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 ABSTRACT 

Full Name : Mohammed Abdullah Hussein Al-Yaari 

Thesis Title : Pressure Drop Reduction of Stable Water-in-Oil Emulsion Flow in 

Pipes 

Major Field : Chemical Engineering 

Date of Degree : June, 2013 

Emulsified acids provide significant benefits in stimulating oil and gas wells by slowing 

the reaction rate with carbonates and reducing corrosion in the tubular goods. However, 

high pressure drop, caused by friction losses, can be a problem while pumping 

emulsified acid. As a result, lower emulsified acid rates are pumped and thus limited job 

efficiency is achieved. Consequently, methods of pressure drop reduction are highly 

desired. Therefore, this experimental study aims to investigate a possible friction 

reduction at different pipe diameters through the control of water fraction, water salinity 

and the use of drag reducing polymers (DRP) and nanomaterials. 

The results demonstrated a shear thinning behavior for the emulsions being investigated. 

In addition, at low water salinity, oil-in-water (O/W) emulsions were produced, and their 

stability decreased with increasing salinity. Increasing the aqueous phase salinity 

resulted in producing water-in-oil (W/O) emulsions. Moreover, as water fraction and 

salinity increased, W/O emulsion stability increased. Furthermore, a significant 

reduction in emulsion viscosity and pressure drop with decreasing water fraction and 
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salinity was observed. Moreover, for a given water fraction and salinity, the friction 

factor of stable W/O emulsions  was found to be less in smaller pipe diameter. 

As for the use of DRP, the results showed a significant increase in the emulsion stability 

with adding the proper DRP (which is soluble in the emulsion external phase) and this 

effect was enhanced as DRP molecular weight increased. In addition, injecting the right 

DRP resulted in a pressure drop reduction for all tested stable emulsions types and this 

effect increased as DRP concentration increased. However, injecting DRP which is 

soluble in the internal (dispersed) phase showed a drag reduction effect only for unstable 

emulsion but with less extent.  

Furthermore, as for the nanomaterial use, the results showed a significant reduction in 

the emulsion viscosity with adding all the tested nano-additives and this effect was 

enhanced as nano-additives concentration increased. In addition, for the case of 

concentrated W/O emulsions, the addition of Cloisite 15A resulted in a clear reduction 

(about 25 %) in the emulsion pressure drop in both test sections. Also, for the stable 

W/O emulsion with only 0.3 water volume fraction, although no pressure drop reduction 

was observed in laminar region, it was detected in turbulent region and such effect 

became clearer as Reynolds number and Cloisite 15A concentration increased. 

Furthermore, for stable W/O emulsions with 0.3 volume fraction of the dispersed phase, 

although all laminar friction factor data were in good agreement with single phase 

theoretical values, they fell below the theoretical values of single phase flow in turbulent 

region. 
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Once well permeability has been recovered, all the attentions will be diverted to oil 

production. Oil is produced generally with water and methods that can facilitate 

separation between oil and water are highly desired. Therefore, water soluble polymer 

was tested in this regard for oil-water stratified horizontal flows. It has been reported 

that the injection of tiny amount of such polymer resulted in a reduction in the pressure 

drop. Such reduction was accompanied with stratification effect (more separation).    
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ϣжϼϝЧв ϣужϹЛгЮϜ ϟуϠϝжцϜ сТ ЭЪϑϧЮϜ ев ЭЯЧϦ м ϣужнϠϽЫЮϜ ϼнϷЋЮϜ м ЍвϝϳЮϜ "ϣвϹϷϧЃгЮϜ ЍвϜнϳЮϝϠ . еЫгт ъ йзЫЮ

ϜϽЗж ϣуЮϝК ϣКϽЃϠ ϝлϷЎ " ϝлϧϮмϿЯЮЮϜϣЛУϦϽг ϝлϦ̭ϝУЪ ев ЭЯЧт Ϝϻк м . еК ϩϳϡЯЮ РϹлϦ ϣуЯгЛгЮϜ ϣЂϜϼϹЮϜ иϻлТ ЩЮϻЮ

ЭϚϝЂм ϟуϠϝжцϜ сТ ϝлжϝтϽϮ ̭ϝзϪϒ ϤϝϡЯϳϧЃгЮϜ ШϝЫϧϲϖ ЭуЯЧϧЮ. 

  ЈϜнϷЮϜ ̪ϝлϧуЯЊнв ̪ϝлϧуϦϝϡϫЪ ϤϝϡЯϳϧЃгЮϜ ЉϚϝЋ϶ пЯК ЭвϜнЛЮϜ ЍЛϠ ϽуϪϓϦ ϣЂϜϼϸ ϥгϦ ϣЂϜϼϹЮϜ иϻк сТ

 ϥϧЇϧгЮϜ ϼнГЮϜ ϤϜϽГЦ ЙтϾнϦ м бϯϲ ̪ϝлЮ ϣуϮнЮнтϽЮϜ)сЯ϶ϜϹЮϜ(  ϟуϠϝжϒ сТ ϝлжϝтϽϮ ̭ϝзϪϒ БПЏЮϜ сТ АнϡлЮϜ м

ϼϝГЦцϜ ϣУϧЯϷв .ϹϷϧЂϖ ̪̭ϝгЮϜ ϣϲнЯв ̪̭ϝгЮϜ ϣϡЃж ЭгЇϦ ЭвϜнЛЮϜ иϻк ̲гЯϡгЮϜ аϜ ЍЛϠ аϜϹϷϧЂϖ м ̪БПЏЯЮ ϣЏТϝϷЮϜ ϤϜϽ

 ϣтнжϝзЮϜ ϸϜнгЮϜ)ϽПЋЮϜ ϣукϝзϧгЮϜ.( 

 ϣуϦϝϡϪ м ϣϮмϿЮ ев ЭЯЧϦ ̭ϝгЮϜ ϣϲнЯв м ϣϡЃж дϝЋЧж дϒ ϣЂϜϼϹЮϜ ϤϽлДϒ ϹЧТ ̪йϧϲнЯв м ̭ϝгЮϜ ϽуϪϓϦ ЉϷт ϝгуТ

лЪϝЫϧϲϖ сЮϝϧЮϝϠ м ϤϝϡЯϳϧЃгЮϜϝ дϝтϽϯЮϜ ̭ϝзϪϒ .ϝЏтϒ ϤϽлДϒ м "ϷϦ еЫгт ШϝЫϧϲшϜ дϒ ϟуϠϝжϒ сТ ϵЏЮϝϠ ЩЮϺ м йЏуУ

ϼϝГЦцϜ ϢϽуПЊ . ϟЯϳϧЃгЮϜ Инж сТ бЫϳϧЮϜ еЫгтм)̭ϝв сТ ϥтϾ мϒ ϥтϾ сТ ̭ϝв ( м ϣϡЃж сТ бЫϳϧЮϜ ХтϽА еК

̭ϝгЮϜ ϣϲнЯв. 
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 ̲гЯϡгЮϜ ϣТϝЎϖ дϒ ϣЂϜϼϹЮϜ ϤϽлДϒ ϝгЪ ев ϹтϿϦ ϟЯϳϧЃгЯЮ сϮϼϝϷЮϜ ϼнГЮϜ сТ ϞмϻϦ сϧЮϜм БПЏЯЮ ϣЏТϝϷЮϜ ϤϜϽ

ЮϜ Ϝϻк ϸϜϸϿт м ̪йϧуϦϝϡϪ ̲гЯϡгЯЮ сϛтϿϯЮϜ дϾнЮϜ ϢϸϝтϿϠ ϽуϪϓϧϤϜϽ.  ̲гЯϡгЮϜ иϻк еЧϲ м ϤϜϽ) сϮϼϝϷЮϜ ϼнГЮϜ сТ ϣϡϚϜϻЮϜ

ϟЯϳϧЃгЯЮ ( сϠϝϯтшϜ ϽуϪϓϧЮϜ ϸϜϸϿт м ϤϝϡЯϳϧЃгЮϜ дϝтϽϮ ̭ϝзϪϒ БПЏЮϜ сТ АнϡлЮϜ ЍУϷЮ ЭЏТцϜ нк ϝлϧТϝЎϖ ъ

ϿуЪϽϦ ϢϸϝтϿϠϝк. сТ й̵жϒ ϣЂϜϼϹЮϜ ϤϽлДϒ ϝгЪ  Ϥϝϡ̲ЯϳϧЃгЮϜ ϽуО)ϝтϽϯЮϜ ϣЮϝϲϥтϿЮϜм ̭ϝгЯЮ сЧϡГЮϜ д(  еЧϲ ̵дϗТ

ϥтϿЮϜ еК йЯЋТ сТ бкϝЃϦ ̭ϝгЮϜ сТ ϞмϻϦ сϧЮϜ ϤϜϽ̲гЯϡгЮϜ. 

ϝтнЏК ϣЮϹЛгЮϜ дϝуАцϜ ЍЛϠ ϰϝϯж ϣЂϜϼϹЮϜ ϤϽлДϒ ϹЧТ ̪ϽПЋЮϜ ϣукϝзϧгЮϜ ϣтнжϝзЮϜ ϸϜнгЮϜ аϜϹϷϧЂϖ ЉϷт ϝгуТ м "

ϣУУϷгЮϜ м ϢϿЪϽгЮϜ ϤϝϡЯϳϧЃгЮϜ дϝтϽϮ ̭ϝзϪϒ БПЏЮϜ сТ АнϡлЮϜ ЍуУϷϦ сТ. 
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CHAPTER  1 

INTRODUCTION  

1.1 EMULSION FUNDAMENTALS  

Emulsions can be encountered in everyday life. Especially, they can be found in all 

stages in the petroleum production and recovery and processing industry such as drilling 

fluids, production, process plant, and transportation. In each case, the presence and 

nature of emulsions, which have important desirable and undesirable properties, 

determine both the economic and technical successes of the concerned industrial 

process. 

Some of the crude oil components can form films at oil surfaces, and others are surface 

active. As a result, the formation of stable and unstable emulsions varies greatly among 

different oils. 

The widespread importance of emulsions, in general, and scientific interest in their 

formation, stability, and properties gave a wealth of published literature on this subject. 

However, all types of emulsions have the same basic principles of colloid science which 

governs the nature, stability, and other emulsions properties.  
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1.1.1 Interfacial Tension 

When two immiscible liquids are mixed together in a container and then shaken, one of 

the two phases becomes a collection of dispersed droplets in the other phase.  As a 

result, an emulsion is formed. 

The inequality in the van der Waals forces, between molecules in the interfacial region 

and other molecules in droplet, pulls the interfacial molecules toward the interior of the 

droplet. Therefore, droplet tends to adopt a spherical shape, since this shape reduces the 

surface free energy. 

Surface and interfacial tension can be defined as the free energy required creating new 

surface area or the force per unit length around a surface. Interfacial tension is frequently 

a value between the surface tensions values of the two liquids. When impure liquids are 

used to form emulsion, appreciable changes can take place with time at the interfaces. 

Surfactants have dual solubility because they have one part that has an affinity for the oil 

and one part for water. Therefore, the energetically most favorable orientation for 

surfactants is at the oil-water interface to allow both parts to reside in the solvent for 

which it has the greatest affinity. 

According to the nature of the polar (hydrophilic) part of the molecule, surfactants are 

classified as: anionic, cationic, nonionic and zwitterionic. 
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1.1.2 Definitions 

Colloidal systems have at least one dimension between about 1 nm and 1 ɛm. Emulsions 

are a special type of colloidal system but emulsion droplets often exceed the size limit of 

colloidal system.  

In petroleum emulsions, one of the liquid is aqueous, and the other is organic. 

Depending upon which kind of liquids forms the continuous phase, two types of 

emulsion are distinguished: oil-in-water (O/W) and water-in-oil (W/O) when water and 

oil forms the continuous phase respectively.  

When the dispersion medium is water, colloid system is divided into lyophobic and 

lyophilic (Schramm, 1992). Lyophilic colloids are formed spontaneously when the two 

phases are brought together since the dispersion is thermodynamically more stable than 

the separated phases. On the other hand, lyophobic colloids, including all petroleum 

emulsions except microemulsions, are only formed by some means since they are 

thermodynamically unstable compared with the original separated phases. 

Most petroleum emulsions contain oil, water and an emulsifying agent (emulsifier). The 

emulsifier could be: inorganic electrolytes, surfactants, macromolecules, or fine solids. 

Emulsifier is needed to reduce interfacial tension, increase the interfacial area with a 

minimum mechanical energy input, and/or to prevent droplets from coalescence by 

forming films around droplet surfaces. 

When a co-surfactant is added to some systems containing oil, water and surfactant, the 

interfacial tension is reduced to a value near to zero (on the order of 10
-3

 to 10
-4

 mN/m). 
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The low interfacial tension allows spontaneous emulsification to very small droplet sizes 

(Ò 10 nm). As a result, micro-emulsions are formed. Microemulsions are usually thought 

to be stable, appear to be transparent and do not break on centrifuging. 

Phase inversion is a less mechanical energy method used to change W/O emulsion to 

O/W emulsion and vice versa. For example, if a W/O emulsion is desired, then a coarse 

O/W emulsion is first prepared by mixing, and the oil content is gradually increased. At 

some volume fraction above 60-70 %, the emulsion will suddenly invert and produce a 

W/O emulsion of much smaller water droplet sizes than were the oil droplets in the 

original O/W emulsion. 

1.1.3 Emulsions Physical Characteristics   

Some physical characteristics of emulsions, reported by Schramm in 1992, are 

summarized as: 

A. Appearance: 

Depending upon the droplet sizes and the difference in refractive indices between the 

two phases, emulsion may show a wide range of appearance. For example, if refractive 

indices of the two phases are the same or if the droplets size is very small compared with 

the illuminating light, emulsion is transparent rather than milky. In addition, nature of an 

emulsion frequently reflects that of the external phase. Furthermore, the occurrence of 

multiple emulsions, of the types W/O/W and O/W/O is possible. 
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B. Droplet Sizes: 

Characterizing an emulsion in terms of a given droplet size is very common but 

inappropriate since there is a size distribution which is usually represented by a 

histogram of sizes. The droplet size distribution has an important effect on viscosity.  

If the droplet size is large enough, optical microscopy can be used to determine the size 

and size distribution. However, emulsions with smaller sizes can be characterized by 

scanning electron microscopy (SEM). For droplets in a non-concentrated emulsion, light 

scattering technique can be used. 

C. Conductivity : 

O/W and W/O emulsions can be distinguished from each other by conductivity 

measurements since emulsion conductivity reflects that of the continuous phase.  

D. Rheology:   

a. Bulk Viscosity. Viscosity is one of the most important properties of 

emulsion. A proper way to represent the emulsion flow properties is by 

plotting flow curves of shear stress versus shear rate. Emulsions are 

frequently pseudo-plastic (shear thinning): as shear rate increases, viscosity 

decreases. Also, an emulsion may exhibit a yield stress (the shear rate 

remains zero until a threshold shear stress is reached. If the internal phase has 

a sufficiently high volume fraction, the emulsion viscosity increases because 

of droplets crowding. The maximum possible internal volume fraction of 
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uniform and incompressible spheres is 74%, although emulsions with higher 

(99%) internal volume fraction are made (Griffin, 1995). 

b. Interfacial Viscosity.  It can be thought as bulk viscosity but operative in the 

oil-water interface region. As droplets become closer, the thinning the films 

between the droplets, and their resistance to rupture, are thought to be of 

great importance to the ultimate stability of the emulsion. Hence, a high 

interfacial viscosity can promote emulsion stability by retarding the rate of 

droplet coalescence. 

 

1.2 EMULSION FORMATION  

Stable emulsions contain: oil, water, an emulsifier to create small droplets by reducing 

the interfacial tension and another emulsifier to stabilize the created droplets. Casual 

mixing of these components can seldom produce stable emulsion for any length of time. 

However, in the classical method of emulsion preparation, emulsifier is dissolved in one 

phase, the second phase is added, and the whole mixture is vigorously agitated. The 

agitation is crucial to producing sufficiently small droplets, and frequently, after an 

initial mixing, a second mixing with very high applied mechanical shear forces is 

required which can be provided by a colloid mill or an ultrasound agitator. 

The larger interfacial area will have a significant total free energy which is obtained by 

multiplying the total area by the interfacial tension. Such energy has to be added to the 

system to achieve the emulsification. If this amount of energy cannot be provided by 
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mechanical shear, then another alternative is to use surfactant to lower the interfacial 

tension and then the interfacial free energy. 

The process of emulsification is governed by the surface forces. The free energy of 

formation of droplets from a bulk liquid (ȹGform) is given by: 

confform STAG D-D=D 12g  

 where: ȹA = the increase in interfacial area 

   12g  = the interfacial tension between the two liquids 

TȹSconf = the entropy contribution in configurational entropy when a large 

number of droplets is formed. 

Emulsification is a non-spontaneous   process since confSTA D>>D 12g . However, the 

energy required for emulsification process is orders of magnitudes larger than the 

thermodynamic energy ( 12gAD ) for creating a new surface. The presence of surfactant, 

which lowers the interfacial tension, lowers the energy required for emulsification. 

The phenomenon of droplet breakup is of great importance in the preparation of 

emulsions. Any dispersion process is affected by the viscosity of each phase, the shear in 

the system and the interfacial energy. In tubular Poiseuille flow, where the shear is non-

uniform, droplet breakup can be related to the bulk rheological properties of the 

dispersed and continuous phases and the critical Weber number (Wec) as shown in the 

figure below. We is a dimensionless group and is defined as 



 

8 

 

12

.

1

g

gh R
We e=  

where:  

ɖ1 and ɖ2 = the viscosities of the continuous and dispersed phases, respectively 

.

eg= the rate of extension defined as the shear rate multiplied by deformation 

parameter 

R = the radius of the particle 

12g  = the interfacial tension between the two liquids 

At a given ɖ1/ɖ2, lowering ɔ12 using surfactants lowers the energy, described by the Wec, 

required for droplet breakup. As shown in Figure 1.1, the greater the viscosity ratio 

(ɖ1/ɖ2), the easier it is to form the emulsion. Therefore, in heavy oil reservoirs, W/O 

emulsions are produced in preference to O/W emulsions. 
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Figure 1.1 Droplet breakup as a function of viscosity ratio (Isaacs, E. and Chow, R. 

1992) 

   

While for O/W emulsions, the interfacial charge contributes the stability, in W/O 

emulsions, the strength of the interfacial film of oil that forms between the water 

droplets is of prime concern. Surfactants, asphaltenes, prophyrinic compounds and finely 

divided solids such as sand, wax crystals and clay particles can play a significant role in 

hindering the thinning and rupture of the liquid films and acts as a structural barrier to 

coalescence of water droplets. (Menon and Wasan, 1988) 
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1.3 EMULSION STABILITY  

Encounters between particles in dispersion can occur frequently. The stability of the 

dispersion depends upon how the particles interact when these encounters happen. While 

the electrostatic repulsion between like-charge objects is the main cause of repulsion, the 

van der Waals forces are the main attractive forces. 

Emulsion stability is considered against three different processes: creaming or 

sedimentation, aggregation and coalescence. Creaming and sedimentation, which are 

two opposite processes, result from a difference in the two liquids densities. 

Aggregation, referred sometimes as coagulation or flocculation occurs when two or 

droplets clump together and touching only at a certain points with almost no change in 

the total surface area. However, when two or more droplets fuse together to form a 

single large droplet with a reduced total surface area coalescence process occurs. 

Determination of emulsion stability is one of the emulsion characterization features with 

which selection of the appropriate demulsification treatment and the cost of treatment 

cannot be achieved unless it is known. In addition, the effectiveness of any demulsifier 

depends upon the degree of stabilization. 

It is simply involves monitoring the oil and water phase separation as a function of time. 

Bottle and centrifuge tests are the most common methods, to monitor phase separation 

with time. However, microscopic techniques can be utilized for the droplet coalescence 

monitoring. 
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In bottle and centrifuge tests, settling and separation of oil and water phases depends on 

the dispersed phase droplets size, density difference and the continuous phase viscosity 

as described by settling velocity (Stokesô law).  

Emulsion stability can be determined simply by the simple bottle test. In this method, 

first emulsion viscosity is reduced, if required, by emulsion dilution with a proper 

solvent. Then, after shaking the emulsion sample to make it homogeneous, phase 

separation rate is monitored. Depending on the emulsion viscosity, phase separation can 

be enhanced by temperature or centrifugation.  This test can give information about the 

clarity of the separated water. 

In addition, centrifuge tests provide similar information to those obtained from the 

stability bottle tests at higher gravity or centrifugal force. Special centrifugal bottles are 

used in this technique and phase separation is monitored. Emulsion dilution is not 

necessary in this technique even for high viscous emulsion samples. 

 

1.4 EMULSION CHARACTERIZATION  

Complete characterization of an emulsion involved detailed chemical and physical 

analysis of all of the emulsion components: oil, water and surfactant. Also, it involves 

any bulk properties that might be of interest such as viscosity, density and etc. 

Therefore, emulsion characterization contains: quantification of the present phases, 

determination of the nature and size distribution of the dispersed phase, and 

measurements of the dispersed phase. 
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A fundamental understanding of the emulsion components interaction is usually 

valuable. In addition, interfacial properties, film rigidity or strength, and surface tension 

between the different emulsion phases are very important in stability determination of 

the dispersed phase. 

For the emulsion characterization purpose, it is vital to determine the amount of each 

phase, the nature of the continuous and dispersed phases, and the size distribution of the 

dispersed phase. In addition, emulsion stability is another important property that can be 

measured (monitored) in terms of the phase separation over time. However, emulsion 

stability is directly related to the emulsion componentsô chemistry, physics and their 

interactions. 

1.4.1 Bulk Properties 

The bulk compositions or properties can be dealt as the index by which one can get an 

indication of the process efficiency. Therefore, accurate determination of the emulsion 

components is one of the important issues in emulsion characterization. 

A. Continuous Phase Identification 

Knowledge of the dispersed phase nature is critical in determining an effective 

treatment. The nature of the dispersed phase is quite clear in most emulsion systems. 

However, identification of the emulsion continuous phase, in some emulsions, cannot be 

achieved simply by naked eyes and in some cases it depends upon where in sample one 

looks. 
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Identification of dispersed phase nature cannot be achieved by knowing the oil to water 

ratio alone since the presence of emulsifier can dramatically affect the amount of the 

distributed dispersed phase in a given amount of the continuous phase.  

Identification of the continuous phase nature can be achieved by different techniques. 

These techniques include: 

a. Dilution method.  In this technique, one or two emulsion droplets are added to 

water. If the emulsion droplet remains as a droplet, oil is the continuous phase 

(W/O emulsion). However, if the emulsion droplet spreads and disperses, water is 

the continuous phase (O/W emulsion).  

Emulsion phase inversion should be avoided while doing the dilution test. For 

example, W/O emulsion may invert to O/W emulsion because of the interaction 

of water dispersed phase with the dropper hydrophilic glass wall (Mikula, 1992). 

b. Dyeing. Another way to identify the emulsion continuous phase nature is to 

dye the continuous phase by using suitable water or oil soluble dyes. This method 

is very useful for the microscope observations. If the oil soluble dye does not 

color the emulsion, water is the continuous phase (O/W emulsion). Unfortunately, 

the applicability of this method is limited because of the opaque oil field 

emulsions. 

c. Emulsion capacitance or electrical conductivity. Since O/W emulsion is 

much higher conductive than a similar W/O emulsion, emulsion capacitance or 
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electrical conductivity technique can be used to indicate whether the continuous 

phase is oil or water (whether emulsion is W/O or O/W). 

This method is the basis of many sensors and it can used to monitor the emulsion 

phase inversion while changing concentration of any emulsion components (water, 

oil and/or surfactant). The presence of solids in emulsion may affect the accuracy 

of this method (Bhatnagar, 1920). 

B. Emulsion Water Content 

Several techniques can be used to measure emulsion water content (as well as emulsion 

oil content). These techniques include: 

a. Centrifugation. A simple centrifuge test can be used to determine oil and 

water contents and it is one of the most commonly used technique for field 

evaluation of water contents since it is fast and reliable. In this test, first, 

emulsion is diluted with a given amount of solvent (Mikula, 1992). Then, it is 

centrifuged, in a centrifuge tube, for a fixed time. After that, the volume of water 

can be determined. Mikula also reported that this technique might not be useful 

for very high water content. 

b. Karl Fischer Titration. This technique is reported as a fast and accurate 

method for water content determination (Mikula, 1992). In this method, the Karl 

Fischer reagent, which consists of mixture of iodine (I2), SO2 and pyridine 

dissolved in methanol, is used to titrate the emulsion sample since most 

substances are inert to this reagent. 



 

15 

 

In this method, in the presence of water, I2 is reduced by SO2 to form HI and SO3 

which are complex and neutralized by the pyridine. After reacting all of the 

water, the sample conductivity increases because of the appearance of highly 

conductive free I2. As a result, water content can be determined. 

c. Electrical conductivity and dielectric constant. Since the electrical 

conductivity and dielectric constants of water and oil are quite different, these 

differences can be measured accurately by capacitance probe and correlated to 

the water content in oil pipeline. 

d. Gamma-ray. The density of the emulsion, which can be correlated to the 

emulsion water content, can be measured by gamma-ray attenuation.  This 

technique is quite common in process monitoring. Schweitzer and Ellis in 1988 

reported that gamma-ray density meter is very useful to characterize emulsion 

especially when the solids content is zero or constant. This technique is 

applicable to field situations and on-line monitoring. 

e. Microwave-based meters. Mikula in 1992 reported microwave-based meters 

can be used to monitor emulsion water content. In this technique, the microwave 

radiation due to the absorption of the water phase is measured. Also, capacitance 

or resonance changes in a microwave cavity are noted instead.  Like the gamma-

ray adsorption method, discussed earlier, this technique is sensitive to the solids 

content and it is applicable to field situation and on-line monitoring. 



 

16 

 

1.4.2 Emulsion Dispersed Phase Size Distribution 

For emulsion characterization, determination of the dispersed phase chemical and 

physical properties is very important to measure most of the emulsion bulk properties.  

Different dispersed phase size distributions can result from various ways of emulsion 

formation from a fixed proportion of oil, water and surfactant. As a result, different 

emulsions, with different viscosities and stabilities, can be formed with the same 

compositions. Determination of the size distribution of the dispersed phase is an 

important requirement for the selection of the proper technique for specified purpose. 

Determination of the emulsion dispersed phase size distribution can be achieved by 

different techniques which can be divided into three main groups: techniques that 

depend on the differences between the electrical properties of oil and water, techniques 

that result in a physical separation of the dispersed droplets, and techniques that depend 

on scattering phenomena due to the presence of the dispersed phase (Mikula, 1992).  

Also, Mikula (1992) reported other techniques such as near-infrared spectroscopy (NIR) 

and differential scanning calorimetry (DSC) as techniques that can be used for emulsion 

characterization purposes. 

Azzopardi (1979) published an extensive study, which reviewed methods for the 

measurement of the size of drops in any system. Special review dealt with petroleum 

emulsion dispersed phase droplets size was reported by Mikula in 1992.  
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1.5 PROBLEM DEFINITION  

Emulsion technology has been utilized to the acid treatment of reservoir rocks in the 

region near the well bore. Sometimes, the pore structure near the well bore is plugged 

either by particulates from drilling process or by production precipitation deposits 

caused by pressure or temperature changes. As a result, permeability is reduced as well 

as the well productivity. 

To remove these unwanted deposits, acid stimulation is used. Wells in formations with 

naturally occurring low permeability can also be stimulated by using acid stimulation, 

but applied to the original rock matrix. This process is referred to as matrix stimulation. 

The matrix acidizing process consists of injecting suitable acid, depending on the type of 

the formation, into the formation pore space. While hydrochloric acid is used for 

limestones, hydrochloric-hydrofluoric acid is used for sandstones. The acid reacts with 

and dissolves portions of rock matrix and hence permeability is increased. The 

effectiveness of the treatment depends on the depth that the acid penetrates into the 

formation. For carbonate matrix, acid consumption occurs very rapidly at elevated 

temperature according to the equation: 

OHCOXXCOH 22

2

32 ++ª+ ++

 

where X is mainly calcium or magnesium. 

The rate of dissolution is limited by mass transfer (depends on the rate at which acid 

diffuses to the surface of the formation). Acid is consumed very quickly, since the rate 
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of mass transfer through the rock matrix is high, and it causes corrosion in the metal 

tubular goods. Therefore, deep penetration of the acid and corrosion rate reduction is a 

target. 

Reservoir dominant flow channels or worm holes are randomly distributed through the 

formation. The longer the worm holes, the better will be the results. Therefore, loss of 

acid (leak-off) through the walls of the reservoir flow channels results in short worm 

holes and the effective stimulation requires retardation of the dissolution rate. 

One method to achieve such retardation is the use of the emulsified acid where the 

hydrochloric acid is injected as a W/O emulsion. By doing so, the diffusion rate of the 

dispersed aqueous acid to the matrix formation is slower than that of acid from a totally 

aqueous system. As a result, the dissolution rate of limestone is retarded.  

However, high pressure drop, caused by friction losses, can be a problem while pumping 

emulsified acid. As a result, lower emulsified acid rates are pumped and thus limited job 

efficiency is achieved. Consequently, methods of pressure drop reduction are highly 

desired.  

 

1.6 DISSERTATION  OBJECTIVES  

The objectives of this experimental research can be summarized as follows: 

1. Designing and constructing suitable flow loop facilities to be used for the study 

of unstable and surfactant-stabilized W/O as well as O/W emulsions. 
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2. Investigating the surfactant-stabilized W/O emulsion flow characteristics. This 

includes: 

a) Emulsion stability 

b) Emulsion rheology 

c) Emulsion pressure drop 

3. Studying the water fraction effect on stable W/O emulsion flow characteristics. 

In addition, investigating a possible friction reduction method by changing the 

dispersed phase fraction at different pipe diameters. 

4. Investigating the aqueous phase salinity effect on stable emulsions flow 

characteristics. In addition, studying a possible friction reduction method through the 

control of water salinity at different pipe diameters. 

5. Using the flow loop facilities to study the effect of polymer drag reducing agents 

(PDRA) on stable emulsions flow characteristics (stability, rheology and 

microscopy). Moreover, investigating a possible friction reduction method by adding 

and/or injecting PDRA at different pipe diameters.  

6. Studying the effect of nano-additives on stable emulsions viscosities. Moreover, 

investigating a possible friction reduction method through the use of nano-additives. 

7. Once well permeability has been recovered, all the attentions will be diverted to 

oil production. Oil is produced generally with water and methods that can 

facilitate separation between oil and water are highly desired. Therefore, water 
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soluble polymer is tested in this regard for oil-water stratified horizontal flows to 

seek for a possible stratification effect. In particular, investigating the effect of 

drag reducing polymers on water holdup for an oil-water horizontal flow has 

been conducted.    

This thesis is divided into nine chapters. Chapter 1, the current one, is this introduction. 

The descriptions of the following eight chapters are as follows: 

Chapter 2 presents a literature review on the unstable and surfactant-stabilized oil-water 

emulsions flow in horizontal pipes; especially the effect of water fraction on the pressure 

gradient. Chapter 3 gives a description of the experimental setup, the instrumentation 

used and testing procedures. The effect of the water fraction on the surfactant-stabilized 

W/O emulsions flow characteristics is reported in chapter 4. Chapter 5 is presenting the 

effect of the aqueous phase salinity on stable emulsions (W/O & O/W) flow 

characteristics. Moreover, effect of polymer drag reducing agents and some nano-

additives on the surfactant-stabilized emulsions are given in chapter 6 and chapter 7, 

respectively. In addition, chapter 8 presents effect of drag reducing polymers on water 

holdup in an oil-water horizontal flow. Finally, based on the experimental findings, 

conclusions and some recommendations for future work are presented in chapter 9. 

Each chapter of the main five chapters (4-8) is designed to stand for itself. Therefore, 

each chapter begins with introduction giving background about one specific objective 

and reviewing the previous related work done in the first section of each chapter. After 

that, the experimental setup and procedures for conducting the experiments are 
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described in the 2
nd

 section. Then, results are presented and discussed in the 3
rd

 section. 

Finally, in the 4
th
 section of each chapter the main conclusions are highlighted.   
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CHAPTER  2 

LITERATURE  REVIEW  

Under certain conditions, the injection of water into a crude oil pipeline results in a 

significant reduction of pressure loss, thereby facilitating oil transportation. Therefore, 

cocurrent flow of oil and water in pipelines has attracted the interest of researchers 

(Russel et al. (1959), Charles et al. (1961), Hasson et al. (1970), Oglesby et al. (1979), 

Arirachakaran et al. (1989), Valle and Kvandal (1995), Beretta et al. (1997), Angeli and 

Hewitt (2000), Soleimani et al. (2000) and Al-Yaari et al. (2008 & 2009)). However, the 

majority of studies reported in the literature, is mainly focused on either oil-water flow 

patterns or separated flows (annular and stratified flow of oil and water phases). The 

pipeline flow behavior of W/O and/or O/W emulsions has received less attention. 

This chapter aims to highlight the flow characteristics of surfactant stabilized W/O 

emulsion. In particular, understanding the flow behavior of such emulsion in horizontal 

pipelines is targeted. Consequently, pressure drop reduction can be achieved. Therefore, 

in this chapter, works addressed the issue of horizontal pipeline flow behavior of 

unstable or stable emulsions are reviewed. Attention is not limited to W/O emulsion 

flow only but also works done to investigate the flow behavior of O/W emulsion is 

highlighted. Therefore, this chapter is divided into two sections. Horizontal pipeline 

flow behavior of unstable emulsions researches are reviewed in section 2.1 and 
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surfactant stabilized emulsion flow characteristics in horizontal pipeline works are 

summarized in section 2.2. 

 

2.1 UNSTABLE EMULSIONS (DISPERSIONS) 

This section is limited to review works which addressed flow behavior of unstable 

emulsions (without surfactant). 

Baron et al. (1953) studied experimentally the turbulent flow behavior of unstable 

emulsions in pipelines. They used tap water and carbon tetrachloride to make O/W 

emulsions. They assumed that the emulsion is pseudo-homogenous to use simplified 

single phase flow equations using averaged fluid properties. They calculated the 

effective viscosities of emulsions from the single-phase friction factor vs. Reynolds 

number relation using the experimental data of pressure loss vs. flow rate.  

In addition, laminar and turbulent flow behaviors of unstable O/W emulsions were 

studied by Cengel et al. (1962). They measured pressure drop and used Hagen-Poiseuille 

equation in laminar flow, and Blasius equation in turbulent flow to calculate the 

effective viscosities. They reported that emulsions exhibited drag reduction behavior in 

turbulent region since their friction factor fell below that for Blasius equation. 

Furthermore, they argued that such drag reduction increased as the dispersed phase 

fraction increased.  

In 1987, the laminar and turbulent flow behaviors for unstable O/W emulsions studied 

by Pal. His flowloop had three different horizontal smooth pipes. Similarly, he used 



 

24 

 

Blasius equation to calculate the effective viscosities in the turbulent regime. Such 

calculated viscosities were found to be lower than those obtained in the laminar region 

using the Hagen-Poiseuille equation. As a result, he concluded that emulsions exhibited 

drag reduction behavior in turbulent flow. Finally, he reported that such difference in 

viscosities increased when dispersed phase volume fraction increased. 

However, the laminar and turbulent pipeline flow behavior of unstable W/O emulsions 

was studied by Pal in 1993. Tap water and oil with 780 kg/m
3 

density and viscosity of 

2.41 mPa.s at 25 
o
C were used. He used Hagen-Poiseuille equation to calculate the 

effective viscosities in the laminar regime and he reported that the emulsion viscosity 

was found to increase with an increase in the dispersed phase volume fraction. In 

addition, he found that at a water volume fraction of 41.7% volume, a sudden jump in 

the emulsion viscosity occurred and he attributed that to the phase inversion from W/O 

emulsion to O/W emulsion. Further increase in water volume fraction resulted in 

decreasing the viscosity due to dilution effect as he reported.  

In addition, Pal (1993) reported that while the relative viscosities obtained from laminar 

data varied with dispersed phase volume fraction, they were a function of Reynolds 

number and the dispersed phase volume fraction, and pipe diameter in the turbulent 

region. Furthermore, he argued that unstable W/O emulsions exhibited strong drag 

reduction characteristics, as the measured friction factor fell well below the Blasius 

equation, in the turbulent flow and such drag reduction increased with the dispersed 

phase volume fraction increase. Moreover, he reported that smaller diameter pipe gave 
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larger drag reduction. The degree of drag reduction in O/W emulsions was reported to be 

less than that in the case of W/O emulsions at the same dispersed phase volume fraction. 

Finally, he argued that drag reduction in emulsions occurs due to turbulence 

modification of the continuous-phase liquid when droplets are introduced. 

Angeli and Hewitt (1998) also studied the pipeline behavior of unstable W/O emulsions. 

Tap water and oil with a dynamic viscosity of 1.6 mPa.s were used. Their horizontal 

pipeline test sections were made from stainless steel and acrylic resin. They reported 

emulsions drag reduction behavior in both pipes and the degree of drag reduction was 

strongly influenced by the pipe material. The acrylic-resin pipe exhibited a higher degree 

of drag reduction as they argued. 

Masalova et al. (2003) studied the pipeline flow behavior of W/O emulsions with water 

volume fraction of 0.9 in two different pipe diameters. They reported that the pressure 

drop data for pipe with smaller diameter fell lower than that for bigger pipe and they 

concluded that while that wall slip for pipes of large diameter can be neglected, wall slip 

must be considered for small diameter pipes. 

Pal (2007) proposed another mechanism for drag reduction observed in the pipeline flow 

of unstable emulsions. He proposed that because of a significant decrease in emulsion 

viscosity when the flow regime is changed from laminar to turbulent, emulsions exhibit 

drag reduction. Also, in turbulent flow, viscosity reduction occurs because of stretching 

and elongation of droplets as he argued.  

Al -Yaari et al. (2009) studied the effect of drag-reducing polymers on the horizontal 
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flow of unstable W/O and O/W emulsions in a 2.54 cm inside diameter acrylic pipe. Tap 

water and oil with a viscosity of 1.57 mPa.s and density of 780 kg/m
3
 were used. Such 

oil-water system was reported to have a phase inversion point at around 0.34 input water 

volume fraction.  

Omer and Pal (2010) studied the effect of the water soluble polymer addition on the 

pipeline flow behavior of unstable W/O emulsions.  They reported that unstable W/O 

emulsions were exhibited strong drag reduction behavior in turbulent flow and such 

reduction in the pressure drop decreased with the increase in the oil continuous phase 

viscosity.  

 

2.2 SURFACTANT -STABILIZED EMULSIONS  

The transport of emulsified acid through pipes requires the formation of stable 

emulsions in order to avoid corrosion, that may be faced in metallic tubular goods and to 

retard the reaction rate between HCl acid and the carbonate formations.  

Generally W/O or O/W emulsions are unstable thermodynamically. As the water/oil 

droplets are hydrophilic/ hydrophobic they tend to separate from the oil/ water 

continuous phase. In order to form a stable emulsion, a surfactant (emulsifier) must be 

used to reduce the interfacial tension and this makes the formation of smaller droplets 

easier.  

This section is limited to review works addressing flow behavior of surfactant stabilized 

emulsions (with surfactant or emulsifier). 
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Rose and Marsden (1970) studied experimentally the flow behavior of Triton X-14 

surfactant stabilized O/W emulsions with 0.25-0.6 oil volume fraction. Brine and 

Prudhoe Bay oil, with 80 mPa.s viscosity at 65 °C, were used. Their test section was 

copper tubing with ID of 0.635 cm. They found that the created O/W emulsions had 

much lower viscosities than the oil itself and the emulsion viscosity increased 

exponentially with increasing the oil volume fraction. 

The laminar and turbulent flow behaviors of surfactant stabilized O/W emulsions, with 

oil volume fraction between 0.5 and 0.75 were investigated by Zakin et al. (1979). They 

reported that the emulsions were non-Newtonian in laminar regime as indicated by 

rheological data and modified Hagen-Poiseuille equation (where Reynolds number is 

replaced by generalized Reynolds number) was used. They also observed drag reduction 

behavior in the turbulent regime, and they attributed it to be due to viscoelastic effects in 

emulsions, where individual droplets or a microstructure formed between the droplets 

can introduce viscoelastic effects in emulsions.  

Pal (1993) also investigated the influence of surfactant on the pipeline flow behavior of 

W/O and O/W emulsions. Emulsions were prepared using Bayol-35 oil (refined mineral 

oil), with 780 kg/m
3
 density and 2.41 mPa.s viscosity at 25 

o
C, and tap water. Phase 

inversion point for the surfactant-stabilized W/O and O/W emulsions were reported at 

around 0.26 and 0.72 water and oil volume fractions respectively. Before those points, 

while W/O emulsions behaved like Newtonian fluids, O/W emulsions were Newtonian 

up to an oil volume fraction of 0.55 and non-Newtonian shear thinning up to 0.72, at 
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which emulsion showed the presence of a yield stress. In addition, he reported little or 

no drag reduction exhibited by the stabilized emulsions (in the laminar regime the 

friction factor data from various diameter pipes follows the Hagen-Poiseuille equation 

and in turbulent regime the friction data follows the Blasius equation as well).  

Omer and Pal (2010) studied also the effect of surfactant concentration on the pipeline 

flow behavior of W/O emulsions. They reported that the presence of a surfactant in the 

oil phase results in the creation of stable water-in-oil emulsions with little or no drag 

reduction. In addition, they argued that the presence of a surfactant is expected to 

increase the rigidity of the droplets, leading to higher emulsion viscosity. Furthermore, 

they found that the relative viscosity of the stable emulsions increased with the increase 

in the dispersed-phase fraction. Finally, they reported that as the droplets of the stable 

W/O emulsions were small and stable with respect to coalescence, they behaved more 

like rigid particles and, therefore, no reduction in viscosity occurred upon a change in 

the flow regime from laminar to turbulent. 
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CHAPTER 3 

EXPERIMENTAL  SETUP &  PROCEDURE 

Experiments reported in this dissertation were performed to study the flow 

characteristics of surfactant stabilized W/O and O/W emulsions. Such study is 

mandatory to achieve the main goal of this research, to reduce the pressure drop of 

stable W/O emulsions. All experiments in this study were conducted using a flow loop 

described in section 3.1. 

All flowloop experiments reported in this work were achieved by using water (with 

different NaCl concentration) as the aqueous phase and a type of kerosene known as 

SAFRA D60 (oil phase), produced in Saudi Arabia. Some physical properties of the oil 

phase are presented in Table 3.1. 

 

Table 3.1 Properties of SAFRA D60 

Product Name SAFRA D60 

Flash Point 67 ̄ C 

Density 780 kg/m
3
 

Viscosity 1.57 mPa.s at 25 C̄ 

Interfacial Tension Oil-Water 0.017 N/m  at 20 C̄ 
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3.1 DESCRIPTION OF THE FLOW LOOP 

A photograph and schematic layout of the emulsion flow loop are shown in Figure 3.1 

and Figure 3.2, respectively. As shown in these figures, the flow loop consists of the 

following: 

1. Two small tanks made from PVC with a volume of 70 liters each. These tanks can 

be used together at the same time. 

2. Two centrifugal pumps; one is produced by PEDROLLO with 1 HP power to be 

used for low pumping rates. The other one is produced by Semnan Co. with 2.5 HP to be 

used for high pumping rates. 

3. Two OMEGA turbine flowmeters; one for the 1-in piping system and the other 

for the ½-in piping system. Both flowmeters cover the volumetric flowrates range 

between 0 gallon per minute (gpm) and 50 gpm. Flowrates can be read directly from 

flowmeter screen or can be read and stored in PC.  

4. Two horizontal pipe test sections with inside diameter of 0.0254 m and 0.0127 m 

made from acrylic resin to allow visual observation. Each test section consists of 3 

acrylic tubes with lengths of 1.5 m, 2 m and 1.5 m connected together in this order with 

flanges and fixed on a strong steel structure, giving a total length of 5 m. Other pipes 

were made from CPV with length of 6 m. Therefore, the total length of the flowloop is 

11 m. 



 

31 

 

5. Tow Smart Differential Pressure Transducers made by ROSEMOUNT Company. 

Both transducers have a built-in screen with four digits to monitor pressure difference 

between two points in the pipe 1 m a-part from each other. They work with 24 V; 

Therefore they are connected firstly to a transformer and then to the main power supply. 

The pressure transducers are connected to test sections either as shown in Figure 3.1 and 

Figure 3.2 or as shown in Figure 3.3 and Figure 3.4. In order to avoid errors in the 

pressure drop measurements, the whole transducer system and its connecting lines 

should be filled with water and no burrs in the pipe wall of all connecting pipes. The 

first pressure tap is located 8 m apart from the entrance to be sure that the flow is fully 

developed. Both pressure transducers are connected to PC through a data acquisition 

(DAc) system to display and store all data. 

6. Conductivity measurements cell, which is used to detect the emulsion type and to 

measure emulsion conductivity while flowing in the 1-in piping system. Such system is 

powered by AC power supply and conductivity measurements are monitored by PC 

through a data acquisition system. 

7.  Cooling system, to maintain temperature at the desired temperature (25 
o
C); It 

consists of a brass coiled tubing, placed in one of the tanks, connected to a Recirculator 

used to control the cooling fluid (water) temperature. 

 

  



 

32 

 

 

 

 

 

 

 

Figure 3.1 A photograph of the flowloop 
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Figure 3.2 A Schematic layout of the flowloop 

 

 

Figure 3.3 Schematic layout of one possible design of the pressure transducer system 
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Figure 3.4 A photograph of the pressure transducer systems 

 

 

3.2 STABILITY TEST 

Bottle test is used to achieve stability tests for all formed emulsions by monitoring 

percentage of separated oil and/or water layer with time. Such test can give an indication 

about emulsion quality. In other words, it can tell qualitatively about the average size of 

the dispersed phase droplets. The smaller the droplets average size, the more stable the 

emulsion. 

 




































































































































































































































































































































