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Abstract

The application of heavy oil-in-water emulsion as a novel sealant in the near 

wellbore region is proposed in this research. The process in mind is one where a 

created emulsion will be injected, break and seal the porous matrix in the vicinity of 

the wellbore or at some pre-determined distance from it, thereby reducing water 

(and/or gas) coning or eliminating the leakage in abandoned wells. Laboratory 

experiments at micro- and macro-scale levels were performed to: a) provide a 

detailed understanding o f emulsion flow and blocking mechanisms and, b) set 

criteria with which to control emulsion penetration depth before it breaks down and 

seals a porous medium.

In these experiments, well-characterized oil-in-water emulsions were injected into 

etched-glass micro-models and micro-models packed with glass beads. The effect of 

droplet-to-pore size ratio, droplet stability, oil and surfactant type and concentration 

were studied through visualization experiments. It was concluded that blockage 

occurred because of the size of the oil droplets was larger than the pore throat 

constrictions. The blockage was accelerated due to droplets coalescence as a result 

o f a high shear rate or surfactant adsorption onto the porous medium. Furthermore, 

emulsion droplet size distribution, emulsion viscosity and oil droplets-to-water 

interfacial tensions increased as the surfactant content decreased, resulting in high 

capillary pressure across the trapped oil droplet.
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The effects o f oil type, rock permeability, injection velocity, and wettability 

alteration were also studied. The results indicated that a heavy oil-in-water emulsion 

sealed unconsolidated cores for long periods of time, and that emulsions carrying 

more viscous oils could resist higher pressures. Moreover, by conditioning the 

medium with surfactant and alkaline based pre-flush solutions, the emulsion 

penetration depth enhanced significantly. However, the emulsion may break down 

and emplace at a desired depth as a result of using low pH pre-flush solutions.

A novel sealant that uses a heavy oil-in-water emulsion to block the near wellbore 

matrix has been developed. Stable reduction in permeability to other fluids was 

observed as the plug withstood 42,500 kPa/m (about 1,800 psi/ft) pressure gradients. 

Criteria are defined for the field application o f this blockage phenomenon.
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Nomenclature

CMC = critical micelle concentration

DPi = two-parallel plate micro-model front section pressure drop

DP2 = two-parallel plate micro-model rear section pressure drop

HLB = hydrophilic-lipophilic balance

IPA = isopropyl alcohol

k  = permeability to injected emulsion

koriginai = absolute permeability

L = length

Li = two-parallel plate micro-model front section length

L2 = two-parallel plate micro-model rear section length

Lf = front position

LMO = Lloydminster oil

L t = two-parallel plate micro-model total length

MO = mineral oil

O/W  = oil-in-water emulsion

Pc = capillary pressure

Pinj = injection pressure

P V  = pore volume of injected fluid

Rd = pore diameter

Rf = radius o f curvature at the ganglion’s flowing head

R t = radius o f curvature at the ganglion’s tail

Rth = throat diameter

rpm = revolutions per minute

s = second

v = injection velocity

v/v = volume/volume ratio

WCO = Western Canadian oil

W/O = water-in-oil emulsion
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emulsion quality

Greek Letters

H = viscosity

Subscripts

E  = emulsion

inj = injection
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Chapter 1. Introduction

Emulsion systems have been studied extensively in different fields o f science and 

engineering. Most o f the scientific studies address the ex situ production of 

emulsions, their life span and stability. Emulsions formulation has been studied 

more extensively in the food industry, biochemistry, biomedicine and 

pharmaceutical science. Extensive efforts have been put forth to characterize these 

emulsion systems and enhance their stability. Much progress has been achieved in 

this regard since the components constituting these emulsion systems are relatively 

known and their properties are identified. Therefore, the resulting emulsion systems 

can be studied and characterized more scientifically.

Although the scientific advancements can be applied to most emulsions, they do not 

explain the inclusive complexity of petroleum emulsions. The primary problem is 

related to the composition o f the petroleum fluids and the properties of the 

underground reservoir rocks that obscure stability and flow behavior predictions.

From the early 60’s to the late 70’s, two petroleum emulsion-related problems arose 

that still continue to be the top priorities in the petroleum industry. The depletion of 

mature light oil reservoirs across the world and the use of emulsions to enhance the 

oil recovery mechanism were major concerns. Many researchers investigated the use 

o f emulsions as blocking agents in secondary recovery to improve the sweep 

efficiency o f waterflooding in layered reservoirs or under bottom-water conditions. 

This included reuse of native emulsions, ex situ production and injection of 

emulsions, and more importantly, the in situ emulsification of oil by alkali and 

surfactant solutions as a form of viscous oil recovery. Nevertheless, the use of 

sodium hydroxide and alkaline salts in the waterflood recovery o f crude oils dates 

back to 1917. Exhaustive research continued in the 1930’s and beyond. The core 

mechanisms proposed by different authors were as follow: the effect o f alkaline

1
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solutions on the reduction of oil-water interfacial tension, wettability reversal, and in 

situ emulsification and entrainment/entrapment of oil droplets.

The second matter was related to the production of viscous heavy or bituminous oils 

like those in Western Canada and Venezuela. The production of these extra heavy 

oils through the conventional techniques of surface mining or steam-assisted gravity 

drainage (SAGD), and combination with other chemical processes, occurs in the 

form of an emulsion. While many researchers have investigated the mobilization and 

flow mechanics of emulsions in underground media, others have focused on the 

surface separation or transportation of the produced emulsions.

All things considered, this research study introduces new concepts to the use of 

heavy oil-in-water (O/W) emulsions as a novel sealant in the near wellbore region. 

The main objective is to eliminate the water and gas leakage from abandoned wells. 

The 2002 survey of the Alberta Energy and Utilities Board indicates more than 3000 

orphan wells, many of which are leaking to the surface or underground formations. 

Leakage causes pollution o f subsurface waters, loss of petroleum resources and 

expulsion of green house gases into the atmosphere. Companies have reported 

hundreds of leaking producing wells, some of which are “wells from hell”. For 

instance, two companies spent more than $1.4 million in their unsuccessful attempt 

to seal a leaky well.

Common practice is to use cement to block the formation from which leaks to the 

surface. This process is expensive, damages the formation, and in many cases, as in 

abandoned wells, this practice has failed. This could be due to either poor 

completion jobs or the nature of the formation and its fluids. The new approach 

appears to be more applicable compared to past investigations in which emulsions 

are applied as blocking agents to improve secondary oil recovery. Contrary to the 

complexity that might be involved to deliver the emulsion further into the reservoir, 

it would be more realistic to use the emulsion as a blocking agent in the near 

wellbore region.

2
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As illustrated in Figure 1.1, this process consists of injecting a carefully-designed 

heavy oil-in-water emulsion through the well casing so that the injected emulsion 

will fix or break near the wellbore or at some pre-determined distance from it. As 

such, it will be an effective, stable plug against, for instance, water or gas coning. A 

detailed understanding of the physics of emulsion flow during the displacement 

process and the main factors controlling the emulsion propagation depth into the 

porous medium are required to perform an effective sealing.

Casing 
filled $ 
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Figure 1.1 Schematic o f the near wellbore region

There are a number o f fundamental questions that require answers before such a 

process can be examined in the field. More specifically, further research must be

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



performed in using a stable emulsion to block a porous medium and therefore create 

a stable plug against the flowing fluids. As a result, the scope o f this study aims to 

demonstrate the effectiveness and applicability o f a novel sealant, identify the key 

factors in the blocking mechanism, and offer applicable methods with which to 

control and fix an emulsion within a porous medium.

As a preliminary step, the emulsion properties, past experimental work, 

mathematical modelling and field tests that were performed on testing of emulsions 

as blocking agents in underground media are critically reviewed. The results are 

presented in Chapter 2. The theory o f emulsion flow and blocking mechanisms are 

discussed according to the recent observations and advancements published in the 

literature. Chapter 3 presents the objectives o f the experiments. The results o f the 

experiments are presented in Chapters 4 through 6 according to the type of 

experiments. In Chapter 4, methods used for emulsion formulation and 

characterization are presented. Following this are qualitative descriptions of the 

emulsion blocking and droplets capture mechanisms at the micro-scale level. 

Chapter 5 includes a detailed quantitative description of emulsion flow in porous 

media at the macro-scale level. Chapter 6 demonstrates the effectiveness of the 

novel sealant in blocking a porous medium and provides criteria for blocking a 

variety of porous media. Finally, observations on the blocking phenomena and 

critical factors affecting the emulsion flow behaviour and sealing principles are 

discussed and compared with the relevant published works in the literature. This 

work concludes with recommendations proposed for further research and field 

applications.

4
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Chapter 2. Literature Review

2.1 Emulsions Formation and Properties

An emulsion is a thermodynamically unstable dispersion of two mutually insoluble 

liquids, such as water and oil. One of these two components is present in the form of 

finely dispersed spherical droplets in the second, continuous phase. If oil is 

dispersed in water, the emulsion is referred to as an oil-in-water (O/W) emulsion; 

the reverse case is a water-in-oil emulsion (W/O). It can be classified as a macro­

emulsion if  the droplet size is larger than 0.1 pm or as a micro-emulsion if the 

droplet size is smaller than 0.1 pm. Generally, droplet diameters in macro-emulsions 

are greater than 1 pm, the same magnitude as the pore constrictions.

Compared with a macroscopically extended system, the free energy of a dispersed 

system is greater by the amount of surface energy. Therefore, collisions between 

droplets in pure emulsions result in their coalescence and, eventually, in the 

separation of the emulsion into separate phases, a state of lower energy. Such 

technical emulsions are short-lived. In order to produce a resilient technical 

emulsion, a third component is required, namely, an emulsifier. The emulsifier must 

accumulate at the interface and form a protective layer in the form of a tough, elastic 

film that remains unbroken when droplets collide. To optimize these properties in 

practice, different mixtures of emulsifiers are often used.

Droplets are said to coalesce when they unite irreversibly. The cause of coalescence 

is the tendency to minimize surface area while maximizing volume. A drop formed 

in this manner will have a smaller surface area than that of its two parent droplets 

combined.

5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Emulsion instability may occur in the form of coalescence, creaming or 

sedimentation. The stability o f an emulsion with respect to coalescence has greater 

practical significance than in sedimentation, since droplets may coexist for long 

periods of time without actually coalescing. A stable barrier, consisting of a thin 

layer o f the outer phase separating the droplets, maintains such aggregates. Only 

when this barrier has been destroyed may the droplets coalesce.

Emulsions can be formed in almost every phase of oil production and processing. 

Field emulsions, for example, can be generated within oil reservoirs, in the wellbore 

during production or in the pipelines during transportation.

The majority of the world's crude oil is produced in emulsion form because natural 

emulsifiers exist in petroleum reservoirs. These natural emulsifiers, found in (heavy) 

crude oil, can be formed from asphaltenes, asphaltic and resinous materials, oil- 

soluble organic acids, such as naphthenic acids, fatty acids or aromatic acids, or 

cyclic compounds (cyclic aromatics), such as toluene, benzene, decalin, 

methylcyclohexane and cyclo-octane.

King1 proposed three hypothetical emulsions:

(1) Viscous crudes containing high concentrations of asphaltenes and resinous 

acids generally will not form emulsions at room temperature because of their 

high viscosity.

(2) Moderately viscous crudes with intermediate concentrations o f asphaltenes 

and resinous acids will readily form stable emulsions.

(3) Low viscosity crudes with low concentrations of asphaltenes and/or resinous 

acids will not form emulsions because o f low natural surfactant content.

Crude oil emulsions are generally of the water-in-oil type, which are more viscous 

than either o f their constituents. The production of this type of emulsions has been 

increased recently because many oil reservoirs throughout the world are being 

watered out. The produced emulsions must be treated: salty water droplets need to

6
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be removed in order to meet crude specifications for transportation, storage, and 

export as well as to avoid catalyst poisoning in the refineries. However, emulsion 

treating is not a simple task. It requires the application of various thermal, 

mechanical, chemical and/or electrical processes or a combination o f them.2'5

On the other hand, oil-in-water emulsions have lower viscosities than the oil

constituents. This fact has been considered by many researchers in the development
6 8of systems for producing and transporting crude oil as an oil-in-water emulsion. ' A 

surfactant can be injected with the produced water to form an oil-in-water emulsion 

down hole, which makes it easier for the oil to be pumped to the surface.

In summary, emulsion banks formed in situ in enhanced oil recovery methods, such 

as chemical, thermal, and carbon dioxide flooding, seem to improve oil 

displacement efficiency under certain conditions. Moreover, emulsions may be 

generated ex situ from any type o f oil if  a synthesized surfactant is employed. Such 

emulsions can be injected externally to improve the secondary and tertiary oil 

recoveries or as a blocking agent in the near wellbore matrix, thereby reducing gas 

and water coning or eliminating gas leakage to the surface.9

2.1.1 Emulsion Formulation

A produced emulsion can be either oil-in-water or water-in-oil depending on the 

type of emulsifier, the applied mixing procedure, and the dispersed-to-continuous 

phase ratios. If an appropriate emulsifier is used, the internal phase may be dispersed 

into the continuous phase up to 45% of the total volume, beyond which the emulsion 

will be inverted.

The selection of appropriate emulsifiers for preparing a specific emulsion is 

considered to be one of the most critical factors affecting stability. The most 

carefully constructed system is that o f Griffin, based on the concept of hydrophile- 

lipophile balance (HLB). The practical significance of the HLB concept lies in the

7
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fact that every substance that is to be emulsified has its own “required HLB value” 

and each emulsifier is assigned a dimensionless number between zero and twenty. 

Emulsifiers with HLB values between zero and nine are considered to be oil-soluble 

hydrophobic emulsifiers and those with HLB values between eleven and twenty are 

water-soluble hydrophilic. To emulsify a particular substance, an emulsifier or a 

mixture o f emulsifiers with the same HLB value must therefore be used. The 

following summarizes the HLB required for different applications:

I. HLB values from three to eight create W/O emulsions;

II. HLB values from eight to eighteen create O/W emulsions; and

III. HLB values from seven to nine are considered to be wetting agents.

2.1.2 Emulsification Technique

A common technique to disperse a liquid in another immiscible liquid is to divide 

large drops into smaller ones by means of mechanical energy. This can be achieved 

with the use of a simple mixer, a homogenizer, or an ultrasonic device. The order 

and method o f mixing the components impacts the course o f emulsification and its 

results. There are four standard techniques for addition of components10:

I. Agent in water

The emulsifier is dissolved directly in water and the oil is then added 

while the mixer is stirred vigorously. This method requires a large input 

o f energy and creates O/W emulsions directly.

II. Agent in oil

The emulsifier is dissolved in the oil phase. The emulsion can be formed 

in two ways: direct addition o f the mixture to the water creates an O/W 

emulsion usually with a consistent size. Addition of the water to the 

mixture, slowly and in small quantities, creates a W/O emulsion.

III. Nascent soap method

Only suitable for sulfonated oils that can be emulsified and stabilized by 

in situ soap formation. This permits formation o f both O/W and W/O 

emulsions.

8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



IV. Alternating addition

Water and oil are added alternately and in small quantities to the 

emulsifier.

2.2 Experimental Studies of Emulsion Flow in Porous Media

A number of laboratory studies have been conducted to understand both the 

qualitative and quantitative behavior o f emulsions and their flow mechanisms 

through porous media. Most of these studies were carried out to determine how to 

improve oil recovery by in situ emulsification or by injecting emulsions externally. 

Although most of these studies suggest that oil-in-water emulsions can be used to 

obtain a deeper formation plugging and better sweep efficiency, they reveal limited 

information about the blocking mechanism itself, which has the potential to recover 

oil more efficiently. A review of the most important experimental work conducted 

on emulsion flow in porous media is given below.

The use o f sodium hydroxide and alkaline salts for in situ emulsification of crude 

oils during waterflooding recovery dates back to 1917. At that time, Squires11 found 

that the displacement of oil from sand was improved by introducing an alkali into 

the water.

Beckstrom and Van Tuyl12 published the results of a series of waterflooding 

experiments on oil sands in 1926. In these studies, they found that diluted solutions 

o f sodium hydroxide, at a concentration nearing 1%, was more effective than a 

highly concentrated solution in increasing the yield of oil. Higher oil recovery 

resulted from an increase in experimental temperature.

Uren and Fahmy13 carried out further investigations on the effects o f chemicals on 

oil recovery during 1927. They concluded that sodium hydroxide might be the most 

useful o f all the reagents used. They found that the interfacial tension between the 

oil and the mineral that the sand is composed of must be greater than the sum of the

9
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interfacial tensions between the water and the mineral and between the flood water 

and the oil for release o f adherent oil from oil wet sand grains.

In 1927, Atkinson14 obtained the first patent on flooding oil-bearing sands with 

water containing caustic alkalis. He recognized that the capillarity and adhesive 

property o f the oil would cause it to wet and adhere as films to sand grains. As such, 

the viscosity of the oil would enhance this trapping of it. A secondary recovery 

method, such as a waterflood, could not overcome these factors. By adding caustic 

alkali, Atkinson realized that the tension at the oil water interface would change, 

bringing about the displacement of oil by the water more readily.

Since the 1930’s, when Haines15 published his classic paper on the capillarity effect 

associated with the mobilization o f non-wetting oil droplets in underground media, a 

great deal of work on the in situ emulsification o f underground oils has been carried
1 f \  17out. Cartmill, ’ aiming to investigate the mechanism of oil migration through 

reservoir sandstones, focused on the flow of stable crude oil-in-water emulsions that 

were prepared without the use of wetting agents, through packed beads each with 

differing permeability zones in series. He found that 80% of the oil droplets were 

retained at the junction o f different permeability zones. The amount removed 

depended on the contrast in grain size, the nature, and the preferential wettability of 

the porous media, with maximum retention at the front portion o f the low 

permeability zone. Consequently, permeability of the porous media was reduced. He 

also emphasized that the screening did not occur as a result of capillary effects 

because the pores were many times the diameter of the droplets. He hypothesized 

that electrostatic forces might be more important than the capillary forces in causing 

permeability reduction.

The flow behavior of emulsions through tubes as well as unconsolidated synthetic 

porous media was studied experimentally by Marsden and Uzoigwe.18 They 

observed no retention of droplets within the porous media during the flow of oil-in- 

water emulsions though glass bead packs.

10
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According to the literature, McAuliffe19 was first to use an oil-in-water emulsion as 

a blocking agent. He conducted laboratory studies to illustrate that oil-in-water 

emulsions can be used as a selective plugging agent to improve oil recovery in water 

floods. By injecting caustic oil-in-water emulsions with various drop sizes into 

Berea sandstone under a constant pressure, McAuliffe noted a larger reduction in 

water permeability o f sandstone with larger drop-size to initial permeability ratio. 

Furthermore, permanent permeability reduction was observed even when many pore 

volumes of water followed the emulsion. He also observed that the rate and amount 

o f permeability reduction decreased with increasing injection pressure. He called 

this flow behavior pseudo non-Newtonian, regardless of the oil content o f the 

emulsion. For parallel cores of different permeabilities, an oil-in-water emulsion was 

found to proportionally reduce the permeability in high permeability cores more than 

in low permeability cores.

Finally, McAuliffe observed that oil-in-water emulsions displaced oil more 

efficiently than water. He postulated that the injected emulsion entered the most 

permeable zones first, restricting the flow, and thereby causing the fluid to flow in 

the less permeable zones, resulting in improved sweep efficiency. He also suggested 

that for an emulsion to be the most effective, the droplets of oil in the emulsion 

should be slightly larger than the pore-throat constrictions in the porous medium. 

Once oil droplets plug the pores, they can only be forced through the constrictions if 

the applied pressure can overcome the capillary retarding force. Field tests 

substantiated the laboratory observations. Oil-in-water emulsions were found to 

reduce water channeling from injection to production wells, thus increasing oil 

recovery, lowering water-oil ratios, and considerably increasing the volumetric 

sweep efficiency.

Cooke et al. flooded with alkaline water a watered-out oil porous medium 

containing organic acids. Their results revealed an additional recovery of around 

50% of the residual oil left in the watered-out model. High recovery efficiency

11
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resulted from the formation of a bank o f viscous water-in-oil emulsion as surface 

active agents (soaps) were created by the combination o f base in the water and 

organic acids in the oil. The type and amount o f organic acids in the oil, the pH and 

salt content of the water, and the amount of fines in the porous medium were the 

primary factors that determined the amount o f additional oil recovered by this 

method.

Johnson,21 in reviewing the several proposed mechanisms by which caustic water 

flooding may improve oil recovery, suggested that either emulsions formed in situ or 

those injected externally were useful in recovering viscous oils and oils in 

heterogeneous reservoirs where sweep efficiency is poor.

Radke and Somerton22 studied the improved recovery efficiencies o f acidic crude 

oils with alkaline agents. They focused on the displacement dynamics, chemical 

transport, emulsion flow, and interfacial tensions of the process. Displacement tests 

of Wilmington oil-field cores with alkali at reservoir temperature and rate showed 

tertiary oil recoveries o f 10 to 40% of the residual oil. Recovered oil was produced 

at low oil-to-water ratios after alkali was observed at the core exit. They also 

suggested the alternative o f using dilute emulsions, instead o f polymer, to improve 

mobility control in caustic flooding. The advantage of using emulsion is that its 

effectiveness is quite insensitive to temperature and alkalinity. Also, emulsion is less 

expensive than polymers because they can be easily prepared using acidic crude oils.

Foster23 summarized a field test observation that was conducted in South Texas on a 

sandstone reservoir with the aim of developing an economic low-tension 

waterflooding process. The objective o f the field test was to examine certain aspects 

of surfactant behavior and a later polymer injection study at the same site at a later 

date. The results o f field tests led to the conclusion that a tertiary oil bank can be 

formed in a reservoir using low-tension surfactants. Foster also concluded that it was 

essential to control the mobility immediately behind the bank to ensure that a 

significant fraction of the mobilized oil would be driven to the producing wells.

12
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Finally, he found that the compositional requirements that must be met in order to 

achieve and maintain a condition o f very low tension are different than those 

required in the miscible flood process (zero interfacial tension).

Soo and Radke24, 25 studied the flow mechanism of dilute, stable oil-in-water 

emulsions in porous media by first determining the transient permeabilities, the pore 

size distribution of the porous medium, and the inlet and effluent drop 

concentrations and size distributions. The oil droplet migration in the porous 

medium was also observed by means of a visual micro-model. They argued that 

dilute, stable oil-in-water emulsions did not flow in porous media as continuous, 

viscous liquids or by being squeezed through pore constrictions but that they flowed 

by the capture of the dispersed phase with a subsequent reduction of permeability to 

the continuous phase. This droplet capture mechanism was found to be similar to a 

filtration process. Soo and Radke discovered that during the transient permeability 

reduction caused by droplet retention in pores, the drops not only blocked pores with 

throat sizes smaller than their own (straining), but also were captured on the surface 

of and in crevices or pockets formed by the sand grains (interception). The capture 

o f these small droplets on the rock surface depends on the surface chemistry of the 

drops and the porous matrix, especially the pH and ionic strength of the aqueous 

phase. A steady state is reached once all capture sites are occupied because liquid 

droplets cannot be captured on top of one another.

Soo and Radke concluded that the overall permeability reduction is controlled by 

two factors: the volume of droplets retained, and the droplets’ ability to restrict flow. 

As the drop size of the emulsion increased, the drop retention also increased because 

of the high probability o f capture. However, at identical volume retentions, smaller- 

sized drops were more effective in restricting flow during the transient state. Once 

steady state flow was obtained, the larger droplets caused a greater reduction in 

permeability than the smaller ones because o f the combination of these two factors. 

Finally, they observed that the viscosity o f the oil phase had little impact on both 

effluent concentration and transient permeability histories.
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Schmidt, in collaboration with Soo and Radke, proposed that for continuous, 

linear, secondary oil displacement by an oil-in-water emulsion, the displacement 

was improved by microscopic mobility control through entrapment or local 

permeability reduction, but not through viscosity ratio improvement. For parallel 

core flooding, displacement was improved through macroscopic mobility control by 

diverting flow to the lower permeability core.

97French et al. performed laboratory work on the development o f an emulsion 

blocking technique for mobility control during steamflooding. Coreflood 

experiments demonstrated the effectiveness of emulsion blocking at temperatures 

ranging from ambient to 194°C. The permeability reduction o f various types of 

cores, using externally produced and in situ generated emulsions, was measured for 

light and heavy crude oils. Externally produced emulsions injected into oil-free 

cores reduced the permeability by 86% at 110°C and 77% at 160°C. Injection of 

externally produced emulsions into cores containing residual oil, where some of the 

pores are already blocked, netted a 30 to 91% reduction in permeability. Generally, 

their observations support the emulsion flow mechanism proposed by Soo and 

Radke, and their results indicated that emulsions formed in situ did not perform as 

well as those prepared externally.

Yeung28 and Yeung and Farouq Ali29 suggested three different displacement 

processes with which to improve vertical sweep efficiency during the water flooding 

of bottom-water formations: the Emulsion Slug Process (ESP), the Alternating 

Water Emulsion Process (AWE), and the Dynamic Blocking Procedure (DBF). For 

low surfactant emulsions (0.016 to 0.04%), the DBF and AWE processes resulted in 

higher oil recoveries than the ESP process under bottom-water conditions. The 

reverse was true for emulsions with higher surfactant concentrations (0.4%). Yeung 

and Farouq Ali also found that a high surfactant concentration did not guarantee a 

higher oil recovery for both homogeneous and bottom-water conditions.

14
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Fiori and Farouq Ali proposed the use o f solvents in adjusting the emulsion 

characteristics for increased oil displacement efficiency. Emulsion slugs were then 

injected into partially water-flooded cores, resulting in incremental recoveries of up 

to 70%. They concluded that carefully designed crude oil emulsions (water-in-oil) 

can be used as oil recovery agents for heavy oil reservoirs with low primary 

conductivity, poor response to water flooding, and low potential for thermal 

recovery applications.

1 1

Khambharatana et al. performed experimental work to observe the physical 

mechanisms that occur when a stable emulsion flows in a porous medium (for a 

system of comparable drop and pore sizes). They investigated emulsion rheologies 

and droplet capture for both caustic and surfactant emulsions flowing through Berea 

sandstone and Ottawa sand packs. Their results indicated that the change in 

emulsion rheology in a porous medium follows an overall trend similar to what 

occurs in a viscometer for the shear rates o f interest. Furthermore, the emulsion 

droplets were found to be captured according to a filtration process proposed by Soo 

and Radke.

Mendez,32 on the other hand, investigated the mechanisms o f permeability 

impairment caused by the flow o f oil-in-water emulsions in porous media. She 

injected well-characterized oil-in-water emulsions into cores containing residual 

saturation. The permeability o f different sections o f the cores as well as the droplet 

concentration and size distribution were measured as a function of time and position. 

Prudhoe Bay and North Sea oils were used in Berea sandstone and Aloxite cores. 

The experimental results indicated that the presence of residual oil profoundly 

affected the measured permeability decline. Droplets were generated from the 

residual oil present at the pore throats after a critical capillary number was exceeded.

Mendez found that high injection rates and low permeabilities enhanced droplet 

formation, and observed that the permeability decline occurred in two stages: one 

associated with the injected droplets followed by the second stage, during which
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generation of droplets played a pivotal role. Finally, she emphasized that the 

permeability of the porous medium, droplet concentrations, concentration of 

emulsifier present, flow rate, and the properties of crude oil all play equally integral 

roles in determining the extent and rate o f permeability impairment.

Woo et al.33 conducted an experimental study to examine the effect of emulsion 

system stability on the flow of water-in-oil emulsions through porous media. 

Emulsion flow experiments were conducted in a sand pack to determine flow 

characteristics and phase interactions. In addition, the pore level phenomena 

occurring during the flow processes were visualized in a high pressure etched glass 

micro-model. The results indicate that emulsion stability dramatically affected the 

mobility o f water-in-oil emulsions in porous media. They observed that the mobility 

o f stable water-in-oil emulsions increased with water concentration. In general, they 

found that the mobility o f the emulsion decreased with increasing emulsion stability, 

although the type o f emulsifier used influenced mobility.

Collins et al.34 used water-in-oil emulsions to deploy scale inhibitors in porous 

media. Their use of slowly degrading emulsion systems provided a means with 

which to the scale inhibitor and the subsequent controlled release o f the chemical 

within the porous media. Core flood experiments indicated that this extended the 

inhibitor's lifetime up to four times compared to the base case, non-emulsified 

product. In addition, they performed a field trial on the Forties field in the U.K. 

sector of the North Sea using the emulsion system. The field data confirmed that the 

use of an emulsion system allowed the potential ingress o f the scale inhibitor into 

parts of the reservoir that were typically inaccessible to an aqueous-based 

formulation. This improved contact between the scale inhibitor and the produced 

reservoir fluids.

Romero et al.35 investigated the use of an emulsion to plug highly permeable, 

fractured zones. Their investigation included the use o f a heavy oil-in-water 

emulsion, formulated using alkaline solutions as emulsifier agents, laboratory
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evaluation of the emulsion’s ability to plug and the development of a field pilot test. 

Parameters such as emulsifier types and concentrations, oil/water ratios and shear 

rate were adjusted to produce a desirable, stable emulsion. Various types of cores, 

including those with a longitudinal fracture, were used. Romero et al. observed an 

undesirable breakdown of the emulsion that generated plugging at the core injection 

inlet. By flushing the core with an alkaline conditioner, they minimized the breaking 

o f the emulsion before it entered the cores. In addition, injection o f externally- 

produced emulsions into the cores after the pre-flush with the alkaline conditioner 

reduced the permeability up to 80%. Finally, they observed zero time degradation on 

the emulsion plug, even after 27 PV of water was injected.

n /r

Wang et al. analyzed the mechanisms of emulsion displacement and its 

characteristics in porous media by conducting experiments of emulsion flow in 

micro-models. Their results indicated that the different types o f residual oil, formed 

by waterflooding, are reduced after the emulsion flooding. They recognized two 

reactions in the mechanism for emulsion flooding: (1) the residual oil, caused by 

bypassing flow, is reduced by the diffluence effects produced by the plugging of 

large channels; (2) efficient displacement of residual oil on the edges and comers of 

the pores is obtained by the actions o f extrusion, pull and draught when the emulsion 

flows into the throats. Wang et al.’s results indicate that oil displacement efficiency 

increases by approximately 6% after emulsion flooding.

2.3 Predicting the Flow of Emulsion through Porous Media

Flow of oil-in-water emulsion in porous media and its application as a blocking 

agent are inherently complex processes because o f the presence and motion of oil 

droplets in a solid matrix characterized by pore microstructure heterogeneities. 

Generally, oil droplets trapped in a porous medium by capillary forces are displaced 

by the flow o f aqueous liquids through the medium, which forces the trapped oil to a 

potentially lower side of the medium. The presence of liquid-liquid and liquid-solid 

interfaces strongly affects the emulsion flow in a porous matrix. The challenge is to
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relate pore-scale hydrodynamics and related physicochemical phenomena to a bulk 

fluid movement on a macro-scale.

In the next section, the entrapment mechanisms o f a non-wetting oil droplet in 

porous media are discussed first. Subsequent is an overview of the available models 

that predict the emulsion flow in porous media. Finally, the parameters that may 

affect the equilibrium forces at interfaces are discussed and the relevant reviewed 

literature is presented.

2.3.1 Entrapment Mechanism

In quantifying the motion of a dispersed oil droplet flowing through a series of 

pores, at least two scenarios should be considered: 1) with a low aspect-ratio of pore 

body-to-throat size, the wetting water phase can displace the non-wetting oil 

droplets in a piston-like fashion as illustrated in Figure 2.1.

Oil droplet

O/W emulsion

Figure 2.1 Piston-like flow in low aspect-ratio channel

2) for a higher aspect-ratio channel, there is a higher gradient of capillary pressure in 

the non-wetting phase than in the (continuous) wetting phase, so the non-wetting 

phase tends to flow backwards locally and the collar of the wetting phase “snaps 

o ff’ as illustrated in Figure 2.2.

Trapped oil droplet

O/W emulsion

Figure 2.2 Droplets snap-off in high aspect-ratio channel
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The flow behavior of a dilute stable oil-in-water emulsion can be categorized as the 

first scenario if  the emulsion is carrying droplets that are much smaller than the pore 

throat openings. Under such circumstances, an emulsion flows as a homogeneous 

phase. Consequently, the flow behavior could be predicted reasonably from Darcy’s 

law:

HL

where:

v = linear flow velocity, [m/s] 

k = absolute permeability, [m ]

AP = pressure drop, [Pa] 

p = viscosity, [Pa.s]

L = length, [m]

Equation 2.1 predicts the flow behavior o f laminar Newtonian flow. However, most 

emulsions exhibit a non-Newtonian behavior, which means their viscosity varies 

with shear rates. Therefore, using the Darcy’s law to predict the flow behavior of 

these homogeneous emulsion systems requires the application of correct viscosity to 

the given shear rate. In other words, a homogeneous emulsion should be considered 

as a single phase fluid that exhibits an average viscosity when it flows through a 

porous medium.

On the other hand, with the increase of the droplet diameter relative to the pore 

throat diameter, the movement of a droplet should decrease markedly at some 

critical limit, which is a function of the internal pressure of the droplet relative to 

that of the water phase. For oil droplets that are dispersed in the water phase, the 

pressure equilibrium at the oil-water interface can be calculated by applying the
• 37Young-Laplace equation :
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P c ~  Pn -  Pw = 2acosd/Rd (2 .2)

Pc = capillary pressure [Pa]

Pn = non-wetting phase pressure [Pa]

Pw = wetting phase pressure [Pa] 

a  = oil-to-water interfacial tension [mN/m]

0 = porous medium wettability [dimensionless]

Rd = droplet radius or radius o f curvature [m]

The capillary pressure is a function of interfacial tension and radius of curvature. 

Any deformation in the droplet shape would affect the radius o f curvature and the 

interfacial forces. The interfacial forces arise from the need to expend work in order 

to create new surface area at the interface.

Figure 2.3 shows a trapped non-wetting oil droplet (or an oil ganglion) in the pore 

throat. For a trapped droplet, if  P  is the pressure in the wetting phase at the upstream 

point, then the non-wetting phase pressure is given by:

P j = P  + 2o/Rt (2.3)

4------------- ►
1 APW I

Figure 2.3 Pressures around a trapped non-wetting oil droplet

The pressure in the droplet at the downstream end is as follows:
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P 2 — P  — APw + 2o/Rf (2 .4)

The oil droplet can only move downstream if Pi > P2. Consequently, a droplet 

becomes trapped unless the following occurs:

AP, > 2 a
1 1

R,
■ 2 a

V Rth R.dj
(2.5)

In the second scenario, where a droplet larger than the pore throat constrictions 

flows through a porous medium, there are four main mechanisms proposed by 

Devereux,38,39 and later by Alvarado and Marsden,40 McAuliffe,41 and Soo et al.,42*44 

that describe emulsion flow behavior. A purely theoretical model was also 

developed by Sahimi and Imdakm 45 Following this is a review of the mathematical 

models formulated for the hypothesized mechanisms.

OO -IQ
Devereux ’ proposed a droplet retardation model, based on the mechanism put 

forth by McAuliffe,41 for describing the flow of stable oil-in-water emulsions in 

porous media, that includes capillary effects but neglects gravitation and 

compression. Devereux considered the flow o f two phases, dispersed and 

continuous, in porous solids with the capillary effect included. He proposed that the 

emulsion drops flowed slower than the continuous phase because they encountered 

capillary resistance during their flow through smaller pore throats. Therefore, this 

capillary retarding force, which depends on the drop size distribution, was included 

in the pressure driving force o f the dispersed oil phase in this model.

The model derived for the case o f constant velocity flow can properly predict 

transient permeability reduction. That is, the model predicts a greater reduction in 

permeability with a lower flow rate and a higher drop-to-pore size ratio. However, 

this retardation model could not predict the permanent permeability reduction 

observed in the laboratory when many pore volumes o f water followed an emulsion 

flood. Instead, the permeability prior to the emulsion flood was predicted.
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Alvarado and Marsden40 developed a bulk viscosity model in which emulsion is 

viewed as a homogeneous, single-phase fluid. They derived a simple correlation 

with which to describe the flow o f non-Newtonian oil-in-water macroemulsions 

through porous media for the range o f shear rates investigated, 103 to 104 s '1. This 

correlation can be reduced to Darcy's law for oil-in-water Newtonian 

macroemulsions, including permeability reduction caused by partial plugging. In 

conclusion, this model considered an emulsion as a homogeneous, non-Newtonian 

fluid that does not follow Darcy's law because o f the change in bulk viscosity with 

shear rate. The viscosity model was limited to a description o f the flow of high- 

concentration emulsions with small drop-size to pore-size ratios.

Abou-Kassem and Farouq Ali46 modified the viscosity model, making it practical for 

use in numerical simulations of EOR processes. For non-Newtonian emulsions, the 

correlation was presented as a modified Darcy's law. The correlation provides for a 

quantitative description of the effect of pore size distribution and tortuosity of 

porous media on flow. The proposed model is recommended for use in the one­

dimensional, isothermal, single-phase flow o f non-Newtonian fluids in porous 

media.

Soo et al.42'44 proposed a flow model that describes the flow o f stable, dilute 

emulsions in unconsolidated porous media based on deep-bed filtration concepts. 

This model accounts for the interactions between the flowing droplets and the pore 

constrictions, which helps to predict how emulsions are transported in porous media. 

In this model, emulsion droplets can be captured in pores by straining and 

interception, causing permeability reduction. Transient flow behavior is 

characterized by three parameters: a filter coefficient, a flow-redistribution 

parameter, and a flow-restriction parameter. The filter coefficient controls the 

sharpness of the emulsion front. The flow-redistribution parameter dictates the 

steady-state retention and the flow redistribution phenomenon. The flow-restriction 

parameter describes the effectiveness of retained drops in reducing permeability. 

Comparisons to the filtration model and the previously-developed emulsion flow
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models indicate that only the filtration model successfully represented all of the 

experimental observations, such as permanent permeability reduction. This model 

accurately represents the underlying physical mechanisms but neglects the effects of 

the chemistry o f solid and liquid phases.

In summary, all of the above-mentioned models are developed based on the 

equilibrium of hydrodynamic forces but ultimately fail to consider the effect o f other 

forces, such as intermolecular and electrostatic forces. Moreover, while some of the 

models ignore the effect of capillary pressure across a single pore, others simply 

assume it is constant. Such assumption could be reasonably justified for a highly 

stable dilute emulsion, but could be potentially misleading for predicting the flow 

behavior o f highly concentrated emulsions, especially those carrying less 

concentrated surfactants. The neglected considerations are primarily related to the 

emulsion stability and its quality, which is associated with the transition from 

Newtonian to non-Newtonian rheological behavior. The latter is mainly dependent 

on the surfactant (emulsifier) concentration and the local applied shear rates.

Sahimi and Imdakm45 developed a general model for the flow o f suspended particles 

in a porous medium. The model accounts for the effects of the morphology of the 

porous medium, including pore surface roughness and fractality, the chemistry of the 

flowing fluid, and the important forces between the particles and the pore surface. 

Their approach combines a network model o f a porous medium with molecular 

dynamics-like simulations to determine the exact paths of the particles in the pore 

space. The porous medium was represented by a simple-cubic network in which 

each bond, assumed to be a cylindrical tube o f a fixed length, represents a pore of 

the medium. In conclusion, this model only predicts the permeability reduction due 

to the migration o f fine stable emulsion droplets in a porous medium but fails to 

recognize the effect of droplet size exclusion.
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2.3.2 Parameters affecting the Equilibrium Forces at the Interface

Careful investigation of the Young-Laplace equation reveals that oil droplets-to- 

water interfacial tensions, the droplets’ radii, and the wettability o f a porous medium 

cannot be assumed to be constant during an emulsion flow into a porous medium. In 

fact, they are strong functions o f the surfactant type and concentration present in the 

aqueous phase as well as the chemistry o f both solid and liquid phases.47, 48 The 

factors affecting the properties o f liquid-liquid interfaces are discussed in the 

following section. Following this, the factors influencing the equilibrium forces at 

the solid-liquid interface are presented.

Oil droplets-water interface

During a flow of an oil-in-water emulsion though a porous medium, the oil droplets 

are separated by the protective layer o f surfactant. The droplets then will not 

coalesce unless the local body forces exceed the interfacial forces at the droplets’ 

surface. It is believed that as the emulsion propagates into a porous medium, more 

surfactant will be adsorbed onto the surface of the sand grains, resulting in the 

reduction of surfactant concentration within the emulsion.49,50 Therefore, droplets 

may coalesce more easily and produce larger droplets when the surfactant 

concentration in the solution is below the minimum limit. Droplets may coalesce 

because of the application o f high shear forces rupturing the interface film while 

they are being forced toward each other.51,52 In addition, the droplets may coalesce 

because o f the change in chemistry of the continuous water phase. In particular, 

changes in solution pH and salinity can affect the properties of the interfacial film 

and, consequently, droplets’ stability.53’56 In the case of emulsions with a high oil 

content, in which the droplet-droplet interactions are significant, the effects of these 

parameters may be more pronounced. Any decrease in surfactant concentration or in 

the chemistry o f the mobile phases may eventually cause droplets to coalesce while 

they percolate in the porous medium. Because of coalescence, such an increase in 

droplets’ radii will affect the local capillary pressure, the viscosity of the emulsion, 

and generally, the emulsion flow behavior.
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Oil droplets-porous medium interface

The wettability of a porous medium (cosd in the Laplace equation) contributes 

dramatically to the magnitude of the local capillary pressure across a trapped oil 

droplet in a porous medium. Further study o f the interception mechanism, in terms 

of the capture and release of an oil droplet on the sand surface, revealed a strong 

interplay o f wettability as well as various hydrodynamic, intermolecular and
cn co

electrostatic forces. ’ Consider that the hydrodynamic forces (gravitational, 

inertial and drag forces, Brownian motion and molecular dispersion) influence the 

droplet such that it is now closely spaced to the pore surface. The movement of such 

droplets is highly constrained by the wettability of the solid porous medium. If the 

solid surface and the droplet have opposite charges, then the droplet will be attached 

to the pore surface. Otherwise, the repulsive forces create a certain separation 

distance and the droplet remains deposited on the sand surface only when the 

intermolecular attraction forces between the droplet and the sand grain overpower 

the hydrodynamic and repulsive forces. Nevertheless, the surface potential o f the 

droplet is influenced by the type (i.e., nonionic, cationic and anionic) and 

concentration of the surfactant in the solution, the composition of the oil, and the 

chemistry of the continuous phase.

The wettability of the porous medium is a function of solution pH and the adsorption 

of the surfactant on the pore surface. Figure 2.4 displays the zeta potential or the 

charge density, at the surface o f shear (calculated from electrophoretic mobility 

data) relating to hydrocarbon oil droplets plotted as a function of pH in acetate- 

veronal buffer at a constant ionic strength of 0.05 mol dm'3. It indicates that the 

point of zero charge for the hydrocarbon droplets occurs in the lower ranges of 

solution pH. As the pH increases, the surface charge density o f the oil droplets also 

increases.
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Figure 2.4 Effect of pH on zeta potential of hydrocarbon oil droplets [modified figure, 

after Shaw59]

In addition, the wettability o f the porous medium can be altered by adsorption of 

surfactant on the pore surface. Surfactant adsorption is an important phenomenon in 

many processes, such as tertiary oil recovery using micellar flooding and in mineral 

froth flotation. Research in mineral processing during the last eighty years has 

yielded valuable information on the adsorption characteristics o f minerals and 

mechanisms governing the adsorption. Past studies on adsorption in various systems 

have been discussed in many publications.60'63 Most of these, however, represent the 

surfactant adsorption in binary systems. In other words, they only deal with the 

surfactant adsorption at the interface of gas-liquid, gas-solid, liquid-liquid, or liquid- 

solid systems. The literature rarely evaluates the surfactant adsorption on the porous 

medium when the flowing fluid is an oil-in-water emulsion. The following literature 

provides more details of the physico-chemical aspects of surfactant adsorption
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related to flat surfaces. The effects of relevant factors, such as solution pH, 

temperature and ionic strength on the emulsion stability will also be discussed.

Lawson64 studied the stability o f water-in-oil-in-water (wl/o/w2) double emulsions 

by using the capillary video microscopy. Lawson was seeking a better understanding 

o f the role o f surfactants in the stability o f water-in-oil-in-water double emulsions. 

Various types and concentrations o f surfactants were used to prepare the emulsions. 

The formation o f droplets from the moment o f their preparation was observed. 

Information gathered from the experiments was used to design double emulsions and 

determine the feasibility of using this type o f emulsion for targeted drug delivery. 

The results indicated that the use of surfactant in the external aqueous phase 

promoted external coalescence, which is the release of internal w l droplets to the 

external w2 phase upon disruption of the oil-surfactant film. Variation of the 

surfactant concentration in the outer w2 phase enabled control of the rate of release 

o f the internal droplets. Increasing its concentration accelerated the release rate.

Strassner65 investigated the effect o f pH on interfacial films and the stability of crude 

oil-in-water emulsions. He found that oil field emulsions were stabilized primarily 

by film-forming, polar asphaltenes and resins containing organic acids and bases. In 

addition, he observed that the addition of inorganic acids and bases, with subsequent 

alterations in pH, changed the physical properties of these interfacial films and their 

ability to stabilize emulsions. In tests with low-gravity Venezuelan crude oil and 

distilled water, basic pH produced stable oil-in-water emulsions. Moreover, 

Strassner found that emulsion stability can be decreased by introducing conditions 

that reduce the film-forming capacity of the crude oil. These films can be minimized 

or their physical properties altered by treating them with acids and bases alone or in 

conjunction with inorganic salts, surfactants, heat or electricity. At an optimum pH 

range, adsorbed film exhibits minimum contracted film properties for most crude 

oil-brine system. The optimum pH for maximum emulsion instability depends on 

both crude oil and brine composition.
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Further study by Layrisse et al.66 using two Venezuelan crudes (Cerro Negre CN-36, 

8.3°API and Zuaty, 9.5°API) revealed that pH levels influence the natural surfactants 

present in the crude, and consequently, the interfacial behavior o f the crude. 

Emulsion stability is enhanced by minimum interfacial tension, which was found to 

be minimized at basic pH. Using acidic pH, the researchers found that the 

asphaltenes are adsorbed at the interface, whereas the lower interfacial tension found 

at alkaline pH are due to the more active and lighter resins.

fnGillberg and Eriksson investigated the effect o f pH on the solubilization capacity 

of the mixtures o f nonionic ampholytic surfactants employed in microemulsions. 

They found that microemulsions incite minor changes in pH at a constant 

temperature, due to the variation in the degree of ionization attributable to the 

ampholytic surfactant with pH. Consequently, this affects the total interaction 

potential energy by altering the repulsion energy of the surfactant layer.

• 68 • •Levius and Drommond investigated the effect of elevated temperatures as an

artificial breakdown stress to evaluate emulsion stability. They found that by 

increasing the temperature, the mean droplet size and droplet concentration 

decreased because of a more rapid settling rate.

Harusawa et al.69 found the hydrophilic/hydrophobic nature o f certain nonionic 

surfactants to be temperature-dependent, which affects the interfacial tension and 

emulsion stability. Nonionic surfactants containing ethylene oxide chains as 

hydrophilic groups suffered dehydration o f the ethylene oxide moieties as the 

temperature increased. Surfactants containing less than ten ethylene oxide units 

experienced an increase in interfacial tension with increasing temperature. A 

destabilizing influence on an emulsion is thus created with such a surfactant.

70Saito and Shinoda investigated the stability of both oil-in-water and water-in-oil 

type emulsions as a function of temperature. These were cyclohexane-water systems 

stabilized with the nonionic surfactant polyoxyethylene nonylphenylether. They
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found that the mean droplet diameter o f either emulsion type diminished as the 

emulsion temperature approached the phase inversion point (PIT) o f the system. 

This was a result of quick coalescence rates observed for larger droplets near the 

PIT, and their subsequent creaming out o f the solution.

Rosen71 summarized the effect o f temperature change on the stability of emulsions:

1) Thermal agitation of droplets increases the interaction/collision rate through 

diffusion.

2) The physical properties o f the interfacial film are affected by thermal 

expansion or contraction.

3) The relative solubility of surfactant in either phase is affected.

4) The rheological properties of the liquid constituents are affected.

Yang et al.72 studied the micron bubble attachment onto a solid surface under 

varying physicochemical conditions by using a direct microscopic observation 

method. They conducted bubble attachment experiments on sodium chloride 

solutions with various concentrations (10'1 to 10"4 M) and pH values (2.5 to 9.0) 

under a fixed flow intensity (Reynolds number = 200). In addition, the effect of 

metal ion valence on the bubble attachment was examined. The results indicated that 

the bubble attachment flux was dependent on both solution concentration (ionic 

strength) and pH, suggesting that the electrostatic interaction forces have a strong 

impact. They reported that the bubble attachment rate was noticeably enhanced in 

the presence of multi valent metal ions.

Taylor73 studied the structure o f bitumen/water interface and the surface forces that 

exist between emulsified water droplets. He used the Thin Liquid Film-Pressure 

Balance Technique to create microscopic water/solvent diluted-bitumen/water films. 

The films enabled them to study the interaction between two water droplets 

immersed in a continuous phase of diluted bitumen. Several properties of the film 

were measured as a function of solvent-to-bitumen ratio, including thickness, 

drainage rate, and lifetime. Surface force and film structure information was also

29

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



obtained from measured disjoining pressure-thickness isotherms. His results 

indicated that the film was probably stabilized by steric repulsion generated by 

surface active material from the asphaltene fraction of the bitumen. He also noticed 

evidence that a change in the solvent-to-bitumen ratio may have caused a change in 

the surfactant structure within the film.

74Stancik attempted to explain that the dominant role in the stabilization mechanism 

arise due to interfacial particle concentration gradient, and investigated the effects of 

fundamental flows on the structure and dynamics of mono-disperse spherical 

polystyrene particles adsorbed to the decane-water interface. He found that a 

competition between the forces arising from particle interactions and those due to 

the applied flow field leads to two distinct regimes of particle behavior, governed by 

interfacial concentration and flow rate. At low concentrations or high flow rates, 

hydrodynamic forces dominate the system and cause the particles to follow typical 

streamlines. In contrast, interparticle forces gain importance and lead to collective 

flow behavior amongst the particles.
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Chapter 3. Objectives and Hypotheses

The application of heavy oil-in-water emulsion as a novel sealant in the vicinity of 

the wellbore is proposed in this research. The prediction of emulsion flow behavior 

and the blocking mechanism in the near wellbore porous matrix is unclear. The main 

objectives of this research are as follows:

I. To observe the droplets’ capture mechanism in porous media by conducting 

micro-visualization experiments. The aim is to evaluate the effect of key 

elements involved in the process of entrapment. Factors that may influence 

the capture or release of a droplet into a pore are o f particular interest, for 

example, the effect of the physical properties o f the mobile phase and the 

surface chemistry o f the solid phase.

II. To study the flow behavior of an oil-in-water emulsion in porous media by 

macro-visualization experiments. Factors affecting the emulsion propagation 

rate into the porous medium, in particular, the effect o f emulsion stability 

and porous medium wettability on the blockage phenomenon will be 

evaluated. In addition, the effect o f oil type, porous medium permeability, 

injection velocity, wettability alteration, and surfactant concentration will be 

studied.

III. To gauge a heavy oil-in-water emulsion’s ability to seal a porous medium by 

conducting high pressure core flooding experiments. A range of 

unconsolidated porous media are examined in order to assure the application 

of the sealing process for further field trial implementation.

Table 3.1 summarizes the objectives and the parameters that will be investigated for 

each experimental category.
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Experimental category

Droplets capture 

mechanism

Emulsion flow 

propagation

Blockage

demonstration

Objective

To observe the 

droplets’ capture 

mechanism in porous 

media

To evaluate the 

factors affecting the 

emulsion propagation 

rate in porous media

To seal a variety 

o f porous media 

with different 

permeabilities

Type of 

investigation

Low pressure visual 

micro-scale flow tests

Low pressure visual 

macro-scale flow tests

High pressure 

blind flow tests

Flow devices

Etched glass micro­

model Two-parallel plate 

micro-model packed 

with glass beads

Core holder 

packed glass 

beads

Two-parallel plate 

micro-model packed 

with sand

Parameters

Oil type Oil type
Porous medium 

permeability

Emulsion quality Front propagation
Pore throat size 

distribution

Droplets stability
Permeability

reduction

Droplets size 

distribution

Wettability alteration
Droplet-to-pore size 

ratio
Emulsion

penetration

depth
Droplets size 

distribution

Emulsifier

concentration

Table 3.1 Summary of the objectives and parameters for each set of experimental

category
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Chapter 4. Microscopic Droplet 

Capture Mechanism Experiments

A series o f experiments at pore scale level were conducted to investigate an 

emulsion’s flow behavior, its blocking mechanism and the methods by which it 

breaks and attaches itself to a porous medium. The aim was to provide a gross 

overview o f emulsion flow through porous media and its blocking mechanism by 

using visualization experiments.

Micro-scale investigations were conducted in order to provide a detailed 

understanding of the emulsion blocking mechanism through porous media. Factors 

that may influence the capture or release o f a droplet into a pore were studied 

thoroughly. The aim was to observe the movement of the emulsion droplets into the 

pores and evaluate the effect of key elements involved in the process o f droplets 

entrapment. In particular, the effect of surface chemistry of the solid phase (pore 

surface) and the physical properties o f the mobile phase (the emulsion) were studied. 

Droplet-droplet and droplet-pore interactions were investigated for emulsions 

carrying different dispersed phase ratios, viscosities, and droplet size distributions.

The following describes the type o f equipment and materials used for the set-up and 

initiation of the experiments. Following this is a qualitative description of the 

droplet capture mechanism using two types of micro-models.

4.1 Experimental Set-up

Figure 4.1 shows the schematic o f the experimental setup. It consists of a positive 

displacement pump (Beckman/Altex Model 110A), a micro visual cell, a 

microscope, a light source, three differential pressure transmitters, a CCD camera, 

an HP data logger and an in-line monitor. A computer is used to record the pressure
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data and the captured video images. The injection and differential pressures across 

different sections of the micro-model are measured by three transmitters, monitored 

by the HP data logger and stored in the computer. One transmitter measured the 

pressure drop across the total length o f the micro-model, the other measured the 

upstream (front) section pressure drop, and the third one measured the pressure drop 

related to the downstream (rear) section.

Monitor

Graduate cylinder

HP Data
Logger

Camera

Microscope

Micro-model

d p 2 DP,

d p t
-0<H Pump

Figure 4.1 Schematic of the experimental setup for micro-scale experiments

The CCD camera is mounted on the dissecting microscope (Leica MZ8 stereo zoom 

microscope) and its analog output signal is converted to digital signals by Plextrol 

converter card, then fed into the computer for storage. The container holding the 

emulsion is placed above a magnetic stirrer to avoid phase segregation because of 

the density difference between the dispersed oil phase and the continuous water 

phase. Figure 4.2 is a photograph of the experimental setup.
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Figure 4.2 Photograph of the experimental setup for micro-scale experiments

4.2 Micro-models

Two types of micro-models were used in this study. The first is a dual depth micro­

model consisting o f two parallel glass plates. A smooth glass sits on top of an etched 

glass, resembling a highly-ordered pore-throat network. Its actual dimensions are 

one cm long by one cm wide. Figure 4.3 is an enlarged pore-throat network 

schematic. Its pores and throats specifications are presented in Table 4.1.

Figure 4.3 Enlarged pore network of etched glass micro-model
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pore body depth (pm) 75.0

pore throat depth (pm) 15.0

pore throat average length (pm) 24.4

pore body diameter (pm)

minimum 238.0

maximum 281.0

average 263.5

pore throat width (pm)

minimum 73.0

maximum 122.0

average 88.0

Table 4.1 Etched glass micro-model specifications

The procedure for etching the glass is presented in Appendix A. Figure 4.4 is three- 

dimensional (3D) view o f the cell holding the etched glass micro-model in place. 

The confining cell was built by Temco.

Figure 4.4 Three-dimensional view of etched glass micro-model
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The second micro-model is a two-parallel plate model. It consists o f a glass plate 

that sits atop an aluminum plate. A semi-rectangular section (12.5 cm long, 4 cm 

wide and 0.3 cm deep) was carved inside the aluminum plate, providing space for a 

synthetic porous medium to be packed. The entrance and exit sections of the carved 

region were semicircular in shape in order to distribute flow evenly across the cell.

iu rem en t p orts

Figure 4.5 Three-dimensional view of two-parallel plate micro-model

Figures 4.5 and 4.6 are three-dimensional views of this micro-model, unpacked and 

packed with glass beads, respectively. This micro-model was designed by the author 

and was built by the Alberta Research Council Machine Shop. Its design dimensions 

are detailed in Appendix B.
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Figure 4.6 Three -dimensional view of two-parallel plate micro-model packed with 

glass beads

4.3 Oil Type

Two types o f oil with highly ranging viscosities were used, namely mineral oil (MO) 

and Lloydminster oil (LMO). The MO was purchased from Fisher Scientific and the 

LMO was supplied by the Alberta Research Council. The viscosity of the MO at 

20°C, (34 mPa-s) is relatively low compared to the other oil. The viscosity for the 

LMO was measured at two different temperatures by using the CSL-100 Rheometer. 

Figure 4.7 shows the viscosity of the Lloydminster oil at 20°C and 50°C.
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Figure 4.7 Viscosity of Lloydminster oil at different temperatures

4.4 Emulsions Type and Quality

The produced emulsion can be either oil-in-water or water-in-oil, depending on the 

type of emulsifier, the applied mixing procedure, and the dispersed-to-continuous 

phase ratio. If an appropriate emulsifier is used to produce an emulsion, the internal 

phase can be dispersed into the continuous phase up to 45% of the total volume 

beyond which the emulsion will be inverted.

Oil-in-water emulsions were the only types used in the experiments. The emulsion 

quality, in this case either 5% or 13% by volume, is the percentage of the internal 

dispersed phase volume relative to the total volume.
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4.4.1 Emulsification Technique

Fine emulsions

These types o f emulsions were prepared using the agent-in-water method. First, 

surfactant was added to distilled water and the mixture was homogenized with a 

Brinkmann homogenizer at 5000 rpm for three minutes. The oil phase was gradually 

added in known proportions to the aqueous solution as the mixture was 

homogenized at the same shear rate for approximately 12 minutes. Both nonionic 

(one brand) and anionic (three brands) surfactants were used. The DOWFAX Triton 

X-100 nonionic surfactant was purchased from Fisher Scientific. The DOWFAX 

GR-5M anionic surfactant was provided by Dow Chemical Company. Two more 

anionic surfactants, PARA-CHEM Stanfax-1012 and PARA-CHEM Stanfax-1045, 

were supplied by ParaChem.

Among the four surfactants that were used for preparing an emulsion, only the 

nonionic DOWFAX Triton X-100 surfactant resulted in stable emulsions for long 

periods of time. It has a hydrophilic-lipophilic balance (HLB) o f 13.6 and a critical 

micelle concentration (CMC) of 130 ppm. The CMC is a measure of the surfactant 

concentration in a solution which represents the critical value above which the 

formation o f micelles will occur with increasing concentration.59

Coarse emulsions

The procedure applied to produce coarse emulsions was similar to that used to 

produce fine emulsions. Stable emulsions with droplet sizes up to 60 to 70 pm were 

produced by using the homogenizer. However, the method of mixing the continuous 

and the dispersed phases was completely different for producing emulsion with 

larger droplets. Instead o f using the Brinkmann homogenizer, the phases were mixed 

manually. First, the surfactant was added and mixed into distilled water for three 

minutes. Then the oil phase was added. Finally, the container was closed and 

manually shaken for four minutes.

40

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.4.2 Emulsion Stability

Since emulsions are thermodynamically unstable, their lifetime is a primary stability 

indicator. The rate o f coalescence o f the droplets is considered to be the only 

quantitative measure for the stability of the produced emulsions. The stability o f the 

produced emulsions was characterized in terms of their droplet size distributions. A 

Master Sizer-2000 from the Department of Chemical and Materials Engineering at 

the University of Alberta was used for measuring the emulsion droplets size 

distribution over time periods of one and two days, one week, and one month. An 

emulsion was considered stable if  its droplet size distribution did not change 

drastically over time.

4.5 Etched Glass Micro-model Experiments

Before initiating the experiments, the micro-model was flushed with toluene, 

isopropyl alcohol (IPA), excess amounts of water, and dried at room temperature. 

The desired emulsion was injected into the micro-model. Then, the microscope was 

positioned at the top of the micro-model and the pore network geometry was 

magnified to 325 times its actual size. Once the emulsion injection commenced, the 

droplets’ blocking mechanism was observed. The trapping and coalescence of local 

droplets, and their squeezing through a single pore, was monitored over time. In 

addition, the overall pressure profile was recorded over the course of emulsion 

injection. The effects of oil type, droplet-to-pore size ratio, and wettability alteration 

were investigated separately.

4.5.1 Experiments to Observe Droplet Capture Mechanism

Three different O/W emulsions, each with different droplet size distributions, were 

prepared and used in this section to investigate the effects of oil type and droplet-to- 

pore size ratio. The emulsions’ characteristics and the details of each experiment are 

presented below.
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4.5.1.1 Fine mineral oil-in-water emulsion

An emulsion, M /W l, prepared with mineral oil and distilled water by using the 

homogenizer, consisted o f fine droplets with an average size o f 5.1 pm. The 

measured droplet size distribution is presented in Appendix C. The mineral oil was 

dyed in red BK-50 Unisol liquid for the purpose of detecting and following the flow 

path of each oil droplet during the emulsion injection. Figure 4.8 shows the dyed 

mineral oil mixed with distilled water that resulted in the pink colored emulsion.

m

Figure 4.8 Dyed mineral oil mixed with water to produce a pink colored emulsion

For this emulsion, the phase ratio was 5% oil and 95% water with a surfactant 

concentration of 0.12% (volume/volume), which corresponds to 0.13 grams of 

surfactant in 100 cm3 o f water (0.13% weight/volume). The color of the produced 

emulsion could be close to that of the red-dyed mineral oil, if  the produced emulsion 

had a higher dispersed phase ratio.

Figure 4.9 is a magnified section of the pore-throat network prior to the injection of 

the emulsion.
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Figure 4.9 Magnified pore-throat network of etched glass micro-model

The emulsion was injected into the micro-model under variable flow rate conditions. 

Since the emulsion mean droplet size was smaller than the pore throat size by an 

order of magnitude, there was no sign o f straining mechanism. All droplets passed 

through the pore throat network easily under high flow rate conditions. However, at 

low flow rates, droplets were deposited in the pore crevices and primarily captured 

on surfaces close to the pore throat entrances.

Figure 4.10 shows the interception mechanism at the early stages of the injection. 

Also, it was found that droplets may accumulate on top of each other, coagulate and 

thereby block the pore throats. Figure 4.11 illustrates such coagulation in the later 

stages of injection.
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Figure 4.10 Droplets deposition on the pores surface at the early stage of injection

Figure 4.11 Droplets coagulation at the end of injection period
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The pressure drop caused by injecting this emulsion was relatively low. Figure 4.12 

shows an almost flat trend for the pressure gradient across the micro-model for the 

injection flow rate o f 3 cm /min.

E
I0.
j*:
c0)

T3
(0L.
0
0) 1 
(/> W 
<0 1—
Q_

0.01
15 20 255 100

Injection Time (min)

Figure 4.12 Pressure gradient for injecting emulsion MAV1

4.5.1.2 Coarse mineral oil-in-water emulsion

A coarse emulsion, M/W2, was prepared manually from dyed mineral oil and 

distilled water. The phase ratio was 5% oil and 95% water with a surfactant 

concentration o f 0.12% (volume/volume), corresponding to 0.13 grams of surfactant 

in 100 cm3 of water (0.13% weight/volume). Its mean droplet size was measured to 

be 200 pm. The droplet size distribution is presented in Appendix C.

When this coarse emulsion was injected into the micro-model, most of the droplets 

were strained into the pore throats which had a smaller diameter compared to the 

droplets’ sizes. Figure 4.13 illustrates the droplets that were filtered out of the 

continuous phase as they percolated into the downstream pores.
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Figure 4.13 Droplets strained into pore throats due to size exclusion

As the emulsion injection continued, more droplets were lodged into the pore 

entrances. Once the total volume o f a pore was occupied by the maximum allowable 

droplets, they were pushed through the pore throats into the next pores by the 

incoming injected droplets. This process continued until all capture sites were 

occupied and the pores filled in series. Meanwhile, the injection pressure built up as 

more droplets snapped off into the downstream pores.

Figures 4.14 through 4.16 illustrate the process for a strained droplet moving from 

one pore to another. The emulsion was distributed evenly at the point o f injection 

through a relatively wide channel, perpendicular to the direction of flow. In addition, 

the emulsion front did not follow a piston-like shape -solid wall plane- although the 

emulsion was introduced into the entrance pores evenly. Cross-flow was observed 

and some pores were filled laterally.
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Figure 4.14 A droplet strained at the pore entrance due to size exclusion

Figure 4.15 The strained droplet squeezing through the pore throat
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Figure 4.16 The strained droplet passing through the pore throat without breaking

Figure 4.17 indicates that the pressure gradient increased linearly as the pores were 

filled by droplets with a greater diameter than the pore throats. The pressure gradient 

trend then flattened, indicating that all pores were filled, and the injection pressure 

reached a steady state.
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Figure 4.17 Pressure gradient for injecting emulsion M/W2
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The emulsion droplets showed high stability. Figure 4.17 illustrates that the droplets 

were packed closely into a single pore without coalescing with one another.

Figure 4.18 Highly stable droplets packed into pores without coalescence

4.5.1.3 Fine Lloydm inster oil-in-water emulsion

This emulsion, LM/W1, is comprised of heavy Lloydminster oil and distilled water 

mixed with the homogenizer. It was impossible to mix the oil into the distilled water 

at room temperature because of its high viscosity. Therefore, the oil was warmed to 

50°C and mixed into preheated distilled water. Different combinations of oil ratios 

and surfactant concentrations were examined, but only fine emulsions were 

produced. In an attempt to produce the desired emulsion with larger droplets, two 

extreme situations were observed in relation to emulsion stability and droplet size 

distribution. A relatively coarse emulsion was produced when low surfactant content 

was used in combination with a low applied shear mixing rate. However, the 

emulsion was not stable enough and the droplets either coalesced with each other 

immediately or adhered to the container’s wall. A fine emulsion was prepared by 

increasing the surfactant content and the shear mixing rate. Since the transition from
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a coarse to a fine emulsion occurs quickly and the range for surfactant content and 

shear mixing rate is so narrow, it became nearly impossible to produce a coarse 

Lloydminster O/W emulsion with a droplet size over 25 pm. Therefore, only fine 

emulsions were examined in this section.

The phase ratio for emulsion LM/W1 was 5% oil and 95% water with a surfactant 

concentration of 0.12% (volume/volume). Its mean droplet size was 21 pm. The 

droplet size distribution is given in Appendix C.

Emulsion LM/W1, which carried more viscous droplets compared to the previous 

two, revealed a relatively different behavior during its injection. These highly 

viscous droplets were deposited in the pore crevices and captured mainly on the pore 

surfaces, close to the pore throat entrances. The droplets were deposited because of 

gravity and the net charge of the forces between the surfaces of the pore bodies and 

the oil droplets. Figure 4.19 displays the attachment of the droplets on the pore 

surface and their coalescence.

Figure 4.19 Heavy oil droplets attached to pores’ surface and their coalescence
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Furthermore, droplets that accumulated on top o f each other coalesced and produced 

larger immobile droplets. It seemed that these highly viscous oil droplets were 

attached to the pore surface strongly enough that they were able to resist the local 

shear forces and block the pores completely. Although most of the pores were 

blocked, few other pores were filled partially in series and created a micro-channel 

flow path. As a result, they facilitated the passage of the injected emulsion to the 

other end of the micro-model.

Figure 4.20 shows the blocked pores magnified to 325 times their actual size. Also, 

Figure 4.21 displays a broader region of the blocked pores magnified to 162.5 times 

their actual size.

Figure 4.20 Pores filled with coalesced droplets

The pressure profile for this experiment (Figure 4.22) demonstrates that an 

emulsion, which carried more viscous oil droplets, may resist higher pressures. In 

addition, the figure indicates that the pressure gradient increased sharply as the pores 

were filling up with the coalesced droplets. The pressure gradient then reached a
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plateau, indicating that the incoming droplets were passing through the micro­

channels without blocking them.

Figure 4.21 Zigzag channel at the centre pores facilitated the passage of droplets
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Figure 4.22 Pressure gradient for injecting emulsion LM/W1

52

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.5.2 Effects of Pre-flush on Wettability and Droplets Stability

Four experiments were conducted to evaluate the effect of different pre-flush 

solutions on local capillary pressure, which is a function o f porous medium 

wettability and droplet sizes. For the purpose of comparison, all experiments were 

conducted under identical injection times and flow rates. The injection pressure and 

the emulsion frontal position were monitored for the duration of each experiment.

4.5.2.1 Base case: Em ulsion injection

In this base case experiment, a mineral oil-in-water emulsion (M/W3) with a 13% 

quality (i.e. 13% oil ratio, volume/volume) and 0.12% surfactant concentration 

(volume/volume) was injected into the etched glass micro-model. Its mean droplet 

size was measured to be 225 pm. The droplet size distribution for this emulsion is 

given in Appendix C.

First, the micro-model was flushed with distilled water and the emulsion injection 

proceeded at 3 cm /min. The droplets equal or smaller in diameter than that of the 

pore throats passed through toward the downstream pores. However, the larger 

droplets lodged into the pore throats, which resulted in an injection pressure buildup. 

These strained droplets also blocked the passage for the incoming droplets, 

regardless of their size. As the injection continued, more droplets were filtered out of 

the continuous phase. At the same time, while the pressure increased, the smaller 

droplets passed between the larger droplets.

The process was then followed by snapping off the larger droplets to the next pores. 

Since the droplets were larger than the pore throats by an order o f magnitude, only 

sixteen rows of pores were filled after 90 minutes of injection time. The observation 

was similar to the one presented in Section 4.5.1.2. Figure 4.23 illustrates the 

emulsion frontal position per number of filled pores. Additionally, Figure 4.24 

shows the pressure gradient profile for this experiment.
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Figure 4.23 Emulsion M/W3 frontal advancement per number of filled pores
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Figure 4.24 Pressure gradient for injecting emulsion M/W3
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4.5.2.2 Acidic pre-flush

In this experiment the micro-model was flushed with two pore volumes of acidic 

solution and two pore volumes of deionized water prior to the emulsion injection. 

The acidic pre-flush solution was a diluted HC1 solution. Its pH was maintained at 

approximately four to avoid corrosion problems with the equipment. The micro­

model then was flushed with two pore volumes of deionized water prior to the 

injection of emulsion in order to minimize the effect of pre-flush conditioner on the 

stability o f injected oil droplets. Injection o f same emulsion (i.e. M/W3) at the same 

flow rate (3 cm3/min) was followed.

It was observed that the acidic pre-flush caused some droplets to coalesce and 

produce larger droplets. Therefore, a higher injection pressure was required to pass 

these large droplets through the pore throats. Figure 4.25 displays the droplet 

coalescence at the front section of the etched glass micro-model.

Figure 4.25 Droplets coalescence due to applying acidic pre-flush

55

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.26 indicates that the pressure gradient increased steadily at the beginning of 

the injection and was nearly 50% higher than the base case pressure gradient (Figure 

4.27) for the first five minutes.

12  - i

0  H-------------------------- 1--------------------------- 1--------------------------- 1---------------------------1---------------------------1

0 20 40 60 80 100
Injection Time (min)

Figure 4.26 Pressure gradient for injecting emulsion M/W 3 after acidic pre-flush

In addition, the coalescence o f the droplets continued while they were percolating 

through the porous medium, which resulted in production o f oil ganglia. It appeared 

that the ganglia were squeezed through pore throats easier than the original parental 

droplets, which were smaller in size. Based on the observed phenomenon, this could 

be due to the destruction o f the interfacial film.

Figure 4.28 indicates that the emulsion frontal advancement into the micro-model 

was enhanced by 81% for an equal injection time; 29 rows o f pores were filled in 

series for the acidic pre-flush case compared to 16 rows in the base case.
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Figure 4.27 Num ber o f pores filled by injecting emulsion MAV3 after acidic pre-flush

By applying the acidic pre-flush solution, the wettability shifted toward an oil-wet 

system. Although there was no direct method of measuring the wettability changes, 

the acidic pre-flush solution increased the oil droplets penetration depth by 80% 

compared to the base case. This contradicted our prediction since the pre-flush 

solutions affected not only the wettability but also the stability of the interfacial film.

4.5.2.3 Alkaline pre-flush

In this experiment, the micro-model was flushed with two pore volumes o f alkaline 

solution and two pore volumes of deionized water prior to the emulsion injection. 

The alkaline pre-flush solution was a dilute aqueous sodium hydroxide solution. The 

solution was maintained at a pH of approximately 10 to avoid corrosion problems 

with the equipment. The pre-flush conditioner and removing its excess amount by
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the deionized water was followed by the injection of the same emulsion (i.e. M/W3) 

at the same flow rate (3 cm3/min).

In this case, we observed similar behavior to that o f the base case experiment: the 

droplets equal or smaller in diameter than the pore throats passed through toward the 

downstream pores; the larger droplets lodged into the pore throats, which resulted in 

injection pressure buildup; and the strained droplets blocked the passage for the 

incoming droplets, regardless of their size.

Ordinarily, by applying an alkaline pre-flush solution, the wettability shifts toward a 

highly water-wet system, easily facilitating the passage of oil droplets into the pores. 

In addition, depending on the oil type and composition, the alkaline pre-flush 

solution could result in the generation of extra emulsifier agent upon contact with 

the oil droplets.

There was no direct method o f measuring either the internal surfactant concentration 

or the wettability changes within the etched glass micro-model, and it was 

impossible to gauge the effect of pre-flush on these two factors since the droplets 

were larger than the pore throats by an order of magnitude. The alkaline pre-flush 

solution caused the droplets to retain their stability. However, it was clear that the 

droplets’ surface was slightly disturbed, not smooth, as in the base case experiment. 

Visible roughness appeared on the surface of each droplet.

Figure 4.28 indicates that emulsion penetration depth per number of filled rows of 

pores was nearly identical to that in the base case after 90 minutes o f injection time. 

Figure 4.29 illustrates that the rate of pressure build up for this experiment was 

lower at the early stages of the injection, and levels off at the end of the injection 

time like in the base case scenario (Figure 4.24). The later increase in pressure could 

be due to the consumption of the pre-flush solution that was present in the porous 

medium. This indicates that, if  sufficient amounts of alkaline pre-flush are used, this
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may reduce the injection pressure in order to deliver the emulsion to a particular 

depth.
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Figure 4.28 Number of filled pores for injecting emulsion M/W3 after alkaline pre- 
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Figure 4.29 Pressure gradient for injecting emulsion M/W3 after alkaline pre-flush
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4.5.2.4 Surfactant pre-flush

This experiment was initiated by conditioning the micro-model with excess amounts 

o f surfactant pre-flush, made of TRITON X-100 surfactant and distilled water. Its 

surfactant concentration was 0.12% (volume/volume), which corresponds to 0.13 

grams o f surfactant in 100 cm3 o f water (0.13% weight/volume). The experimental 

procedure was identical to Sections 4.5.2.2 and 4.5.2.3 with the exception o f having 

surfactant pre-flush instead o f acidic and alkaline pre-flush solutions.

The oil droplets were squeezed through the pore throats and moved faster into the 

pore network. Droplets retained their size and shape without coalescing. In addition, 

their surface seemed smooth, and a sharp distinction between droplet interfaces was 

apparent even when they were packed too closely into a single pore. Figure 4.30 

illustrates that the number of occupied pores per unit length of the micro-model 

increased by 250% compared to the base case experiment, using the same injection 

interval.
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Figure 4.30 Number of filled pores for injecting emulsion MAV3 after surfactant pre- 

flush
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Figure 4.31 illustrates the corresponding pressure gradient across the micro-model 

for this experiment. Specifically, it indicates that the pressure gradient almost tripled 

for the surfactant pre-flush case in comparison to the base case during the first 72 

minutes of injection time, at which time a technical problem occurred resulting in 

drastically reduced injection pressure.
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Figure 4.31 Pressure gradient for injecting emulsion M /W 3 after surfactant pre-flush

4.5.3 Emulsion Breaking

Emulsion breaking may occur naturally or by means o f external forces. The most 

important factors affecting emulsion stability are the surfactant type and 

concentration, salinity, solution pH and external applied shear forces. The effects of 

surfactant concentration and variable shear rates on stability of an emulsion were 

studied in the previous sections. This portion o f the study investigates the effect of 

solution pH on the breaking of a highly stable emulsion. We observed the change in
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solution pH and its effect on the stability of the droplets that were lodged and packed 

inside a porous medium. For this purpose, two experiments, including the injection 

of emulsion M/W3 into the etched glass micro-model, were conducted. The 

procedure for injection was similar to the experiment presented in Section 4.5.2.1.

In the first experiment, the emulsion injection was followed by the injection of one 

pore volume of alkaline solution (NaOH solution, pH = 11). The alkaline post-flush 

did not affect the stability of trapped droplets. In the second experiment, the 

emulsion injection was followed by the injection o f one pore volume of acidic 

solution (HCL solution, pH = 3.5). The trapped droplets began coalescing shortly 

after the injection of the post-flush acidic solution. Figure 4.32 indicates that each 

coalesced droplet filled almost the entire volume of each pore. This observation 

could prove beneficial in predicting the breaking o f highly-stable emulsions that are 

injected into a porous medium once the emulsion has reached the desired depth. If 

the emulsion is prepared with a highly-viscous oil, such breakage will create a stable 

plug that requires hundred of thousands of kPa/m to be mobilized.

€

Figure 4.32 Strained droplets coalesced after injecting post-flush acidic solution
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4.6 Two-parallel Plate Micro-model Experiments

In this part of the experiments, the two-parallel plate micro-model called “visual 

cell” was packed with Badger field sand with a narrow size between 100 and 120 

mesh. The sand has a yellowish color, providing a good contrast when an emulsion 

flows through the packed medium. This range o f grain sizes was the smallest 

possible size that could be magnified and still produce a sharp image with the 

available visualization system. For a dry-packed porous medium, even smaller grain 

sizes could be magnified reasonably with the current system. However, the 

sharpness of such images vanished as the medium was saturated with water. 

Moreover, the microscope was only focused on a small section of 2.4 mm2, since the 

length and width of the visual cell was too broad for microscopic investigation.

4.6.1 Experimental Procedure

The experimental procedure was identical for all experiments. First, the visual cell 

was kept in a vertical position so that its exit port was at the top and the injection 

port was at the bottom. The sand grains were introduced in small portions from a 

packing port into the gap between the glass and the aluminum plate. The packing 

port was designed to be beside the flow exit port in order to facilitate full packing of 

the cell. The visual cell was shaken continuously and vibrated while the sand was 

introduced. Following this, the dry-packed porous medium was degassed by 

saturating it in a vertical position and under capillary imbibition forces for a few 

hours. Once the emulsion injection commenced, the droplets blocking mechanism, 

which includes the local droplets’ trapping, coalescence, and squeezing through a 

single pore were monitored over time. Also, the overall pressure profile was 

recorded during the course of emulsion injection. The effect o f different oil types 

and surfactant concentrations on the phenomenon o f droplets capture was studied.
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4.6.2 Fine Mineral Oil-in-water Emulsion

Mineral oil-in-water emulsion (M/W4), with a relatively high surfactant 

concentration (0.12%, volume/volume) and 13% quality, was injected under variable 

injection flow rates into the visual cell. The mean droplet size of this emulsion was 

26 pm (details are presented in Appendix C). The droplet sizes were comparable 

with those o f the pore body and throat sizes. Therefore, most o f the droplets were 

captured by size exclusion (i.e. droplets sizes larger than the pore throat sizes). This 

resulted in an emulsion front that contained a high concentration of droplets. 

Recognition of the droplets within the highly-concentrated front was relatively 

impossible through image representation. However, the tip o f the emulsion front 

contained fewer droplets. Figure 4.33 illustrates the droplets that were accumulated 

and squeezed through the pore throats under higher injection pressure, without 

coalescence regardless of the injection rate (velocity).

Captured
droplets

Figure 4.33 Droplets captured due to size exclusion

As the linear flow velocity increased, more droplets with higher penetration rates 

invaded the porous medium. For any increase in the flow velocity, the pressure 

gradient increased dramatically and the pressure response was quick (Figure 4.34).
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The pressure gradient trend then increased steadily over time for a constant injection 

rate.
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Figure 4.34 Pressure gradient and linear flow velocity profiles for injecting emulsion  

MAV4

4.6.3 Coarse Mineral Oil-in-water Emulsion

Mineral oil-in-water emulsion (M/W5), with a surfactant concentration of 0.01% 

(lower than the CMC which is 0.025%, volume/volume) and 13% quality, was 

injected under variable injection flow rates into the visual cell. The droplets’ mean 

size was 72.2 pm, larger than the pore throats. The emulsion droplet size distribution 

is presented in Appendix C.
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When the emulsion injection began, almost all of the droplets were captured by size 

exclusion. Also, they coalesced as they percolated into the porous medium. The 

coalescence o f these droplets created an emulsion front that contained a high 

concentration of the dispersed phase. Although the droplet coalescence phenomenon 

was recognized during the experiment and throughout the video analysis, it was 

impossible to identify their interfaces through images. This could be partially 

because of the photographic quality.

In addition, the droplets that lodged into the pore throats accumulated within them 

and squeezed through the pore throats under higher injection pressure. The droplets 

may undergo deformation or in some instances break apart while being squeezed 

through the pore constrictions.

In addition, it was observed that a smaller number of droplets than expected 

percolated through the porous medium under higher injection velocity. It seemed 

that some droplets might have coalesced in the distribution channel rather than 

inside the porous medium. The other possibility could be a filtration of the incoming 

droplets in the injection line that was caused by the larger droplets at the sand face.

Figure 4.35 illustrates that the pressure gradient increased due to the sharp increase 

in the injection velocity. However, the pressure gradient trend for each injection rate 

period leveled off for the rest of the injection time aside from a few isolated spikes.

After injecting 4.85 pore volumes of the emulsion and with the flow rate increased 

to 9 cm3/min (flow velocity of 0.000625 m/s) almost all of the droplets coalesced, 

resulting in a sharp pressure increase. The sudden increase in pressure occurred 

because o f the generation of immobile oil ganglia as a consequence of dispersed oil 

droplets’ coalescence. With further increase in the injection pressure the ganglia 

were mobilized downstream. Following this, the pressure gradient dropped to its 

original value before the coalescence o f droplets was initiated.
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Figure 4.35 Pressure gradient and linear flow velocity profiles for injecting emulsion  

M/W 5

4.6.4 Fine Western Canadian Oil-in-water Emulsion

A fine Western Canadian oil-in-water emulsion, WC/W1, was prepared by mixing 

the oil and distilled water. The emulsion had a relatively high surfactant 

concentration (0.12%, volume/volume) and 13% quality. Its mean droplet size was 

measured to be 15.9 pm. The detail of this droplet size distribution is presented in 

Appendix C. The droplet sizes were comparable with those o f pore throat sizes. 

Since this emulsion carried black oil droplets it presented a contrast when injected 

into a porous medium. As the emulsion injection began, the majority o f the droplets 

were captured in the pore throats due to size exclusion. Figure 4.36 shows the 

captured droplets at the beginning of emulsion injection. The incoming droplets 

were diverted to the other pores. They moved further inside the porous medium as if
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they were o f the same size or smaller than the pore throats. As emulsion injection 

continued, the number o f captured droplets within the porous medium increased and 

the number of captured droplets decreased monotonically from the injection toward 

the production port.

C ap tu red
d rop lets

Figure 4.36 Black oil (WCO) droplets captured at the early stage of injecting emulsion 

WC/W1

While the pressure across the model built up, increasingly, more and more droplets 

were captured, with many of them sitting behind each other in series. Figure 4.37 

illustrates droplets accumulating within the pores. This continued until the pores 

were completely full. The strained droplets resisted the pressure build up without 

coalescing with their neighbor droplets. They were pushed ahead and squeezed 

through the pores by the new injected droplets.

Figure 4.38 illustrates that the pressure gradient increased linearly as the emulsion 

was injected. Typically, the pressure gradient should level off after all capture sites 

are filled. However, the experiment ended after injecting only eight pore volumes of 

emulsion.
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Figure 4.37 Accumulation of highly stable black oil (WCO) droplets at the late stage 

of injecting emulsion WC/W1
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Figure 4.38 Pressure gradient for injecting emulsion WC/W1
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4.6.5 Coarse Western Canadian Oil-in-water Emulsion

Western Canadian oil-in-water emulsion (WC/W2), with a relatively low surfactant 

concentration (0.025%, volume/volume) and 13% quality, was injected at a constant 

flow rate into the visual cell. The droplet sizes were comparable with those of the 

pore bodies but were larger in diameter than the pore throats. The mechanism of 

droplet capture was almost identical to the injection of emulsion M/W5. Almost all 

o f the droplets were captured by size exclusion (Figure 4.39).

Figure 4.39 Black oil (WCO) droplets captured at the early stage of injecting emulsion 

WC/W2

With the increased pressure gradient across the cell, droplets were pushed closer 

together and partially coalesced. The coalesced droplets were squeezed further into 

the porous medium under even greater pressure.

In addition, the rate o f droplet accumulation increased at the entrance of the visual 

cell. Figure 4.40 displays the pressure gradient increasing up to injecting four pore 

volumes of the emulsion. At this time a technical problem surfaced; the stirrer was 

not mixing the emulsion properly and the number of large droplets (mainly migrated
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to the upper portion of the fluid due to buoyant force) entering into the pump’s inlet 

reduced. The problem was resolved by injecting two pore volumes of emulsion, and 

the injection pressure started to increase afterwards. Pores at the entrance section 

became completely full and the strained droplets became severely clogged at the 

pore constrictions.
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Figure 4.40 Pressure gradient for injecting emulsion WC/W2

As the emulsion injection continued, nearly all o f the pores were filled. The rate of 

droplets coalescence increased after injecting nine pore volumes. This resulted in a 

sharp increase of the injection pressure.

Figure 4.41 indicates that these highly-packed droplets were pushed too close 

together, which resulted in the subsequent coalescence and production of highly-
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viscous oil ganglia. At a pressure gradient o f 2750 kPa/m, the ganglia were pushed 

further down into the porous medium, which resulted in sudden decrease o f the 

injection pressure.

Figure 4.41 Droplets coalescence at the late stage of injecting emulsion WC/W2
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Chapter 5. Macroscopic Emulsion 

Flow Behavior Experiments

Macro-scale investigations were conducted in order to observe the emulsion flow 

behavior through porous media. Factors affecting an emulsion propagation rate into 

a porous medium were evaluated, in particular the effect of stability and wettability 

on the blockage phenomenon.

The macro-scale experiments were conducted on the “visual cell”, the two-parallel 

plate micro-model. It was packed with different glass beads, with each pack yielding 

a different permeability. In these experiments, we visually monitored an emulsion’s 

frontal propagation rate, and noted the increase in injection pressure and the 

permeability reduction during the injection process. In essence, the effect of oil type, 

porous medium permeability, injection velocity, wettability alteration, and surfactant 

concentration were studied.

5.1 Experimental Set-up

Figure 5.1 is a photograph of the experimental setup. The experimental loop was 

similar to the one utilized for the micro-scale investigation (Chapter 4, Figure 4.1) 

with the following exceptions: the microscope was removed from the loop and an 

enlarging lens was mounted at the top of the CCD camera. The CCD camera was 

located at a distance of approximately 40 cm from the top of the visual cell, enabling 

a full view o f the cell.
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Figure 5.1 Experimental setup for macro-scale experiments

5.2 Oil Type

Two types of oil, mineral oil (MO) and Western Canadian oil (WCO) were used in 

this part o f the experiments. The properties of the mineral oil are listed in Section 

4.3. The WCO was supplied by the Alberta Research Council. Its viscosity was 

measured at two different temperatures by using the CSL-100 Rheometer. Figure 5.2 

illustrates the viscosity o f the Western Canadian oil at 20°C and 50°C.
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Figure 5.2 Viscosity of Western Canadian oil (WCO) at different temperatures

5.3 Experimental Procedure

The visual cell was packed with a mixture of fine, medium and coarse glass beads 

between 100 to 320 mesh, according to the procedure outlined in section 4.6.1. 

Table 5.1 lists the weight fractions of the glass beads size distribution constituting 

this medium.

Grain size (US Mesh) Weight fraction (%)
d > 80 0.45
80-100 0.45
100-120 1.52
120-140 2.95
140-200 83.14
200-230 0.62

d < 230 10.87

Table 5.1 Weight fraction of the glass beads pack
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The porous medium was saturated with distilled water, and its absolute permeability 

was determined at three different flow rates: 3, 6, and 9 cm3/min. Depending on the 

size of glass beads used in packing the cell, each pack yielded differing 

permeabilities; all packed media had a porosity between 0.33 and 0.35. Even for a 

single porous medium pack, the local permeability varied slightly for each section of 

the cell. Therefore, the permeability was measured for the total length o f the cell, its 

front and rear sections.

The desired emulsion was injected at a constant flow rate condition. The exit was 

opened to atmospheric pressure. Therefore, the injection pressure was measured by 

the absolute pressure transmitter and recorded as total differential pressure across the 

cell for assessing the reduction in the total permeability. Two differential pressure 

transmitters measured the pressure drop across different sections of the model during 

the experiment, to be used for assessing the front and rear sections’ permeability 

reductions. Although the pump operated under a constant injection rate, the effluent 

was collected in a graduated cylinder in small time increments and the injection rate 

was reaffirmed. Meanwhile, the emulsion flow behavior through the porous medium 

was recorded and photographed continuously.

5.4 General Observation on Emulsion Flow in Porous Media

Mineral oil-in-water emulsion (M/W4) and Western Canadian oil-in-water emulsion 

(WC/W1) were injected into different glass bead packs. The purpose of this was to 

evaluate the flow behavior of these two emulsions from different perspectives. Each 

emulsion was made of two different oil types. The objective was to evaluate the 

frontal propagation rate, the corresponding pressure response and the permeability 

reduction for each type o f emulsion. The reduction in permeability was assessed by 

water injection after the emulsion injection. Each experiment, which included the 

injection of M/W4 and WC/W1 emulsions separately, was conducted on the same 

packed porous medium. In addition, the injection rate was maintained constant at 3 

cm3/min for each of the experiments.
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5.4.1 Frontal Advancement

The emulsion propagation rate was monitored during the injection in each set of 

experiments, using the same pack with sequences of injecting emulsion M/W4 first. 

Then the packed medium was cleaned by Isopropyl alcohol and five pore volumes of 

water. Injection of emulsion WC/W1 into the same pack was followed. Based on the 

observation made in Chapter 4, the mean droplet size was greater compared with the 

pore throat size for this porous medium.

At the moment the emulsion entered into the porous medium, some droplets, 

perhaps the larger ones, were filtered out of the continuous phase. These droplets 

distributed evenly across the flow path area and their accumulation resulted in a 

highly concentrated area. Other droplets being less in number, flowed ahead of this 

highly concentrated region. The emulsion front then proceeded into the porous 

medium in a way similar to that of a solid wall plane. Figures 5.3 and 5.4 depict the 

frontal advancement after the injection of 1.1 pore volumes of the emulsions M/W4 

and WC/W1 into the porous medium.

Figure 5.3 Front position after injection o f  1.1 PV o f emulsion M /W 4
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Figure 5.4 Front position after injection of 1.1 PV of emulsion WCAV1

Similarly, Figures 5.5 and 5.6 illustrate the frontal advancement after injection of 7.5 

pore volumes of the emulsions M/W4 and WC/W1 into the porous medium.

Figure 5.5 Front position after injection o f 7.5 PV o f emulsion M /W 4
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Figure 5.6 Front position after injection of 7.5 PV of emulsion WC/W1

The figures above indicate that the front position is identical regardless of the oil 

type for the injection o f equal amounts o f these two stable emulsions. Based on the 

above presented pictures and, also, by measuring the front position through video 

analysis (videos showing the emulsion propagation depth were recorded for each 

experiment) in different stages of the emulsion injection period, a general expression 

can be drawn with which to predict the frontal position of any stable emulsion that 

has a larger mean droplet size than the pore throat size:

Lf = Lt (PV)X  (5.1)

where:

Lf = front position 

L j = total length

PV = pore volume of injected emulsion 

X = emulsion quality
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5.4.2 Effluent Droplets Size Distribution

The effluent droplet size distribution was measured for several o f the experiments 

conducted in this part of the study. In the following, the results for the droplets size 

distribution measurement o f emulsion M/W4 injected into a glass beads pack are 

presented. The porous medium was packed with fine beads less than 230 mesh. 

Figure 5.7 indicates the droplets size distribution for the injected emulsion M/W4. 

Almost 12 percent of the these droplets had a mean size of 26 pm.

P a r t i c l e  S i z e  D i s t r i b u t  o n

100 1000 3000
P a r tic le  S iz e  (pm )

Figure 5.7 Droplet size distribution for the injected emulsion MAV4

When this emulsion was injected into the glass beads pack, almost all of the droplets 

were captured before the emulsion front reached the exit port o f the cell. Figure 5.8 

shows the measured effluent droplet size distribution just before the emulsion front 

exited the cell. By this time, almost nine pore volumes of the emulsion were 

injected. The graph indicates that only small droplets, between 4 and 20 pm, passed 

through the cell. Almost 19 percent (volume) of the droplets had an average size of 

10 pm.
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Figure 5.8 Effluent droplet size distribution after injection of 9 PV of emulsion MAV4

As the emulsion injection continued, another effluent sample was assessed. Figure 

5.9 shows the measured effluent droplet size distribution after injection of 24 pore 

volumes o f the emulsion M/W4. It indicates that the passing volume of small 

droplets decreased from 19 to 16 percent. The mean droplet size distribution, 

however, seemed to remain around 10 pm. Moreover, the figure demonstrates that at 

later stages o f the injection, larger droplets passed through the porous medium (less 

than one percent o f the droplets had an average size of 150 pm).

P a r t i c l e  S i z e D i s t r i b u t i o n
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Figure 5.9 Effluent droplet size distribution after injection of 24 PV of emulsion M/W4
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5.4.3 Pressure Gradient and Permeability Reduction

Emulsions M/W4 and WC/W1 were injected into two glass bead packs. The beads 

of these two packs were identical in size distributions (between 100 and 320 mesh). 

However, the method of packing the glass beads resulted in two porous media with 

different characteristics. In the first porous medium, the open gap between the two 

plates of the visual cell was packed with glass beads between 100 and 320 mesh. 

When the emulsions were injected into this porous medium, they touched the porous 

medium face at the injection point. This scenario was coined “emulsion injection 

through restricted flow  path ” based on the fact that the injection flow path area at 

the injection point (0.012 in2 or 0.08 cm2) was almost five times smaller than the 

actual flow path area (0.4 cm ). In the second porous medium, the entrance section 

of the cell was packed with coarse glass beads between 100 and 120 mesh, to a 

length of 0.8 cm. The remainder o f the open space between the two plates was 

packed with glass beads between 100 and 320 mesh. The coarse beads at the 

entrance section of the cell acted as a highly-porous distribution channel. Therefore, 

the injected emulsions touched the actual porous medium face after they took 

position across the entire flow path area. For this reason this scenario was called 

“emulsion injection through unrestricted flow  p a th ”. For each scenario, the 

corresponding pressure response for injection o f these two emulsions is given below.

5.4.3.1 Emulsion injection through restricted flow path

Emulsions M/W4 and WC/W1 were injected into a glass bead pack with an absolute 

permeability of 2 .1x l0 '12 m2 (2.13 Darcy). Emulsion M/W4 was injected first. Then, 

the porous medium was flushed with a mixture of toluene and isopropyl alcohol, 

followed by injection of an excess amount of distilled water. This process was 

repeated until the porous medium restored its original permeability with a tolerance 

of three percent. Afterward, the injection o f WC/W1 emulsion was initiated. Figure

5.11 indicates that the total pressure gradient (equal to the injection pressure) for 

both emulsions increased linearly with the injected emulsion pore volumes. The
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trend continued until the emulsion front reached the exit of the cell, when it 

stabilized.
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Figure 5.10 Overall pressure gradient profiles for injection of emulsions WCAV1 and 

M/W4

Figure 5.10 shows that the porous medium was blocked in different sequences while 

the experiments were conducted. This is evident from the pressure pulses that 

occurred during each experiment and the fact that each one was greater than the 

previous pulse. Perhaps, as time passed, each pore became occupied by strained 

droplets. The porous medium was then considered to be blocked, and pressure began 

to build up during that time. The pressure may have increased to two, three or even 

more times its original value before a small opening within the blocked region could 

be created. However, if  an emulsion penetrated far enough into the porous medium, 

reopening may never have occurred even under high pressure. As shown in Figure 

5.10, the pressure increased up to 22,000 kPa/m for an emulsion with relatively

83

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



viscous oil (WC/W1) and up to 8,500 kPa/m for an emulsion containing less viscous 

oil (M/W4). The reason for the increase in magnitude of pressure pulses is the 

increased droplet concentration within a pore each time a blockage occurred. 

Consequently, droplets coalesced when they were pushed too close to one another 

under increased pressure. Such coalescence resulted in larger droplets within the 

pores and, therefore, required a higher pressure for the subsequent blockage 

reopening.

Figure 5.11 is a summation of the front and rear sections of the visual cell pressure 

gradients for these two experiments. It illustrates that a sudden increase in pressure 

occurred at different stages o f the injection, which explains the occurrence of 

blockage in different sections of the porous medium.
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Figure 5.11 Summation of pressure gradients at front and rear sections for injection of 

emulsions WC/W1 and M/W4
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The permeability reduction due to the injection of these two emulsions was 

calculated using Darcy’s law. Figure 5.12 illustrates the permeability reduction for 

the injection of these two emulsions. In the figure, koriginai refers to the original 

absolute permeability when the flowing fluid was only water. The resulting 

permeability after emulsion injection is noted k. In the calculations, the viscosities of 

the flowing phases (water for korigimi and emulsion for k, respectively) were used. 

An average value was used for the emulsion viscosity as it varied during an 

experiment, as shown by the difference in average droplet size between the injected 

emulsion and the effluent (see Figures 5.7 and 5.8).

WC/W1
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_  0.6 -(0cO)
J
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Figure 5.12 Overall perm eability reductions for injection o f  em ulsions WCAV1 and 

M /W 4

Figure 5.12 illustrates that the original permeability was reduced by up to 93 percent 

o f its original value with a greater reduction for the injection o f an emulsion that was 

carrying more viscous oil (emulsion WC/W1). However, the final reduction in
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permeability ratio (kfkongmaj) could be very close to 100 percent if  the experiments 

were performed under lower flow rates.

§.4.3.2 Em ulsion injection through unrestricted flow path

Emulsions M/W4 and WC/W1 were injected into a glass beads pack with an
12 2absolute permeability of 3.3><10' m (3.38 Darcy). The experimental procedure was 

similar to one explained in the previous section (Section 5.4.3.1).

Figure 5.13 indicates that the total pressure gradient (equal to the injection pressure) 

for both emulsions increased linearly with the injected emulsion pore volumes. This 

trend continued until the emulsion front reached the end o f the cell. The injection 

pressure for emulsion M/W4 stabilized soon after the front exited the cell. However, 

the injection pressure for emulsion WC/W1 continued to increase slowly over time.
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Figure 5.13 Overall pressure gradient profiles for injection o f em ulsions W C/W 1 and 

M /W 4
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Figure 5.14 indicates similar trends o f pressure gradients for these two emulsions at 

the front and rear sections. Careful investigation of this figure reveals an abrupt 

decrease in the pressure gradients for both emulsions at certain stages of the 

injection. This phenomenon can be more readily explained with the visual 

observations made during the experiments. During the experiments, a transient color 

change was observed in different sections of the blocked porous medium. As the 

injection pressure increased these regions became darker for emulsion WC/W1 and 

more red for emulsion M/W4. With further increases in the injection pressure, these 

blocked regions were swept out, causing a sharp decrease in injection pressure.
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Figure 5.14 Pressure gradients across the middle section o f the cell for injection  

emulsions W C/W 1 and M /W 4

Figure 5.15 illustrates the permeability reduction for emulsions M/W4 and WC/W1. 

The reduction in the original permeability was greater for injected emulsions that 

were carrying viscous oil (emulsion WC/W1). Comparisons between Figures 5.15 

and 5.12 proved that the final reduction in permeability for emulsion M/W4 was less
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in the case of an unrestricted flow path compared to a restricted flow path. 

Nevertheless, the final reduction in permeability is a result of many parameters, 

including the absolute permeability, and will be further explained in the later 

sections o f this chapter.
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Figure 5.15 Overall permeability reductions for injection of emulsions WCAV1 and 

MAV4

5.4.4 Post-flush Water Injection

Almost 18 pore volumes of distilled water were injected into the pack following the 

injection of emulsions M/W4 and WC/W1. The water injection rate was equal to the 

emulsion injection rate (i.e. 3 cm3/min). The frontal advancement, the reduced 

permeability, and the effluent droplet size distributions were studied for each post­

treatment water injection experiment.
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5.4.4.1 Frontal advancement

When many pore volumes of water were injected into the porous medium, the 

injected water spread across the entire flow path. The water then passed through the 

porous medium by removing the smaller droplets, rather than by fingering into the 

porous medium. In addition, the water did not sweep out the captured droplets. 

Instead, it reduced the number o f total captured droplets in each capture site. Figures 

5.16 and 5.17 display the thinning effect that the water created in the dispersed 

phase for emulsions M/W4 and WC/W1, respectively. Eventually, this caused the 

color in blocked region to fade.

Figure 5.16 Reduced color intensity o f emulsion M/W 4 after w ater injection
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Figure 5.17 Reduced color intensity of emulsion W CAV1 after water injection

5.4.4.2 Perm eability reduction

Assessment of the reduced permeability because of water revealed that the reduction 

was permanent. The assessment was tested for each different section of the visual 

cell: the overall permeability, the front section permeability, and the rear section 

permeability. Figure 5.18 shows that the permeability ratio for emulsion M/W4, with
19 9an absolute permeability of 2.1x10' m (Section 5.4.3.1), remained constant even 

after injection of 18 pore volumes of water. Comparisons between Figures 5.18 and

5.12 demonstrate that the overall permeability ratios were equal at the end of both 

emulsion injections and post-flush water injection periods. As well, the rear section 

permeability decreased more than that of the front section. The difference in 

absolute permeabilities in each section could be the reason for such behavior.
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Figure 5.18 Permeability ratios after w ater injection, following the injection o f  

emulsion MAV4

Figure 5.19 shows that the permeability ratio for injection o f emulsion WC/W1 into
19 9the same porous medium (absolute permeability o f 2.1x10' m - Section 5.4.3.1) 

continued to be constant even after injecting numerous pore volumes o f water. 

Similarly, comparisons between Figures 5.19 and 5.15 demonstrate that the overall 

permeability ratios were equal at the end of both emulsion injection and post-flush 

water injection periods. Contrary to the behavior observed with emulsion M/W4, the 

front section permeability decreased more than in the rear section for emulsion 

WC/W1.
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Figure 5.19 Permeability ratios after w ater injection, following the injection of 

emulsion W C/W 1

5.4.4.3 Effluent droplet size distribution

The produced droplets were analyzed during the water injection period. The results 

were found to be similar to the observation made during the emulsion injection. 

Earlier observations (Section 5.4.2) indicate that smaller droplets were produced 

first at the early stage of the emulsion injection (Figure 5.8) and augmented later by 

larger droplets in late stages of the injection. Figure 5.20 illustrates a similar 

observation: that small droplets with a mean size of 10 pm were produced during the 

water injection, following the injection of emulsion M/W4. The primary difference 

is that the volume percentage of the produced small droplets during the water 

injection was almost 40 percent less than what was measured during the emulsion 

injection time. Also, smaller droplets with a volume percentage lower than two and 

mean size o f one pm were observed in the produced effluent.
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Figure 5.20 Effluent droplets size distribution for emulsion M/W4 during water

injection

The effluent droplet size distribution was measured for emulsion WC/W1. Figure 

5.21 shows the measured effluent droplet size distribution at the early stage of the 

water injection. It illustrates that only small droplets, between 4 and 20 pm, were 

pushed out of the cell by the injected water. Almost 19 percent (volume) of the 

droplets had an average size of 10 pm.

P a r t i c l e  S i z e D i s t r i b u t i o n
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Figure 5.21 Effluent droplet size distribution for emulsion WCAV1 during early stage

of water injection

As the water injection continued, another effluent sample was assessed. Figure 5.22 

shows the measured effluent droplet size distribution after injection of 18 pore 

volumes o f distilled water. It indicates that the volume percentage of smaller
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droplets was decreased from 19 to 15 percent. The mean droplet size distribution, 

however, remained around 10 pm. Also, the figure indicates that at the later stages 

o f the water injection, larger droplets were also pushed out of the porous medium. 

They had a volume percentage of approximately three percent with a mean size of 

250 pm.

P a r t i c l e  S l z a  D i s t r i b u t i o n
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Figure 5.22 Effluent droplet size distribution for emulsion W C/W 1 during late stage of

water injection

5.5 Effect of Droplet-to-pore Size Ratio

The following section is a description of the experiments performed and the 

subsequent results. Droplet-to-pore size ratio greatly affects the local capillary 

pressure across a trapped non-wetting droplet. The magnitude o f this local capillary 

pressure can be calculated using the Laplace equation if  the droplet and pore throat 

sizes are known. In the following experiments, the droplet size distributions were 

measured for all o f the used emulsions. However, it was impossible to measure the 

pore throat size distributions because of the lack o f laboratory equipment. Instead, a 

qualitative representation o f different pore throat size distributions was applied. For 

this purpose, the porous medium was packed with glass beads that had a narrow size 

distribution. It was assumed that using uniform-sized glass beads would result in a 

narrow pore throat size distribution. The measured permeability, which is directly
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related to the pore throat size distribution of each porous medium, confirmed these 

assumptions.

5.5.1 Fixed Droplet Sizes -  Variable Pore Throat Sizes

Two experiments were performed in this portion. Emulsion M/W4, which had a 

mean droplet size o f 26.3 pm, was injected into two glass bead packs with different 

pore size distributions. The utilized emulsion (M/W4) was identical in both 

experiments; consequently, its droplet size distribution remained constant in both 

cases.

One porous medium was packed with glass beads between 120 and 140 mesh. Its 

absolute permeability was measured a t 7.41 xlO '12 m2 (7.18 Darcy). T he  other

porous medium was packed with glass beads between 200 and 230 mesh. Its
10 0absolute permeability was measured at 3.92x10' m (2.79 Darcy). The entrance of 

the cell was packed with glass beads between 100 and 120 mesh in both 

experiments.

•a
The emulsion was injected at a constant rate o f 3 cm /min in both cases. Figure 5.23 

indicates that the pressure gradient across a porous medium with a smaller pore 

throat size was nearly 2.3 times greater than the gradient in a medium with a larger 

throat size for the injection of the same emulsion and with the same flow rates. In 

addition, Figure 5.24 reveals that the reduced permeability at the end of the injection 

periods for the porous medium with smaller pore throat sizes (permeability ratio of 

eight percent) was less than the permeability of the porous medium with larger pore 

throat sizes (permeability ratio of ten percent).
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Figure 5.23 Pressure gradients for injection o f  identical emulsion into porous media 

with different pore throat sizes
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Figure 5.24 Permeability ratios for injection o f identical emulsion into porous media 

with different pore throat sizes
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5.5.2 Fixed Pore Throat Sizes -  Variable Droplet Sizes

Two experiments were performed in this portion. The porous medium was identical 

in both experiments. The porous medium was packed with glass beads between 230 

and 250 mesh. Its absolute permeability was measured at 2.31x10' m (2.32 

Darcy). The entrance of the cell was packed with glass beads between 100 and 120 

mesh to facilitate flow.

Two mineral oil-in-water emulsions, with different droplet size distributions, were 

injected into the same glass beads pack. Both emulsions had similar characteristics: 

quality of 13% and surfactant concentration o f 0.12% (volume/volume). The first 

emulsion was identical to emulsion M/W4 which had a mean droplet size of 26.3 

pm. Emulsion M/W4 was produced at a shear mixing rate of 5000 rpm with the 

Brinkmann homogenizer.

The second emulsion, M/W6, was produced at a shear mixing rate o f 5800 rpm. It 

displayed a mean droplet size of approximately 13.6 pm.

Emulsion M/W4 was injected first, at a constant rate of 3 cm3/min. Then, the porous 

medium was cleaned with a mixture of toluene and isopropyl alcohol. Its original 

permeability was restored by flushing it with several pore volumes of distilled water. 

Then, emulsion M/W6 was injected at the same rate as emulsion M/W4 (3 cm3/min).

Figure 5.25 indicates that the pressure gradient across the same porous medium for 

the injection o f an emulsion with larger droplets (M/W4) was much greater than the 

gradient for the injection of an emulsion with smaller droplets (M/W6).
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Figure 5.25 Pressure gradients for the injection of emulsions with different droplet size 

distributions into an identical porous medium

In addition, Figure 5.26 indicates that the reduced permeability at the end of the 

injection periods for the same porous medium is greater for the injection of larger 

droplets (permeability ratio of 10 percent) compared with injecting smaller droplets 

(permeability ratio of 15 percent).
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Figure 5.26 Permeability ratios for the injection of emulsions with different droplet 

size distributions into an identical porous medium

5.6 Effect of Surfactant Pre-flush Solution

The surfactant concentration in a solution has a pivotal effect on the flow behavior 

of an emulsion through a porous medium. It affects the stability of the injected 

emulsion and may alter the porous medium wettability if  adsorbed onto the surface. 

In order to investigate the effect o f surfactant concentration, emulsions M/W7 

(mineral oil-in-water) and WC/W2 (Western Canadian oil-in-water) were used. The 

surfactant content in these emulsions was very close to that of the CMC (0.025%, 

volume/volume), and both emulsions had a 13% quality. These two emulsions 

lacked excess surfactant that could have acted as a wettability-altering agent. They 

were both tested on a porous medium that was initially saturated with water, and 

then, with a pre-flush solution. The pre-flush solution was a mixture o f nonionic 

Triton X-100 surfactant and distilled water (0.12 % volume/volume or 0.13% 

weight/volume).

99

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Each experiment was performed in three stages: emulsion injection without pre­

flush, cleaning and restoration of the porous medium surface properties, and pre- 

flush injection followed by injection of the same emulsion. The order of each set of 

experiments was as follow:

- injection of water for saturation and determination of the absolute 

permeability of the porous medium,

- injection of the selected emulsion,

- injection of water to test the emulsion’s ability to plug the porous 

medium,

- cleaning of the porous medium by flushing it with toluene and 

isopropyl alcohol,

- flushing o f the porous medium with several pore volumes of water,

- flushing of the porous medium with five pore volumes of surfactant 

pre-flush solution,

- injection of the same emulsion,

- injection of water to test the emulsion’s ability to plug the porous 

medium.

A mixture of fine and coarse glass beads porous medium ranging from 100 to 320 

mesh was used for these experiments. Two types of investigations, restricted and 

unrestricted flow paths, were carried out for all o f experiments. In a restricted flow 

path, the entire porous medium was packed with the same size of glass beads, while 

in an unrestricted flow path, the entrance of the porous medium was prepared with 

larger glass beads (100-120 mesh).

The emulsion front position is illustrated in Figures 5.27 and 5.28 after injection of 

7.5 pore volumes o f emulsion M/W7, with and without a pre-flush solution through 

a restricted injection flow path, respectively. Figures 5.29 and 5.30 show the frontal 

position after injection of 7.5 pore volumes of emulsion M/W7, with and without a 

surfactant pre-flush solution through an unrestricted injection flow path, 

respectively.
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Figure 5.27 Front position after injection of 7.5 PV of emulsion MAV7 with surfactant

pre-flush through a restricted flow path

Figure 5.28 Front position after injection of 7.5 PV of emulsion MAV7 without 

surfactant pre-flush through a restricted flow path

These figures indicate that the application of a pre-flush surfactant solution 

improved the emulsion M/W7 penetration depth by almost 150% for the restricted
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flow path glass bead pack. However, this penetration depth was only approximately 

50% for the same emulsion through an unrestricted injection flow path (Figures 5.29 

and 5.30).

y

Figure 5.29 Front position after injection of 7.5 PV of emulsion MAV7 with surfactant 

pre-flush through an unrestricted flow path

Similarly, Figures 5.31 and 5.32 show the frontal position enhancement with the use 

of a surfactant pre-flush solution in one case, and without it in the next, prior to 

injecting five pore volumes o f emulsion WC/W2 through an unrestricted flow path

area.
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Figure 5.30 Front position after injection of 7.5 PV of emulsion M/W7 without

surfactant pre-flush through an unrestricted flow path

Figure 5.31 Front position after injection of 5 PV of emulsion WC/W2 with surfactant 

pre-flush through an unrestricted flow path
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Figure 5.32 Front position after injection of 5 PV of emulsion WC/W2 without 

surfactant pre-flush through an unrestricted flow path

5.7 Effect of Surfactant Content

Six experiments were conducted in this portion. The emulsions were prepared with 

different oil types and each was injected into the same porous medium at a flow rate 

of 3 cm /min. The porous medium was packed with fine and coarse glass beads 

between 100 and 320 mesh. Its absolute permeability was measured at 2.19><1 O’12 m2 

(3.23 Darcy). The entrance of the cell was packed with larger glass beads for a better 

flow distribution. The following are the results obtained from two sets of 

experiments: the first consisting of mineral oil-in-water emulsions and the second 

with Western Canadian oil-in-water emulsions.

5.7.1 Mineral Oil-in-water Emulsions

Three mineral oil-in-water emulsions (M/W) with surfactant contents of 0.01% 

(M/W5), 0.025% (M/W7), and 0.12% (M/W4) (volume/volume) were prepared and 

injected into the same porous medium. In addition, another mineral oil-in-water 

emulsion (M/W8) with 0.06% surfactant concentration and 13% quality was 

prepared and injected into the same glass beads pack. The measured mean droplet
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size for this emulsion was 27.7 (am. The droplet size distributions for these four 

emulsions are presented in Appendix C. The emulsions’ viscosity was measured by 

using the Advanced Rheometer AR-2000. Figure 5.33 indicates the viscosity for 

each emulsion at different shear rates. All emulsions exhibited a non-Newtonian 

behavior. Emulsions containing 0.06% and 0.12% surfactant concentration followed 

a Binghom plastic model, while the other two emulsions displayed a non-Newtonian 

behavior that followed a Power law viscosity model.
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Figure 5.33 Viscosities for M/W emulsions with different surfactant concentrations

During the experiments, the overall pressure drop was recorded and the total 

permeability reduction was calculated. In Figure 5.34, the emulsion that contained 

less surfactant created a higher pressure gradient across the same porous medium. 

The pressure gradients were normalized with respect to the linear flow velocities.
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Also, the figure illustrates that, as the surfactant content of the emulsions increased, 

the pressure drop decreased.
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Figure 5.34 Normalized pressure gradients for the injection of M/W emulsions with 

different surfactant contents

In addition, as indicated in Figure 5.35, the highest reduction in permeability 

occurred when the emulsion with the lowest surfactant content was injected and vice 

versa. The results obtained from the emulsion droplet size distribution 

measurements, combined with the results in Figures 5.34 and 5.35, reveal that lower 

surfactant content resulted in a larger droplet size distribution, increased pressure 

drop across the porous medium and a greater permeability reduction.
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Figure 5.35 Permeability ratios for the injection of M/W emulsions with different 

surfactant contents

5.7.2 Western Canadian Oil-in-water Emulsions

Two experiments were conducted in this portion. Western Canadian oil-in-water 

emulsions (WC/W) with different surfactant contents were injected into the same 

pack. Emulsion WC/W1 (0.12% surfactant content, volume/volume) was injected 

first. In the other experiment, a newly prepared emulsion (WC/W3) was injected 

into the same pack. It had a 13% quality and 0.06% surfactant concentration 

(volume/volume). The measured mean droplet size for this emulsion was 59.3 pm, 

and the droplet size distribution for this emulsion is presented in Appendix C. The 

emulsion’s viscosity was measured using the Advanced Rheometer AR-2000. Figure
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5.36 illustrates the viscosity for these emulsions at different shear rates. Both 

emulsions displayed a Newtonian behavior over a wide range of shear rates.
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Figure 5.36 Viscosity o f WCAV em ulsions with different surfactant concentrations

Figures 5.37 and 5.38 illustrate the effect of surfactant content on the normalized 

pressure gradient and permeability reduction. These figures show that lower 

surfactant content resulted in greater pressure drop across the porous medium and a 

greater reduction in permeability. Comparison o f the results presented in this part of 

the experiments with the results in the previous sections indicate that the emulsions 

carrying highly viscous oil experienced a greater pressure drop and permeability 

reduction compared to the ones containing less viscous oil.
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Figure 5.38 Permeability ratios for injection of WCAV emulsions with different 

surfactant contents
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5.8 Effect of Permeability and Injection Velocity

Seven experiments were performed in this part of the study. They were conducted to 

quantify the effect o f porous medium permeability and injection velocity on the 

overall pressure drop across a porous medium for emulsions prepared with different 

oil types. The mineral oil-in-water (M/W4) and Western Canadian oil-in-water 

(WC/W1) emulsions were injected into different glass bead packs with a wide range 

of permeabilities. Both emulsions had a 13% quality and a surfactant content of 

0.12% (volume/volume). All experiments were performed at a constant injection 

rate o f 3 cm3/min.
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Figure 5.39 Pressure gradients for the injection of emulsion M/W4 with various 

velocities into different porous media

Figure 5.39 shows the overall normalized pressure gradient profiles for the 

experiments that used emulsion M/W4. It indicates that the overall pressure gradient
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has a direct inverse relationship to the porous medium permeability times the 

injection velocity. Similarly, Figure 5.40 indicates that the overall pressure gradient 

has a direct inverse relationship to the porous medium permeability times the 

injection velocity for all of the experiments that used emulsion WC/W1.
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Figure 5.40 Pressure gradients for the injection emulsion WC/W1 with various 

velocities into different porous media
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Chapter 6. Core Flood Experiments

In the previous two chapters, the emulsion blocking mechanism and factors that 

affected its penetration depth into a porous medium were studied in low pressure 

visual flow tests. In the field, however, high pressures are usually applied to inject 

emulsions into a formation. Therefore, core flood experiments were undertaken at 

high pressures to alleviate the limitations involved in the visual flow experiments. 

This allowed the preparation o f low permeability packs, which are more 

representative o f field conditions. The only drawback is that visualization was not 

possible in the steel core holders. The aim was to demonstrate the principle of 

placement and the fixing o f a heavy oil-in-water emulsion in a porous medium. 

Experiments were conducted to ensure that the previously visualized mechanisms 

involved in the sealing process were applied to a natural porous medium. 

Additionally, parameters that affect the placement of the emulsion into the porous 

medium were studied. Placement involves injection, penetration, and propagation of 

the emulsion. This chapter describes the experimental setup, the characteristics of 

the emulsions used and the properties of the porous media. Next, the applicability 

and effectiveness of heavy oil-in-water emulsion in sealing a porous medium is 

presented. Finally, the elements of a heavy oil-in-water emulsion’s effect on sealing 

efficiency and penetration depth are adjusted in order to block off a specific porous 

medium with a known permeability.

6.1 Experimental Setup and Procedure

Figure 6.1 is a schematic of the experimental setup. It consists of a piston-type 

constant rate ISCO pump, a stainless steel core holder with a total length of 29.2 cm 

and inner diameter o f 1.9 cm, a pressure transducer, an HP data logger, and a 

computer for storing the pressure data. A transfer vessel was used to displace the 

desired emulsion by water, which was pumped by the ISCO pump. An injection
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pressure relief system, which includes a pressure gauge and a relief valve, was used 

to offset the high pressure environment.

Core holder

£
.......... a n  : : ; :-h

DP,
-----Ord------------

Graduate cylinder

Data
Logger

inn> l\-lEmulsion' IWater

Relief valve

A
\l

Figure 6.1 Schematic of the experimental setup for core flooding experiments

Figure 6.2 shows a photograph of this experimental setup. This is the setup that was 

used to determine the properties o f a porous medium. The figure does not include 

two pieces of equipment: the transfer vessel and the pressure relief system. They 

were added to the setup before the initiation of emulsions injection tests.

Figure 6.2 Photograph of the experimental setup for core flooding experiments
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The procedure for conducting the experiments was identical to those that preceded 

it. Glass bead packs were dry packed into the core holder. Then, the dry-packed 

porous medium was degassed by saturating it in a vertical position and under 

capillary imbibition forces for twelve hours. The packed medium properties, 

including pore volume, porosity, and permeability, were then determined. Pore 

volume was measured using imbibition of distilled water; porosity was determined 

using the weight method; finally, permeability was calculated using Darcy’s law at 

several flow rates. Once the properties were determined, the medium was saturated 

with distilled water and the emulsion injection tests began.

6.2 Emulsion Types

Heavy oil-in-water emulsions were used in the experiments. They were prepared by 

the agent-in-water method with a 13% quality by volume. The Lloydminster oil was 

mixed with a solution of water and Triton X-100 surfactant using the Brinkmann 

homogenizer. It was impossible to mix the oil into the distilled water at room 

temperature because of its high viscosity. Therefore, the oil was warmed up to 50°C 

and mixed with slightly preheated distilled water. The produced emulsions were 

characterized in terms of their stability and droplet size distributions. Table 6.1 

summarizes the properties of the emulsions prepared for and used in the 

experiments.

Emulsion

designation
Oil type

Quality

(%)

Surfactant

concentration

(%)

Mean 

droplet size 

(pm)

LM/W2 Lloydminster oil 13 0.12 11

LM/W3 Lloydminster oil 13 0.48 6.7

LM/W4 Lloydminster oil 13 0.12 11.2

LM/W5 Lloydminster oil 13 0.24 10.3

Table 6.1 Properties of emulsions used in core flooding experiments
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6.3 Blockage Demonstration

This section provides the results obtained in examining the ability o f heavy oil-in- 

water emulsions to block a porous medium. For the purpose of field applications, 

cores with different permeabilities, ranging from hundreds to thousands of milli- 

Darcies, were tested. The emulsion LM/W2 was injected into these cores. This 

emulsion had a quality of 13%, surfactant content of 0.12% (volume/volume), a 

mean droplet size of 11 pm and was produced at a shear mixing rate o f 5000 rpm.

6.3.1 Emulsion Injection in Low-permeability Core

In this experiment, the core holder was packed with very fine glass beads (less than 

250 mesh), which yielded a permeability o f 0.285x1 O'12 m2 (0.289 Darcy). The
-5

emulsion LM/W2 was injected under a constant flow rate of 3 cm /min. The 

injection pressure increased consistently at the early stage o f injection. Figure 6.3 

shows that the glass beads pack plugged after injecting only 2.1 pore volumes of the 

emulsion. The maximum injection pressure was set at 12,400 kPa (1,800 psi); any 

injected fluid beyond this pressure was bled through the relief valve.

Examining the core after the experiment, we found that the oil droplets were 

captured within the first 20% (~ 6 cm) o f the total length of the core. Considering 

the quality o f the emulsion was 0.13 and the fact that most o f the droplets were 

captured within the porous medium, we can expect that the emulsion front 

penetrated into the core up to 2.1 times 0.13, which is equal to 0.27 fraction (27%) 

o f the total core length (7.8 cm). This difference could be the result of droplets that 

are captured and coalesce at the porous medium face, rather than inside the porous 

medium.
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Figure 6.3 Pressure gradient for the injection of emulsion LM/W2 in low-permeability 

core

6.3.2 Emulsion Injection in Medium-permeability Core

In this experiment, the core holder was packed with relatively fine glass beads 

between 200 and 230 mesh, which yielded a permeability o f 0.69x1 O'12 m2 (0.70 

Darcy). The emulsion LM/W2 was injected under a constant flow rate of 3 cm3/min. 

Its front penetrated deeper into the core compared to the pervious experiment (i.e. 

low permeability core). As the emulsion injection continued, the injection pressure 

increased dramatically. After injecting 4.6 pore volumes of the emulsion, the 

pressure increased abruptly and a few minutes later the pressure became too high for 

further injection.
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Figure 6.4 Pressure gradient for the injection of emulsion LM/W2 in medium- 

permeability core

Figure 6.4 illustrates the pressure gradient for this experiment. This figure also 

indicates that the core was plugged after injection of 4.6 pore volumes of emulsion. 

As in the previous experiment, the injected fluid was bled through the relief valve 

when the injection pressure exceeded 12,400 kPa (1,800 psi).

Examining the core after the experiment revealed that the emulsion front penetrated 

within the first 58% of the total length of the core (~ 16.9 cm). This was close to the 

prediction that the emulsion should have propagated into 60% of the total length of 

the core (4.6 times 0.13 = 0.60) before blocking it.
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6.3.3 Emulsion Injection in High-permeability Core

In this experiment, the core holder was packed with a mixture of fine and coarse
I 'y

glass beads between 100 and 320 mesh, which yielded a permeability of 2.83x10' 

m2 (2.87 Darcy).

Similar to the previous two experiments, the emulsion LM/W2 was injected at a 

constant flow rate of 3 cm /min. However, its front passed through the core before 

plugging the pack. The core was plugged after injection of nearly 9 pore volumes of 

emulsion. As in the previous experiments, the injected fluid was bled through the 

relief valve when the injection pressure exceeded 40,700 kPa (1,800 psi). Figure 6.5 

shows the pressure gradient across the core in this experiment.
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Figure 6.5 Pressure gradient for the injection emulsion LM/W2 in high-permeability 

core
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6.4 Formulation an Emulsion to Block a Porous Medium

In this portion of the experiment, the mean droplet size and surfactant content of a 

Lloydminster oil-in-water emulsion were adjusted to block a porous medium with a 

given permeability. Ideally, the customized emulsion would penetrate as deeply as 

possible into the porous medium before blocking it. The core holder was packed 

with glass beads between 120 and 140 mesh. The reason for choosing a relatively 

narrow glass bead size was so that its mean pore throat size could be calculated

mathematically. The mean pore throat size for this medium was 10.25 pm and the
12 2measured permeability was 3.55x10' m (3.6 Darcy).
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Figure 6.6 Pressure gradient for the injection of emulsion LMAV3

In the first step, the Lloydminster oil-in-water emulsion (denoted LM/W3) with a 

dispersed phase ratio of 13% and surfactant concentration of 0.48% 

(volume/volume) was prepared at a shear mixing rate o f 6000 rpm. This emulsion 

had a mean droplet size of 6.7 pm. It was injected at a constant rate o f 3 cm3/min.
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During the injection, most of the emulsion passed through the porous medium 

without blocking it, likely because the high surfactant content and low ratio o f its 

droplet-to-pore throat sizes. Figure 6.6 illustrates the pressure gradient for the 

injection of this emulsion.

In the second step, the same porous medium was washed with toluene, IPA and an 

excess amount of water. Emulsion LM/W4 was prepared similar to emulsion 

LM/W3 except that the surfactants content differed (0.12% volume/volume) and the 

shearing mixing rate was lower (4900 rpm). The mean droplet size of this emulsion 

was 11.21 pm, and it was injected at a rate o f 3 cm3/min. Figure 6.7 indicates that 

the porous medium was blocked after the injection of only six pore volumes of this 

emulsion. The emulsion front penetrated up to 78% of the total core length (i.e. 6 

pore volumes times 0.13 emulsion quality = 0.78 of the total core length) before it 

broke down and blocked the porous medium.
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Figure 6.7 Pressure gradient for the injection of emulsion LMAV4
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In the final step, the emulsion’s penetration depth was maximized to the desired 

distance: the total core length in this experiment. Analysis of the previous two 

experiments indicated that the penetration depth could be improved with slightly 

smaller droplet sizes and higher surfactant content compared to LM/W4, but larger 

droplets and lower surfactant content than emulsion LM/W3. Therefore, emulsion 

LM/W5, which contained 0.24% (volume/volume) surfactant, was prepared at a 

shear mixing rate o f 5100 rpm. It exhibited a mean droplet size of 10.3 pm. Figure 

6.8 indicates the pressure gradient for the injection of the emulsion LM/W5 at 3 

cm3/min into the same core. It illustrates that the injection of the carefully 

formulated emulsion LM/W5 was successful in blocking the porous medium (after 

injection o f 13 pore volumes of the emulsion). The desired penetration depth was 

achieved, and the blockage only occurred after the emulsion front exited the core.
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Figure 6.8 Pressure gradient for the injection of carefully formulated emulsion LMAV5 

to block a porous medium with known permeability
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Chapter 7. Discussion of Results

In this chapter, the results presented in the last three chapters are evaluated in greater 

detail and the effects of certain parameters are discussed. A general overview of the 

experimental repeatability and error analysis are presented. The results are then 

discussed and compared with works reported in the literature.

7.1 Repeat of the Experiments and Error Analysis

All o f the experiments presented in Section 5.8 were repeated to ensure the 

reliability of the results and to calculate the error involved in repeating experiments. 

The knowledge that we have about each set of experiments is obtained from the 

experimental measurements. All laboratory measurements are subject to 

uncertainties. It is preferred to minimize the error.

The nature of each experiment and the complexity involved in conducting it dictate 

the number of repetitions. For example, in conducting the qualitative experiments 

presented in Chapter 4, an experiment may have been repeated more than 10 times 

until a good image of the droplets captured. The main problem was related to 

detecting the light oil (i.e. mineral oil) droplets under the microscope. Different dyes 

(black, blue, purple and red) were used in order to produce oil droplets with good 

contrasts. The red dye created the best contrast and therefore it was used in all the 

mineral oil-in-water emulsion experiments. Another issue was related to the 

visualization system. Droplets smaller than 40 pm were barely visible under the 

microscope. Stable emulsions with droplet sizes greater than 75 pm were produced 

only from mineral oil but the Lloydminster and Western Canadian oils did not 

produce coarse emulsion with mean droplet size of greater than 75 pm. This is the 

reason why mineral oil-in-water emulsion was used in most of the experiments 

conducted on the etched glass micro-model.
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The uncertainty associated with the glass bead experiments presented in Chapter 5 is 

even greater. The main issue is related to the size distribution of the glass beads 

within the cell and also how closely these beads are packed. The size distribution of 

the glass beads is known before packing; however, it changes during the packing 

process. Most likely the coarser beads stay at the top and the smaller ones settle at 

the bottom of the cell. Also, the packs were affected by the procedure of assembling 

the micro-model. Table 7.1 shows the variation in the calculated average 

permeability of the front, rear, and the entire packed medium for the experiment that 

was presented in Section 5.8 (injection of emulsion M/W4, k.v = 2.45 m /s).

Water 

flow rate 

(cm3/min)

Porous medium front 

section permeability 

(m2)

Porous medium rear 

section permeability 

(m2)

Porous medium 

overall permeability 

(m2)

3 4.08 E-12 4.03 E-12 4.02 E-12

6 4.05 E-12 3.96 E-12 4.00 E-12

9 4.03 E-12 3.96 E-12 3.99 E-12

Average 4.00 E-12

Table 7.1 Variation of permeability at different sections of the packed two-parallel

plate micro-model

Figure 7.1 shows the normalized pressure gradients for the main experiment 

(permeability times linear flow velocity = 2.45 m3/s) and the experiment that was 

repeated (permeability times linear flow velocity = 2.44 m3/s) under similar 

conditions. Both experiments included the injection of emulsion M/W4 at injection 

rates of 6 cm3/min into same glass beads pack (original permeability o f 4.0xE-12 

m 2).
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Figure 7.1 Error associated with the injection of emulsion MAV4 into identical glass 

bead packs (permeability of 4.0 x 10"15 m2)

When analyzing the errors associated with conducting an experiment, two types of 

error analysis should be considered: systematic and random. The above discussion 

points out the main sources of systematic errors such as those related to equipment 

operation, calibration and their sensitivity or related to other variables such as the 

method of packing the glass beads, etc. Systematic errors tend to shift all 

measurements in a systematic way so their mean value is displaced.

The two graphs in Figure 7.1 show a systematic error in the range of 0.25 xlO6 to
/  'y

0.42x10 kPa.s/m for the repeated experiment. At least one source of such error is 

related to the permeability that apparently was slightly disturbed (permeability times
•2 o

linear flow velocity o f 2.44 m /s instead of 2.45 m /s). Many factors could have 

affected the permeability including those related to cleaning the packs with toluene 

and isopropyl alcohol.
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In analyzing the random errors (errors which fluctuate from one measurement to the 

next) associated with these two experiments, Figure 7.1 shows that the Residual 

Sum of Square error is reasonable for both experiments (R2 of greater than 0.94 for 

both experiments).

The error analysis of six more experiments is presented in Appendix D.

7.2 Effect of Droplets Size on the Capture Mechanism

Analysis of the qualitative experiments performed in Chapter 4 indicates that the 

droplet-to-pore size ratio had a significant impact on the capture mechanism. The
1 ft 17observations were very similar to the mechanisms postulated by Cartmill, ’ 

McAuliffe,19 and Soo and Radke.24’ 25 The capture phenomenon was dominated by 

the droplets larger in size than the pore throat constrictions. The oil droplets flowed 

slower than the continuous water phase, because they encountered capillary 

resistance during their flow through smaller pore constrictions. Such mechanism was
10 lO

proposed earlier by McAuliffe, and was implemented in Devereux’s ’ 

mathematical model. However, this was in contrary to the observation made by Soo 

and Radke,24’ 25 during their flow tests in visual micro-model. They argued that 

stable oil droplets did not flow in porous medium by being squeezed through pore 

constrictions.

Droplets captured by size exclusion created an incremental increase in the total 

pressure gradient. Figure 7.2 illustrates that, for the same emulsion under an equal 

injection velocity, the pressure gradient increased in the emulsion that carried larger 

droplets. The pressure gradient was directly related to the number of captured 

droplets per each site and the depths to which these droplets penetrated the porous 

medium. This is in accordance with the Young-Laplace equation that predicts the 

capillary forces across a trapped non-wetting (oil) droplet. As the number of trapped 

oil droplets increased, the summation o f capillary forces and consequently the 

resultant pressure drop across the micro-model increased.
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Figure 7.2 Emulsion carrying larger droplets (MAV2) resulted in a higher pressure 

gradient than the emulsion carrying smaller droplets (MAV1)

On the other hand, smaller droplets had little or no effect on the capture mechanism. 

They passed through the pore constrictions easily and were driven out of the porous 

medium under relatively medium to high shear forces. However, at low injection 

rates, in which the summation of drag, gravity and frictional forces overcame the 

local shear forces, small droplets could potentially deposit themselves inside pore 

cervices and at pore throat entrances (Figures 4.10 and 4.19).

Moreover, the number of captured droplets increased as more emulsion was injected. 

The droplets then accumulated on top o f one another, but exhibited different stability 

behavior, which appeared to be oil-type related.

7.3 Effect of Oil Type on the Capture of Droplets

The effect o f oil type on the emulsion blocking mechanism has been observed from 

three different perspectives: the effect of oil type on the release and capture of a
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droplet, the droplets’ coalescence, and the magnitude of pressure drop across the 

reduced permeability zone.

Emulsions carrying droplets made of three different oil types, ranging in viscosity, 

were evaluated. Based on the observations in Figures 4.13, 4.33, 4.36 and 4.39, the 

probability o f capturing oil droplets under straining mechanism seemed unrelated to 

oil type. Almost all droplets, even o f different oil types, that were larger than the 

pore throat restrictions were captured in the pore entrances. However, Figure 7.3 

indicates that the associated pressure drop created by each droplet, and consequently 

the droplet’s maximum resistance against the incoming flow, was higher in 

relatively viscous droplets. The observations are consistent with the viscosity 

measurements of different oil-in-water emulsions presented in Figures 5.33 and 

5.36. Typically, as the number of retained oil droplets within a porous medium 

increases, the viscosity of the flowing emulsion increases too. Therefore, the 

pressure gradient across the porous medium increases because of the combined 

effects o f viscosity and capillarity.
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Figure 7.3 Emulsion carrying relatively viscous droplets (LM/W1) resulted in higher 

pressure gradient
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On the other hand, the behavior of smaller droplets was completely different. Small 

droplets made of light oil (mineral oil) deposited in the pores by gravity and failed to 

coalesce (Figures 4.10 and 4.11). Their attachment to the pore surface was either 

nonexistent or so weak that it could not be detected using the visualization 

equipment. If  such attachment of oil droplets to the pore’s surface exists, then a 

more rigorous and sophisticated method o f detection is required.

Contrary to the behavior of light oil droplets, the heavy droplets exhibited different 

behavior: they deposited themselves on the pore’s surface (similar to what reported 

by Soo and Radke24,25), accumulated on top of one another and eventually coalesced 

(Figures 4.19 and 4.20). As noted by Stanick74, these heavy fine droplets attached to 

the pore surface either by gravity or because of higher shear forces that brought 

them close to the pore surface. The attraction forces between these heavy droplets 

and the pore surface resisted the local increase in shear forces. The local shear forces 

increased because of the rising injection rates or of the restricted flow path caused 

by the deposited droplets. It appeared that the composition of these heavy oil 

droplets imposed a greater influence on the attachment of smaller droplets to the 

pore surface. Another consideration is the wettability of the solid phase and the 

chemistry of the mobile phase that dictates the attachment of such oil droplets to a 

pore surface. It can be conclude that the heavy oil droplets are most likely to attach 

to the pore surface more readily than the light droplets, resulting in greater pressure 

drops.

Figure 7.4 combines the pressure gradient for the injection of the mineral-oil-water 

(M/W1) and Lloydminster oil-water (LM/W1) emulsions, both with mean droplet 

sizes smaller than the pore throat size. The figure indicates that a larger pressure 

gradient resulted for the heavier Lloydminster oil droplets at the same injection rate.
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Figure 7.4 Emulsion carrying more viscous droplets (LM/W1) created higher pressure 

gradient (under the condition of same injection rate)

7.4 Effect of Wettability Alteration on Capture of Droplets

As discussed earlier (Section 2.3.2), the wettability o f a porous medium affects the 

capture or release of a dispersed oil droplet and the local capillary pressure across a 

trapped oil droplet in a pore throat. In addition, it was mentioned that the wettability 

can be altered by surfactant adsorption on the pore surface or by altering the solution 

pH. The experiments performed in Section 4.5.2 investigated the effect o f different 

pre-flush solutions on the porous medium wettability, which in turn affects the 

droplets’ capture mechanism as well as the local capillary pressure. The experiments 

consisted of one base case injection of emulsion M/W3 and three focused on the 

injection of the same emulsion, each preceded by alkaline, acidic, or surfactant pre- 

flush.

The emulsion used consisted of large droplets compared to the pore throat sizes. 

Therefore, the droplets’ propagation depth was highly constrained by the local 

capillary pressure. As anticipated, the wettability shifted to a water-wet system after 

the application of the surfactant and alkaline pre-flush solutions, facilitating the
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passage of oil droplets through the pores, while the acidic pre-flush solution resulted 

in an oil-wet system. Figure 7.5 indicates the number of occupied pores per unit 

length of the micro-model in identical injection time intervals for all o f the 

experiments.
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Figure 7.5 Emulsion front position (from etched glass micro-model experiments)

Although there was no established method with which to measure the wettability 

changes inside the etched glass micro-model, the alkaline pre-flush did not enhance 

the droplets’ penetration depth. The number of occupied pores in series was equal in 

the base case emulsion injection and in the alkaline pre-flush solution case. 

However, the acidic pre-flush solution increased the droplets’ penetration depth by 

81% compared to the base case. Similarly, the surfactant pre-flush increased the 

penetration depth by 250% compared to the base case.
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Clearly, the surfactant pre-flush enhanced the droplets’ propagation rate drastically. 

However, the alkaline and acidic pre-flush solutions affected the droplet penetration 

depth contrary to original expectations. In general and as reported by Squires,11 Uren 

and Fahmy,13 Atkinson14 and Cooke et al.,20 it is expected that the wettability will 

shift to highly water-wet and oil-wet systems, by applying the alkaline and acidic 

pre-flush solutions respectively. Therefore, the passage of an oil droplet, with a 

comparable size to the pore throat constriction, is affected by the wettability of the 

system. Also, if  the droplet is smaller than the pore throat constriction, its motion is 

constrained by the wettability o f the pore surface when such droplet slides over the 

pore surface and passes from one pore to another. If the system is water-wet, the oil 

droplet may pass through the pore body easily, while the opposite will occur in an 

oil-wet system.

The droplet-to-pore size ratio is an important consideration in evaluating the effect 

o f alkaline and acidic solutions on the wettability of the system. If the droplets are 

much larger than the pore throats, the capillary forces will dominate the capture 

phenomenon. In such circumstances, the interfacial forces become primary and the 

effect of wettability is minimized as a result. In the above experiments, the oil 

droplets were three times larger than the pore throat, so the wettability had a modest 

impact compared to that of the interfacial tension forces. This helps explain why the 

surfactant pre-flush improved the droplets’ penetration depth by reducing the 

interfacial tension and altering the wettability. As expected, the surfactant pre-flush 

solutions increased droplet penetration since the interfacial tension forces dominated 

the oil droplets and pore structure system.

The inconsistent behavior of the pre-flush solutions is related to their effects on the 

mobile phase system. The pre-flush solutions affected not only the wettability, but 

also the stability of the interfacial film. It was well understood by Strassner65 and 

Layrisse et al.66 that an alkaline solution increases the stability of the interfacial film 

in an emulsion system. The results obtained in this study, also, suggesting that the 

stability of the droplets increased because of the application of alkaline pre-flush
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solution. This increase in the stability of the oil droplets’ interfacial film did not 

allow the droplets to deform and therefore hindered them from percolating further 

into the pore network. If the droplets were comparable in size with the pore throats, 

the wettability enhancement as a result of the alkaline pre-flush would be revealed in 

the form of greater droplet percolation depth. On the other hand, the acidic pre-flush 

solution caused the destruction of the interfacial film, and the breaking up and 

coalescence o f the droplets. Moreover, this resulted in the production o f oil ganglia, 

which squeezed through pore throats easier than the smaller parental droplets. Figure 

7.6 illustrates the detailed effect of the pre-flush solution on the droplet capture and 

the corresponding pressure gradient in each experiment.
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Figure 7.6 The effect of different pre-flush solutions on the pressure gradient

This figure indicates that pressure gradients were directly proportional to the number 

of captured droplets in each capture site and the depths to which they penetrated the 

porous medium. The pressure gradient is nearly tripled in the case of the surfactant
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pre-flush relative to the base case. This increase in pressure drop was attributed to 

the droplets’ greater penetration depth. Since the acidic pre-flush caused some 

droplets to coalesce and produce larger droplets, higher injection pressure was 

required to pass these large droplets through pore throats. Moreover, the alkaline 

pre-flush reduced the pressure drop more across the porous medium compared to the 

base case, because of its combined effect on wettability and interfacial tension 

forces.

7.5 Effect of Surfactant Content on Droplet Capture

Analysis o f the results in Chapter 4, specifically S ection 4.6, revealed that the 

surfactant content within an emulsion is the most important factor affecting droplet 

capture. As the surfactant content of an emulsion increased, the size o f the droplets 

decreased because of the further reduction in the oil droplets-to-water interfacial 

tension. The reverse case is valid for low surfactant content. Since the importance of 

droplet size in the capture mechanism has been emphasized, such capture 

mechanism is highly related to oil-to-water interfacial tension phenomenon.

If a sufficient amount o f surfactant is present in the emulsion, the droplets will 

accumulate in the pore throats and within the pores, and squeeze through the pore 

throats under high injection pressures (Figures 4.14, 4.33 and 4.36). As proposed by 

Cartmill,16’ 17 the droplets may undergo deformation or, in some instances, break 

apart while squeezing through the pore constrictions (Figures 4.15 and 4.16). The 

pressure gradient created by these strained droplets increased linearly as more pore 

volumes of the emulsion were injected. Similar to the observations made by Soo and 

Radke24,25 and Woo et al.33, the magnitude o f this pressure gradient was controlled 

by the volume of retained droplets, and the droplets’ ability to restrict flow. The 

pressure gradient then leveled off after each capture site was filled.

On the other hand, the results obtained from experiments conducted on low 

surfactant emulsions (Sections 4.6.3 and 4.6.5) reveal that the oil droplets are most
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likely to coalesce at some point during the injection. The droplets’ coalescence 

results in the production o f highly viscous oil ganglia (if the droplets were made of 

highly viscous oil) that demand high pressure to be mobilized within the porous 

medium.

7.6 Effect of Surfactant Content on Emulsion Flow Behavior

The experiments presented in Section 5.7 reveal that the surfactant content within an 

emulsion has a critical effect on the emulsion flow behavior. All o f the experiments 

presented in Section 5.7 were combined: the pressure drop behavior of each is 

shown in Figure 7.7. This figure illustrates the flow behavior of emulsions 

comprised of two oil types: mineral oil and Western Canadian oil. Each emulsion 

had a different surfactant concentration.

This figure indicates that the emulsion with the least surfactant content created a 

higher pressure drop when it was comprised of the same oil type and injected into an 

identical porous medium under equivalent injection rates. For mineral oil-in-water 

emulsions (M/W), emulsion M/W5 resulted in a higher pressure drop relative to 

M/W4. Similarly, the pressure drop across the porous medium was greater with 

emulsion WC/W3 compared to WC/W1.

For the emulsions that contained equivalent amounts of surfactant, but were 

comprised of different oil types, the emulsion carrying highly-viscous oil droplets 

experienced the most dramatic pressure drop. For example, Western Canadian oil- 

in-water emulsion with 0.06% surfactant content (emulsion WC/W3) created a 

higher pressure drop than the mineral oil-in-water emulsion with the same surfactant 

content (emulsion M/W8).
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Figure 7.7 Effect o f surfactant concentration on the flow behavior o f different 

emulsions

The permeability o f the porous medium decreased as the surfactant content within 

an emulsion decreased for the same oil type (Figure 7.8). For example, emulsion 

M/W5 and WC/W3 reduced the permeability o f the porous medium more than 

emulsions M/W4 and WC/W1, respectively. In addition, the emulsion that was 

comprised of highly-viscous oil and contained low surfactant content caused the 

highest reduction in the permeability o f the porous medium.

The overall trend of permeability reduction was very similar to those reported in the 

literature by Cartmill,16’ 17 McAuliffe,19 Soo and Radke,24, 25 French et a l27 and 

Yeung and Farouq Ali. The permeability ratio was decreased as the emulsion front
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propagated into a porous medium. However, the continuous reduction in
39permeability was in contrary to the Mendez’s results, who showed that the 

permeability reduced in two stages.

-  -0.12%  Surfactant [IWW4]
- - - - 0.06% Surfactant [MA/V8]
 0.12% Surfactant [WC/W1 ]
 0.02% Surfactant [IWW7]
 0.01 % Surfactant [IWW5]
-  0.06% Surfactant [WC/W3]

0.01

0.001
100 20 30

Emulsion PV Injected 

Figure 7.8 Effect of surfactant content and emulsion type on permeability ratios

7.7 Effect of Droplet-to-Pore Size Ratio on Emulsion Flow

As discussed in Section 7.2, the droplet size has a significant effect on the capture 

phenomenon. Similarly, the flow behavior of an emulsion through a porous medium 

is highly affected by the droplet-to-pore size ratio. Section 5.1 presents the results of 

experiments that were designed to evaluate this effect. Figure 5.24 illustrates that a 

high pressure drop is expected in a porous medium with small pore throat sizes
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when an identical emulsion is injected under identical conditions in two porous 

media with different pore throat distributions. Similarly, Figure 5.26 indicates that a 

high pressure drop occurred by injecting an emulsion with large droplet sizes into 

identical porous media. Figure 7.9 combines the effects o f injecting an identical 

emulsion (M/W4) under similar injection constraints into two porous media. One 

medium was packed with fine glass beads while the other was packed with a mixture 

o f fine and coarse glass beads. This illustrates that a high pressure drop and 

reduction in permeability occurred in a porous medium with smaller pore throat 

openings (i.e. fine glass beads).

1.0

0.8

co 0 . 6CO)•c

0.4

0.2

0.0 .
0 8 17 25 34

Emulsion PV Injected

Figure 7.9 Injecting identical emulsions into two glass bead packs with different pore 

throat sizes
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7.8 Effect of Oil Type, Injection Velocity and Permeability on 

Emulsion Flow

The following is a discussion of the results o f the seven experiments presented in 

Section 5.8. These experiments included the injection of different emulsions 

prepared of different oil types into synthesized porous media with a wide range of 

permeabilities. The most important factors affecting flow behavior are the porous 

medium properties (permeability and wettability), and the properties o f the emulsion 

including emulsion quality and oil type, surfactant type and concentration. In the 

following discussion, the effect o f oil type, permeability and injection velocity will 

be considered assuming constant emulsion quality, surfactant content and emulsion 

droplet size. The results show that, for a specific emulsion injected into two porous 

media with different characteristics and under equivalent injection velocity, higher 

pressure drops resulted for a porous medium with the smaller permeability.

1.0E+05

v=3.0 E-4 m/s, k=0.69 E-12 m'

v=3.0 E-4 m/s, k=2.84 E-12 m:

1.0E+04
E
roQ.

Q.
1.0E+03

1.0E+02
10 20 300
Emulsion PV Injected

Figure 7.10 Pressure gradient for the injection of emulsion M/W4 in two porous media 

with different permeabilities
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Figure 7.10 displays the pressure gradient for the injection of emulsion M/W4 into 

two glass bead packs with different permeabilities. However, the droplet size 

distribution affected the pressure gradient dramatically. Similarly, injection of 

emulsion WC/W1 in two porous media with different permeabilities resulted in a 

higher pressure gradient for the porous medium with a lower permeability (Figure 

7.11).

1.0E+04 i

— v=3.0 E-4 m /s, k=0.79 E-12 m

v=3.0 E-4 m /s, k=3.17 E-12 m

1.0E+03-

1.0E+02
0 10 20 30

Emulsion PV Injected

Figure 7.11 Pressure gradient for the injection of emulsion WC/W1 in two porous 

media with different permeabilities

Comparison between Figures 7.10 and 7.11 reveal that the emulsion comprised of 

heavier oil droplets resisted an increased pressure drop for a given porous medium 

permeability and injection velocity. Clearly, the emulsions normalized pressure 

gradient has a direct inverse relationship to the porous medium permeability times 

the injection velocity as illustrated in Figure 7.12.
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Figure 7.12 Effects of oil type, injection velocity and permeability on pressure gradient 

for the injection of different emulsions

The overall emulsion flow in porous media was found to be similar to the filtration 

process proposed by Soo and Radke.24,25 A correlation (Equation 5.1) was proposed 

that predicts the front position of any stable oil-in-water emulsion in porous media. 

This equation was extracted based on the emulsion front that was monitored during 

the injection of different emulsions in a variety o f porous media. It predicts 

accurately enough the front position of a stable oil-in-water emulsion that carries oil 

droplets with a mean size o f greater than the pore throat diameter.

7.9 Effect of Emulsion Type in Sealing a Porous Medium

The experimental results presented in Chapter 6 indicate that emulsion 

characteristics, specifically oil type, mean droplet size and emulsion viscosity,
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• * 35determine its ability to block a porous medium. As investigated by Romero et al. in 

attempt to seal a highly permeable fractured zones, it was found that the use of 

properly produced viscous oil-in-water emulsion may result in the sealing o f a 

porous medium that can resist high pressures. Although Romero et al. were not able 

to plug a porous medium completely, this work proved that applying the 

Lloydminster oil-in-water emulsion (LM/W2) blocked porous media with differing 

permeabilities (Figure 7.13). However, the depth to which the emulsion penetrated 

before it broke down was less in the lower permeability porous media. In the other 

words, all porous media were sealed, but the desired penetration depth was not 

achieved simply by injecting a randomly produced emulsion. Therefore, the 

emulsion must be customized to be delivered to a certain depth before it plugs a 

porous medium.

45000 i

36000 -

27000 -Ca>
-o(0 - -  Relief pressure I

•s— k= 0.285 E-12 m2 (0.29 Darcy) 
* r — k =  0.69 E-12 m2 (0.29 Darcy)
■*—  k = 2.84 E-12 m2 (0.29 Da(cy)

O
213<0<0d)L _

18000 -

£L

9000 -

0 2 4 6 8 10
Emulsion PV Injected

Figure 7.13 Heavy oil-in-water emulsion blocking porous media with different 

permeabilities
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In addition, core flooding revealed the importance of adjusting droplet size and 

surfactant content of an emulsion in order to maximize its propagation depth and 

successfully plugging the medium. Figure 7.14 illustrates the results for the injection 

of three Lloydminster oil-in-water emulsions into the same glass beads pack. It 

indicates that while emulsion LM/W3, which had smaller mean droplet size 

compared to the mean pore throat size, did not block the porous medium, LM/W4 

plugged the medium without complete penetration. More importantly, by adjusting 

the emulsion (LM/W5) droplet size (by varying the input shear mixing rate) and its 

surfactant content, two main objectives were achieved: the emulsion penetrated the 

full length of the core and also plugged it.

100000

10000

Relief pressure

LIWW3 [rpm = 6000, surf = 0 .0048 v/v, d = 6 .7  microns] 

LIWW4 [rpm = 4900, surf = 0 .0012 v/v, d = 11.2 microns] 

>LMA/V5 [rpm = 5100, surf = 0 .0024 v/v, d = 10.3 microns]

0
r

10 15

Emulsion PV Injected

Figure 7.14 Penetration depth of Lloydminster heavy oil-in-water (LM/W) emulsions 

into the same core
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Chapter 8. Conclusions and 

Recommendations

8.1 Conclusions

This study investigated the emulsion flow and blocking mechanism through porous 

media. The emulsion droplet capture mechanism was examined rigorously through 

micro-visualization experiments. Following this, the emulsion flow behavior and 

factors affecting its frontal advancement were studied. Finally, for the purpose of 

field applications, the blockage phenomenon was demonstrated through high- 

pressure sand packs experiments and methods o f customizing the properties of a 

heavy oil-in-water emulsion in order to a block a porous medium with a given 

permeability were presented.

The main conclusions drawn from this study are as follows:

1. The application and effectiveness of a heavy oil-in-water emulsion to block a 

porous medium was demonstrated as a variety o f porous media were sealed and 

the sealed porous media withstood pressures as high as 42,500 kPa/m (i.e. 1,800 

psi for a 29.2 cm of porous medium).

2. The emulsion penetration depth was a function o f surfactant concentration and 

the ratio of droplet-to-pore throat size. Low shear mixing rate and/or less 

surfactant content resulted in larger droplet size, higher emulsion viscosity, and 

insufficient plugging penetration depth. However, if  the surfactant concentration 

exceeded its optimum amount, plugging may never have occurred. Therefore, 

depending on the type o f porous medium and its pore throat size distribution, an 

emulsion property would need to be adjusted in terms of its surfactant type and
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concentration, as well as its droplet size distribution, in order to achieve 

plugging with a maximum penetration depth.

3. A porous medium may be completely blocked after the injection of 10 pore 

volumes o f a low concentration emulsion. The blockage might be extensive in 

the first few pore volumes o f injection if  more concentrated emulsions are 

utilized. A smaller amount of emulsion is required to block a finer, less 

permeable porous medium compared to a coarser, more permeable one if 

injecting the same emulsion. Emulsions carrying viscous oils may withstand 

higher pressure compared to those with less viscous oils due to the combined 

effect o f capillarity and viscosity, acting therefore as better plugging agents.

4. Droplets’ capture mechanism, during the emulsion flow through porous media, 

was distinguished by the capture o f larger droplets at the pore throats due to size 

exclusion. The captured droplets can resist pressure without jumping to the next 

pore as long as the total shear forces exerted on the droplet do not exceed local 

capillary forces.

5. The mechanism of droplet capture was dominated by the ratio of droplet-to-pore 

throat size. Droplets may coalesce and produce a larger droplet due to an 

insufficient surfactant concentration and/or higher local shear rate. Larger 

droplets may resist higher pressures and their injection may result in more 

durable plugging.

6. Use of surfactant pre-flush solution dramatically enhanced the depth to which 

an emulsion penetrated into a porous medium. Generally, water-wet wettability 

is preferred for an oil-in-water emulsion to penetrate deeper into a porous 

medium. Therefore, solutions with a sufficient surfactant concentration may 

alter a porous medium’s wettability if  the surfactant is adsorbed onto the porous 

medium, thereby enhancing the emulsion propagation rate. However, 

application of equal amounts of surfactant in solution was more effective than
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its use as a pre-flush, in terms of transporting the emulsion deeper into the 

porous medium.

7. Pre-flush solutions effectively facilitated the delivery of an emulsion deeper into 

a porous medium where the injection flow path would be restricted, compared 

to the unrestricted flow path. This is an important parameter to consider for 

injecting an emulsion through the casing and the perforations into the reservoir 

sand face.

8. Generally, the overall flow behavior o f an emulsion through a porous medium 

indicated a dependency on surfactant type and concentration, porous medium 

permeability, and emulsion linear flow velocity. As an emulsion injection into a 

porous medium continued, the normalized pressure drop across the blocked 

region showed a direct inverse relationship to the porous medium permeability 

times the linear flow velocity.

8.2 Recommendations for Field Application and Future 

Research

The results obtained in this research study are encouraging for future field 

application of a heavy oil-in-water emulsion as a novel sealant in the near wellbore 

region. They are general guidelines; a basis of understanding of the sealing 

mechanism. However, a more systematic approach to the sealing process in the field 

demands a more accurate prediction of the sealant properties that can be applied to 

reservoir rocks with different properties. The following suggestions are important in 

elevating the current suggested process to a successful commercial stage. In 

addition, the following recommendations are imperative to the mathematical 

modeling o f emulsion flow through porous media that can be extended to a variety 

of systems.
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1. This study examined the effectiveness of a novel sealant (a heavy oil-in-water 

emulsion) in sealing a variety o f porous media against water flow. A potential 

application o f the novel sealant would be to use this novel sealant for 

eliminating the gas leakage in abandoned gas wells, eliminating the CO2 

leakage to the surface in CO2 storage reservoirs and/or hindering the 

contaminant migration near oil refineries. For such applications, laboratory tests 

are needed to investigate the resistance o f the novel sealant against the gas back 

flow. Moreover, the solubility o f the gas into the entrapped oil droplets and its 

effects on the viscosity of the oil droplets as well as the change in the pH of the 

continuous water phase should be investigated.

2. Field applications o f the novel sealant demand an accurate prediction o f the 

porous rock properties and its compatibility with the novel sealant. In this work, 

the experiments were performed on glass bead packs that were strongly water- 

wet. The packs also were relatively homogenous since the well-rounded beads 

were distributed evenly within the packs. However, the properties o f the 

underground porous rocks could be completely different: they are made of 

irregular sand grains that are tightly compacted; they are often not 

homogeneous and they may have a water-wet, oil-wet, or mixed wettability. If 

the porous rocks are oil-wet then the novel sealant may not be suitable because 

of the preference of heavy oil droplets in attaching to the pore surface. Under 

such circumstances the heavy oil-in-water emulsion will not be compatible with 

the porous rocks and the emulsion may breaks down right at the sand face.

Another obstacle in regards to the underground porous media is their pore 

geometry and pore structure as well as the properties of their composite 

materials. A natural porous medium may have a wide range of pore throat 

distribution. Customizing a heavy oil-in-water emulsion to seal such a porous 

medium seems to be a challenging task. Moreover, the presence of fine particles 

and their reaction with the novel sealant is another issue. For example, if  clay 

particles presents inside a porous medium, an emulsion penetration depth into
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the medium may reduce dramatically as the water phase absorbed by the clay 

and causes its swelling. All above mentioned concerns leads us to the point that 

for the field applications, the best practice would be to examine the 

effectiveness and compatibility of the novel sealant on a natural core samples 

taken from the field.

3. It is recommended that viscous heavy oil-in-water emulsions with an average 

droplet size o f 1.3 to 1.5 times the mean pore throat size, be applied. The 

estimation of mean pore throat size is not possible without a laboratory 

measurement of capillary pressure for the given porous medium with a specific 

permeability. It is possible to use the Karmen-Kozeny equation, which relates 

the porous medium permeability with the grain size and is based on the 

calculated average grain size, to estimate the average pore throat constriction 

through mathematical averaging. This procedure seems to be inaccurate and 

inapplicable to a system that is highly dependent on the accurate estimation of 

mean pore throat sizes. Therefore, it is necessary to develop a relationship 

between the porous medium permeability and the mean pore throat size.

4. The proposed sealing process revealed a high dependency on the droplet 

coalescence. However, it was impossible to predict the onset of droplet 

coalescence during the experiments because it depends on several factors, 

including the composition of oil droplets, applied local shear rates, surfactant 

type and concentration, and the chemistry of the continuous water phase. After 

selecting the components constituting the sealant, a separate study should be 

conducted to predict the onset o f droplet coalescence. It would be ideal if  the 

coalescence could be predicted as a function of applied pressure and surfactant 

concentration along with other important variables involved in the process. If 

such a prediction was possible, the breaking of the emulsion and, consequently, 

its propagation depth within the porous medium, can be predicted.
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5. A stable emulsion may be used during the sealing process if  there is a high level 

o f uncertainty involved in predicting the emulsion breakup within the reservoir. 

After ensuring that the optimum penetration depth has been achieved, the 

injected emulsion may be fixed within the porous medium by injecting small 

quantities of low pH solutions or concentrated saline water.

6. The more concentrated emulsions, under higher injection rates, break easier 

compared to those that are less concentrated with lower injection rates, 

assuming that both emulsions have an equal amount o f surfactant. Thus, if  the 

emulsion must be delivered deeper into the reservoir, less concentrated 

emulsions and lower injection rates may be applied. This is also true for the 

injection o f an emulsion through the casing perforations that reduce the flow 

path significantly. In such circumstances, employing a surfactant pre-flush 

should facilitate the passage o f droplets inside the reservoir rocks and result in 

greater penetration depth of the emulsion.

7. During the experiments, it was impossible to measure the effects of pre-flush 

solutions on porous medium wettability and the amount of surfactant adsorption 

on the sand grains. It would be worthwhile to measure such effects and as a 

result, predict their contribution to the overall blockage mechanism.

8. The experiments were conducted at room temperature, which is considered 

almost equal to the downhole temperature of intervals no deeper than 1500 

meters in Western Canadian reservoirs. The sealant properties need to be re­

evaluated if  the process is considered for application in deeper formations with 

higher temperatures.

9. The emulsions prepared for the experiments were stabilized by a nonionic 

surfactant (DOWFAX Triton X-100). The surfactant pre-flush solution also was 

made of the same surfactant. It is recommended to examine the effects of other
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types o f surfactant, such as anionic and cationic surfactants, on the stability and 

droplet size distributions of heavy oil-in-water emulsions.
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APPENDIX A: Etched Glass Micro 

model Cell Window Preparation

The procedure received from Alberta Microelectronic Centre: Temco Dual Depth 

Micro-model Process (two-level Process) A1 ,A2:

1. Substrate preparation

Inspection: visual inspection for defects on the glass substrates.

Clean: glass substrates cleaned in H2SO4/H2O2 (3:1) for 10 minutes.

2. Metal deposition

The glass substrates were deposited with 3 metals, as the masks for the glass 

etching steps, as shown.
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Figure A.0.1 Metal deposition scheme for glass etching

3. Metal 1 scheme (for shallow etch: 15 pm)

The throat patterns transferred onto the photo resist coated substrates and the 

metal layer removed using metal etchant.

4. Metal 2 scheme (for deep etch: 60 pm)
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The pore patterns transferred onto the photo resist coated substrates and the 3 

metals removed using metal etchant.

5. Glass etch 1 (deep etch: 60 pm)

The pores in the substrates etched to about 60 pm using HF based glass 

etchant.

6 . Metal 2 remove (remove the metal 2 and metal 3)

Removed the metal 2 and metal 3, using metal etchant.

7. Glass etch 2 (shallow etch: 15 pm)

The throats in the substrates etched to about 15 pm and the pores also etched 

to about 75 pm, using HF base glass etchant.

References:

A l. Lillico, D. A., Jossy, W. E., ’’Visualisation o f  Bubbles o f  Foamy Oil within a 

Dual Depth Micromodel, ” AACI Report # 9697-8, Alberta Research Council, 

Edmonton, Alberta, Canada, September 1996 

A2. Lillico, D. A., Jossy, W. E., “Visualization o f  Bubbles o f  Foamy Oil within 

Hele-Shaw Cells: APPENDIX, ” AACI Report #9697-4A, Alberta Research 

Council, Edmonton, Alberta, Canada, July 1996
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APPENDIX B: Two-Parallel Plate Micro 

model Design Details

Figure B. 1 Two-parallel plate micro-model 3-D view

Figure B. 2 Two-parallel plate micro-model front view
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Figure B. 3 Two-parallel plate micro-model top view
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Figure B. 4 Two-parallel plate micro-model side view

1/4” NPT-

' j 1/2” Aluminum plate

mmm 1/32” Gasket
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' \ \ \  \  \V * \  V N

x _ _ _

3/8” Glass

1/2” Aluminum plate
1/32” Gasket

Figure B. 5 Two-parallel plate micro-model side-cut and the order of 
materials (top to bottom)
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APPENDIX C: Emulsion Specifications

C.1 Emulsion LM/W1 Specifications

Emulsion designation LM/W1

Emulsion type Oil-in-water

Emulsion quality (%) 5

Oil type Lloydminster oil

Surfactant type Triton X-100

Surfactant concentration (v/v) (%) 0 . 1 2

Phases mixing method Brinkmann homogenizer

Shear mixing rate (rpm) 4500

d(0 .1) (pm) 6 . 2

d(0.5) (pm) 2 1

d(0 .1) (pm) 449.8

Table C. 1 Emulsion LM/W1 characteristics

P a r t  c l e  S i z e  D i s t r i b u t i o n

0.1 100 1000 3000
P a r t ic le  S i z e  Qum)

Figure C. 1 Emulsion LM/W1 droplet size distribution
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C.2 Emulsion LM/W2 Specifications

Emulsion designation LM/W2

Emulsion type Oil-in-water

Emulsion quality (%) 13

Oil type Lloydminster oil

Surfactant type Triton X-100

Surfactant concentration (v/v) (%) 0 . 1 2

Phases mixing method Brinkmann homogenizer

Shear mixing rate (rpm) 5000

d(0 .1) (pm) 3.8

d(0.5) (pm) 11

d(0 .1) (pm) 35.1

Table C. 2 Emulsion LM/W2 characteristics

P a r t  c l e  S i z e  D i s t r i b u t i o n

0.1 100 1000 3000
P a r t ic le  S i z e  Qum)

Figure C. 2 Emulsion LM/W2 droplet size distribution
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C.3 Emulsion LM/W3 Specifications

Emulsion designation LM/W3

Emulsion type Oil-in-water

Emulsion quality (%) 13

Oil type Lloydminster oil

Surfactant type Triton X-100

Surfactant concentration (v/v) (%) 0.48

Phases mixing method Brinkmann homogenizer

Shear mixing rate (rpm) 6000

d(0 .1) (pm) 3.3

d(0.5) (pm) 6.7

d(0 .1) (pm) 18.3

Table C. 3 Emulsion LM/W3 characteristics

P a r t i c l e  S i z e J ls t r lb u t an,

0.1 100 1000 3000
P a r t i c l e  S i z e  (pm)

Figure C. 3 Emulsion LMAV3 droplet size distribution
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C.4 Emulsion LM/W4 Specifications

Emulsion designation LM/W4

Emulsion type Oil-in-water

Emulsion quality (%) 13

Oil type Lloydminster oil

Surfactant type Triton X-100

Surfactant concentration (v/v) (%) 0 . 1 2

Phases mixing method Brinkmann homogenizer

Shear mixing rate (rpm) 4900

d(0 .1) (pm) 3.9

d(0.5) (pm) 1 1 . 2

d(0 .1) (pm) 36.4

Table C. 4 Emulsion LM/W4 characteristics

P a r t  c l e  S i z e  D i s t r i b u t i o n

0.1 100 1000 3000
Particle Size Qtmi)

Figure C. 4 Emulsion LMAV4 droplet size distribution
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C.5 Emulsion LM/W5 Specifications

Emulsion designation LM/W5

Emulsion type Oil-in-water

Emulsion quality (%) 13

Oil type Lloydminster oil

Surfactant type Triton X -100

Surfactant concentration (v/v) (%) 0.24

Phases mixing method Brinkmann homogenizer

Shear mixing rate (rpm) 5100

d(0 .1) (pm) 3.6

d(0.5) (pm) 10.3

d(0 .1) (pm) 57.9

Table C. 5 Emulsion LM/W5 characteristics

P a r t  d a  S i z e  D i s t r i b u t i o n

0.1 1000 3000100
Particle Size (pm)

Figure C. 5 Emulsion LM/W5 droplet size distribution
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C.6 Emulsion M/W1 Specifications

Emulsion designation M/Wl

Emulsion type Oil-in-water

Emulsion quality (%) 5

Oil type Mineral oil

Surfactant type Triton X-100

Surfactant concentration (v/v) (%) 0 . 1 2

Phases mixing method Brinkmann homogenizer

Shear mixing rate (rpm) 5000

d(0 .1) (pm) 2.4

d(0.5) (pm) 5.4

d(0 .1) (pm) 9.8

Table C. 6 Emulsion MAV1 characteristics

P a r t i c l e  S i z e  D i s t r i b u t i o n

100 1000 3000
Particle Size (m iti)

Figure C. 6 Emulsion MAV1 droplet size distribution
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C.7 Emulsion M/W2 Specifications

Emulsion designation M/W2

Emulsion type Oil-in-water

Emulsion quality (%) 13

Oil type Mineral oil

Surfactant type Triton X-100

Surfactant concentration (v/v) (%) 0 . 1 2

Phases mixing method Manual shaking

Shear mixing rate (rpm) NA

d(0 .1) (pm) 117

d(0.5) (pm) 198

d(0 .1) (pm) 328

Table C. 7 Emulsion M/W2 characteristics

P a r t i c l e  S i z e  D i s t r i b u t i o n

100 1000 3000
Particle Size (pm)

Figure C. 7 Emulsion M/W2 droplet size distribution
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C.8 Emulsion M/W3 Specifications

Emulsion designation M/W3

Emulsion type Oil-in-water

Emulsion quality (%) 13

Oil type Mineral oil

Surfactant type Triton X -100

Surfactant concentration (v/v) (%) 0 . 1 2

Phases mixing method Manual shaking

Shear mixing rate (rpm) NA

d(0 .1) (pm) 80

d(0.5) (pm) 225

d(0 .1) (pm) 475

Table C. 8 Emulsion M/W3 characteristics

100 1000 3000
Particle Size (m iti)

Figure C. 8 Emulsion MAV3 droplet size distribution
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C.9 Emulsion M/W4 Specifications

Emulsion designation M/W4

Emulsion type Oil-in-water

Emulsion quality (%) 13

Oil type Mineral oil

Surfactant type Triton X -100

Surfactant concentration (v/v) (%) 0 . 1 2

Phases mixing method Brinkmann homogenizer

Shear mixing rate (rpm) 5000

d(0 .1) (pm) 1 0 . 1

d(0.5) (pm) 26.3

d(0 .1) (pm) 48

Table C. 9 Emulsion M/W4 characteristics

P a r t i c l e  S i z e  D i s t r i b u t  o n

1000.1 1000 3000
Particle Size (pm)

Figure C. 9 Emulsion M/W4 droplet size distribution
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C.10 Emulsion M/W5 Specifications

Emulsion designation M/W5

Emulsion type Oil-in-water

Emulsion quality (%) 13

Oil type Mineral oil

Surfactant type Triton X -100

Surfactant concentration (v/v) (%) 0 . 0 1

Phases mixing method Brinkmann homogenizer

Shear mixing rate (rpm) 5000

d(0 .1) (pm) 18.9

d(0.5) (pm) 72.2

d(0 .1) (pm) 172.9

Table C. 10 Emulsion MAV5 characteristics

P a r t c l e  S i z e  D i s t r i b u t i o n

1000 30000.1 100
Particle Size Cum)

Figure C. 10 Emulsion M/W5 droplet size distribution
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C.11 Emulsion M/W6 Specifications

Emulsion designation M/W6

Emulsion type Oil-in-water

Emulsion quality (%) 13

Oil type Mineral oil

Surfactant type Triton X -100

Surfactant concentration (v/v) (%) 0 . 1 2

Phases mixing method Brinkmann homogenizer

Shear mixing rate (rpm) 5800

d(0 .1 ) (pm) 2.4

d(0.5) (pm) 13.6

d(0 .1) (pm) 667

Table C. 11 Emulsion M/W6 characteristics

P a r t i c l e S i z e J t a t r l b u t  o n

0.1 100 1000 3000
Particle Size (pm)

Figure C. 11 Emulsion M/W6 droplet size distribution
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C.12 Emulsion M/W7 Specifications

Emulsion designation M/W7

Emulsion type Oil-in-water

Emulsion quality (%) 13

Oil type Mineral oil

Surfactant type Triton X-100

Surfactant concentration (v/v) (%) 0.025

Phases mixing method Brinkmann homogenizer

Shear mixing rate (rpm) 5000

d(0 .1) (pm) 14.5

d(0.5) (pm) 39.2

d(0 .1) (pm) 104

Table C. 12 Emulsion M/W7 characteristics

P a r t i c l e  S i z e J i s t r i b u t o n

0.1 100 1000 3000
Particle Size Qt/m)

Figure C. 12 Emulsion M/W7 droplet size distribution
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C.13 Emulsion M/W8 Specifications

Emulsion designation M/W8

Emulsion type Oil-in-water

Emulsion quality (%) 13

Oil type Mineral oil

Surfactant type Triton X -100

Surfactant concentration (v/v) (%) 0.06

Phases mixing method Brinkmann homogenizer

Shear mixing rate (rpm) 5000

d(0 .1) (p m ) 10.3

d(0.5) (pm) 27.7

d(0 .1) (pm) 51.2

Table C. 13 Emulsion MAV8 characteristics

P a r t i c l e  S i z e D i s t r i b u t i o n

0.1 100 1000 3000
Particle Size (//m)

Figure C. 13 Emulsion M/W8 droplet size distribution
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C.14 Emulsion WC/W1 Specifications

Emulsion designation WC/W1

Emulsion type Oil-in-water

Emulsion quality (%) 13

Oil type Western Canadian oil

Surfactant type Triton X-100

Surfactant concentration (v/v) (%) 0 . 1 2

Phases mixing method Brinkmann homogenizer

Shear mixing rate (rpm) 5000

d(0 .1) (pm) 5.6

d(0.5) (pm) 15.9

d(0 .1) (pm) 40.8

Table C. 14 Emulsion WCAV1 characteristics

P a r t i c l e  S i z e  D i s t r i b u t o n

100 1000 30000.1
Particle Size Qt/m)

Figure C. 14 Emulsion WCAV1 droplet size distribution
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C.15 Emulsion WC/W3 Specifications

Emulsion designation WC/W3

Emulsion type Oil-in-water

Emulsion quality (%) 13

Oil type Mineral oil

Surfactant type Triton X-100

Surfactant concentration (v/v) (%) 0.06

Phases mixing method Brinkmann homogenizer

Shear mixing rate (rpm) 5000

d(0 .1) (pm) 9.8

d(0.5) (pm) 59.3

d(0 .1) (pm) 270.9

Table C. 15 Emulsion WC/W3 characteristics

P a r t i c l e  S i z e s t r l b u t l o n
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Figure C. 15 Emulsion WC/W3 droplet size distribution
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APPENDIX D: Error Analysis of the 

Experiments

Seven experiments presented in Section 5.8 were repeated and the random error 

associated with repeating each experiment was estimated through curve fitting. The 

main discussion of experimental error analysis, and the results for one experiment 

were presented in Section 7.1. Figures D .l through D . 6  are the results o f random 

error analysis of six more experiments that were performed on two-parallel plate 

visual model packed with glass beads. Figures D .l, D.3, D.4 and D.5 show that the 

error (systematic and random) associated with repeating each experiment was within 

acceptable range. Figures D.2 and D . 6  show a noticeable error. The cause of this 

error could be higher injection rates.

1.0E+08 n
R2 = 0.9885
iiilKiiiUiiiillg

1.0E+07

.> 1.0E+06

Repeated experiment k.v=0.21 E-15 m3/s  

Main experiment k.v=0.21 E-15 m3/s

■
R2 = 0.9932

1.0E+05
0 10 20 30

Emulsion PV Injected

Figure D. 1 Error associated with the injection of emulsion M/W4 into identical glass 

bead packs (linear flow velocity of 3.0 x 10'4 m/s)
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Figure D. 2 Error associated with the injection of emulsion M/W4 into identical glass 

bead packs (linear flow velocity of 9.4 x 10'4 m/s)
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Figure D. 3 Error associated with the injection of emulsion M/W4 into identical glass 

bead packs (linear flow velocity of 3.0 x 10'4 m/s)
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Figure D. 4 Error associated with the injection of emulsion WCAV1 into identical 

glass bead packs (linear flow velocity of 3.0 x 10"4 m/s)
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Figure D. 5 Error associated with the injection of emulsion WC/W1 into identical 

glass bead packs (linear flow velocity of 3.0 x 10'4 m/s)
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Figure D. 6 Error associated with the injection o f emulsion WCAV1 into identical 

glass bead packs (linear flow velocity o f 6.75 x 10'4 m/s)
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