches a maximum plateau around the 

8-1 0 g/L PHPA concentration. 

Increasing the PHPA concentration will increase the apparent viscosity of the 

anionic and amphoteric PTFs. For both surfactants, the maximumloptimum polymer 

concentration was 8-10 g/L. However, the magnitude of the maximum apparent 

viscosity was different for each surfactant type. The Rewoteric PTFs generated the 

largest pressure drop and thus the largest apparent viscosities with increased PHPA 

polymer concentration. 

The MRF of foam 

In one of our initial experiments, the mobility reduction factor1 (MRF) of the 

polymer-thickened foam (AC 11 75a 8 Dow XSS 84321 -05) was calculated at a 

frontal advance rate of 2 rnlday (shear rate = 90 s-'). Figure 4.4.12. illustrates the 

change in the MRF of a 95% gas fractional polymer thickened foam as a function of 

polymer concentration. Generally, the MRF increased with increasing polymer 

concentration until a maximum was reached. This confirms that polymer-thickened 

foams are effective in reducing the gas mobility in porous media and could be used 

as an effective sweep efficiency agent. Sydansp6, and PersofP7 have observed 

similar results with PTFs in sand packs. 

'The mobility reduction factor is defined in Section 2.5.4. 
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Figure 4.4.7 The effect of shear rate and polymer concentration on the 
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Figure 4.4.8 The effect of shear rate and polymer concentration on the 
apparent viscosity of polymer-thickened foam (PHPA 8 
Rewoteric) in medium permeability Berea sandstone. Core Dl ,  
K,,~,,*= 0.396 D. 
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Figure 4.4.9 The effect of shear rate and polymer concentration on the 
apparent viscosity of polymer-thickened foam (PHPA & Dow XSS 
84321.05) in low permeability Berea Sandstone. Core C1, bd,= 
0.184 D. 
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A corresponding graph for the Rewoteric foam was not generated because 

the APg-s,aan, in the absence of polymer was never measured. The cores were 

always initially flooded with polymer-surfactant solutions before running the polymer- 

thickened foam trials which prevented an accurate measurement of AP,,-,. 

Nevertheless, based on the viscosity results shown here the corresponding MRFs 

for Rewoteric foams would be similar but approximately three times larger. 

The effect of shear rate 

The effect of shear rate on the apparent viscosity of polymer-thickened foam 

was also investigated in various consolidated core samples. The polymer-surfactant 

solutions that make up the liquid phase have been observed to possess non- 

Newtonian characteristics in both the rheometer (Section 4.1 ) and in porous media 

(Section 4.4.1). 

The effects of shear rate are shown for PTFs formulated with Rewoteric in 

Figure 4.4.7 and Figure 4.4.8. The Rewoteric PTFs were shear-thinning. 

The Rewoteric PTF apparent viscosities within the low permeability 

sandstone (Core C4) were very low. However, the pressure drops generated across 

the core were still higher than the brine baseline (approximately 0.5 psi). In addition, 

the PTF exiting the core, by observation, possessed a much lower quality than the 

Rewoteric PTFs in the high permeability core. This indicates that a weak foam was 

generated within core C4. Alternately, the gas could have primarily travelled through 

the core in bubble trains, or the polymer-surfactant solution and the nitrogen gas 

travelled through the core as separate phases and at different velocities. Previous 

work by Holm48 has shown that when the bubble sizes were around 0.1 rnm or 

greater, the gas and liquid phases travel separately. In addition, Holm observed that 

even when the liquid and gas were combined and injected as a foam, the two 

phases travel separately in porous media. 



Figure 4.4. 1 2 The variation in the MRF of a polymer-thickened foam 
(PHPA & Dow XSS 84321 -05) in medium permeability Berea 
Sandstone, K,,,, = 0.649 D. 



The effect of shear rate on the apparent viscosities of Dow XSS PTFs is 

illustrated in Figure 4.4.9 and Figure 4.4.1 1. The Dow XSS PTFs generated in the 

Berea sandstone (Figure 4.4.9) were shear thinning. However, the Dow XSS PTFs 

generated in the Clashach sandstone were not all shear thinning(Figure 4.4.1 1). 

Rather, the majority of the polymer-thickened foams were shear-th ickening . The 

behaviour of the polymer-thickened foam in Clashach sandstone may be a special 

case. Based on the results of the polymer-surfactant solutions trials in the same 

core and the behaviour of the Dow XSS PTFs in Berea sandstone, the shear- 

thickening behaviour is primarily determined by the physical properties of the 

Clashach sandstone (e-g. wettability, relative permeability). 

The effbct of permeability 

Five consolidated sandstone core samples were used to investigate the 

rheological behaviour of various polymer thickened foams. The brine permeability 

of the cores varied over a range of 0.061 to 0.904 D which would reflect many of the 

zones that could be present in a sandstone reservoir, barring large fractures or vugs 

which can possess a relative permeability that is 10 to 50 times greater than the 

neig hbouring zones. 

Figure 4.4.1 3 shows the influence of permeability on the PTFs formulated 

with the PHPA and the Rewoteric surfactant at the two shear rates (90 s-' and 200 

s").-The apparent viscosity of the PTF increased as the permeability increased.The 

largest effect occurred with the higher polymer concentration PTFs. 

The effect of permeability on the apparent viscosity of Dow XSS polyrner- 

thickened foams is highlighted in Figure4.4.14. The influence of permeability on the 

apparent viscosity was dependent on the shear rate conditions. 

At the low shear condition, 90 s-', the apparent viscosity increased with 

increased permeability and then drops for some, but not all, of the polymer 

concentrations. The 'diminishedn apparent viscosities within the high permeability 

core are still significantly greater than the apparent viscosities in the low 



permeability core. 

At the high shear condition, 200 s", the apparent viscosity of the Dow XSS 

PTFs consistently increased with increased permeability. However, the maximum 

effect of permeability was observed in the medium permeability core under low 

shear conditions. Thus it is possible, but was not confirmed, that the apparent 

viscosity of the foam would reach a maximum in a medium p&neability core also 

under high shear conditions. 

The permeability of a porous medium is an important parameter that 

influences foam generation and stability, yet its role is poorly understood. Kibodeaux 

et a1,4950 performed several experiments with high quality nitrogen foams in cores 

of Berea sandstone with varying permeability (90 to 800 mD). They determined that 

foam mobility decreased when the permeability increased because the foam was 

stronger in high permeability porous media. Dixit et aL5' observed similar behaviour 

with carbon dioxide foams in both Berea sandstone and Baker dolomite. The 

decrease in foam mobility with increased permeability is consistent with the idea of 

critical capillary pressure.52 

Other investigators have observed conflicting results. Parlar et aLU studied 

the flow of nitrogen foam in a range of Berea sandstone samples (K= 50 to 1200 

mD). They found that foam mobility various inversely with the square root of the 

permeability when the permeability ranged from 400 to 1200 mD. Zerhboub et 

examined the mobility of nitrogen foams in sand packs with a large range in 

permeability (200 rnD to 40 D) and found similar results. However, this behaviour 

does not support the proven ability of foam to act as a diverting agent. 

Heller et studied the effect of permeability on the apparent viscosity of 

surfactant-stabilised foams generated with CO, gas. Their study revealed that the 

apparent viscosity in reservoir rock was dependent not only on the surfactant type, 

concentration, and foam quality, but also to a minor extent on the flow rate, and to 

a large extent on the permeability of the rock sample. They determined that the foam 

mobility increased with increased permeability. They proposed that this behaviour 



would reduce the effects of reservoir heterogeneity and keep the displacement front 

from acquiring large fingers that would lower its effectiveness. ideally, the 

displacement front should be as flat as possible so that the displacing fluid acts 

almost like a 'pistonn to mobilize the oil in the proper direction. 

4.4.3 Making Comparisons: The apparent viscosities of polymergurfactant 

solutions versus the apparent viscosities of polymer thickened foams 

in porous media. 

One of our initial goals was to determine whether the performance of the 

polymer-surfactant soiutions in porous media could be used as an indicator for the 

behaviour of polymer thickened foams formulated with the same solutions in similar 

core conditions. 

Figures 4.4.15 and 4.4.16 provide a comparison of the apparent viscosities 

generated by the PHPA-Rewoteric soiutions and the Rewoteric polymer-thickened 

foams. In both cores and at both shear rates, the apparent viscosities of the PTF are 

considerably greater than the apparent viscosities generated by the pofymer- 

surfactant solution. Although both the solution-only and the PTF apparent viscosities 

increase with polymer concentration and decrease with an increase in shear rate, 

the values and order of magnitudes are different. In addition, the observed maximum 

values in the apparent viscosity do not occur at the same polymer concentration. 

Figures 4.4.17 and 4.4.18 compare the apparent viscosities of PHPA-Dow 

XSS solutions versus the apparent viscosities of the PTFs formulated with the 

solutions in porous media. Dow XSS PTFs foams behave differently than the 

Rewoteric PTFs. The apparent viscosities of the polymer-surfactant solutions far 

exceed the upper limit of the PTFs (Figure 4.4.17). Thus, depending on the PHPA 

polymer concentration, the apparent viscosity of the polymer-surfactant solutions 

would either under or over estimate the behaviour of a polymer-thickened foam 

flowing under similar conditions. 
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Figure 4.4.1 3 The effect of permeability on the apparent viscosity of 
polymer-thickened foams formulated with PHPA and 
Rewoteric. 
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In the higher permeability core, the PHPA-Dow XSS solutions (Figure 4.4.1 8), 

the same trend was observed. The polymer-surfactant solutions, at the higher 

polymer concentrations, generate significantly higher apparent viscosities (2x 

greater) than the polymer thickened foams at both shear rates. At the lower polymer 

concentrations, the apparent viscosity of the PTFs is significantly greater that the 

polymer-solution apparent viscosities. The polymer-surfactant solutions values 

would underestimate the apparent viscosities of polymer-thickened foams generated 

from the same solutions. 

Thus, the rheological behaviour of polymer-surfactant solutions in porous 

media does not reflect the behaviour of polymer-thickened foams under similar 

conditions. The reason why lies in the flow mechanics of both situations. 

When the polymer-sufictant solution, in the absence of gas, flows through 

a pore channel it will fill the entire volume of the pore space. The polymer and 

surfactant molecules are dispersed through this volume and the strongest inter- 

molecular interactions occur between the polymer chains. The polymer molecules 

tend to stay in the centre of the flow profile, preferring to travel as far as possible 

from the walls." When a constriction such as a pore throat is encountered, there 

may be a slight acceleration or deceleration in the velocity of the fluid as the large 

polymer molecules stretch and slide over the rock surface. This may increase the 

amount of interaction of the polymer chains. The polymer molecules will move apart 

once past the constriction and again take on an extended, or loosely coiled, 

structure. 

When a gas bubble is introduced into the system, dramatic changes occur. 

The gas bubble will predominantly fill the pore space and the liquid is now located 

mainly near the pore walls and in thin lamellae between the entrapped gas bubbles. 

This has a significant effect on the amount of volume that is available for the 

polymer molecules to flow and orient themselves. The interactions between the 

polymer molecules increase dramatically as the degree of chain entanglement is 

increased. In addition, the polymer molecules experience an increased amount of 



contact with the surface of the rock, increasing the frictional forces. All these factors 

influence the amount of pressure that is needed for the foam to flow, as reflected in 

the increase in the measured pressure drop across the core. As the polymer 

concentration is increased, the interactions between the polymers continue to grow 

until the maximum tolerance level is reached. Subsequently, the polymer undergoes 

mechanical degradation if the polymer backbone does not possess a high degree 

of flexibility, or take on another conformational structure to diminish the interactions 

(such as full extension). 

This investigation has been centred on examining the properties of polymer- 

thickened foams on the macroscopic scale. Further investigations at the pore level 

scale are needed to improve our understanding of how the presence of the polymer 

within the liquid in the foam lamellae increases the apparent viscosity of surfactant- 

stabilised foams- 

4.4.4 Making Comparisons: The apparent viscosities of polymer thickened 

foams in bulk and in porous media. 

The apparent viscosities of the polymer thickened foams were examined in 

detail in section 4.2 of this investigation. The apparent viscosities are compared at 

specific shear rates since the polymer-thickened foams have been observed to 

display non-Newtonian behaviour in porous media. The temperature and the back 

pressure conditions were kept the same to increase the similarity between the two 

geometries. 

Figures 4.4.19, 4.4.20, 4.4.21, and 4.4.22 are comparisons for PHPA- 

Rewoteric PTF and solutions. The apparent viscosities of the foams generated in 

the low permeability core are on the same order of magnitude as the bulk foam 

viscosities at both shear rates. However, the apparent viscosities in the core are 

consistently lower than the apparent bulk viscosities. 
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In the higher permeability sandstone, the apparent viscosities in the core are 

approximately 10 to 20 times greater than the bulk flow viscosities. The best 

correlation is illustrated in Figure 4.4.22. The apparent viscosity increased in the 

same manner with polymer concentration. The apparent viscosity in the core is 

approximately 20 times greater than the bulk foam viscosities. 

Figures 4.4.23,4.4.24,4.4.25 and 4.4.26 illustrate the behaviour of the Dow 

XSS polymer-thickened foams in bulk and porous media. A different pattern of 

behaviour emerges for the Dow XSS PTFs. In the low and medium permeability 

cores, the apparent viscosities in the rock and in bulk are on the same order of 

magnitude (almost 1:l for some points). The apparent viscosities increase in a 

similar manner with the increase in polymer concentration. However, in the 

Clashach sandstone, the apparent viscosities of the polymer thickened foams are 

4 times greater at high PHPA concentrations and 6 times greater at low PHPA 

concentrations. 

Thus, the surfactant type (and it's physical properties) is the dominant factor 

determining the behaviour of a polymer thickened foam in porous media. However, 

this is not the case for bulk (pipe viscometer) flow. 

Are the surfactants interacting differently with the polymer molecules? The 

surface tension measurements in section 4.1 suggest that the polymer does not 

influence the ability of the surfactants to adsorb at the interface. The cmc 

measurements clearly show that the PHPA polymer does not modify the cmc of both 

surfactants. The polymer may affect the ability of the surfactants to get to the 

interface by slowing the rate of diffusion to the interface in proportion to the increase 

in the bulk liquid viscosity. Further examinations into the influence of PHPA on the 

dynamic interfacial film characteristics of both surfactants should be made explore 

this possibility. 

Another factor that may cause the difference in behaviour is the individual 

surfactant's ability to adsorb to the surface of the rock. However, this is not likely to 

significantly change the permeability of the media. In our situation the amphoteric 



Rewoteric surfactant may adsorb and decrease the gas relative permeability 

somewhat. This could be investigated with a series of surfactant adsorption trials in 

the presence of increasing polymer concentration to determine whether each 

surfactant displays a different degree and type of adsorption (ie., co-adsorption or 

competitive adsorption). 

Our investigation of the morphology of foam in bulk (pipe viscometer) flow 

versus porous media flow provides direct evidence that the foam produced by these 

surfactants are structured similarly in the pipe-line but vary differently within the 

porous media. The Dow XSS surfactant foam films are primarily arranged as a 

network of thin films that strongly resemble the honeycomb network one associates 

with bulk foam morphology. The amphoteric Rewoteric surfactant developed large 

sheet films that extend for considerable distances, greater than the length of 

individual pores. This is the property that changes the most and correlates with the 

rheological behaviour. 

The nature of the polymer most determines the rheological behaviour of the 

polymer-thickened foams in bulk (pipe-line) flow. Conversely, the nature of the 

surfactant most determines the rheological behaviour of the polymer-thickened 

foams flowing in porous media. 

In the bulk (pipe-line) flow there are many (greater than ten) bubbles 

spanning the walls of the pipe. Most of the energy dissipation during bulk flow 

experiments occurred in the liquid layer at the wall while the foam was moving as 

a plug During flow in porous media, single foam bubbles tend to span several pores. 

In addition, most of the energy dissipation occurs in the deformation of the lamellae 

as they pass through the pore throats Therefore, the rheological behaviour of the 

foam would be much more strongly dependent on the foam (lamellae) structure in 

porous media. When a foam structure is established during flow in porous media, 

the bubbles would undergo significant degrees of deformation to travel through the 

pore space. This would generate a greater apparent viscosity. How the surfactant- 

stabilised bubbles respond to stress and deformation are primarily properties of the 



surfactant molecules at the interface, namely the surface elasticity- Previous 

investigators found relationships between surface elasticity and performance in 

porous As a promising future area of research, the influence of PHPA on 

the surface elasticity of these surfactants could be investigated and related to the 

results of the core flood experiments of this investigation. 

4.4.5 Summary of Highlights 

Polymer-thickened foams flowing in porous media are shear thinning. As the 

concentration of the PHPA polymer was increased, the apparent viscosity of the 

polymer thickened foams generally increased to a maximum. Once the maximum 

was exceeded, the apparent viscosity of the foam decreased dramatically, 

presumably because PHPA polymer was too concentrated within the thin liquid films 

and no longer acts to stabilise the lamellae. The lamellae may possess a diminished 

elasticity and are no longer able to withstand deformation to the same extent. As a 

result, the foam films would be prone to rupture and no longer reduce the mobility 

of the gas to the same extent. 

The viscosities of polymer-surfactant solutions measured in a rheometer 

cannot be used as indicators of the apparent viscosities of the same solutions in 

porous media. In both situations, the viscosity of the polymer-surfactant solutions 

increased with increased polymer concentration. However, the trend in the 

magnitude of the increase in apparent viscosity was different. The flow geometry 

within the concentric cylinder rheometer is too far removed from the conditions 

within the flow channels of a porous medium. The permeability, wettability, the 

presence of constrictions at pore throats, and micro-heterogeneity of the rock 

surface all influence the flow behaviour of fluids in porous media. 



Figure 4.4.19 Making connections: Apparent viscosity of polymer- 
thickened foams (PHPA & Rewoteric) in bulk and porous 
media. Shear rate = 90 s'', Core C4, bdn, = 0.061 D. 
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Figure 4.4.20 
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Figure 4.4.21 
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Making connections: Apparent viscosity of polymer- 
thickened foams (PHPA & Rewoteric) in bulk and porous 
media. Shear rate = 90 s-', Core Dl ,  16, = 0.396 D. 
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Figure 4.4.22 Making connections: Apparent viscosity of polymer- 
thickened foams (PHPA & Rewoteric) in bulk and porous 
media. Shear rate = 200 s-', Core Dl, b,, = 0.396 D. 
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Figure 4.4.24 Making connections: Apparent viscosity of polyrner- 
thickened foams (PHPA 8 bow XSS 84321.05) in bulk and 
porous media. Shear rate = 200 s-', Core C1, k,,,,,*= 0.185 D. 
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Figure 4.4.25 Making connections: Apparent viscosity of polymer- 
thickened foams (PHPA & Dow XSS 84321 -05) in bulk and 
porous media. Shear rate = 90 s-I, Core El, kbdne= 0.904 D 
and Core A2, b,,,= 0.648 D. 



Figure 4.4.26 Making connections: Apparent viscosity of polymer- 
thickened foams (PHPA & Dow XSS 84321 -05) in bulk and 
porous media. Shear rate = 200 s", Core El,  k,,,,= 0.904 D. 
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The apparent viscosity of the constituent polymer-surfactant solution, in the 

absence of gas, cannot be used for predicting the apparent viscosity of a polymer- 

thickened foam. Both polymer-surfactant combinations exhibit strong shear-thinning 

at the high polymer concentrations and are only weakly shear thinning at the lower 

polymer concentrations. The apparent viscosity increased in a non-linear manner 

with increased polymer concentration. However, the trends in apparent viscosity of 

the polymer-surfactant solutions did not match the behaviour of the polymer- 

thickened foams. The solution-only results either over or under estimate the 

apparent viscosity of the polymer-thickened foam, depending on the formulation. 

The best indicator of foam performance in porous media came from 

comparisons of the apparent viscosities of polymer-thickened foams flowing at 

specified shear rates, in bulk (pipe-line) and in porous media. The polymer- 

thickened foams formulated with the Rewoteric surfactant, generally produced 

greater pressure drops in both bulk and porous media. The apparent viscosity of the 

same foam in porous media was observed to be about 20 times greater than the 

apparent bulk viscosity. The polymer-thickened foams generated with the anionic 

Dow XSS surfactant produced apparent viscosities that were comparable to the 

apparent viscosities generated in porous media. 

From the results of our foam flooding experiments in bulk and porous media, 

in conjunction with the results of the imaging experiments in Section 4.3, it appears 

that a structu relperformance relationship exists for the two surfactant types 

examined in this investigation. These results show that the morphology of the foam 

in porous media if categorised in terms of pore-blocking ability, correlates 

qualitatively with the rheological results. In the context of improved oil recovery from 

petroleum-bearing resewoirs, the pore-blocking morphology would cause blocking 

and diverting of injected fluids whereas, the merely viscosity enhancing morphology 

would contribute improved mobility control to injected fluids. 
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5.0 Making Connections 

5.1 Volume Equalization 

The principles of volume equali~ation'~ were used to examine the rheology 

of various polymer-thickened foams in bulk foam and in porous media. 

Several assumptions were made due to the small size of the data set. To 

apply equation 2.19 to the bulk foam work, it was assumed that the polymer- 

thickened foams possessed a yield stress that was close to zero (t, = 0.005 mPa). 

Normally, a yield stress value is determined by extrapolating to zero shear rate from 

a T versus y graph. Our data set was too small to use this method of determination. 

However, our assumption is not unreasonable since it has been reported that foams 

at the dry limit do possess yield stresses that are very close to zero? In addition, 

shear stress values for the flow of foam in porous media were calculated by 

dividing the calculated apparent viscosity by the apparent shear rate at the wall for 

each core flood experiments. The calculated specificvolume expansion ratios used 

on the data generated at shear rates of 90 s-' and 200 s" were 19.99 and 19.98, 

respectively. 

Figure 5.1 -1 provides an example of a volume equalized plot of the results 

for the Rewoteric stabilised polymer-thickened foam bulk trials. Table 5.1.1 

summarizes the n, and K values calculated from the bulk foam trials for both 

surfactant-stabilised foams. The R2 ranged from 0.997 to 1.0. Both polymer- 

thickened foams behaved as Newtonian fluids when flowing in bulk. 

Volume equaiization was also used to examine the flow of the polymer- 

thickened foams in porous media. Figure 5.1.2 provides an illustration of a typical 

volume equalized graph for foam flow in porous media. 

For this series of calculations, an assumption had to made as to what would 

be the upper limit on the viscosity of polymer thickened foams fl okng at high shear 

rates in porous media. 



Table 5.1.lSurnmary of n and K values for the bulk foam trials calculated 

As the polymer-thickened foams have been consistently observed to act as Non- 

Newtonian fluids, it was assumed that at very high rates of shear the viscosity of the 

foam would become extremely low. Thus, the upper boundary was set to a 

normalized shear stress of 0.0069 which works out to be approximately 2 mPa.s at 

a normalized shear rate of 20 (yi= 420 s-I). This value was an extrapolation of a 

measured viscosity of 95 % gas-fractional foam quality surfactant stabilised foam 

not containing polymer. It was assumed, based on the viscosity trends observed in 

the core flood experiments, that the enhanced viscosity of the PTF would decrease 

with increased shear rate until it levelled out to the viscosity of an unthickened 

foam. Table 5.1 -2 and Table 5.1.3 present the calculated n, K, and R2 values for the 

volume equalized PHPA-Rewoteric and PHPA-Dow foam in porous media, 

respectively. 

From the tabulated values, a correlation between the rheology of foam in 

bulk and in porous media cannot be made using the principles of volume 

equalization. Volume equalization cannot bridge the difference in the flow 

conditions from the bulk situation in a pipe to the complexity of porous media. 
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Table 5.1.2 Summary of n, K, and R2 values for the PHPA-Rewoteric foam in 
porous media calculated using the principles of volume 
eaualization. 

Table 5.1.3 Summary of n, K, and R2 values for the PHPA-Dow foam in 
porous media calculated using the principles of volume 
equalization. 



The volume equalization principle was developed for the flow of polymer 

foams used in resenroir fracturing applications in large diameter pipes (ie., 

wellbore). These foams are generally much more viscous than the polymer- 

thickened foams used in this investigation (1 to 2 orders of magnitude) and are 

used at much lower foam qualities. The difference between the foam and liquid 

phase density is much greater and can vary significantly as the foam flows down the 

wellbore. The conditions under which our data was generated (low pressure, and 

constant high foam quality) is situated on the lower boundaries of the region that 

this model has been successfully applied by Enzendorfer eta/." (Figure 5.1 -3). Our 

results are clearly at the extreme lower limit. Therefore, a slip correction was 

unnecessary for our flow regimes. However, had a slip correction been made, the 

Oldroyd-Jastrzebski5v6 correction would be used. 

5.2 The model of Otsubo et al- 
The method of analysis outlined by Otsubo et aLZ8 was applied to our 

measurements on the rheology of polymer-thickened foam in bulk and in porous 

media. As mentioned previously, they developed a method to describe the rheology 

of a series of concentrated emulsions by generating a master curve ( d ~ ~ r ) ~ v e r s u s  

&y')- The viscosity was scaled using the Sauter mean diameter, d,, interfacial 

tension, 0, and the continuous phase viscosity, 4. The shear rate, i, was scaled 

with the continuous phase viscosity. For this analysis, the value of the average 

bubble size (determined in Section 4.2) was substituted for the value of Sauter 

mean bubble diameter as specified by Otsubo et alS7v8 

To extend this treatment to the situation in porous media, an average bubble size 

in porous media had to be assumed. A value of 1 58 pm was chosen as the average 

bubble diameter on the basis that a single bubble had the ability to span at least 

two pores (refer to Section 4.3). 
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Figure 5.1.3 A comparison between the results of this investigation and 
Enzendorfer et a/. (I 995). 



The petrophysical data reported by Churcher et slag on Berea sandstone gave the 

average pore size for Berea sandstone as 79 pm and this value was multiplied by 

two. The values for the continuous phase viscosity were supplied by the results of 

the rotational viscometer measurements on the various polymer-surfactant solutions 

presented in Section 4.1. 

There was too much scatter in the data for a single curve fit for both types 

of polymer-thickened foams. Thus, each condition was analysed separately using 

the generalized power law equation. Table 5.2.1 provides a summary of the n, K 

and R2 values calculated for PHPA-Rewoteric and PHPA-Dow polymer- thickened 

foam in bulk. Table 5.2.2 compiles the n, K, and R2 values for the same foams in 

porous media. 

Table 5.2.1 The calculated n, K and R2 values for polymer-thickened foams 
in bulk (15 pm nominal pore size foam generator). 

Table 5.2.2 The calculated n, K, and R2 values for polymer-thickened foams 
in Dorous media. 

- - - - - - - 

The n values spanned a much narrower range, almost parallel in some 



cases, than with the volume equalized treatment. However, the R2 values clearly 

indicate the scatter within the small data set- More data points and further 

refinements are needed to improve the correlation. It should be noted that this 

method of normalization incorporates a value for the bubble diameter. In this 

investigation the average bubble diameter was substituted for the more refined 

Sauter mean diameter. Thus, the observed scatter in the bulk foam flow could 

reflect the deviation in our method of measuring the bubble diameter. 

Figure 5.2.1 shows the master plot that may be constructed using Otsubo's 

method of normalizing the shear rate and shear stress for PHPA-Rewoteric 

polymer-thickened foams in bulk and in porous media. The bulk foam points are 

consistently lower than the values obtained from the flow of foam in porous media. 

However, it was interesting to note that the values obtained in the low permeability 

sandstone core reside in close proximity to the bulk foam data set. In addition, the 

three data sets are almost in parallel. In addition, the n, K parameters calculated 

for the PHPA-Rewotericfoams in bulk suggest that these foams are Newtonian over 

the investigated range of shear rates. 

Figure 5.2.1 displays the master plot for the PHPA-Dow polymer-thickened 

foams in bulk and in porous media. Again, the data from the bulk foam experiments 

are generally lower on the plot than the values which were generated in porous 

media, and that the data sets are again almost in parallel. In addition, some of the 

points from the porous media experiments actually fall on top of one another. This 

suggests that a scaling factor could be developed to superimpose the data from the 

two flow wnditions. For our data set, a factor of ten would superimpose the core 

flood data onto the bulk foam flow experiments which is the same as the one 

reported by Alvarado et a1.'1*'2 for concentrated emulsions. 

Figure 5.2.3 provides a cornparison between our data set and Otsubo's 

reported results. It can be observed that our data generally falls below the master 

curve that Otsubo et aL8 developed. However, when contrasted with a similar graph 

with the results of the volume equalization analysis (Figure 5.1.3), the relation 



between this study and Otsubo is clearly closer than with Enzendorfer's 

experimental study. This suggests that the method developed by Otsubo eta/.' is 

more applicable to the examination of the current investigation into the rheology of 

polymer-thickened foam in bulk and in porous media. 

5.3 Discussion 

A foam rheology correlation was not developed using the two approaches 

examined that could adequately describe both the flow of foam in bulk and in 

porous media. Various assumptions had to be made to evaluate the relatively small 

data set with the two chosen models- To a first approximation, a scaling factor of 

about 10, the same as the one used by Alvarado et a l . , ~ ' 2  can be applied. More 

data on the bulk flow of foam over a wider range of shear rates is needed to 

improve the correlation. Specifically, for each polymer concentration, the apparent 

viscosity of the polymer-thickened foams should be determined at a minimum of two 

pipe diameters which still meet the bubble size to pipe diameter ratio for laminar 

bulk flow. This would allow the direct measurement of any slippage at the wall. 

More viscosity measurements are needed over a greater range of shear rates to 

develop a full flow profile for each polymer thickened foam. As a result, the actual 

yield stress of the foam couId be estimated. This is usually done by extrapolating 

a r versus y' plot to zero and taking the y-axis intercept as the yield stress value. 

Simiiarly, the data on the rheology of foam in porous media must also be 

expanded to include more measurements at higher shear rates. This would improve 

the power-law fit for the rheology of polymer-thickened foams in porous media. 

A better fit with published model coefficients cannot be anticipated because 

the several differences in the systems examined (i-e., polymer molecular weight, 

surfactant), and the differences in the experimental details (i-e., shear rate range, 

foam texture, temperature variation) may have affected the results. Having said 

that, some general trends can still be discerned. The rheology of polymer-thickened 

foams may be characterized using a generalized power law model. To further refine 



the equation, the data may have to be corrected for slip (in the case of the bulk 

foam measurements) and the yield stress determined for the flow the foam in the 

bulk and porous media. 

The influence of foam texture has been highlighted in other sections of this 

investigation. The review of the work published on the rheology of concentrated 

emulsions in rotational rheometers, although not directly applicable to our 

investigation, act to support our findings that the rheology of polymer thickened 

foams is strongly influenced by the foam texture. 

The treatment of Otsubo et aL8 generated curves that removed, in part, the 

influence of the polymer viscosity and introduced a factor (droplet diameter) that 

was a measure of the foam texture. In addition, the concentrated emulsion work of 

Pallo in which the bubble size, and perhaps more importantly, the bubble size 

distribution was incorporated into the descriptive equation may be a possible route 

to improving the correlation for polymer-thickened foams. However, for this model 

to be applied to the results of this investigation, the bubble size distribution of the 

foam bubbles would have to be determined and an assumption made on the bubble 

size distribution within a porous medium. 

In terms of flow in porous media, the apparent viscosity of the foam was 

influenced by the all the variables outlined in the preceding pages. However, the 

influence of bubble deformation as the bubble size changes in response to the 

change in the dimensions in the pore bodies and the pore throats of the flow 

channels must also be incorporated. Somehow, in the manner similar to the one 

used by Alvarado et aL,''*12 a bubble deformation, or permeability variable must be 

incorporated into the equation. As a possible refinement to the experimental work 

in porous media, it is suggested that the permeability of the medium should be re- 

examined after a polymer-thickened foam flood, to determine if the value shifted. 

The equations used to define apparent viscosity and shear rate in porous media all 

incorporate a value for the permeability. As a result, these values will change if the 

pemeability changes. From a careful investigation of the permeability of the core 



before and after a polymer-thickened foam flood, it would be determined whether 

the choice of surfactant influenced the permeability. 

This would further support the evidence for the surfactant 

structure/perforrnance relationship that we have proposed in the previous sections. 

Once these issues have been resolved, an improved relation could be 

developed to relate the flow of polymer-thickened foams in bulk and in porous 

media- 
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Figure 5.2.3 A comparison between the results of the current investigation 
and Otsubo et a/ (I 994). 
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6.0 Conclusions and Recommendations 

6.1 ConcIusions 

The addition of polyacrylamide polymer has been shown to significantly 

enhance the stability and viscosity of two surfactant-stabilised foams even at very 

low polymer concentration. Primarily, the polyacrylamide acts as a thickening agent 

and does not associate with the anionic (Dow XSS) or the amphoteric (Rewoteric) 

surfactants. However, there exists an upper limit on the amount of polymer that can 

be incorporated into the solution within the thin films. It is proposed that the 

surfactant's ability to stabilise the interface becomes greatly diminished beyond a 

certain polymer concentration, possibly because the surface elasticity of the film is 

decreased. As a result, the foam films would more rapidly rupture, destabilising the 

foam structure and decreasing the apparent viscosity of flowing foam. 

Other investigators have observed that the rheological properties of a foam 

may be greatly influenced by the rheological nature of foam bubble surfaces, 

including the interfacial viscosities and interfacial tension gradients.' Interfacial 

viscosities have appeared to be the most important when fluid flows mostly within 

the Plateau borders of foam material (as with wet foam), or as a "plug flow" within 

the thin films of the foam. Our investigation has shown that the presence of 

moderate amounts of high molecular weight partially hydrolysed polyacrylamide 

polymer increases the bulk viscosity of the fluid within the lamellae and does not 

seem to affect the interfacial properties. 

Possible quantitative correlations between the performance of foam in bulk 

and in porous media were examined through a series of core flood experiments and 

bulk foam flow trials at similar shear rates and temperature and pressure conditions. 

The polymer-thickened foams formulated with the anionic Dow surfactant were 

observed to possess a strong similarity between their performance in bulk and in 

porous media (almost one to one in certain instances). The Rewoteric stabilised 



foams possessed apparent viscosities in porous media which were approximately 

2 to 25 times greater than the observed viscosity in bulk flow. It is proposed that the 

observed disparity is the result of a difference in foam texture because the bubbles 

may undergo a significant degree of deformation while travelling through the pore 

channels. This would generate a greater apparent viscosity in the porous medium. 

How the surfactant-stabilised bubbles are able to respond to the stress and 

deformation of travel in porous media is primarily governed by the properties of the 

surfactant. 

The rheological behaviour of polymer-thickened foams was examined using 

the method outlined by Otsubo et a L 2 ~  scaling factor of ten could be used to relate 

the viscosities of foam in bulk and in porous media. The scaling of foam viscosity 

from bulk flow to flow in porous media appears to depend most strongly on the 

permeability of the rock, the effective shear rate, the foam texture and the nature 

of the surfactant. The results of the imaging work support the conclusion that the 

nature of the surfactant used to formulate the foam determines its rheological 

performance. 

The organisation of the foam films within the pore space of the porous media 

has also been examined. The lamellae are three dimensionally arranged within the 

pore space in a similar manner as in micro-visual experiments. The measured foam 

lamellae thicknesses ranged between 1 to 12 pm. This range is comparable with 

the thickness measurements obtained with micro-visual and thin film techniques. 

The polymer-thickened foam films formulated with the anionic Dow XSS surfactant 

primarily occur as thin films, filaments and rods while the films stabilised with the 

amphoteric surfactant, Rewoteric, were primarily broad sheets. 

A surfactant structure/perforrnance relationship for surfactant-stabitised 

foams was identified. In the context of improved oil recovery applications, the 

anionic Dow XSS polymer-thickened foams would probably be more effective at 

reducing the permeability of the pores to the injected fluids. The broad sheet 

structures of the amphoteric Rewoteric foams would be more effective at blocking 



and diverting fluids from entering the regions in which they reside. 

Polymer-thickened foam formulation remains a complex task. The polymer- 

surfactant combination must be chosen carefully. The shear rate, foam texture and 

other external factors permeability of the porous media, salinity) must be taken 

into account during formulation. However, we have gained new insight into the 

factors that influence the flow of polymer-thickened foam in porous media, 

particularly, an improved understanding of how foam films are organised i n  the pore 

space and a direct measurement of the actual thickness of mobile, nonequilibrium 

foam films in the core have been gained. This information is of particular interest 

for flow simulation studies, and will lead to an improved mathematical modelling of 

the flow of foam in porous media. 

6.2 Recommendations 

The surfactant structure/perforrnance relationship that has been revealed in 

this investigation should be further explored. The study should be extended by 

examining a range of anionic and amphoteric surfactants that possess extreme 

structural differences. For instance, comparisons between different charged groups 

(i.e., carboxylate and sulfonate groups) could be explored. The influence of greater 

charge separation in amphoteric surfactants on foam structure and stability woulf 

also be a possible avenue of research. Nonionic surfactant-stabilised foams could 

also be examined. 

In addition, similar experiments at more realistic reservoir conditions (ie., 

foam quality, pressure, temperature and shear rate) should be undertaken. This 

would work toward determining if the trends observed at these low temperature and 

pressure conditions with high foam quality can be extended to field applications. 

The influence of the PHPA and other polymers on the dynamic surface 

tension of polymer-surfactant solutions should also be examined. From the dynamic 

surface tension measurements the surface elasticity of the films may be calculated. 

Alternately, the dynamic thin film behaviour may be measured and the film stability 



correlated with the changes in the film thickness as the films drain.'e3 These would 

probe the dynamics of the foam films generated in the presence of large molecular 

weight polymers and possibly support the proposed decrease in the surface 

elasticity of the foam films when the polymer concentration exceeds a critical 

maximurn. In a porous medium, foam propagation occurs in the form of films being 

continuously broken and re-formed, stretched and contracted across the rock pores 

and the pore throats, under pressure and in the presence of various organic 

materials. In this type of environment, the foams films must be able to withstand a 

variety of external forces to be effective in various improved oil recovery 

applications. The surface elasticity of a foam film is considered to be an important 

stabilising attribute4 and could be used as a valuable indicator of the stability of 

foam in porous media. This may reveal more information into how these two types 

of surfactant stabilise the foam lamellae that could account for the observed 

difference in performance. 
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Appendix A: Solution Preparation of Solid Grade 
Polymers 
Polymer Hydration Procedure 

I. Determine the concentration (wfw) of the stock solution taking into account 

the activity of the solid grade polymer. 

2. Use an antistatic gun on the container. Next, pour methanol into the 

container. The ratio of methanol to polymer is 6:1. 

3. Slowly add the required amount of solid grade polymer into the bottle while 

gently swirling to "wet" the polymer. 

4. Slowly top up the solution using degassed 2.1 % TDS brine while continually 

swirling. 

5.  Place several large stir bars into the bottle and seal the lid with tape. Place 

the bottle on the rotator and let it slowly tumble for 4-5 days. 

6. Pressure filter the polymer solution through two pieces of Whatrnan #I (1 1 

pm) filter paper using 15 psi air pressure. Monitor the time it takes for a 

standard volume (i.e., 50 mL) of polymer solution to filter through the 

apparatus as a measure of the consistency of the polymer solution. Ideally, 

the time intervals should be identical. After filtering is complete, check the 

filter paper for chunks of undissolved polymer and note if any polymer had 

plugged up the filter. . 

7. Force filter the solution through a short (length = 5 crn) piece of epoxy 

wrapped Berea Sandstone (Air permeability = 500 mD) using 20 psi air 

pressure. To prepare the core segment, rinse the core with 50 m l  of 2.1 % 

TDS brine using 15 psi pressure. Next, temper the core by filtering a small 

portion (approximately 50 mL) of the polymer solution through the core using 

20 psi air pressure. Discard this solution. 

8. Filter the entire stock solution through the core. 

9. Determine the polymer solution's viscosity. 



Appendix 6. 

Foam Flow in Porous Media: Shear Rate Calculations 

Modelling flow in a capillary tube 

The following discussion utilises the capillary tube as the local flow model. Consider 
the steady, single phase, laminar flow of a constant viscosity Newtonian fluid 
through a horizontal capillary of radius R and length &. It is assumed the fluid flow 
will take on radial symmetry and a no slip condition is valid at the wall. The fluid 
flow in the capillary tube can be described using the Hagen-Poiseuille 

Equation B.l 

where q is the bulk volumetric flow rate(m3is), R is the capillary radius (m), L, is the 
length of the capillary tube (m), q is the fluid's dynamic viscosity (Pa s). The tube 
must be sufficiently long to remove the entrance and exit turbulence effects from the 
flow stream. For many applications, the average velocity of a fluid element is often 
more meaningful than the bulk volumetric flow rate. The average velocity of a fluid 
element in the capillary tube is given by, 

- 4 v = - Equation 8.2 

By substituting equation B. I into equation 8.2 the following equation is developed. 

Equation 8.3 

This equation relates the average velocity of the fluid flowing through a single 
capillary to the pressure difference across a specified length of the capillary tube. 
However, we are interested in relating this to something more practical, such as the 
average velocity of a fluid element in a porous medium. This would be similar to the 
average velocity of a fluid flowing through a bundle of capillaries. To achieve this 
scale transformation, from the microscopic to the macroscopic, we use the concept 
of the representative elementary volume (REV) scale. The representative 
elementary volume scale is the range where the microscopic variations and 
macroscopic heterogeneity in the porosity of a medium are smoothed out. At this 



point, the average porosity for a particular volume of the sample can be determined 
which is valid at any point within the medium's boundaries. Thus, it will take the 
same amount of time for a hypotheticai fluid element to travel a distance L, in a 
capillary tube as it takes an actual particle to travel L through the porous medium 
in a REV, 

Equation B.4 

in this equation v is the average interstitial fluid velocity- The interstitial or front 
velocity is the true velocity of a fluid element as it crosses the medium's 
macroscopic dimension. Using the analogy of a bundle of capillary tubes, equation 
8.3 equates the front velocity of a fluid entering a bundle of capillary tubes. The 
interstitial velocity is commonly defined using the Dupuit-Forchheimer assumption. 
The Dupuit-Forchheimer relates the interstitial velocity v with the superficial or 
'Darcy' velocity (v,) through, 

= V D / @  Equation B.5 
where @ represents the porosity of the medium (Bear, 1972). The superficial 
velocity is the volumetric flow rate divided by the macroscopic cross-sectional area 
normal to flow. The interstitial velocity is often uncertain as it is assumed that a 
hypothetical element flowing at a velocity of v covers a path length of L in the same 
time as an actual fluid element covers an effective path length of L, which is seldom 
known. 

Darcy's Law 
Darcy's law is not derived from first principles but is the result of experimental 
observation and therefore empirically based. It is usually considered valid for 
'creeping flow, which occurs when the Reynolds number, defined for a porous 
medium, is less than one. Darcy's law (Darcy, 1856) relates the volumetricflow rate 
Q of a fluid flowing linearly through porous medium directly to the energy loss and 
inversely to the length of the medium. It is also proportional to a factor known as the 
hydraulic conductivity, K. 
The hydraulic conductivity K, is dependent on the properties of the fluid as well as 
the pore structure of the medium. It can be more specifically written in terms of the 
intrinsic permeability (K) and the fluid's density (p) and viscosity (0) 



Equation B.6 

The intrinsic permeability is solely the function of the pore structure and is not 
temperature dependent. On the other hand, the hydraulic conductivity is 
temperature dependent because the viscosity of a fluid changes as a function of 
temperature. 

Darcy's Law is often written in a differential form. For example, in one dimension it 
would be expressed as, 

Equation B-7 

The term dp is equal to Ap = pi p, .The negative sign corrects for the negative 
value of dp. The term q is the seepage velocity which is equivalent to the velocity 
of approach v- that is used to define the Reynold's number in an upcoming section. 
In three dimensions, q becomes-a vector, and k is a second order tensor dependent 
on the directional properties of the pore structure. 

Equation B.8 

If you assume the porous medium is homogeneous, uniform and isotropic, and the 
ratio of permeability to viscosity is constant, then 

q = V @  - - Equation B.9 

During creeping flow, Darcy's law can be defined as the potential (0) equal to the 
conductivity ( H )  times the thickness of the medium (h), 

or as, 

Equation 6.1 Oa 

Equation B. I Ob 

where k = cd2@. 



The integrated forms of Darcy's law for an incompressible fluid are: for the linear 
case; 

Equation B. 1 1 

and for the radial case: 

2 ~ 4 ~ 1 -  ~ 2 )  
Q= Equation 6.12 

7 h(5 lr2) 

These equations are the most relevant forms of Darcy's law that for determining the 
shear rate in a porous medium. 

The Reynold's Number 
The Reynold's number (Re) represents the ratio of viscous to inertial forces. For 

flow in a pipe it is written as, 

Equation B.13 

where D is the diameter of the pipe, v is velocity of the fluid, q is the viscosity of the 
fluid and p is the fluid's density. The Reynold's number for flow in porous media, is 
defined through the use of a hydraulic radius. The hydraulic radius will be defined 
as the void volume of a porous medium (VVold) divided by the surface area of the 
medium (A,). Thus, the hydraulic radius for a medium of spherical particles is, 

Equation B. 14 

If the particle volume is V, and the surface area of the particle is S, then the 
specific surface for a spherical particle (S) can be expressed as, 

Since the porosity of the medium (@) is defined as, 

Equation B. I 5 

Equation B. 1 6 

the void volume of the porous medium can be expressed as, 



Equation B. 1 7 

Thus, we are now able to express the hydraulic radius (R,) in terms of porosity (@), 
the number of particles (N),  their volume (Vp) and their surface area (S,) in the 
following manner, 

Equation 8.18 

For non-spherical particles the effective particle diameter is expressed as 

Equation B. I 9 

The velocity of approach (v,) and the interstitial velocity (v) may be related through 
a mass balance equation as, 

(.a A , , ~ P )  = ( V A , ~ ~ ~ P )  Equation B.20 

Thus, as long as the porosity in terms of the area ratio is the same as the volumetric 
porosity, we can write v, as an approximation, 

v, = /v Equation 6.21 

If we substitute for the velocity and particle diameter with the velocity of approach 
divided by the porosity and the hydraulic radius we can develop a the following 
equation for the Reynold's number for the fluid flow in porous medium, 

Equation B.22 

The numerical constants are usually dropped and a modified Reynold's number 
(%) is defined as, 

Equation 8.23 

In many cases the (1 - @) term is also often omitted. 



Determining the Specific Surface Area of the Capillary Tubes 
Kozeny (1927) defined a porous medium as an ensemble of channels of 

various cross sections of the same length and solved the Navier-Stokes equations 
for ail channels passing a cross section normal to the flow to obtain, 

Equation B.24 

where the Kozeny constant c is a shape factor which changes with the shape of the 
capillary (c= 0.5 for a circular capil1ary)and S is the specific surface area of the 
channels. The specific surface area can also be derived with an alternate method 
by considering the flow (Q) of a fluid in a bundle of circular capillaries of length L 
and radius r. Q may be expressed as, 

Equation B.25 

As the pore volume of a bundle of capillaries is equal to nn2L and the bulk volume 
is expressed as AL, the porosity (0) can then be written as, 

Equation B.26 

Now combine the above two equations with Darcy's law and the end result is 

Equation B.27 

Now the radius of a single capillary in the bundle can be defined as, 

Equation B.28a 

A shape factor c may be incorporated for bundles of capillaries that are non- 
cylindrical. Thus equation B.28a would become, 

The surface area S,for cylindrical pores may be expressed as, 

Equation B.28b 

Equation B.29a 



By substituting in equation B.28b, equation B.29a becomes, 

Equation B-29b 

If we replace 2/(8)IR with a shape parameter c, and replace S, with a specific 
surface S we obtain, 

s = @s, Equation 6.30 

which known as the Kozeny equation. Tortuosity ( r )  was introduced as a 
modification to the Kozeny equation to account for the non-linearity of the flow path 
in a real medium. Thus, the flow path is larger than the length of the porous media. 
As a result equation 24 is often expressed as, 

Equation 8-31 

Determining the Shear Rate at the Wall 
By rearranging equation B.28a to solve for the single phase one dimensional 

permeability component (k) and incorporating tortuosity, the following equation is 
obtained, 

Equation B.32 

where T = (&/ L)* which is the squared ratio of the capillary tube length to the REV 
length. Values of tortuosity for typical permeable media are readily estimated from 
the electrical resistivity of brine filled media (Pirson, 1983). Tortuosity is always 
greater than 1 and can be greater than 10 but is usually within the range of 2-5. The 
experimental best fit tortuosity for an assemblage of regularly packed spheres is a 
25/12 ratio. It should be noted that R is a difficult concept to visualize in REV scale. 
Thus, we will replace R by a modified form of the hydraulic radius which is a more 
meaningful property in a porous medium. 

The RH may be defined for virtually any particle type weth the following 
modification to the basic definition, 

RH = Volume open to flow 
Wetted surface area 



RH may then be defined using the porosity (@)in the following manner. 

Equation B.33 

where a, is the specific internal surface of the medium (surface area to volume) 
which is an intrinsic property of a porous medium. Substituting equation 6-33 into 
equation 8-32 gives, 

For an assemblage of uniform spheres. a, is defined as, 

Equation 8-34 

Equation B.35 

where Dp is the sphere or particle diameter. Combining equations B.32-8-34 gives 
the Carmen-Kozeny equation, 

Equation B.36 

The Carmen-Kozeny equation illustrates many important concepts about 
permeability. Permeability is a strong function of pore or particle size Dp and of the 
packing through the porous media. This accounts for the low permeabilities in media 
that have a large clay content. Although this equation, strictly speaking, applies to 
an assemblage of spheres, the effect of non-spherical particles does not become 
large until the eccentricity of the spheroids becomes large. Experimentally, 
permeability is well correlated to the squared particle diameter for permeable media 
consisting of beads1. The tortuosity (0 has been defined in a variety of ways (i-e., 
L& or (L/L)*and even k* =&(&,IL)~ where k' is the Kozeny constant). The Carmen- 
Kozeny equation is normally used to make order of magnitude estimates in 
permeability and to estimate the pore size. To do this, the local shear rate is 
estimated from an expression for the wall shear rate in a capillary tube, 

1 Stegemeier et al., In lmproved Oil Recovery by Surfadant and Polymer 
Flooding, Academic Press Ltd., 1 977. 



Equation B.37a 

By substituting in 2R for diameter term equation B.37a becomes, 

- 4v 
pwai - - R Equation B.37b 

Using equation B.3 and the definition of tortuosity, you can define an equivalent 
permeable media shear rate, 

Equation B . 3 7 ~  

R may be eliminated by substituting equation B.32 into equation B . 3 7 ~  which gives, 

Equation 8-38 

Thus, equation 6-38 defines the shear rate at the wall wi-thin a porous medium. 
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Appendix C. Fluid Flow in Capillary Tubes 

Flow through a smooth walled capillary tube 

When a fluid is flowing through a straight horizontal tube of a circular cross 
section, such as a pipe or a capillary tube, the shear stress at the wall of the tube. 
Tw, can be expressed as1 

- RAP rw -- 
2L 

Equation C.1 

where R is the inside radius of the tube, L is the length of the tube and AP is the 
differential pressure across that section of the tube. This relationship is valid when 
it is assumed that the flow is steady, isothermal, laminar and that the fluid does not 
slip at the tube wall. The equation is independent of the nature of the flowing Ruid. 

The viscosity of the fluid, p, is the ratio of the shear stress, T, to the shear 
rate,y" is expressed as: 

Equation C.2 

The shear rate at the wall, yO,, is needed to calculate the fluid viscosity using 
the shear stress at the tube wall calculated from equation 1. A general expression 
was derived by Rabinowitsch2 to describe the shear rate at the wall of the tube. This 
expression is as follows: 

Equation C.3 

where Q is the volumetric rate of fluid flow. A general equation for the viscosity of 
a the fluid flowing in the tube can be simply derived by combining equations 1 
through 3. 

For Newtonian fluids, equation 3 reduces to: 

Equation C.4 



and the fluid viscosity can be expressed in a convenient form of Poiseuille's 
equation: 

For power-law fluids, equation 3 reduces to: 

Equation C.5 

Equation C.6 

where n is the power-law fluid index, with the viscosity expressed as: 

Equation C.7 

Work Cited 

1. Gao, H.W. ' Design, Construction, and Operation of an Apparatus To 
Measure Viscosity and Screen Factor of Polymer Solutions at High 
Temperaturesn, Dept. Of Energy Report No. NIPER-221, November 1986. 

2. Rabinowitsch, B., Z. Physik. Chem., 1929, A1 45, 1-26. 



Appendix D. 

Pressure Drop Measurements from the Core flood Experiments 

Table D.1 Full and half core pressure drops generated from the A2 foam 

core flood experiments (PHPA & Dow XSS). 
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Table D.2 Full and half core pressure drops generated from the D l  

solutiononly core mood experiments(PHPA & Rewoten'c). 

Table D.3 Full and half core pressure drops generated form the D l  foam 

core flood experiments (PHPA 8 Dow). 
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Table D.4 Full and half core pressure drops generated form the C4 

solutiondnly core flood experiments (PHPA & Rewoteric). 

Table D.5 Full and half core pressure drops generated form the C4 foam 

core flood experiments (PHPA 8 Rewoteric). 
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Table D.6 Full and half core pressure drops generated from the C1 

solutiononly core flood experiments (PHPA 8 Dow XSS). 
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Table D.7 Full and half core pressure drops generated from the C l  foam 

core flood experiments (PHPA & Dow XSS). 
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Table D.8 Full and half core pressure drops generated from the E l  

solution-only core flood experiments ( PHPA & Dow XSS). 



Table D.9 Full and half core pressure drops generated from the E l  foam 

core flood experiments (PHPA & Dow XSS). 




