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ABSTRACT 

 

The challenges related to droplet size characterization of dispersed liquid phase in 

another continuous liquid phase in multiphase pipe flow to proper optimize the pipeline flow 

system and flow assurance management have been raised for years. The existence of the 

dispersed phase changes the flow pattern and increases the effective viscosities of the 

dispersions, leading to significantly higher-pressure losses in multiphase flow in pipes. In 

addition, the presence of gas phase flow along the liquid-liquid mixture flow causes additional 

complications in predicting multiphase flow behavior due to additional turbulence in pipe flows 

and changes in flow pattern. Experimental studies were conducted to investigate the effect of the 

dispersed phase fraction on the droplet characteristics in oil-water two-phase flow, and the 

effects of the gas phase on the phase inversion point in oil-water pipe flows and the droplet 

characterization of the dispersed liquid phase in the liquid mixture. The experimental setup 

includes a 2-inch clear PVC (polyvinyl chloride) horizontal pipe, which can be utilized for 

single-phase, two-phase, and three-phase flow studies. As a result of experimental studies and 

open-source literature data, new theoretical models were developed to predict the maximum 

droplet size and Sauter mean diameter of the dispersed liquid phase in the liquid mixture for oil-

water two-phase and gas-oil-water three-phase turbulent flows in a horizontal pipe. 

 The droplet size of the dispersed phase in oil-water two-phase pipe flow showed a strong 

relation with the dispersed phase fraction for the same liquid mixture velocity, i.e., larger droplet 

sizes were observed with an increase of the dispersed phase fraction. The oil-water phase 

inversion point was not affected by the liquid mixture velocity. In addition, the oil-water phase 
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inversion point was not affected by the presence of the gas phase in the gas-oil-water three-

phrase pipe flow system. On the other hand, the dispersed phase droplet size generally decreased 

with increasing the superficial gas velocity. Comprehensive model evaluation was carried out in 

this study for the droplet size characterization. This work provides new insights into the droplet 

size characterization in gas-oil-water three-phase flows and fill a critical gap in understanding 

and modeling liquid droplet size in the liquid mixture in gas-oil-water three-phase flows that will 

potentially enhance the accuracy of the heat and mass transfer estimations in gas-oil-water three-

phase flows in pipes. 
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INTRODUCTION 

 

Hydrocarbon production is commonly associated with the mixed flow of two and more 

immiscible phases starting from porous media to surface facilities. Cocurrent flow of multiple 

immiscible fluids can create a dispersed flow system where one fluid is fully or partially 

dispersed into another fluid depending on the operating flow conditions and fluid properties. The 

dispersed flow systems can be stabilized by surface active agents (surfactants) and become stable 

emulsions. Understanding a dispersed flow formation and its properties is critical to properly 

design the flow facilities and operating processes in the petroleum industry. Several researchers 

have reported the importance of droplet size characterization of the dispersed phase to better 

model the complex flow behavior in pipe flows and on predicting various flow assurance issues 

such as hydrate formation prediction (Sloan et al. 2013; Stoner and Koh 2021), erosion and 

corrosion estimation and prevention (Azzopardi 1997; Nesic 2004), rheology prediction of the 

emulsion flow (Pal 1987), and efficiency estimation of separators (Avila 2003; Kokal 2005). 

Several experimental studies have been conducted previously on oil-water two-phase 

flow in pipes. However, these studies mainly focused on flow pattern transition, pressure 

gradient, and in-situ oil (or water) volumetric fraction. There is a lack in experiments studying 

the droplet sizes and their distribution, especially at dispersed phase fractions greater than 10%. 

The gas phase is an inevitable portion of hydrocarbon flows. Like the studies on oil-water 

two-phase flows, the majority of the studies on gas-oil-water flows were focused on flow pattern 

transition, pressure gradient, and liquid holdup measurement. In addition, the studies on gas-oil-
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water three-phase turbulent flows in pipes have been limited to low liquid loading conditions to 

study the liquid entrainment into the stratified gas phase to predict the flow behavior in gas 

pipeline transportations (Gawas 2013). The presence of gas phase is believed to impact the 

droplet size of the dispersed liquid phase in the liquid mixture dispersion due to the additional 

shear and turbulence. However, the prediction of droplet size of the dispersed liquid phase in the 

liquid-liquid mixture for the gas-oil-water three-phase flows has not been studied. 

One of the objectives of this work is to experimentally investigate the effect of gas phase 

on the phase inversion point and the droplet size characterization of the dispersed liquid phase in 

the oil-water mixture. The experiments were conducted in a horizontal pipe with a 5.08-cm 

internal diameter for a wide range of dispersed phase volume fraction for oil-water two-phase 

and gas-oil-water three-phase flows to study the effects of increasing dispersed phase fraction 

and gas flow rates. The experimental work included measurements of pressure gradients, phase 

distribution, flow pattern visualization, and droplet size distribution. The Isopar V mineral oil 

with a viscosity of 14 mPaĀs (at 20 °C and 1 atm) and city tap water were used at several mixture 

flow rates for a wide range of water fractions. The building air was used as a gas phase. 

The other objectives of this project are to evaluate the performance of existing theoretical 

models for droplet size prediction using experimental data from the open-source literature and 

current study and develop new models if necessary. It has been observed that most of the 

existing correlations for droplet size prediction were formed based on low dispersed phase 

fraction and related to only oil-water two-phase flows, although several investigators stated the 

obvious effect of the dispersed phase fraction on the droplet sizes (Pal and Rhodes 1989; 

Plasencia et al. 2013). New simple models were developed for droplet size determination based 

on the open-source literature and current experimental data. With these models, the maximum 
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droplet size and Sauter mean diameters can be predicted for oil-water and gas-oil-water flow 

systems with the average absolute relative error of 3ï15%. 

In this dissertation, Chapter 2 provides a detailed literature review on oil-water and gas-

oil-water flow patterns in horizontal pipe flow and droplet size characterization of the dispersed 

liquid phase. Chapter 3 provides descriptions of the experimental facility and experimental 

results Chapter 4 discusses the modeling approach on the maximum and Sauter mean diameters 

of the dispersed liquid phase. Chapter 5 discusses further directions and needs for future studies. 
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LITERATURE REVIEW 

 

This chapter provides the main concepts of multiphase flow in pipes and the interaction 

between immiscible phases. The multiphase flow is often defined as a commingled flow of two 

or more immiscible phases. In hydrodynamic flow field, individual phases can flow separately, 

partially, or fully dispersed into another phase which retains its continuity under hydrodynamic 

flow conditions. For example, gas and water can be dispersed into an oil continuous phase 

depending on the flow dynamics and non-hydrodynamic properties such as the physical and 

chemical properties of each phase. 

Different flowing conditions, pipe geometries, and fluid properties result in different 

geometrical distributions of the phases, which is also called flow pattern. Dispersion of one 

phase into another commonly occurs in various flow patterns. In gas-liquid two-phase flows, 

liquid droplets can disperse in the gas core in annular, stratified, and churn flows.  The gas 

bubbles can be entrained in the liquid slug body because of the high mixing at the slug front. 

Dispersion of gas in the liquid phase can also occur in bubbly or dispersed bubble flows. In the 

immiscible liquid-liquid flows, oil and water dispersion commonly occurs under hydrodynamic 

flow conditions and fluid physical properties. 

The following sections provide a detailed literature review of flow patterns for oil-water 

and gas-oil-water flows in pipes and modeling studies on droplet size characterization. 
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2.1 Previous Experimental Studies on Oil -Water Horizontal Pipe Flow 

The oil -water two-phase flow patterns have been widely studied both experimentally and 

theoretically. This section describes flow patterns based on published literature on oil-water flow 

in horizontal pipes. 

 

2.1.1 Oil -Water Two-Phase Flow Pattern 

The flow pattern is a distinguishing phenomenon between single-phase and multiphase 

pipe flows. Spatial distribution of phases in commingled pipe flow is defined as the flow pattern. 

The hydrodynamic parameters (flow rates), the geometric parameters (pipe inner diameter and 

inclination angle) and non-hydrodynamic parameters such as the physical properties of fluids 

(density, viscosity, and interfacial tension) define the spatial distribution of each phase in 

commingled multiphase pipe flows and determine the flow pattern. 

Trallero (1995) provided a detailed review and experimentally studied the flow patterns 

for oil-water flows in horizontal pipes. He conducted the experiments in a 2-inch horizontal pipe 

with mineral oil and water, with a viscosity ratio of 29.6, oil-to-water density ratio of 0.85, and 

interfacial tension of 36 mN/m at 25.6 °C. Based on the literature review and his experimental 

observations, Trallero (1995) characterized six different flow patterns as shown in Figure 2.1 

below, including 

1. Stratified Flow  

¶ Stratified Flow (ST)  

¶ Stratified Flow with mixing at the interface (ST-MI).  

2. Dispersed Flow 

¶ Water Dominated 
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o Dispersion of oil in water and water (Do/w-w) 

o Oil in water emulsion (o/w). 

¶ Oil Dominated 

o Dispersion of water in oil and oil in water (Dw/o-Do/w) 

o Water in oil emulsion (w/o) 

 

 

Figure 2.1 Oil -water horizontal pipe flow pattern sketches (Trallero 1995). 

 

Figure 2.2 below shows the corresponding flow pattern map from Trallero (1995), where 

the water superficial velocity is on y-axis and oil superficial velocity is on x-axis, respectively. 

Trallero (1995) also provided a flow pattern map as functions of the mixture velocity and water 

fraction as shown in Figure 2.3 below, where the mixture velocity is on y-axis and water fraction 

(Cw) is on x-axis. 

In general, the oil-water flow pattern in a horizontal pipe can be classified into two main 

categories based on whether the immiscible liquids are in separation or in dispersion under the 
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hydrodynamic flow field: Segregated flow and Dispersed flow (Trallero 1995; Brauner 2001; 

Lovick and Angeli 2004). 

 

 

Figure 2.2 Oil-water horizontal pipe flow pattern map (Trallero 1995). 

 

 

Figure 2.3 Oil-water horizontal pipe flow pattern map for water cut range (Trallero 1995). 
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At low flow velocities, gravity and buoyancy forces dominate leading the immiscible 

liquids of different densities to separate and flow as stratified flow (ST). Further increase in 

superficial velocity of either or both phases can induce instability at the interface, creating 

interfacial waves due to the different relative movement between the phases. Increased 

interfacial shear stress caused by different relative movement between the phases and the 

turbulence leads to the formation of oil droplets in water and water droplets in oil at the interface. 

Such flow pattern is called stratified flow with mixing at the interface (ST-MI) as shown in 

Figure 2.1. Hydrodynamic force tends to spread out the droplets throughout the pipe cross 

section, whereas the gravity force tends to counteract the dynamic force. Higher interfacial 

tension reduces the instability at the interface leading to separated phases. Fluid viscosity acts in 

dual way; it causes the instability between phase and also dissipates the energy of turbulent 

eddies. 

When the flow velocities increase, segregation can be disturbed due to the high turbulent 

motions of each phase, and dispersion takes place causing one of the phases to lose its continuity 

and become partially or fully entrained into another liquid phase in the form of droplets. For a 

water dominated system, an increase in water flow rate leads to the dispersion of oil in water 

with a water layer (Do/w-w) first, followed by a fully dispersion of oil in water flow (o/w).  For 

an oil dominated system, fully dispersion of water in oil (w/o) is observed at low water cut 

values, while dual dispersion, i.e., dispersion of water in oil and dispersion of oil in water (Dw/o-

Do/w), occurs at higher water cut values close to the phase inversion point. 

Dispersion flow occurs at highly intensive flow conditions. When one of the phases 

becomes fully dispersed in another continuous phase, with one polar and the other non-polar, the 

system can stay stable for a long period of time and be called as an emulsion (Trallero 1995). In 
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the dispersed flow pattern, the dispersed phase droplets are stabilized by surface tension and 

dispersed phase viscous forces, while breakup is induced by the dynamic force from the 

continuous phase turbulence. 

Lovick and Angeli (2004) experimentally studied the oil-water two-phase dispersed flows 

in a horizontal pipe. They varied the mixture velocity from 0.8 to 2.5 m/s and input oil volume 

fraction from 20 to 80%. They noticed that under the mixture velocities from 0.8 to 1.5 m/s and 

similar phase fractions the flow pattern was dual continuous where both phases preserve their 

continuity with partial entrainment of one phase into the other in the form of droplets, which is 

similar to Dw/o-Do/w flow pattern type in Trallero (1995). Lovick and Angeli (2004) found that 

droplet size and their concentration decreased with increasing distance from the two-phase 

interface in dual continuous oil-water flows. Oil droplets in continuous water phase resulted in 

slightly bigger sizes than water droplets in oil phase, which might be due to higher internal 

viscous force of oil phase. Higher mixture velocities led to higher entrainment of one phase 

dispersed into another, but no significant effect was found on the droplet size of any phase. 

Al -Wahaibi and Angeli (2008) experimentally studied oil-water dual continuous phase 

flow and observed that larger drops stayed close to the oil-water interface. They stated that larger 

droplets at the oil-water interface were due to the higher local volume fraction of the dispersed 

phase that led to higher local droplet concentration and coalescence. 

  The system pressure drops, phase holdup, heat and mass transfer between phases, and 

droplet size characterization of oil-water two-phase pipe flows strongly depend on the flow 

pattern and distribution of the immiscible fluids. Dispersion of one phase into another can cause 

higher pressure drops due to interactions between the droplets and continuous medium, droplet 

resistance to deformation, and droplet-droplet interactions. The pressure drop also depends on 
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which phase is continuous, that is less viscous water phase or more viscous oil phase, and on 

droplet size distribution of the dispersed phase such as monodisperse or polydisperse 

distributions (Pal 1987; Trallero 1995; Plasencia et al. 2013). 

 

2.1.2 Phase Inversion 

Phase inversion in a dispersed flow of two immiscible liquids is defined as the transition 

of a phase from being dispersed to becoming continuous phase when flowing conditions, 

dispersed phase fraction or physical fluid properties change. For example, the water-in-oil 

dispersion becomes the oil-in-water dispersion at the phase inversion point, which changes the 

flow behavior and pressure gradient (Pal 1996). Pal (1998) concluded that the effective mixture 

viscosity was subject to the droplet size distribution range of the dispersed phase based on his 

experimental work. Plasencia et al. (2012) observed that the effective viscosity of the mixture 

flow increased until the water fraction reached a phase inversion point at a water cut of 80% and 

then dropped rapidly in oil-water two-phase flows. Phase inversion involves the interchange of 

the continuous and dispersed phases and depends on parameters such as the volumetric input 

fraction of the dispersed phase, physical fluid properties of involved phases, and hydrodynamic 

flow field conditions (Pal 1998; Plasencia et al. 2012). 

The ratio of two immiscible phase volumetric fractions alone is not a deterministic factor 

for the phase inversion point if emulsifying surfactants and solids exit in the fluid mixture. For 

example, explosive emulsions may consist of up to 92% of water phase forming the water-in-oil 

emulsions (Mikula 1992). 

 Nädler and Mewes (1997) experimentally studied the flow of two immiscible oil and 

water fluids in a horizontal pipe with an inner diameter of 59 mm at different oil viscosities 



 

11 

 

without surfactant additives. They measured maximum pressure drops in the region of the phase 

inversion point, which was observed when the water cut reached between 10 and 20%. Angeli 

and Hewitt (1998) measured pressure gradients of oil-water flows in horizontal acrylic and steel 

pipes for water cut values of from 0ï100%. They observed the phase inversion point from oil 

continuous to water continuous dispersed flow when the water cut reached about 37ï40% for 

both steel and acrylic pipe flows. Figure 2.4 shows a pressure gradient at 3.0 m/s mixture 

velocity for a full range of water cuts in the steel pipe for an unstable oil-water dispersion flow. 

 

 

Figure 2.4 Pressure gradient vs. water cut (reproduced from Angeli and Hewitt 1999). 

 

2.1.3 Droplet Size Characterization in Oil -Water Pipe Flows 

Reliable estimation of droplet sizes of the dispersed phase and their distribution is 

essential to obtain the interfacial area estimation per unit volume between the continuous and 

dispersed phases, which is used to estimate the heat and mass transfer in the gas-liquid and the 

liquid-liquid dispersion flows. As mentioned previously, the characterization of the dispersed 
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phase droplet size is critical to properly design the production facilities (such as separators, 

pipeline transportation) and operating systems in the petroleum industry. Droplet size depends on 

competing break-up and coalescence forces under hydrodynamic flow fields and physical fluid 

properties. As shown in Figure 2.5, dispersed flow forms as a result of unstable interface 

between two immiscible liquid phases due to high turbulent flow dynamics, and then the formed 

droplet can coalesce and build unstable emulsion or become isolated by surfactants and build 

stable emulsion flow. 

 

 

Figure 2.5 Conceptual model of oil-water emulsion formation process. 

 

Droplet spacing and distribution type (monodisperse or polydisperse) play important 

roles in phase inversion point from oil to water continuous or vice versa (Joseph and Renardy 

1993). The spacing of the droplets is important in the mechanics of the dispersed phase flow. If 

the droplets can be treated as isolated, then the dispersed flow can be assumed as a dilute 

dispersion and single-phase flow can be assumed with modified phase properties for density and 

viscosity. Figure 2.6 below illustrates a droplet spacing in a cubic space with side l equal to the 
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distance between droplet centers with a diameter D. Then the dispersed phase volume fraction, 

‌ , is defined as in Equation 2.1. 

 
‌

“Ὀ

φὰ
 (2.1) 

Crowe et al. (2012) stated that the droplets interacted for a dispersed phase fraction of 

more than 10%, which was corresponding to l/D (ratio of the droplet-droplet distance to the 

droplet diameter) less than 2. Then this close droplet-droplet interaction leads to droplet 

coalescence. 

 

 

Figure 2.6 Droplet spacing in cubic space (Crowe et al. 2012). 

 

In laminar flow the emulsion can be treated as homogeneous fluid if the settling effect of 

the dispersed phase droplets is negligible, and the ratio of pipe-to-droplet diameter is large. In 

turbulent flow, the fluid can be treated as homogeneous if the turbulent eddies are larger than the 

droplet sizes of the dispersed phase, such that the turbulent velocity fluctuation is not affected by 

the droplets (Wallis 1969). Baron et al. (1953) proposed that if the drag force was larger than the 

inertial force acting on the droplets of the dispersed phase, the emulsion could be treated as 

pseudo-homogeneous fluid, and the hydraulic models for single-phase flow could be used with 

averaged physical fluid properties as in Equation 2.2. 
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The dispersed droplets also interact with the turbulent eddies of the continuous phase 

depending on the relative sizes of the droplets and eddies. These droplet-droplet and droplet-

eddy interactions can change the structure of the turbulent flow and affect the pressure gradient 

of the system (Plasencia et al. 2012). Thus, a reliable prediction of droplet size distribution is 

necessary for better modeling and designing of dispersed flow systems. Pal (1993) critically 

reviewed the pipe flow of stable and unstable emulsions and stated that water-in-oil emulsions 

demonstrated higher drag reduction than oil-in-water emulsions. 

Concurrent oil-water flows in pipes have been studied by various investigators. However, 

most of them have been limited to oil-in-water type of emulsions (Baron et al. 1953; Collins and 

Knudsen 1970; Pal 1989). A few investigators have conducted experiments of water-in-oil 

dispersion on the droplet size characterization and their effect on the mixture rheology 

(Karabelas 1978; Pal 1998; Plasencia et al. 2013). Crude oil is commonly produced and 

transported as water-in-oil dispersions in pipeline systems. Therefore, understanding of the flow 

characteristics of water-in-oil dispersions is important for the design and operation of production 

gathering facilities and pipelines as well. 

Numerous researchers experimentally studied the effects of physical fluid properties and 

flowing conditions on the droplet formation process and the droplet sizes. 

 

 

Hinze (1955) noted that an increase in the continuous phase density may decrease the 

coalescence of the dispersed phase droplets, leading to smaller droplet sizes. Hinze (1955) also 
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pointed out that an increase in the dispersed phase density increased the time of deformation of 

droplets before they broke up. Sleicher (1962) stated that the density difference between the 

immiscible phases may create a shattering effect on the droplets during their initial acceleration 

when the transient regime was considered. Sleicher (1962) found that droplets became more 

stable and bigger when the dispersed phase density was higher than the continuous phase 

density. Levich (1962) considered the importance of the dispersed phase density for the droplets 

internal pressure force and incorporated the dispersed phase density into the critical Weber 

number. 

 The viscosity of the continuous phase plays an important role in droplet formation 

process by applying shearing viscous stress on dispersed phase droplets causing them to breakup. 

In addition, an increase in continuous phase viscosity increased the time of shell removal 

between the droplets thus preventing the droplet coalescence when droplets become closely 

attached (Sleicher 1962; Davies 1985; Karabelas 1978). Angeli and Hewitt (2000) found that 

water droplets were smaller in the oil continuous flow compared to the oil droplets in the water 

continuous flow for the same conditions. In addition, the experimental work of Karabelas (1978) 

indicated that the largest droplets tended to concentrate at the bottom of a horizontal pipe at low 

velocities when the continuous phase was less viscous and less dense. Analyses of the 

experimental data from Karabelas (1978) showed that an increase in the continuous phase 

velocity and viscosity led to smaller droplets of the dispersed phase as illustrated in Figure 2.7 

below. 

 The internal viscous force of the dispersed phase requires higher energy dissipation 

during droplet deformation and then less energy remains for the droplet breakup process (Van 

der Zande and Van den Broek 1998). The internal viscous force was believed to become more 
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important when the dispersed liquid viscosity becomes close to the interfacial tension (IFT) 

forces in resisting the droplet breakup when it was sufficiently larger than the continuous phase 

viscosity (Kubie and Gardner 1977; Davies 1985; Hesketh et al. 1987; Vankova et al. 2007). 

Hinze (1955) observed larger fraction of small droplets when the dispersed phase viscosity was 

less than the continuous phase viscosity. On the other hand, larger droplets formed when the 

dispersed phase viscosity was higher than the continuous phase viscosity, and dispersion became 

less uniform. 

 

 

Figure 2.7 Effect of continuous phase velocity and viscosity on droplet size. 

 

Collins and Knudsen (1970) also stated that an increase in the dispersed phase viscosity 

delayed drop deformation and breakup based on their experimental results. Analyzing the 

experimental data of Sleicher (1962) indicated that the maximum droplet size increased with 

increasing dispersed phase viscosity as shown in Figure 2.8 below. 

Interfacial tension is a dominating force for the droplet stabilization in resisting the 

external breakup force.  The increase in the interfacial tension force resulted in larger droplet 

sizes (Sleicher 1962; Vankova et al. 2007; Plasencia et al. 2013). The strong dependence of the 



 

17 

 

droplet size on the interfacial tension was well demonstrated by the experimental data analyses 

from Sleicher (1962) as shown in Figure 2.9. 

 

 

Figure 2.8 Effect of dispersed phase viscosity on droplet size. 

 

 

Figure 2.9 Effect of interfacial tension (IFT) on droplet size. 

 

Surfactants reduce the interfacial tension (IFT) between immiscible phases up to a critical 

concentration so called critical micelle concentration (CMC), promoting the creation and 
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stability of dispersed droplets. Above CMC, the interface is saturated with the surfactants, and 

IFT becomes constant. Davies (1985) stated that adding surfactants to the liquid mixture 

prevented the droplets from coalescing. Asphaltene, resins, organic acids and bases are some 

typical natural surfactants in crude oil compositions (Kokal 2005; Abdulredha et al. 2020). In 

petroleum fluids, oil phase solids such as wax crystals and precipitated asphaltene play an 

important role in both creating and stabilizing the emulsions of oil and water phases (Mikula 

1992). Fine solid particles such as clays and sands can also enhance the emulsification process 

and emulsion stability preventing droplet coalescence based on their size and wettability (Kokal 

2005). The reduced IFT between the continuous and dispersed phases makes it easier for the 

inertial force of the continuous phase eddies to break the droplets into smaller sizes. In addition, 

the dispersed phase droplets can be surrounded by surface active high-molecular-weight polar 

molecules and surfactants which strengthen the surface film around the droplet. These 

surfactants and surfactant-like heavy fractions in crude oil decrease the IFT leading to smaller 

droplets and enhancing the interfacial film viscosity preventing the droplets from droplet-droplet 

coalescing due to the repulsive interactions between stable droplets leading to stable emulsions 

(Davies 1985; Pal 1993; Kokal 2005) as illustrated in Figure 2.10. The stability of the emulsions 

depends on the nature and concentration of the emulsifiers and the chemistry of both dispersed 

and continuous phases (Pal 1993). 

 

 

Figure 2.10 Surfactant stabilized emulsion formation mechanism. 
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 The effect of continuous phase velocity has been studied by numerous researchers. The 

droplet size dependence on the continuous phase velocity was reported to the velocity power of 

from -1 to -2.5, i.e., an increase of the continuous phase velocity leads to smaller droplets as 

shown in Figure 2.7 above (Sleicher 1962; Karabelas 1978; Angeli and Hewitt 2000; Plasencia et 

al. 2013; Kee 2014). In dilute liquid-liquid dispersions, the dispersed phase velocity can be 

assumed to be equal to the continuous phase velocity (Brauner 2001). Additionally, the 

experimental data from Karabelas (1978) and Simmons and Azzopardi (2001) showed that there 

was a limit on the continuous phase velocity, above which its effect on droplet sizes was finite 

(Figure 2.7). Kubie and Gardner (1977) used a horizontal pipe flow to experimentally study 

dispersed phase flow and noted that the droplet size distribution became narrower with 

increasing continuous phase velocity where the maximum droplet size decreased rapidly than the 

minimum droplet size. 

Simmons and Azzopardi (2001) varied the mixture velocity from 0.8 to 3.1 m/s and 

found droplet size stratification at lower mixture velocities from 0.8 to 1.5 m/s in a horizontal 

pipe, using kerosene as a continuous phase and aqueous potassium carbonate solution as a 

dispersed phase. 

An increase in the superficial dispersed phase velocity for the same mixture velocity 

results in an increase of its volumetric fraction leading to dense dispersion, which in turn results 

in larger droplets due to droplet coalescence. However, most of the experimental studies had 

been conducted with low dispersed phase volume fractions with about 0.5ï10%, which showed a 

small effect on the droplet sizes (Sleicher 1962; Collins and Knudsen 1970; Angeli and Hewitt 

2000; Vielma et al. 2008). Generally, the droplet concentration and size increase with increasing 
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dispersed phase volume fraction up to the phase inversion point where a dispersed phase 

becomes a continuous phase in a hydrodynamic flow field (Ioannou 2006). Some other 

experimental studies also showed increasing droplet size as dispersed phase volume fraction 

increased for both water and oil continuous turbulent flow conditions (Pal and Rhodes 1989; 

Plasencia et al. 2013; Kee 2014; Schümann et al. 2016; Paolinelli et al. 2018a). 

In dense dispersions, larger droplets lead to more deformation mechanism and resistance 

to flow in turbulent flow yielding in damping effect on the continuous phase turbulence (Otsubo 

and Prudhomme 1994; Pal 2007; Vielma et al. 2010; Plasencia et al. 2013). Thus, the effect of 

the continuous velocity on the droplet breakup may decrease, and this may result in more droplet 

coalescence. 

Plasencia et al. (2012) reported that the dispersion flows acted as a Newtonian fluid at 

low dispersed phase concentration less than 50% in most cases for the water-in-oil dispersion 

flows. However, as the dispersed droplet concentration increased, the dispersion flows became a 

non-Newtonian type of fluid (Pal 1987; Plasencia et al. 2012). 

The effect of pipe material was studied by Angeli and Hewitt (2000), which showed that 

a rougher stainless-steel (hydrophilic) pipe led to smaller droplets than in a smoother acrylic-

resin (hydrophobic) pipe for the same flowing conditions. Angeli and Hewitt (2000) used a 

friction factor to account for different pipe material roughness, which increased the turbulence 

effect on the droplets leading to smaller droplets. Schümann et al. (2016) also noted that an 

increase in friction factor led to smaller droplet sizes. 

Paul and Sleicher (1965) obtained experimental data to study the effect of pipe diameter 

and concluded that the maximum droplet size was proportional to the negative 0.1 power of the 

internal pipe diameter. Hesketh et al. (1987) also observed the dependence of the maximum 
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droplet size on continuous phase superficial velocity and internal pipe diameter from their 

experimental data. 

A summary of relevant experimental data on droplet size characterization published in 

the open-source literature for oil-water flows in horizontal pipes are chronologically listed in 

Table 4.1 and Table 4.2 in Chapter 4. 

 

2.2 Previous Experimental Studies on Gas-Oil -Water Horizontal Pipe Flow 

Hydrocarbon reservoirs naturally contain some level of natural gases and formation 

water, and also gas and water are usually injected to support the reservoir pressure during 

petroleum production. Therefore, multiphase flows commonly occur in petroleum producing 

wells and transportation pipelines as a mixture of gas, oil, and water phases. 

Previous experimental studies on gas-oil-water three-phase flows have been mainly 

focused on flow pattern identification, pressure gradient, liquid holdup measurement, and liquid 

entrainment into the gas phase at low liquid loading conditions for stratified gas-liquid pipe 

flows. This section provides a general review of the flow patterns observed on gas-oil-water 

three-phase flows in pipes, followed by a discussion on droplet size characterization in gas-oil-

water three-phase flows in pipes. 

 

2.2.1 Gas-Oil -Water Three-Phase Flow Pattern 

 Gas-oil-water three-phase horizontal pipe flows demonstrate very complex flow 

behaviors. The flow pattern depends on the pipeline geometry (inclination angle and diameter), 

volumetric fraction of involved phases, physical fluid properties, and operating conditions. 
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The definition of gas-oil-water flow pattern still lacks consensus. Some authors used the 

flow pattern maps based on gas-liquid two-phase flows for gas-oil-water three-phase flows (Al-

Hadhrami et al. 2014). Others defined the three-phase flow patterns based on the mixing degree 

of the liquid phases (Hewitt 2005), while other studies defined the flow patterns for gas-oil-water 

flows based on the combination of gas-liquid two-phase and oil-water two-phase flow patterns 

(Acikgoz et al. 1992; Pan 1996; Keskin et al. 2007; Gawas 2013). 

Hewitt (2005) defined three main types of flows based on the degree of mixing of the 

liquid phases, including: 

¶ Unmixed flows. They are stratified flows of separated phases due to the gravity force. 

Usually, the water flows at the bottom of the horizontal pipe, the oil is in the middle 

and the gas at the top of the pipe due to their density difference as shown in Figure 

2.11 below. The waves between the interfaces of immiscible fluids may occur due to 

the superficial velocity difference of each phase. 

¶ Partially mixed flows. Partially mixed flow can develop between the liquid phases at 

higher velocities as shown in Figure 2.12 below. 

¶ Fully mixed stratified or slug flows. It occurs due to high velocities, where one liquid 

phase is fully dispersed into the other liquid phase in form of droplets, and the gas 

flows on top of the pipe as stratified flow or between liquid slugs as shown in Figure 

2.13 below. 
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Figure 2.11 Stratified unmixed gas-oil-water flow pattern (Hewitt 2005). 

 

 

Figure 2.12 Stratified partially mixed gas-oil-water flow pattern (Hewitt 2005). 

 

 

Figure 2.13 Fully mixed stratified and slug gas-oil-water flow pattern (Hewitt 2005). 
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Considering the complexity of the gas-liquid interactions and the liquid-liquid mixing 

degrees, Acikgoz et al. (1992) and Pan (1996) suggested a multi-part classification of the three-

phase flow patterns as illustrated in Figure 2.14 and Figure 2.15: Part 1 describes the nature of 

the continuous phase; Part 2 describes a mixing degree of the liquid phases; and Part 3 describes 

the nature of gas-liquid flow pattern. 

 

 

Figure 2.14 Gas-oil-water multi-part flow pattern scheme (reproduced by Hewitt (2005) from 

Acikgoz et al. 1992). 
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Figure 2.15 Gas-oil-water multi-part flow pattern scheme (reproduced by Hewitt (2005) from 

Pan 1996). 

 

Keskin et al. (2007) conducted the gas-oil-water three-phase experiments using a 2-inch 

horizontal pipes at a wide range of gas, oil, and water flow rates. Mineral oil (859 kg/m3 density 

at 15.6 °C and 13.5 mPaĀs viscosity at 40 °C), city tap water, and air were used as fluids in their 

experiments. Keskin et al. (2007) defined twelve individual flow patterns for horizontal gas-oil-

water pipe flow, in which the first word stands for the gas-liquid flow pattern and the second 

word indicates the oil-water flow patterns. Figure 2.16 demonstrates gas-oil-water horizontal 

pipe flow pattern sketches for each flow pattern type. 

 

 

Figure 2.16 Gas-oil-water horizontal pipe flow pattern sketches (Keskin et al. 2007). 
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Figure 2.17 shows the flow pattern maps generated from the experimental measurements 

for different water cuts, where the liquid mixture superficial velocity on y-axis and gas 

superficial velocity on x-axis. 

 

  
                        (a) WC = 20%                                                    (b) WC = 40% 

   
                        (c) WC = 50%                                                    (d) WC = 60% 

 
(e) WC = 80%                                                          

Figure 2.17 Gas-oil-water horizontal pipe flow pattern map (Keskin et al. 2007). 
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 The twelve flow patterns for gas-oil-water three-phase horizontal pipe flow defined by 

Keskin et al. (2007) are: 

1. Stratified-Stratified (ST-ST). This flow pattern occurs with fully separated oil and water 

phases at low oil and water flow rates. Wavy gas-oil interface can be seen due to the 

higher gas flow velocity. 

2. Stratified-Dual Continuous (ST-DC). This flow pattern occurs at higher velocities but 

low enough to reach intermittent flow. Gas-oil interface becomes wavy. Oil and water 

phases are still separated. However, some water droplets entrain the continuous oil phase 

above the oil-water interface, and some oil droplets are dispersed in the continuous water 

phase below the oil-water interface. The oil-water interface location is dependent on 

water fraction. 

3. Stratified-Oil Continuous (ST-OC). This flow pattern occurs at relatively low water 

fraction. The water becomes fully dispersed into a continuous oil phase, and gas-oil 

interface becomes wavy due to the high gas flow rate. 

4. Stratified-Water Continuous (ST-WC). This flow pattern occurs at relatively high water 

fraction. The oil becomes fully dispersed into a continuous water phase, and gas-water 

interface becomes wavy due to the high gas flow rate. 

5. Intermittent-Stratified (IN-ST). This flow pattern occurs at low gas flow rates with gas 

pockets at top of the pipe between oil slugs. The oil and water phases flow fully separated 

with possibly few droplets at the oil-water interface. 

6. Intermittent-Dual Continuous (IN-DC). This flow pattern occurs at low gas flow rates 

with gas pockets flowing at top of the pipe between liquid slugs. A slight increase in 

liquid flow rates leads to the liquid-liquid intermixing and depending on the water 
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fraction more water droplets enter the continuous oil phase, whereas some oil droplets 

entrain into the continuous water phase. 

7. Intermittent-Oil Continuous (IN-OC). This flow pattern occurs at low water fraction with 

relatively high liquid flow rates. The water phase becomes fully dispersed in the 

continuous oil phase, and gas-liquid flow becomes a slug flow. 

8. Intermittent-Water Continuous (IN-WC). This flow pattern occurs at high water fraction 

with relatively high liquid flow rates. The oil phase becomes fully dispersed in the 

continuous water phase, and gas-liquid flow becomes a slug flow. 

9. Annular-Oil Continuous (AN-OC). This flow pattern occurs at very high gas velocities. 

The gas phase flows through the center of the pipe, whereas the liquid phase flows as a 

film around the pipe wall. High gas velocity causes the liquids to intermix even at low 

liquid velocities, where the oil phase becomes a continuous phase with the water fully 

dispersed as droplets due to low water fraction. 

10. Annular-Water Continuous (AN-WC). This flow pattern occurs at very high gas 

velocities. The gas phase flows through the center of the pipe, whereas the liquid phase 

flows as a film around the pipe wall. High gas velocity causes the liquids to intermix 

even at low liquid velocities, where the water phase becomes a continuous phase with the 

oil fully dispersed as droplets due to low oil fraction. 

11. Dispersed Bubble-Oil Continuous (DB-OC). This flow pattern occurs at very high oil 

flow rates. The gas phase becomes dispersed in a continuous oil phase as discrete 

bubbles, and the water phase becomes dispersed in a continuous oil phase as water 

droplets due to low water fraction. 
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12. Dispersed Bubble-Water Continuous (DB-WC). This flow pattern occurs at high water 

flow rates. The gas phase becomes dispersed in a continuous water phase as discrete 

bubbles, and the oil phase becomes dispersed in a continuous water phase as oil droplets 

due to low oil fraction. 

The experimental condition of the current study is similar to that in Keskin et al. (2007). 

Therefore, the flow patterns observed in this study were compared to the flow pattern map of 

Keskin et al. (2007). 

 

2.2.2 Droplet Size Characterization in Gas-Oil -Water Pipe Flows 

The presence of the gas phase can significantly change the multiphase flow behavior, 

increasing turbulence and leading to a more complex mixing between gas-liquid and liquid-

liquid phases. Most of the previous studies focused on the droplet size characterization of 

entrained liquid in the gas core only and ignored the liquid-in-liquid dispersions. 

In stratified flows, oil-water liquid mixture can flow as a liquid layer at the bottom of the 

pipe at low velocities (Figure 2.16). When gas velocity increases, oil and water liquids can be 

dispersed into the turbulent gas core due to turbulent kinetic energy and drag forces. The 

entrained liquid droplets can wet the pipe wall increasing friction and leading to corrosion 

concerns. Accurate estimation of droplet sizes in the gas core is important for modeling liquid 

transportation, and flow assurance prediction and management, such as gas hydrate forecast and 

pipeline corrosion estimation. 

The liquid droplets in the gas core are mainly affected by the drag force due to the big 

density and viscosity differences between the liquid droplets and gas. Therefore, the liquid 

droplet entrainment into the gas core is strongly dependent on the gas velocity (Shmueli 2012). 
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As Keskin et al. (2007) described, high gas velocity led to the oil-water intermixing even at low 

liquid velocities, and increased liquid velocities caused the oil-water intermixing leading to one 

liquid phase being continuous and the other being dispersed. However, the effect of gas phase on 

the dispersed liquid droplet in the liquid mixture has not been studied. Thus, experimental studies 

are needed to better understand the liquid droplet size and distribution in the liquid-liquid 

mixtures under the presence of the gas phase flow, especially in slug flow pattern. This will also 

facilitate model development, and essentially benefit flow assurance prediction and management. 

Some researchers used the droplet size models developed for gas-liquid two-phase annular flows 

to predict the entrained liquid droplet sizes in gas-liquid-liquid three-phase flows (Skartlien et al. 

2011; Gawas 2013). 

Shmueli et al. (2012) performed gas-oil-water three-phase flow experiments in a 

horizontal pipe, using a dense gas to simulate high pressure flows with various oil viscosities. 

They noted that increasing water fraction in the liquid mixture reduced the liquid entrainment 

into the gas core. This can be because of the higher surface tension between the gas and water 

that requires higher shear stress for the droplets to form. Paolinelli (2018) noted that increasing 

water cut in the liquid section requires higher superficial liquid and gas velocities to lead the 

water fully dispersed in oil. 

 

2.3 Previous Droplet Size Modeling Studies 

 Dispersed phase droplets in the turbulent flow field are subject to various forces such as 

buoyancy, gravity, external and internal viscous forces, turbulent fluctuations, shear stress, 

collision, and surface tension force. Final droplet sizes of the dispersed phase depend on 

competing forces between droplet break-up and stabilizing forces. If the break-up force is large 
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enough to deform droplets, then the droplets become unstable and break up into smaller droplets. 

The magnitude of these forces depends on fluid properties and hydrodynamic flow conditions. 

The droplet breakup depends on the position in the pipe in which it is formed. Sleicher 

(1962) experimentally investigated and stated that the droplets break up close to the pipe wall 

which led to maximum stable droplets. Collins and Knudsen (1970) also observed that high 

deformation of droplets appeared in the buffer layer (viscous layer) close to the wall than in the 

center of the pipe. However, Swartz and Kessler (1970) observed that the droplets stayed near 

the center of the pipe throughout its fragmentation process for their experiment. Levich (1962) 

suggested that the large velocity gradient close to the wall led to the formation of the smallest 

droplets, possibly the minimum stable droplet size. 

 

2.3.1 Modeling Maximum Stable Droplet Size in Oil -Water Two-Phase Flow 

Droplet formation process in oil-water dispersed flows was both experimentally and 

theoretically studied by many researchers (Hinze 1955; Sleicher 1962; Collins and Knudsen 

1970; Swartz and Kessler 1970; Vankova et al. 2007). Two dominant disruptive forces are 

generally accepted depending upon whether droplet breakup occurs near the wall buffer layer 

(shear force) or near the pipe center turbulent core (dynamic pressure force). The shear forces 

were observed to stretch the droplet and split it into two approximately equal parts, whereas the 

dynamic pressure forces drive the droplets to vibrate letting smaller droplets break off (Swartz 

and Kessler 1970). The stabilized smallest and largest droplet sizes are dependent on fluid 

properties and operational conditions as described above. The complex parametric impacts on 

the droplet size make the theoretical modeling challenging, which requires more comprehensive 

experimental data under a broad range of flowing conditions and fluid properties. 
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Scientists have considered the droplet breakup and coalescence mechanisms to model the 

stabilized maximum droplet size (Hinze 1955; Sleicher 1962; Liu and Li 1999; Leng and 

Calabrese 2003; Alamu 2010). The balance between the disruptive and stabilizing forces 

determines droplet formation mechanisms and their size distribution. In dense dispersion flows, 

droplets can coalesce when they collide and remain in contact for a sufficient time for the film of 

the continuous phase between the droplets to drain. However, the turbulent eddies of the 

continuous phase may separate the droplets and prevent coalescence (Thomas 1981). 

Different droplet breakup mechanisms depending on two-phase flow interactions have 

been suggested by several investigators (Hinze 1955; Ishii and Grolmes 1975; Azzopardi 1997; 

Vankova et al. 2007). Basic modeling studies of droplet breakup in turbulent flows were 

independently presented by Kolmogorov (1949) and Hinze (1955) in terms of dimensionless 

Weber number. They considered the turbulence energy as a primary breakup force and the 

interfacial energy as a stabilization force for the droplets. The main assumption in their work was 

that the turbulent flow was homogeneous and isotropic, and the droplets break when rapid 

turbulent fluctuations in the vicinity of the droplet overcome the interfacial tension forces. The 

dynamic pressure forces developed by the changes in velocity over distances at the most equal to 

the droplet diameter in turbulent flow play an important role in determining the maximum 

droplet size. Figure 2.18 below illustrates two mechanisms of the droplet breakup namely 

turbulent inertial regime and turbulent viscous regime. In the turbulent inertial regime, the 

droplets larger than the smallest turbulent eddy scales can deform under the hydrodynamic 

pressure fluctuations. Whereas, in a turbulent viscous regime, the droplets smaller than the 

smallest eddies can deform under the action of viscous stress inside and between eddies. 
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                              (a) Turbulent inertial regime        (b) Turbulent viscous regime 

Figure 2.18 Droplet breakup mechanisms (Vankova et al. 2007). 

 

Hinze (1955) classified the deformation of droplets into three types: lenticular, bulgy, and 

elongation of the droplet, the latter being most prevalent. Assuming a simple isotropic 

homogeneous turbulent regime, he considered inertial energy from the turbulent velocity 

fluctuations as main disruptive force for the droplet breakup and surface tension force as a 

stabilizing (cohesive) force of the droplets. He pointed out three main forces, namely, viscous 

stress, dynamic pressure, and surface tension as dominating forces in droplet formation process. 

Hinze (1955) correlated the forces controlling the droplet deformation and breakup into two 

dimensionless groups such as a Weber number (We) and a viscosity group (Nvi). The Weber 

number expresses the balance between the inertial force (turbulent pressure fluctuations) which 

tends to break the droplet, and surface tension force which resists the droplet deformation as 

shown in Equation 2.3. 

 ὡὩ
†

†
 (2.3) 

Hinze (1955) suggested that if the viscosity effect could be neglected when the dispersed-

phase viscosity was sufficiently small, the maximum drop size could be defined using a critical 

Weber number. The critical Weber number gives the maximum droplet size which can resist the 

deformation, and the droplet breaks if the force balance exceeds the critical Weber number. 
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Hinze (1955) also stated the critical Weber number depended on the type of deformation and the 

flow pattern around the droplets. The critical Weber number is given in Equation 2.4. 

 ὡὩ
†

„ȾὨ
 (2.4) 

Hinze (1955) defined the dynamic pressure force of the continuous phase around the 

droplet as in Equation 2.5. 

 † ”ό (2.5) 

 The mean-square spatial fluctuating velocity, ό, describes the turbulent pressure forces 

of eddies of size ὰ and is defined as the average of the square of the differences in velocity over a 

distance equal to the droplet diameter. Hinze (1955) proposed using the Kolmogorovôs (1949) 

length scale (microscale) to define the turbulent velocity difference over a distance equal to the 

maximum droplet size, dmax. The Kolmogorovôs (1949) length scale, lk, represents the smallest 

length of turbulent eddies interacting with dispersed droplets and is defined as in Equation 2.6. 

 ὰḺὨ Ḻὰ (2.6) 

 ὰ ὟȾ‐ Ⱦ  

 ὰ πȢρ Ὀ  

and ὰ is the length scale of the energy containing eddies in a pipe of diameter D (Hinze 1959). 

 In isotropic homogeneous turbulence, the mean-square spatial fluctuating velocity, ό, 

over a distance equal to the maximum droplet size was defined as a function of the energy 

dissipation rate per unit mass (Bachelor 1953) as in Equation 2.7. 

 ό ς‐Ὠ Ⱦ  (2.7) 

Then using the critical Weber number by Hinze (1955), the maximum stable droplet size 

can be defined by Equation 2.8. 
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where Hinze (1955) suggested ὡὩ ρȢρχ for emulsification in a turbulent flow field. This 

equation provides a fundamental concept to describe the maximum stable droplet size as a 

function of the local energy dissipated by the turbulence and some physical properties of the 

fluids. The local energy dissipation rate in a pipe can be taken equal to the mean energy 

dissipation rate per unit mass and expressed as in Equation 2.9. 

 
‐
ςὪὟ

Ὀ
 (2.9) 

The friction factor can be expressed by the Blasius equation as shown in Equation(2.10 or 

the Colebrook equation as shown in Equation(2.11, which is applicable for turbulent flow in 

smooth and rough pipes over the Reynolds number range of 4000 < Rec <108. 

 Ὢ πȢπχωὙὩȢ  (2.10) 

 ρ

Ὢ
ςὰέὫ

ὩȾὈ

σȢχρ

ςȢυρ

ὙὩὪ
 (2.11) 

 In the case of viscous dispersed phase flow, Hinze (1955) suggested incorporating the 

viscosity group term into the Weber number in a linear relationship as in Equation(2.12. 

 ὡὩ ὅρ •ὔ  (2.12) 

where the function • approaches zero for vanishing effect of the dispersed phase viscosity. 

Hinze (1955) defined a viscosity group as in Equation(2.13. 

 ὔ
‘

”„Ὠ
 (2.13) 

 Hinze (1955) assumed that the fluctuating force of turbulent eddies was too fast to 

account for the effect of the viscosity group and thus the viscosity group could be neglected for 

low viscous dispersed phase. 
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The Hinzeôs (1955) dmax model was validated by numerous investigators (Sleicher 1962; 

Karabelas 1978; Angeli and Hewitt 2000; Simmons and Azzopardi 2001), and the model 

predicted the experimental data from pipe flow with satisfactory agreement when the ratio 

between the continuous and dispersed phase viscosities was close to unity. 

Levich (1962) commented that the Kolmogorov-Hinze theory could be used to define a 

stable droplet diameter in the core of the turbulent pipe flow. He stated that the large velocity 

changes in the sublayer region close to the pipe wall generated smaller droplets, the minimum 

droplet size. Levich (1962) considered the balance between the internal pressure of the droplet 

and the capillary pressure of the deformed droplet. The capillary pressure was defined from the 

shape of the deformed droplet rather than the spherical droplet, and the dispersed phase density 

was included through the internal pressure force. As a result, the critical Weber number from 

Levichôs (1962) theory takes a form as shown in Equation(2.14. 

 
ὡὩ

ʐ

„ȾὨ

”

”

Ⱦ

 (2.14) 

Sleicher (1962) performed an experimental study on the droplet breakup mechanisms and 

the maximum stable droplet size of the dispersed oil phase with various viscosities in a 

continuous water phase in a turbulent pipe flow. He observed the droplet breakup occurred very 

close to the pipe wall where the turbulence was least isotropic and least homogeneous that 

caused high shear rate on the droplets. The high droplet deformation and breakup close to the 

wall in the viscous layer than in the turbulent core was also observed by Collins and Knudsen 

(1970). Thus, Sleicher (1962) doubted Hinzeôs (1955) assumption of using the isotropic 

homogeneous turbulence approach to determine the maximum droplet size and its applicability 

to the pipe flow. He also indicated that Hinze (1955) developed the equation based on 



 

37 

 

experimental data for a broad range of fluid physical properties against a small range in droplet 

diameters, which caused variations in dimensionless numbers based on fluid properties mainly. 

Sleicher (1962) accepted Hinzeôs (1955) suggestion of linear incorporation of the 

viscosity group function to the Weber number as shown in Equation(2.12. However, Sleicher 

(1962) stated that Hinzeôs (1955) viscosity group was based on the natural frequency of vibration 

of the droplets for the phases with similar densities. Sleicher (1962) stated that the vibration of 

the droplets could have a small importance than the resistance of the droplets to stretching due to 

the shear in a turbulent flow field. Considering a viscosity group that counteracts the droplet 

stretching by the flow field, he suggested a new viscosity group that related the rate of droplet 

stretching to the difference of the mean fluid velocities across the droplet as in Equation(2.15. 

 
ὔ

АὟ

„
 (2.15) 

Sleicher (1962) proposed a two-constant form of the viscosity group function as in 

Equation(2.16. 

 
• ὑ

АὟ

„
 (2.16) 

He correlated his experimental data with a new model considering the effect of dispersed-

phase viscosity and defined the constants as C = 38 and K = k = 0.7 for the maximum stable 

droplet size as in Equation(2.17, which correlated his experimental data within 35%. 
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 (2.17) 

Later Paul and Sleicher (1965) stated that the constant C in Equation(2.17 above is 

proportional to the negative power of 0.1 of the internal pipe diameters. Karabelas (1978) 

commented that his experimental data were largely underpredicted by Sleicherôs model at high 

velocities for water-in-oil dispersed pipe flows. Angeli and Hewitt (2000) noted that Sleicherôs 
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(1962) model and Kubie and Gardner (1977)ôs model gave close predictions than other 

theoretical models, however, the models were insensitive to pipe material effect. 

Hughmark (1971) analyzed the experimental data from Sleicher (1962) and Paul and 

Sleicher (1965) and developed a new viscosity group as in Equation(2.18 below incorporating 

the density ratio of immiscible phases. Hughmark (1971) also stated that the viscous stress group 

is about 10% of the total force on droplets. 

 

ὔ
‘

„
Ὗ
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”
 (2.18) 

Kubie and Gardner (1977) observed that Hinzeôs (1955) model fit well their experimental 

data. They analyzed Sleicherôs (1962) and Paul and Sleicher (1965)ôs experimental data and 

noted that most of the measured maximum droplet size were larger than the scale of the energy 

containing eddies, that is Ὠ πȢρὈȟ where Hinzeôs (1955) model cannot be used. For 

droplets greater than the scale of the energy containing eddies, Kubie and Gardner (1977) 

proposed an equation for the maximum droplet size as in Equation(2.19 using the friction factor. 

 
Ὢ
”ὟὨ

„
ρȢσψ (2.19) 

where the friction factor for a straight pipe is defined by the Blasius relation as in Equation(2.10. 

Davies (1985) analyzed the experimental data of dispersions with various dispersed phase 

viscosities and noted the importance of considering the viscosity of the dispersed phase in the 

modeling of the maximum droplet size. He added the effect of the dispersed phase viscosity term 

in the modeling to account for the additional resistance force of the dispersed phase viscosity. He 

proposed a critical Weber number as in Equation(2.20 and suggested a value of 1 for the critical 

Weber number. 
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 Hesketh et al. (1987) provided a detailed analysis of the critical Weber number proposed 

by Kolmogorov (1949) and Hinze (1955) and Levich (1962). As a result, the critical Weber 

number proposed by Levich (1962) as shown in Equation(2.14 gave better results in predicting 

the experimental data. Considering the critical Weber number from Levichôs (1962) theory and 

the viscosity group suggested by Calabrese et al. (1986), Hesketh et al. (1987) proposed a 

correlation to define the maximum stable bubble or droplet size in turbulent liquid flow as in 

Equation(2.21, which includes the majority of the physical fluid properties. 
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where B is a constant that depends on the flow field. Hesketh et al. (1987) suggested B = 1.5 for 

flow field in pipelines and ὡὩ ρȢρ. 

Angeli and Hewitt (2000) suggested a correlation as in Equation(2.22 for the maximum 

droplet size considering the influence of the continuous phase velocity and the pipe material 

(roughness) in terms of friction factor using their experimental results conducted in the steel and 

acrylic pipes. 

 Ὠ ὟȢ τȢςz ρπ Ὢz Ȣ  (2.22) 

Angeli and Hewitt (2000) also noted that the different wettability characteristics of the 

pipe material should play a role along with the pipe roughness on droplet size determination and 

flow pattern. 
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Brauner (2001) discussed the importance of the dispersed phase fraction on the droplet 

size and expressed the mean energy dissipation rate as in Equation(2.23 including the mixture 

density and dispersed phase fraction terms. 
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Then combining the mean energy dissipation rate into the Hinzeôs (1955) model, Brauner 

(2001) obtained a new expression as in Equation(2.24. 
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 (2.24) 

Considering negligible drift velocity between the dispersed and continuous phases for 

fully dispersed flows at high flow rates, Brauner (2001) applied the homogenous no-slip model 

to calculate the in-situ holdup of the dispersed phase by using the superficial velocities of 

dispersed and continuous phases as in Equation(2.25. 
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 Ὗ  and Ὗ   

 ” •” ρ • ”  

 Ὗ Ὗ Ὗ Ὗ ḳὟ   

 The friction factor for a smooth pipe can be defined by the Blasius equation as in 

Equation(2.10. Then the original Hinze (1955) model becomes Equation(2.26 for dilute 

dispersions in a turbulent flow field. 
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For dense dispersions, Brauner (2001) stated that the turbulent energy of the continuous 

phase should be high enough to disrupt the coalescence of dispersed phase droplets. Brauner 

(2001) took the rate of surface energy production of the dispersed phase proportional to the rate 

of turbulent energy by the continuous phase as in Equation(2.27. 

 ”ό

ς
ὗ ὅ

φ„

Ὠ
ὗ  (2.27) 

where ὅ  is a tunable constant. 

Brauner (2001) then developed a model to predict the maximum droplet diameter of the 

dense dispersion in turbulent flows as in Equation(2.28. 
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 Brauner (2001) stated that for a given two-fluid system and operational conditions, the 

maximum droplet size is the largest value obtained from Equations(2.26 and(2.28. 
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 Simmons and Azzopardi (2001) evaluated both Hinzeôs (1995) and Braunerôs (2001) 

models against their experimental data at low and high dispersed phase concentrations with 

similar dispersed and continuous phase viscosities. Hinzeôs (1655) model continuously 

underpredicted the maximum droplet size at high dispersed phase concentrations, whereas 

Braunerôs (2001) model overpredicted the maximum droplet sizes at superficial mixture 
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velocities up to about 1.5 m/s and underpredicted the maximum droplet sizes at superficial 

mixture velocities for above 1.5 m/s. Simmons and Azzopardi (2001) noted a relationship 

between the dispersed phase concentration and the turbulence intensity. They stated that below a 

critical concentration of the dispersed phase of about 5%, the turbulence intensity rose from the 

single-phase flow value to a higher value of about 10 times greater and the droplet size remained 

almost constant. Then the turbulence intensity became independent at higher concentrations of 

the dispersed phase for the same mixture velocity, and the droplet size increased with the 

dispersed phase concentration. 

 Kouba (2003) developed two mechanistic models to predict the minimum and maximum 

droplets as in Equation(2.30 and(2.31, respectively. 
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 Pereyra and Shoham (2015) considered dispersed phase density and viscosity in their 

model as in Equation(2.32. However, some of the dominating parameters such as the continuous 

phase viscosity and dispersed phase fraction were not included in the model. 
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where the turbulent-energy dissipation rate is defined by Shoham (2005) as in Equation(2.33. 
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and ὡὩ πȢω πȢπσ was proposed by the authors. 

 Karatayev and Fan (2021) evaluated the existing theoretical models for the maximum 

droplet size determination and proposed a new model to predict the maximum stable droplet size 
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of the dispersed phase in liquid-liquid dispersed pipe flow in turbulent flow fields. They 

followed a linear relationship suggested by Hinze (1955) to implement the effect of the dispersed 

phase viscosity on the critical Weber number and the viscosity function formulated by Sleicher 

(1962). The model included necessary physical fluid properties and operating system conditions 

including the pipe roughness and dispersed phase concentration as shown in Equation(2.34. 
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2.3.2 Modeling Maximum Stable Droplet Size in Gas-Oil -Water Three-Phase Flow 

The previous researchers conducted experiments on gas-oil-water three-phase flows in 

pipes with low liquid content and focused on gas transportation in pipelines. Thus, they only 

measured the liquid droplet size entrained into the continuous gas phase (Shmueli et al. 2012; 

Gawas 2013; Karami et al. 2017). However, the effect of the gas presence as a third phase on the 

dispersed liquid droplet sizes within the continuous liquid phase in turbulent pipe flows has not 

been studied previously. This is the main objective of this study. 

 

2.3.3 Modeling Sauter Mean Diameter 

 The Sauter mean diameter (SMD) is widely used to estimate the heat and mass transfer 

between the immiscible phases in dispersed flows. The SMD is the volume-surface average 

diameter, which is used to determine the total interfacial surface area between the dispersed and 

continuous phases. It is also used as a characteristic mean diameter to define the droplet size 

distribution. The SMD is defined as the ratio of total volume to the total surface area of all 

droplets as in Equation(2.35. 
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 For a given volumetric dispersed phase fraction of ű, the SMD allows to directly estimate 

the interfacial area per unit volume between the dispersed and continuous phases as in 

Equation(2.36. 
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 Hesketh et al. (1987) and Angeli and Hewitt (2000) were the only ones who proposed 

correlations to predict the SMD of the dispersed phase in the liquid-liquid two-phase dispersed 

turbulent flows in a pipe as shown in Equations(2.37 and(2.38, respectively. 
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 Most scientists proposed a linear relationship between the maximum droplet size and the 

SMD using a constant ratio C as in Equation(2.39. 

 Ὠ ὅὨ  (2.39) 

 This approach makes the prediction accuracy of the Sauter mean diameter subject to the 

prediction accuracy of the maximum droplet diameter. Table 2.1 below summarizes some of the 

constant ratios proposed by various studies. 
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Table 2.1 Constant ratio between SMD and maximum droplet diameters 

Author Constant 

Hesketh et al. (1987) 0.62 

Angeli and Hewitt (2000) 0.48 

Pereyra (2011) 0.51 

Schumann et al. (2016) 0.61 

Paolinelli et al. (2018b) 0.49 

 

2.3.4 Modeling Droplet Size Distribution 

The droplet size distribution can be either monodisperse (droplets of close to uniform 

size) or polydisperse (droplets of different sizes). Monodispersed distribution was usually 

observed under high shear rate conditions such as in mixing vessels, and the polydisperse 

distribution was more observed in pipe flow systems (Omer 2009; Abbas et al. 2017). 

Normal distribution method (Gaussian distribution) was used by several researchers to 

build the droplet size distribution in the dispersed flow systems (Swartz and Kessler 1970; 

Simmons et al. 1998; Vielma et al. 2008). Normal distribution method was widely used for the 

dispersed systems created using the mixing vessels. However, the droplet size distribution of the 

dispersed system in pipe flows is rarely symmetric, which limits using the normal distribution 

method (Sarica and Zhang 2006; Jurado et al. 2007). The normal distribution function is defined 

as in Equation(2.40. 
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where ů is the standard deviation and ɛ is the mean. The normal distribution is symmetric about 

the mean (well-known as ñbell-shapedò curve) and expands to plus and minus infinity as shown 

in Figure 2.19 below. 
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Log-Normal distribution function was derived from the normal distribution function by 

replacing the independent variable (droplet diameter) with the logarithm of the droplet diameter 

as shown in Equation(2.41. 
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where ůo is the standard deviation and ɛo is the mean of the log-normal distribution. The log-

normal distribution is tilted towards the smaller droplet sizes as shown in Figure 2.19. The limits 

of the log-normal distribution expand from zero to positive infinity. 

The log-normal distribution method was widely used by several scientists to represent 

droplet size distribution in pipe flows and provided a satisfactory correlation in some cases as 

shown in Figure 2.19 (Hesketh et al. 1987; Angeli and Hewitt 2000; Sarica and Zhang 2006; 

Vielma et al. 2008; Plasencia et al. 2012; Kee 2014; Pereyra et al. 2015). 

 

 
Figure 2.19 Droplet size distribution comparison (Vielma et al. 2008). 

 

Rosin and Rammler (1933) proposed a distribution function built based on data from the 

powdered coal. It is expressed in terms of the cumulative volume distribution as shown in 

Equation(2.42. 
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where Vcum is the cumulative volume fraction of the droplets that have diameter less than d and ŭ 

is the parameter of the distribution which defines the slope of the distribution line, and d* is the 

characteristic droplet size corresponding to (1 ï Vcum) = 0.3679. The d95 is defined as a 

characteristic droplet diameter which corresponds to (1 ï Vcum) = 0.3679 and then the equation 

becomes as in Equation(2.43 (Karabelas 1978; Angeli and Hewitt 2000). 
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Angeli and Hewitt (2000) successfully used the Rosin-Rammler function to fit their 

experimental data from the oil-in-water dispersion flow as shown in Figure 2.20. 

 

 
Figure 2.20 Rosin-Rammler function (Angeli and Hewitt 2000). 

 

However, Rosin-Rammler function was criticized by other researchers for not having an 

upper limit for the droplet sizes, which leads to an infinitely maximum droplet size (Mugele and 
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Evans 1951; Sleicher 1962; Simmons and Azzopardi 2001). Table 2.2 below shows the 

distribution parameter for Rosin-Rammler distribution method obtained by the authors. 

 

Table 2.2 Fitting parameter for Rosin-Rammler distribution method 

Author ŭ distribution parameter 

Karabelas (1978) 2.31 ï 3.30 

Angeli and Hewitt (2000) 2.10 ï 2.80 

Lovick and Angeli (2004) 2.62 ï 4.22 

 

Upper-limit log-normal (ULLN) distribution method was first suggested by Mugele and 

Evans (1951). The authors noted the importance of including the maximum limit to the log-

normal distribution function to improve the distribution prediction and modified the independent 

variable ln(d). The cumulative volume fraction is expressed as in Equation(2.44. 
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 The ULLN distribution function was successfully used by several scientists to fit  their 

experimental data as shown in Figure 2.21 below (Karabelas 1978; Simmons et al. 1998; 

Simmons and Azzopardi 2001). Karabelas (1978) stated that the ULLN method provided more 

accurate prediction at both ends (minimum and maximum) of the droplet size distribution than 
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Rosin-Rammler method. Karabelas (1978) also noted that the shape of the distribution curve was 

independent of the flow rates for both ULLN and Rosin-Rammler methods. 

 

 

Figure 2.21 ULLN distribution method (Simmons and Azzopardi 2001). 

 

The ULLN distribution method requires three input parameters such as the maximum 

droplet size, and two adjustable parameters a and ŭ which are obtained from the experimental 

data. Thus, the reliability of the ULLN function depends on the accuracy of the maximum 

droplet size prediction and the two adjusting parameters. Table 2.3 shows these adjustable 

parameters obtained by the authors. 

 

Table 2.3 Fitting parameters for upper-limit log normal distribution method 

Author Parameter a Parameter ŭ 

Karabelas (1978) 0.938 ï 1.535 0.809 ï 0.965 

Simmons and Azzopardi (2001) 1.350 0.610 
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Pacek et al. (1998) proposed a general approach to normalize the droplet size 

distributions by dividing individual droplet by the SMD as shown in Equation(2.45. Then all 

droplet size distributions should fall onto one line, which can be described by a cumulative 

normal distribution (Simmons 1998; Jurado et al. 2007). 
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where X is the normalized diameter, di is the individual droplet diameter. 
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EXPERIMENTAL STUDY 

 

 This chapter covers the details of the experimental facility and the experimental results 

obtained as a part of the current study. 

 

3.1 Experimental Facility 

An in-house three-phase flow loop has been built in Alderson Hall at Colorado School of 

Mines (AH191) to conduct multiphase flow experiments in a 2-inch horizontal pipe. The flow 

loop setup is presented in Figure 3.1. This section describes the facility, instrumentation, test 

fluids, and the experimental program. 

 

 

Figure 3.1 Horizontal multiphase flow loop layout. 
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3.1.1 Facility  Description 

The experiments were carried out in a newly constructed gas-oil-water three-phase 

horizontal flow loop in the High Bay laboratory at Colorado School of Mines. Two-phase and 

three-phase flows were conducted in a 43-ft long straight horizontal clear PVC (polyvinyl 

chloride) pipe section with a 2-inch inner diameter. The mixture flows for 132 L/D prior to the 

pressure gradient measurement section, which is sufficient to reach a fully developed flow 

regime. Air, water, and oil were injected through wye connectors (Y-type) at the inlet of the flow 

loop. A ball valve is also installed at the inlet to generate turbulence for droplet break-up if 

needed and to study the effect of the restrictions in pipe flows. The pipes were joined together 

with male and female fittings of the same internal diameter to keep a consistent internal pipe 

diameter. The acrylic pipe material used in this study can be considered as a smooth pipe. 

A 2-ft long visualization section made of transparent acrylic pipe was installed at 38-ft 

distance from the flow inlet for High-Speed Camera recording for video monitoring the flow 

pattern, droplet size development, and dispersion flow behavior. The ECVT (electrical 

capacitance volume tomography) and EasyViewerTM 100 Droplet Analyzer systems were 

installed near the end of the test section at 43-ft distance from the flow inlet to measure the phase 

distribution in cross-sectional area of the pipe and dispersed phase droplet sizes, respectively. 

Then the flow returned to the three-phase separator, from where oil and water were separated out 

and flowed to their respective storage tanks and air was vented out to the atmosphere to outside 

the building. 

The testing fluids consisted of compressed building air as the gas phase, mineral oil 

Isopar V as the oil phase, and Golden city tap water as the aqueous phase. The multiphase flow 

experiments were conducted under atmospheric conditions at 1 bar and 20 °C. The oil phase was 
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pumped using a progressive cavity pump (Seepex Pump) with a maximum capacity of 45 gallons 

per minute (GPM) from two interconnected oil storage tanks, where each tank has a 250-gallon 

capacity. Progressive cavity pump was used to avoid excessively shearing the oil before injecting 

it into the flowline, and the use of Variable Frequency Diverter allowed to better control the oil 

flow rates. The oil and water flow rates were individually controlled by the Johnson Controls 

control valve actuators and ball valves of each phase at the inlet. The individual Coriolis flow 

meters (Emerson Micro Motion R100S) were used to measure the oil and water flow rates. The 

water phase was pumped by an electrical submersible pump (Dayton pump) with a maximum 

capacity of 35 GPM from two interconnected water storage tanks, where each tank has a 250-

gallon capacity. The air was supplied by the building compressor. The air flow rate was 

regulated by the Kimray control valve, and the flow rate was measured by a vortex flow meter 

(Rosemount 8800D). 

 

3.1.2 Facility Instrumentation  

The transparent PVC pipes are instrumented with differential pressure transducers 

(Rosemount), pressure, and temperature sensors (ProSense) to measure the pressure drop, 

pressure, and temperature, respectively. The flow loop operation and data acquisition were 

performed using LabVIEWTM coupled with CompactDAQ system from National InstrumentsTM. 

Pressure and temperature sensors are installed on each fluid line after the flow meters and right 

before the test section as shown in Figure 3.1. Two differential pressure transducers (Rosemount 

3051S) with a pair of remote seals on each were used to measure the pressure drops across the 

ball valve and along the test section (Figure 3.1). The maximum measurement range is from -

250ï250 inH2O, with a 0.025% span accuracy. 
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The Electrical Capacitance Volume Tomography (ECVT) system from Tech4Imaging is 

a multiphase flow diagnostic tool that utilizes electrical capacitance volume tomography 

measurements to analyze phase distribution in multiphase flows in pipes in real-time in a non-

invasive manner. The system is comprised of three main components: an ECVT sensor, an 

ECVT Data Acquisition System (DAS), and an ECVT analysis software package. The ECVT 

sensor is a passive device with an array of conductive plate electrodes lining its inner surface. 

Coaxial cable ports are distributed along the sensor exterior. The sensor consisted of 24 

electrodes with circular placement around the pipe and are flash mounted with the pipe outside 

wall to measure the conductivity of the contacting fluids. This sensor is placed at the test section 

to be analyzed with the ECVT system, without perturbing the internal flow structure. The system 

can be used to study various types of multiphase flows. The purpose of the ECVT for this study 

was to investigate the phase distribution in the pipe cross section as a function of water cut for 

oil-water flows at dynamic conditions as shown in Figure 3.2 below. The electrical conductivity 

of the dispersed flow system is useful in determining the nature of the continuous phase, for 

example, the water-in-oil dispersion would be much less conductive than the oil-in-water 

dispersions. Therefore, this technique is also useful to monitor the phase inversion point as a 

function of oil and water fractions and determine the continuous phase type in multiphase flow 

systems. 

ECVT readings were taken to help understand the flow pattern for each test. In ECVT 

phase distribution analyses plot, the blue (cold) color means non-conductive oil phase, and the 

red (warm) color means conductive water phase in this study. The color also gradually changes 

from blue to red as a function of water cut increase. In ECVT plots, the water phase flows at the 

bottom region of the horizontal pipe by gravity force, thus water continuous flow shows red 
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color close to the bottom of the pipe. Whereas oil continuous dispersion flows close to the top of 

the pipe by buoyancy force, thus oil continuous dispersion shows blue color close to the top of 

the pipe. Fully dispersed oil continuous flow shows total blue color in the plot, similarly fully 

dispersed water continuous flow shows total dark red color in the plot as shown in Figure 3.2. 

 

 

Figure 3.2 ECVT phase distribution analyses in oil-water horizontal pipe flows. 

 

EasyViewerÊ 100 (EV100) from Mettler Toledo Group was used in the current study to 

measure the droplet sizes in-situ at dynamic multiphase flow conditions. It is a probe-based 

imaging tool that captures high-resolution images of particles and liquid droplets as they exist in 

the process. Its field of view is 1000 µm × 1000 µm (± 50 µm) and with an optical resolution of 

higher than 1.5 µm. EV100 measures droplet sizes in depth of field of about 100-micron distance 

from its sapphire window. EV100 was inserted into the pipe at the test section at 45 degrees from 

horizontal opposite to the flow direction (Figure 3.3 below) through a specially designed 

coupling near the end of the test section and traversable in height, which allows measurements at 

50% Water + 50% Oil 100% Oil 70% Water + 30% Oil 100% Water 
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different vertical locations within the pipe cross section. Three sample points were chosen to 

study the droplet stratification along the vertical cross-section of the pipe diameter (above center 

line h/D = 0.75, center line h/D = 0.5, and below center line h/D = 0.25). 

 

 

Figure 3.3 EV100 installed in the test section. 

 

The images obtained from the droplet analyzer were logged into a computer, and image 

analysis was performed by using AmScopeTM software, which allowed droplet size 

measurements as shown in Figure 3.4. 

 

  

Figure 3.4 Dispersed phase droplet images recorded with EV100 at dynamic conditions. 



 

57 

 

The Phantom VEO640L high-speed camera was used to record the flow pattern, phase 

distribution and droplet size variation estimations at the test section as shown in Figure 3.5. 

General recording sample rate was at 3,000 frames per second, 100 microsecond exposure time, 

and at various resolutions but mainly 1280x720, these parameters were changed based on the 

needs of measurements. 

 

   
            (a) Oil -water flow                   (b) Gas-oil-water flow 

Figure 3.5 Example pictures from high-speed camera for multiphase horizontal pipe flows. 

 

3.1.3 Test Fluid Properties 

Mineral oil Isopar V was used as an oil phase for the experiments of multiphase flows for 

safety considerations (odorless, colorless, low evaporation rate, and high flash point). The 

dynamic viscosity and density of the oil were measured at standard pressure and various 

temperature conditions using Anton Paar SVMTM 3001 viscometer, and the result is shown in 

Figure 3.6 below. 

Golden city tap water was used as a water phase, and the building air was the gas phase 

for the experiments. The physical properties of the fluids used in the experiment are given in 

Table 3.1. The liquid properties were measured at atmospheric pressure and at temperature of 

20 °C. The pendant drop method was used to measure the interfacial tension between oil-water 
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liquid phases. During the flow loop experiments, the fluid temperature varied between 19.5 and 

20 °C. 

 

    
         (a) Dynamic viscosity     (b) Density 

Figure 3.6 Mineral oil Isopar V physical properties variation with temperature. 

 

Table 3.1 Fluid physical properties at atmospheric standard conditions (1 atm and 20 °C) 

 
Density 

(kg/m3) 

Viscosity 

(10-3 PaĀs) 

Surface/Interfacial Tension (10-3 N/m) 

Tap Water  Isopar V Air  

Tap Water 1000 1 - - - 

Isopar V 807 14 40 - - 

Air  1.29 0.015 73 26 - 

 

3.1.4 Experimental Program 

 The main objective of this study was to experimentally investigate the effect of the gas 

phase on the droplet size distribution in oil-water dispersions in horizontal pipe flows. It was 

assumed that the dispersed phase droplets might become smaller due to additional mixing 

intensity from the gas phase presence. The experimental program consisted of two stages. Table 

3.2 below provides a tabulated summary for the test matrix. 
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 In the first stage, the dispersed phase droplet distribution was investigated in oil-water 

two-phase pipe flow without the gas phase. The objective was to create a base case for 

comparison with the results from the second stage, and to investigate the effects of mixture 

velocity and water cut on the dispersed phase droplet size and phase inversion point in oil-water 

pipe flows. Two groups of experiments were conducted to answer the following questions:  

¶ how does liquid mixture velocity affect dispersed phase droplet sizes and phase 

inversion point? 

¶ how does water cut affect dispersed phase droplet size and phase inversion point? 

 

Table 3.2 Test matrix of the experimental program 

# 

Superficial 

Liquid Mixture 

Velocity (m/s) 

Superficial 

Oil Velocity 

(m/s) 

Superficial 

Water Velocity 

(m/s) 

Water 

Cut (%) 

Superficial 

Gas Velocity 

(m/s) 

First 

Stage 

0.8 0.08 - 0.80 0.04 - 0.80 0 - 100 0.00 

1.0 0.10 - 1.00 0.05 - 1.00 0 - 100 0.00 

1.2 0.12 - 0.96 0.24 - 1.20 20 - 100 0.00 

Second 

Stage 

0.6 0.48 0.12 20 0.43 

0.8 0.64 0.16 20 0.43 

1.2 0.96 0.24 20 0.43 

1.0 0.10 - 0.95 0.05 - 1.00 5 - 100 0.43 

1.0 0.10 - 0.95 0.05 - 1.00 5 - 100 0.66 

1.0 0.10 - 0.95 0.05 - 1.00 5 - 100 0.96 

 

In the second stage, the dispersed phase droplet distribution was studied in gas-oil-water 

three-phase horizontal pipe flows. Three groups of experimental work were conducted to answer 

questions such as 

¶ how does gas flow rate affect dispersed phase droplet size and liquid phase inversion 

point? 
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¶ how does liquid flow rate affect dispersed phase droplet size when gas flow rate and 

water cut are constant? 

¶ How does water cut affect droplet size distribution when gas flow rate and liquid 

mixture velocity are constant? 

 

3.2 Experimental Results 

This section describes the experimental results for oil-water two-phase and gas-oil-water 

three-phase flows in horizontal pipes. Flow patterns, pressure gradients, phase inversion point, 

droplet size and its distributions were discussed. 

The droplet size measurements were conducted at three vertical locations across the 

vertical diameter of the horizontal pipe as discussed above. The number of analyzed droplets at 

each measurement location were more than 400 droplet samples and more than 1,200 combined 

for all locations for each experiment, which was considered sufficient to build a reliable droplet 

size distribution by several researchers (Karabelas 1978; Vielma et al. 2008). 

Flow patterns have been determined using the high-speed camera data and ECVT data 

and compared to the flow pattern maps of Trallero (1995) for oil-water two-phase flows and 

Keskin et al. (2007) for gas-oil-water three-phase flows in horizontal pipes. 

 

3.2.1 Oil -Water Two-Phase Horizontal Pipe Flow 

Oil -water two-phase flow experiments were conducted at three liquid mixture velocities 

0.8, 1 and 1.2 m/s with water cut values from 0ï100% mainly. Measurements were taken after 

the flow stabilization assured from visual observation, stabilized flow rates and pressure 

measurements. 
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 The apparent viscosity of the liquid mixture changes as a function of the phase 

volumetric fraction and the viscosities of the involved immiscible liquids (Pal and Rhodes 1989). 

Some studies showed that the mixture viscosity was a function of the dispersed droplet sizes as 

well (Pal 1998; Kokal 2005). 

 Figure 3.7 illustrates the pressure gradient measurements taken at various liquid mixture 

velocities and water cut values. It was impossible to achieve water cut values of 5 and 10% for 

the liquid mixture velocity at 1.2 m/s due to the safety concern. 

 

 

Figure 3.7 Pressure gradient measurements for oil-water horizontal pipe flows. 

 

 An interesting behavior was observed at lower water cuts up to 10%, where pressure 

gradient decreased in comparison with the pure oil flow case. This phenomenon was also 

observed by several researchers (Pal 1993; Angeli and Hewitt 1999). Pal (1993) compared with 

drag reduction phenomenon in unstable water-in-oil emulsions with the drag reduction behavior 



 

62 

 

of dilute polymer solutions. Pal (1993) associated this phenomenon in unstable dispersed flows 

with the modification of the continuous phase flow turbulence due to the dynamic droplet break-

up and coalescence processes, which causes suppression on the turbulence of the continuous 

phase at low dispersion phase fraction. He also noted that the unstable water-in-oil dispersions 

showed higher drag reduction than unstable oil-in-water dispersions. This phenomenon was 

related to the coalescence rate of oil and water droplets. Oil droplets coalesce easier than water 

droplets due to the electrical double-layer effects, which is also used for oil-water separation 

process. Pal (1993) noted that adding surfactant created stabilized emulsions and decreased 

continuous droplet breakup and coalescence processes, thus the drag reduction phenomenon was 

not observed in stable emulsion flows in his experimental investigation. 

 Increasing dispersed water phase fraction leads to larger droplets and more droplet 

deformation effect in the core water-in-oil dispersion flow, which affects the flow behavior and 

increases the effective viscosity, droplet resistance to flow and break-up in the liquid mixture. 

However, the drag reduction at water cuts of 5 and 10% was smaller than the drag increase 

between the water cuts of 10 and 30% until the phase inversion point at water cut of 30%. A 

sudden drop is pressure gradient at water cut of 60% and mixture velocity of 0.8 m/s was related 

to the flow pattern phase from oil-in-water dispersion flow to stratified flow with mixing 

interface (three-layer flow). Then the pressure gradient increased, when the mixture flow turned 

back into oil-in-water dispersion flow. 

 As shown in Figure 3.7, the phase inversion point from oil-continuous flow to water-

continuous flow occurred at water cut of 30% for all mixture velocities, which indicates the 

phase inversion point independence on the mixture velocity. In general, the pressure gradient 
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rapidly and continuously decreased after the phase inversion point when the water became a 

continuous phase. 

 Figure 3.8 through Figure 3.17 demonstrate the high-speed camera captures and ECVT 

phase distribution results, which helped identify the flow pattern for oil-water two-phase flow at 

the mixture velocity of 1 m/s for a water cut range from 5ï90%. 

 Visual inspection and ECVT analyses indicate a water-in-oil dispersed flow for water 

cuts of 5 and 10% from Figure 3.8 and Figure 3.9. 

 

   
          (a) High-speed camera capture       (b) ECVT phase distribution 

Figure 3.8 Oil-water horizontal pipe flow at WC = 5% and UM = 1 m/s. 

 

   
          (a) High-speed camera capture       (b) ECVT phase distribution 

Figure 3.9 Oil-water horizontal pipe flow at WC = 10% and UM = 1 m/s. 
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The camera capture for water cut of 20% shows larger dispersed droplets close to the 

bottom of the pipe and smaller dispersed droplets towards the top of the pipe as shown in Figure 

3.10. This is an indication of water-in-oil dispersion flow, which is also observed by ECVT 

phase distribution results. Thus, the oil-water flow at the mixture velocity of 1 m/s and water cuts 

from 5ï20% were considered as water-in-oil dispersion flows. 

 

   
          (a) High-speed camera capture       (b) ECVT phase distribution 

Figure 3.10 Oil-water horizontal pipe flow at WC = 20% and UM = 1 m/s. 

 

 Figure 3.11 and Figure 3.12 below illustrate small droplets at the bottom of the pipe, 

which is an indication of small oil droplets in water continuous phase. However, small to 

medium size droplets are noted close to the top of the pipe as well, which is an indication of 

small water droplets in oil continuous phase. Whereas larger oil and water droplets are close to 

the oil-water interface at the center region of the pipe. ECVT recorded non-conductive oil phase 

at the top and conductive water phase at the bottom of the horizontal pipe for water cuts of 30 

and 40%. Thus, the oil-water flow at the mixture velocity of 1 m/s and water cuts of 30ï40% 

were dual dispersion flows. 
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(a) High-speed camera capture (b) ECVT phase distribution 

Figure 3.11 Oil-water horizontal pipe flow at WC = 30% and UM = 1 m/s. 

 

   
(a) High-speed camera capture (b) ECVT phase distribution 

Figure 3.12 Oil-water horizontal pipe flow at WC = 40% and UM = 1 m/s. 

 

 Figure 3.13 through Figure 3.15 below show stratification of oil droplets, larger droplets 

being closer to the top of the pipe due to buoyancy force smaller droplets close to the bottom of 

the horizontal pipe, which is a good indication of oil-in-water dispersed flow. ECVT phase 

distribution analyses showed good conductivity across the pipe cross section. Thus, the oil-water 

flow at the mixture velocity of 1 m/s and water cuts from 50ï70% were considered as dispersed 

oil-in-water and water layer flows. 
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(a) High-speed camera capture (b) ECVT phase distribution 

Figure 3.13 Oil-water horizontal pipe flow at WC = 50% and UM = 1 m/s. 

 

   
(a) High-speed camera capture (b) ECVT phase distribution 

Figure 3.14 Oil-water horizontal pipe flow at WC = 60% and UM = 1 m/s. 

 

   
(a) High-speed camera capture (b) ECVT phase distribution 

Figure 3.15 Oil-water horizontal pipe flow at WC = 70% and UM = 1 m/s. 
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 Figure 3.16 and Figure 3.17 show higher oil droplet concentration close to the top of the 

pipe and droplet sizes became more uniform. ECVT resulted in high conductivity across the pipe 

cross section indicating the oil-in-water flow pattern. Thus, the oil-water flow at the mixture 

velocity of 1 m/s and water cuts of 80ï90% were considered as dispersed oil-in-water and water 

flows. 

 

   
(a) High-speed camera capture (b) ECVT phase distribution 

Figure 3.16 Oil-water horizontal pipe flow at WC = 80% and UM = 1 m/s. 

 

   
(a) High-speed camera capture (b) ECVT phase distribution 

Figure 3.17 Oil-water horizontal pipe flow at WC = 90% and UM = 1 m/s. 
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 Similar flow pattern determination analyses are considered for other oil-water two-phase 

and gas-oil-water three-phase flow cases. The high-speed camera captures and ECVT phase 

distribution analyses at each liquid mixture velocity and water cut value are illustrated in 

Appendix A. The pressure gradient data and corresponding flow patterns for oil-water two-phase 

horizontal pipe flows were summarized in Table B.1 through Table B.3 in Appendix B. 

 The flow patterns for oil-water two-phase flows from this study were compared with the 

oil-water flow pattern map in a horizontal pipe proposed by Trallero (1995) as shown in Figure 

3.18 and Figure 3.19 below at various water cut values. 

Five flow patterns were observed in the current study for oil-water two-phase flows in a 

horizontal pipe, namely, 

¶ Dispersion of water in oil (Dw/o) at water cuts of 5ï20%, mainly; 

¶ Dual dispersion (Dw/o and Do/w) at water cuts of 30ï40%, mainly; 

¶ Stratified flow with mixing at the interface (ST and MI) at water cuts of 50ï60% at 

the mixture velocity of 0.8 m/s; 

¶ Dispersion of oil in water and water (Do/w and w) at water cuts of 50ï70%, mainly; 

¶ Dispersion of oil in water (Do/w) at water cuts of 80ï90%, mainly. 
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Figure 3.18 Current study flow pattern comparison with oil -water flow pattern map observed by 

Trallero (1995). 

 

 

Figure 3.19 Current study flow pattern comparison with oil -water flow pattern map observed by 

Trallero (1995) at various water cuts. 
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 Complex fluid dynamics and interaction between dispersed and continuous liquid phases 

made the droplet size measurements difficult at higher dispersed phase fractions because of the 

technical limitations of EV100 droplet analyzer. However, it was still possible to see the general 

relationship between the volumetric fraction of the dispersed phase and droplet sizes for the same 

liquid mixture velocity using the high-speed camera Phantom VEO640L, in which droplet sizes 

increased with increasing volumetric fraction of the dispersed phase. 

 Figure 3.20 below shows the droplet size of the dispersed water phase in water-in-oil 

mixture flows, except the flow case for water cut value of 30%, which is considered as a dual 

dispersion flow. About ten visible droplets were marked in blue circles to see how droplet size 

grows with an increase in the dispersed phase volumetric fraction. Human eyes tend to see the 

largest droplets and miss small micro-size droplets. Thus, Figure 3.20 is just for conceptual 

understanding, and only the cases with water cuts of 5 and 10% were used to evaluate and build 

theoretical models on droplet sizes. The flow cases with water cuts of 5 and 10% showed fully 

dispersed dispersion flow pattern with small water droplets within the limits of EV100 droplet 

analyzer. Figure 3.20 also shows that the change in droplet sizes is insignificant between the 

water cuts of 5 and 10%. However, larger droplets rapidly appear at the water cuts of 20 and 

30%. Dispersed droplet sizes seem increased slightly from the water cut of 20 to 30%. In 

addition, larger droplets seem to appear close to the centerline more, which may be due to the 

dual continuous dispersed flow pattern at water cut of 30%. The flow with water cut of 20% 

shows a conceptual visualization of the droplet stratification of the dispersed water droplets 

having smaller water droplets at close to the top and larger droplets closer to the middle and 
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bottom of the horizontal pipe due to gravity force of heavier water phase in lighter oil-continuous 

flow. 

 

  
(a) WC = 5% (b) WC = 10% 

   
(c) WC = 20% (d) WC = 30% 

Figure 3.20 Droplet size growth as a function of water cut at mixture velocity of 1 m/s. 

 

 Appendix A illustrates other high-speed camera captures for water-in-oil and oil-in-water 

dispersed flows with the effects of increasing mixture velocities and dispersed phase volume 

fractions. 

Figure 3.21 below illustrates the droplet stratification across the vertical diameter in a 

horizontal pipe flow at two mixture velocities of 1 and 1.2 m/s for water cuts of 5, 10, and 90%. 
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(a) WC = 5%                          (b) WC = 10% 

   
(c) WC = 90%                           (d) WC = 90% 

Figure 3.21 Droplet size stratification across the vertical diameter in oil-water dispersed 

horizontal pipe flows. 

 

 In water-in-oil dispersion flows (WC of 5 and 10%), the droplet size stratification is 

insignificant, even though the data indicates larger droplets are mainly closer to the bottom 

portion of a horizontal pipe as shown in Figure 3.21(a and b). In oil-in-water dispersion flows 

(WC of 90%), both flow cases show that larger droplets are closer to the top of the horizontal 

pipe as shown in Figure 3.21(c and d), which can be explained by the buoyancy force of lighter 
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oil phase in heavier water-continuous flow. In addition, increasing mixture velocity from 1 to 1.2 

m/s led to smaller droplets and less stratification than in the case of 1 m/s flow case. 

 Although larger water droplets measured close to the bottom of the pipe due to the 

gravity effects as water being heavier than oil, the water droplets showed less stratification at 

water cuts of 5 and 10% as shown in Figure 3.21(a and b) above. However, for the same 

dispersed phase volumetric fraction of 10% and operating conditions (liquid mixture velocity of 

1 m/s), the oil droplets showed a noticeable effect of stratification as shown in Figure 3.21(c). 

This phenomenon can be related to the effect of the continuous phase viscosity, more viscous 

continuous phase prevents dispersed phase droplets moving vertically in the horizontal turbulent 

pipe flow after droplets breakup. In this study, oil viscosity was 14 times larger than the water 

viscosity, thus small water droplets were prevented from settling in water-in-oil dispersion flows. 

However, when water cut increased to 20%, water droplets became larger. Due to the dispersed 

phase higher density, the water droplet mass played an important role in stratification of water 

droplets in oil continuous flows as shown in Figure 3.20(c). An increase in the continuous phase 

velocity not only decreases the droplet size but also reduces the level of droplet stratification in 

the horizontal pipe as shown in Figure 3.21(c and d) for oil-in-water dispersion flows. 

Figure 3.22 below shows the droplet size distribution comparison between the water-in-

oil dispersed flows (WC of 5 and 10%) at liquid mixture velocity of 1 m/s and the oil-in-water 

dispersed flows (WC of 90%) at liquid mixture velocities of 1 and 1.2 m/s. The data shows 

insignificant difference in the droplet size distribution between the water cuts of 5 and 10% at the 

mixture velocity of 1 m/s. At the same dispersed phase fraction of 10% and liquid mixture 

velocity of 1 m/s, oil droplets in water-continuous flow (black line) are larger than water droplets 

in oil-continuous flow (yellow line). This is expected, because of higher viscosity of oil, which 
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puts higher shear stress on water droplets and make them smaller. Increasing the mixture 

velocity from 1 to 1.2 m/s obviously led to smaller dispersed oil droplets in water-continuous 

dispersed flow at water cut of 90% as shown in Figure 3.22. 

 

 

Figure 3.22 Droplet size distribution comparison between water-in-oil and oil-in-water dispersed 

horizontal pipe flows. 

 

3.2.2 Gas-Oil -Water Three-Phase Horizontal Pipe Flow 

 The second stage of experimental campaign was to conduct gas-oil-water three-phase 

flows in a horizontal pipe. The gas-oil-water three-phase flow experiments were conducted at 

three different superficial gas velocities of 0.43, 0.66, and 0.96 m/s and at liquid mixture velocity 

of 1 m/s with water cut range from 5 to 100%. Measurements were taken after the flow 

stabilization assured from visual observation, stabilized flow rates and pressure data. 
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 The oil-water phase inversion point was not affected by the presence of the gas phase in 

the gas-oil-water three-phase horizontal pipe flow. Figure 3.23 shows the pressure gradient and 

oil-water phase inversion point comparison between the oil-water two-phase and gas-oil-water 

three-phase horizontal pipe flows. 

 

 

Figure 3.23 Pressure gradient vs. water cut for oil-water and gas-oil-water flows. 

 

The oil-water phase inversion point seems to be dependent only on the physical fluid 

properties of the liquid phases (Plasencia et al. 2013). The experimental work of Plasencia et al. 

(2012) showed that the phase inversion point was not controlled by the liquid mixture velocity 

for oil-water emulsion flows. 

 Few interesting points can be noted for gas-oil-water three-phase flows from Figure 3.23 

as follows: 
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¶ pressure gradient increased with increasing gas flow rate; however, the difference was 

insignificant compared to the liquid flow rate effects on the pressure gradient, as 

shown in the oil-water two-phase flows. This is because of the low viscosity of the 

gas phase that influences less on the frictional pressure drop; 

¶ drag reduction phenomena at water cuts of 5 and 10% followed the same trend like in 

oil-water two-phase flow cases which occurred at transition zone from laminar to 

turbulent flow in this study; 

¶ oil-water phase inversion point in gas-oil-water three-phase flow remained the same 

at water cut of 30% like in oil-water two-phase flows; 

¶ after the phase inversion point at water cut of 30%, the pressure gradient for gas-oil-

water flow was steeper than for oil-water flow for water cuts of 40 and 50%. This 

could be because of the gas phase, which accelerated the transition of the liquid 

mixture from oil-continuous dispersion to water-continuous dispersion flow; 

¶ after water cut of 50%, the pressure gradient stayed almost the same in gas-oil-water 

three-phase flow; whereas the pressure gradient continuously dropped until a pure 

water flow in oil-water two-phase flow cases. This could be because of the presence 

of the gas phase flow, which caused the extra turbulence in flow causing smaller oil 

droplets in water continuous phase. As a result, small oil droplets had less impact on 

the water continuous flow, thus the pressure gradient remained almost constant 

starting from water cuts of 60 to 100%. Whereas larger oil droplets in oil-water two-

phase flow impacted the water continuous phase by resisting to flow and droplet 

deformation. 
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Flow patterns for gas-oil-water three-phase flow experiments were compared with the 

flow pattern map proposed by Keskin et al. (2007) due to the similar fluid and operating system 

conditions. Three flow patterns were observed in the current study for gas-oil-water three-phase 

flows in a horizontal pipe, namely, 

¶ intermittent-oil continuous (IN-OC) at water cuts of 5ï20%, mainly; 

¶ intermittent-dual continuous (IN-DC) at water cut of 30ï40%, mainly; 

¶ intermittent-water continuous (IN-WC) at water cuts of 50ï90%, mainly. 

 Figure 3.24 below illustrates the flow pattern comparison between current study and the 

flow pattern map proposed by Keskin et al. (2007) at various superficial liquid mixture velocities 

and superficial gas velocities for different water cut values. As shown in Figure 3.24(a), all 

intermittent-oil continuous (IN-OC) flow patterns from current study matched well with the flow 

pattern map proposed by Keskin et al. (2007) at water cut of 20%. In Figure 3.24(b), the flow 

pattern map indicated the intermittent-oil continuous (IN-OC) flows, however, the intermittent-

dual continuous (IN-DC) flow observed in this study at water cut of 40%. Flow patterns at water 

cuts of 50, 60, and 80% from current study resulted in intermittent-water continuous flows and 

well matched with the flow pattern map proposed by Keskin et al. (2007) as shown in Figure 

3.24(c, d, and e). 

As a part of gas-oil-water three-phase flow experiments, the sensitivity on the liquid 

mixture velocities was studied at constant superficial gas velocity of 0.43 m/s and water cut of 

20%. All flows observed indicated the intermittent-oil continuous flow patterns and well 

matched with the flow map proposed by Keskin et al. (2007) as shown in Figure 3.24(a) for 

water cut of 20%. The pressure gradient continuously increased with increasing superficial liquid 

mixture velocity as shown in Figure 3.25 below on page 79. 
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(a)        (b) 

  
   (c)      (d) 

 
      (e) 

Figure 3.24 Gas-oil-water horizontal pipe flow pattern comparison with flow pattern map by 

Keskin et al. (2007). 

 

The high-speed camera captures and ECVT phase distribution analyses for gas-oil-water 

three-phase horizontal pipe flows are illustrated in Appendix A. The pressure gradient data and 

corresponding flow patterns for gas-oil-water three-phase flows were summarized in Table B.4 

through Table B.7 in Appendix B. 
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Figure 3.25 Pressure gradient at different liquid mixture velocities for gas-oil-water horizontal 

pipe flows. 

 

 

 The main purpose of this study was to understand the effect of gas phase presence on 

liquid droplet sizes of the dispersed liquid phase in the liquid mixture. Droplet size 

measurements were conducted at three vertical locations in the horizontal pipe as discussed 

above. More than 400 droplet samples were analyzed at each location and combined more than 

1,200 droplet samples for three locations for each experiment. 

 Droplet size stratification in gas-oil-water three-phase flows demonstrated more complex 

behavior than in oil -water two-phase flow cases. This is due to the slug flow that complicates the 

fluid flow behavior at the three vertical sampling locations of the droplet analyzer EV100. At the 

top location, the analyzer can read the droplets from well mixed liquid slug bodies only with 

smaller droplets lifted up, thus almost all droplet size distributions at top location showed smaller 

value than from center and bottom locations. At the center line, the droplet analyzer was not 

always covered by the liquid film, thus it could read the droplets both from the liquid film and 
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slug body in some cases only. At the bottom location, the droplet analyzer was always covered 

by the slug body and the liquid film alternatively (shown in Figure 3.26). 

 

   
(a) Slug body (b) Liquid film 

Figure 3.26 Gas-oil-water horizontal pipe flow (WC = 10%, UM = 1 m/s, USG = 0.66 m/s). 

 

The droplet analyzer was not always covered by the liquid layer at the center line at water 

cut of 90%, where the level of liquid film dropped below the center line (at about 4 cm) as shown 

in Figure 3.27 below in comparison to liquid film level in intermittent-oil continuous flows as 

shown in Figure 3.26(b). 

 

 

Figure 3.27 Liquid film level at UM = 1 m/s, WC = 90%, and USG = 0.96 m/s. 
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At water cut of 5%, the center line showed the largest water droplets with increasing gas 

flow rate as shown in Figure 3.28(b, c and d) at a constant liquid mixture velocity of 1 m/s. This 

could be due to the larger droplets remained at the top of the liquid film after being lifted up 

between liquid slug bodies, thus droplet analyzer recorded largest droplets at the top of the liquid 

film before they dropped close to the bottom between the slugs if there was enough time for 

them to drop. 

 

   
                  (a) Usg = 0 m/s (b) Usg = 0.43 m/s 

    
                (c) Usg = 0.66 m/s              (d) Usg = 0.96 m/s 

Figure 3.28 Droplet size stratification for oil-water and gas-oil-water flows at WC = 5%. 
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 Further increase in water cut from 5 to 10% eliminated this phenomenon because of 

denser dispersion, droplet sizes in all vertical locations became similar as shown in Figure 

3.29(b, c and d) above for the same liquid mixture velocity of 1 m/s. 

 

   
                    (a) Usg = 0 m/s (b) Usg = 0.43 m/s 

   
                (c) Usg = 0.66 m/s (d) Usg = 0.96 m/s 

Figure 3.29 Droplet size stratification for oil-water and gas-oil-water flows at WC = 10%. 
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 In intermittent-water continuous flows with water cut of 90%, again the top location was 

the smallest droplets lifted up by slug bodies as shown in Figure 3.30 for all three-phase flows. 

The center location showed smaller droplets than the bottom location, which was opposite to the 

intermittent-oil continuous flow with water cuts of 5 and 10%. 

 

   
                   (a) Usg = 0 m/s (b) Usg = 0.43 m/s 

   
                  (c) Usg = 0.66 m/s (d) Usg = 0.96 m/s 

Figure 3.30 Droplet size stratification for oil-water and gas-oil-water flows at WC = 90%. 

 


































































































































































