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ABSTRACT 

 

Full Name : AYMAN WAJEEH MUKHAIMER  

Thesis Title : CHARACTERIZATION OF OIL WATER FLOW IN HORIZANATAL 

PIPES 

Major Field : MASTER OF SCIENCE IN MECHANICAL ENGINEERING 

Date of Degree : December 2012 

 

 

The flow pattern and the pressure drop of oil-water flow in a 2.25 cm inner diameter 

acrylic horizontal pipe were studied experimentally. The used oil has a 781 kg/m
3
 density 

and a 1.85 cP viscosity at 25
 o

C. The experimental data were compared with Trallero, 

Brauner, and Torres flow pattern models and with several models of mixture viscosity. 

The effect of water salinity on flow pattern map and pressure drop was investigated by 

making the water salinity 75 ă and comparing the data of oil-Tap water with that for oil-

saline water. The added amount of salt caused the density ratio to change from 0.78 to 

0.732, and the viscosity ratio to change from1.94 to 1.536. It was noticed that due to the 

salt addition, the transition from dispersion of oil in water over a water layer flow pattern 

to the dispersion of water in oil and oil in water flow pattern was delayed. Also, it was 

noticed that in the stratified with mixture at the interface flow pattern, the waves in saline 

water has less amplitudes than that in tap water. For the pressure drop, it was noticed that 

the inversion in saline water case happened earlier, and the pressure drop decrease rate 

for saline water was found to be less than that for tap water.  
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ϣЮϝЂϼЮϜ Ј϶Яв 

ϼвт϶в йтϮм двтϒ :ЬвϝЪЮϜ аЂъϜ 

ϣтЧТцϜ ϞтϠϝжцϜ сТ иϝтвЮϜм ϤмтϾЮϜ ФТϸϦ ЈϚϝЊ϶ :ϣЮϝЂϼЮϜ дϜмжК 

ϣтЪтжϝЪтвЮϜ ϣЂϸжлЮϜ сТ амЯЛЮϜ сТ ϼтϦЂϮϝв :ЈЊ϶ϦЮϜ 

 ϼϠвЂтϸ :ϣтвЯЛЮϜ ϣϮϼϸЮϜ ϵтϼϝϦ2012 

 

 ϞнҶҶҶҶҶϡжϒ сҶҶҶҶҶТ ϝҶҶҶҶҶЛв дϝЧТϹҶҶҶҶҶϧт ϥҶҶҶҶҶтϾм ̭ϝҶҶҶҶҶгЮ ХТϹҶҶҶҶҶϧЮϜ ЭЫҶҶҶҶҶІм БПҶҶҶҶҶЏЮϜ ϽϚϝҶҶҶҶҶЃ϶ ϣҶҶҶҶҶЂϜϼϹЮ ϞϼϝҶҶҶҶҶϯϦ ̭ϜϽҶҶҶҶҶϮϖ бҶҶҶҶҶϦ

 1.85 йҶҶҶҶҶҶϧϮмϿЮм 
3
а/НҶҶҶҶҶҶЪ 780 аϹϷϧҶҶҶҶҶҶЃгЮϜ ϥҶҶҶҶҶҶтϿЮϜ ϣҶҶҶҶҶҶТϝϫЪ ϥҶҶҶҶҶҶжϝЪм .ϝҶҶҶҶҶҶуЧТϜ ϥҶҶҶҶҶҶϡϫвм ЩҶҶҶҶҶҶуЯтϽЪъϜ еҶҶҶҶҶҶв ИнзҶҶҶҶҶҶЋв

 ϞϼϝҶҶҶҶҶϯϧЮϜ ϭϚϝҶҶҶҶҶϧж ϣҶҶҶҶҶжϼϝЧв бҶҶҶҶҶϦ ϹҶҶҶҶҶЦм .бҶҶҶҶҶЂ 2.25 ϣҶҶҶҶҶЂϜϼϹЮϜ сҶҶҶҶҶТ аϹϷϧҶҶҶҶҶЃгЮϜ ϞнҶҶҶҶҶϡжцϜ ϽҶҶҶҶҶГЦ дϝҶҶҶҶҶЪм .ϿтнҶҶҶҶҶϠ.бҶҶҶҶҶЂ

 ϣҶҶҶҶҶҶЂϜϼϸ ϝҶҶҶҶҶҶЏтϒ бҶҶҶҶҶҶϦ м . БПҶҶҶҶҶҶЏЮϜ ϢϼϝҶҶҶҶҶҶЃ϶ ϞϝҶҶҶҶҶҶЃϲ ϤϝҶҶҶҶҶҶтϽЗжм ХТϹҶҶҶҶҶҶϧЮϜ ЬϝЫҶҶҶҶҶҶІϒ ϤϝҶҶҶҶҶҶтϽЗж еҶҶҶҶҶҶв ϹҶҶҶҶҶҶтϹЛЮϜ ЙҶҶҶҶҶҶв

 ̭ϿҶҶҶҶҶϮ 75 ̭ϝҶҶҶҶҶгЮϜ ϣҶҶҶҶҶϲнЯв ЭҶҶҶҶҶЛϮ ЬыҶҶҶҶҶ϶ еҶҶҶҶҶв ХТϹҶҶҶҶҶϧЮϜ ЭЫҶҶҶҶҶІм БПҶҶҶҶҶЏЮϜ ЌϝҶҶҶҶҶУϷжϖ пҶҶҶҶҶЯК ̭ϝҶҶҶҶҶгЮϜ ϣҶҶҶҶҶϲнЯв ϽуϪϓҶҶҶҶҶϦ

 ϱҶҶҶҶҶЯгЮϜ ϣҶҶҶҶҶугЪ ϥϡϡҶҶҶҶҶЃϦ ϹҶҶҶҶҶЦм .ϱЮϝҶҶҶҶҶгЮϜ ̭ϝҶҶҶҶҶгЮϜ ЙҶҶҶҶҶв сҶҶҶҶҶЧзЮϜ ̭ϝҶҶҶҶҶгЮϜ ϞϼϝҶҶҶҶҶϯϦ ϭϚϝҶҶҶҶҶϧж еуҶҶҶҶҶϠ ϣҶҶҶҶҶжϼϝЧв ̭ϜϽҶҶҶҶҶϮϖ м СЮцϝҶҶҶҶҶϠ

 ϣҶҶҶҶҶТϝϫЪ ϣϡҶҶҶҶҶЃж ЌϝҶҶҶҶҶУϷжϜ сҶҶҶҶҶТм 0.732 пҶҶҶҶҶЮϖ 0.78 еҶҶҶҶҶв ̭ϝҶҶҶҶҶгЯЮ ϥҶҶҶҶҶтϿЮϜ ϣҶҶҶҶҶТϝϫЪ ϣϡҶҶҶҶҶЃж ЍҶҶҶҶҶУ϶ сҶҶҶҶҶТ ϣТϝҶҶҶҶҶЏгЮϜ

 еҶҶҶҶҶв ЬϝҶҶҶҶҶЧϧжшϜ ϣҶҶҶҶҶуЯгК Ͻу϶ϓҶҶҶҶҶϧϠ аϝҶҶҶҶҶЦ ϱҶҶҶҶҶЯгЮϜ дϒ ϣҶҶҶҶҶЗϲыв бҶҶҶҶҶϦ ϹҶҶҶҶҶЦм . 1.536 пҶҶҶҶҶЮϖ 1.94 еҶҶҶҶҶв ̭ϝҶҶҶҶҶгЯЮ ϥҶҶҶҶҶтϿЮϜ

 ϥҶҶҶҶтϿЮϜ ϣҶҶҶҶЧϡА еуҶҶҶҶϠ ϬϜнҶҶҶҶвцϜ ϥҶҶҶҶжϝЪ оϽҶҶҶҶ϶ϒ ЬϝЫҶҶҶҶІϒ сҶҶҶҶТм ̪ХТϹҶҶҶҶϧЮϜ ЬϝЫҶҶҶҶІϒ ЍҶҶҶҶЛϠ сҶҶҶҶТ ϽҶҶҶҶ϶ϐ пҶҶҶҶЮϖ ХТϹҶҶҶҶϦ ЭЫҶҶҶҶІ

 ϽϪϓҶҶҶҶϦ ϹҶҶҶҶЦ БПҶҶҶҶЏЮϜ ШнЯҶҶҶҶЂ дϒ ϝҶҶҶҶЏтϒ ЕϲнҶҶҶҶЮм .сҶҶҶҶЧзЮϜ ̭ϝҶҶҶҶгЮϜ сҶҶҶҶТ ЩҶҶҶҶЯϦ еҶҶҶҶв ϱЮϝҶҶҶҶгЮϜ ̭ϝҶҶҶҶгЮϜ сҶҶҶҶТ ϢϹҶҶҶҶϲ ЭҶҶҶҶЦϒ ̭ϝҶҶҶҶгЮϜм

 ЕϲнҶҶҶҶҶЮ ϝҶҶҶҶҶгЪм ̪ϱЮϝҶҶҶҶҶгЮϜ ̭ϝҶҶҶҶҶгЮϜ сҶҶҶҶҶТ ъмϒ ϤϒϹҶҶҶҶҶϠ ЕПҶҶҶҶҶЏЮϜ ЀϝҶҶҶҶҶЫЛжϖ ϣҶҶҶҶҶЧГзв дϒ ϩҶҶҶҶҶуϲ ̪РϝҶҶҶҶҶЏгЮϜ ϱЯгЮϝҶҶҶҶҶϠ ϝҶҶҶҶҶЏтϒ

.сҶҶҶҶҶҶҶҶҶЧзЮϜ ̭ϝҶҶҶҶҶҶҶҶҶгЯЮ ЩҶҶҶҶҶҶҶҶҶЮϜϺ еҶҶҶҶҶҶҶҶҶв ЭҶҶҶҶҶҶҶҶҶЦϒ ϱЮϝҶҶҶҶҶҶҶҶҶгЮϜ ̭ϝҶҶҶҶҶҶҶҶҶгЯЮ БПҶҶҶҶҶҶҶҶҶЏЮϜ ФϽҶҶҶҶҶҶҶҶҶТ сҶҶҶҶҶҶҶҶҶТ ЌϝҶҶҶҶҶҶҶҶҶУϷжшϜ ϼϜϹҶҶҶҶҶҶҶҶҶЧв дϒ



 

1 

 

1 CHAPTER 1 

INTRODUCTION  

 

Liquid-liquid flow appears in chemical, petrochemical, and food industries. More often, it 

is seen in petroleum industry, as some of the reservoirs consist of water and oil layers. So 

production lines will carry both components with different ratios. In this study, the oil-

water flow in a horizontal pipe case is investigated. 

While extracting oil from wells, the ratios of water and oil varies with time. The change 

in these ratios has a major influence on the pressure drop along the pipe and the flow 

pattern. This influence will cause the mass flow inside the pipe to vary as well. Therefore, 

itôs essential to realize the relation between the components ratio and the pressure drop.  

Predicting the flow pattern inside the pipe is the major concern in any petroleum process, 

since the knowledge of the flow patterns gives various advantages. For instance, knowing 

the flow pattern determines the behavior if the pressure drop inside the pipe, the right 

method of evaluating the pressure drop, the contact area of each fluid with the pipe wall 

for corrosion problems, and at the end, better reservoir management and flow assurance.  

The aspects that affect the pressure drop and the flow pattern should be determined in 

order to predict the pressure losses inside the pipes, maintain the pressure at the required 

rate, and enhance the flow inside the pipe. The aspects which are considered in this study 

are the oil-water flow rate, oil fraction, oil-water viscosity and density ratio.  
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Extensive amount of experimental work were performed on different types of oil to study 

the effect of oil-water density ratio and viscosity ratio on both the flow pattern map and 

the pressure drop. The previous experimental works show the effect of oil-water density 

ratio and viscosity ratio by changing oil physical properties. The present work is 

conducted to show the effect of changing the oil-water density ratio and viscosity ratio on 

the flow pattern and the pressure drop by changing the water physical properties. This is 

achieved by dissolving food salt into the water. Since the added salt is organic, it 

dissolves only in water, and the oil properties will not change.  

The objectives of this study are summarized as follows: 

1. Produce experimental data for the flow pattern and the pressure drop using oil 

with low viscosity value due to the scarcity of the available data for this range.  

2. Study the pressure drop behavior for low viscosity oils. 

3. Study the effect of changing the water physical properties on both the flow pattern 

map and the pressure drop by dissolving salt into the water. 

4. Validate previous models of the flow pattern map and pressure drop against the 

experimental results of this study. 

5. Modify existing correlation or develop new one if needed. 

A computer program is developed to generate the flow pattern map and the pressure drop 

inside a pipe using models from the literature. The program uses visual basic 

programming language as a micro impeded in MS excel to estimate and display the 

produced flow pattern map and the pressure drop profile.  
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2 CHAPTER 2 

LITERATURE REVIEW  

 

A state-of-the-art literature survey of previous studies on oil-water flow is presented in 

this chapter. Also, models of predicting flow patterns and pressure drop including 

inversion point is summarized as well.  

Most of the available oil-water models in the open literature are considered as an 

extension of gas-water models since more attention was brought to gas-water flows than 

oil-water. Moreover, focus on oil-water flow started a while after gas-water. The main 

variances between gas-water and oil-water flow are the large differences in the density 

(of air compared to oil) and other thermo physical properties such as viscosity, surface 

tension, specific heat éetc. 

 

2.1 Flow Pattern and Flow Pattern Map 

 

The flow pattern is a term which describes the oil-water flow shape inside a pipe, or it 

describes the structure of the interface between the two fluids. As oil and water flow in a 

pipe, they take different special configuration depending on their flow rates. For example, 

when the flow rates of oil and water are very low, they move as two continuous layers 

with one above the other without any mixing at the interface. The flow pattern for this 
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shape of interface is called the stratified flow pattern. Other flow patterns are seen in 

section 2.1.1. 

The flow pattern map is a graph that is divided into regions; each region indicates a 

certain flow pattern. It can be found with different coordinates. These coordinates are 

usually represented by pipe geometry, or fluid property, or flow rate, or a combination 

between these parameters. There are two types of coordinates used in the flow pattern 

map. The first type uses dimensionless parameters that are found empirically or derived 

from the flow rate, pipe geometry, and fluid properties. An example of this type is Fair 

[1] flow pattern map, where the total mass flux is plotted against the Lockhart-Martinelli 

parameter [2]. Another example is Taitel and Dukler [3] flow pattern map which uses the 

Lockhart-Martinelli parameter [2] in the x-axis and gas Froude number with two other 

parameters they derived. 

The other type of flow pattern map uses a simple coordinate system where one variable 

or more (such as the flow rate) is used in the diagram axes without complex derivations. 

This type is used to show the effect of changing the diagram axis parameter on the 

transition boundaries between the flow patterns while fixing the other parameters. So, this 

is not a generalized diagram that can be used for other fluids or pipes. This type of flow 

pattern map can be seen in many research work such as Bergelin and Gazley [4] and 

Johnson and Abou-Sabe [5] flow pattern maps that use the liquid and gas mass flow rates, 

and Baker [6] flow pattern map that uses the mass flow rate of gas and liquid as the y-

axis and the x-axis respectively.  
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2.1.1 Flow Pattern Classification 

 

Different techniques were used to identify each flow pattern. Visual observation is the 

most common way in recognizing a flow pattern. Other methods combine visual 

observation with pressure behavior and holdup, whereas other ways include tomography 

using x-ray or gamma ray.  

The oil -water flow patterns in a horizontal pipeline are almost similar to those for gas-

water. Back in 1959, Russell et al. [7] identified three flow patterns which are mixed 

flow, stratified flow, and bubble flow for oil having a 18 cP at 40 
o
c viscosity and 834 

kg/m
3
 density. Charles et al. [8] used three kinds of oils having a 6.29, 16.8, and 65 cP 

viscosity at 25 
o
c, and equal density with water. They categorized the observed flow 

patterns into water-droplets-in-oil, concentric oil-in-water, oil-slugs-in-water, oil-

bubbles-in-water, and oil-drops-in-water. Arirachakaran et al. [9] performed experiments 

for oil viscosities of 4.7, 58, 84, 115, 237, and 2116 cP. They classified the flow patterns 

into stratified, mixed, annular, intermittent, and dispersed. Trallero [10] generated a flow 

pattern map for oil-water density ratio 0.85 and viscosity ratio 29.6. He classified the 

flow patterns into stratified, stratified with mixing at the interface, dispersion of oil in 

water over a water layer, emulsion of oil in water, emulsion of water in oil, and dual type 

of dispersions.  Nadler and Mews [11] did the same classification and added the flow 

pattern ñlayers of water-in-oil dispersion and waterò. Another classification seen in 

Abduvayt [12] who arranged the flow patterns in Horizontal and Hilly Terrain flow into 

twelve flow patterns grouped into three basic categories: segregated, semi-segregated, 

and semi-dispersed flow. 
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2.1.2 Flow Pattern Transition 

 

Charles et al. [8] indicated that the oil-water flow patterns are nearly independent of oil 

viscosity, as had been noticed also by Arirachakaran et al. [9]. They mentioned that the 

viscosity effect was very minor, and the flow pattern maps for the different oil viscosities 

were similar.  

The density is noticed to have a stronger effect on the flow pattern map than viscosity, 

but still the change is slight. This effect is noticeable in the stratified region, as its area 

increases when the oil-water density ratio decreases. An example of density and viscosity 

effect is Brauner [13] model shown in Figure  2-1 in section 2.1.2.2. 

The same gas-water flow pattern transition concepts are used for oil-water, where most of 

the oil-water models came after adapting gas-water models to be suitable for oil-water. 

The first transition models for liquid-liquid flow are seen in Brauner [14], Brauner [13], 

and later Trallero [15] who developed a general flow pattern map for oil-water flow. 

 

2.1.2.1 Prediction of Stratified flow 

 

Stratified flow is a major flow pattern in the oil-water flow pattern map, it is located in 

the low velocities region, and the boundaries of this flow pattern are surrounded by 

several flow patterns. Prediction of the stratified flow boundary for oil-water flow is 

achieved with the instability analysis. Studying the instability of the stratified flow 

provides two benefits, the transition from stratified to other flow patterns criteria, and the 
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waves generation at the interface between the two phases which will lead to the wavy-

stratified transition conditions. The Kelvin-Helmholtz (KH) instability analyses are used 

to determine the stability of stratified flow. The KH instability arises when a velocity 

difference at the interface between two fluids appears. The result of the instability reveals 

waves at the interface of the two fluids. Two types of KH analyses are used, one which 

neglects the effect of shear stresses, which is called the Inviscid Kelvin-Helmholtz (IKH) 

analysis, and the other takes into account the shear stresses in the derivation, which is 

called the Viscous Kelvin-Helmholtz (VKH) analysis. Many researchers used the IKH 

analysis in their work (mainly for gas-liquid), such as Kordyban [16], Taitel [3], 

Kordyban [17], Mishima [18], and Wallis [19]. While work on the VKH analysis can be 

seen in Wallis [20], Lin [21], Wu [22], Andritsos [23], Barnea [24], and Crowley [25]. 

The KH instability analysis is the main element in determining the transition condition 

from stratified flow, and several studies have been implemented on this analysis to study 

its validity and credibility for different liquid viscosities and densities.  

The influence of liquid viscosities on IKH and VKH analyses can be seen in the gas-

liquid study of Barnea [26], where the shear stresses are neglected in the first one and 

considered in the other. The study aimed to show the influence of neglecting the shear 

stresses in the analysis for low viscosity liquids. The results showed that considering or 

neglecting the shear stresses will give the same results for high viscosity liquids. 

However, different results are noticed for low viscosity liquids. Also the influence of 

viscosity is seen in Lin [21] who specified that the IKH theory correctly predicts the 

stability of a stratified flow only for very large liquid viscosities, and the inviscid theory 

is not accurate in predicting the stability of stratified flow. They involved the shear 
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stresses in their analysis and mentioned that the VKH theory predicts well the transition 

to slugs for thick enough liquid layers.  

The instability at the interface either leads to the growth of short waves, which will give a 

stratified-wavy flow, or leads to long waves which will produce roll waves that may lead 

to the transition to other flow patterns. Hanratty [27] and Andreussi [28] mentioned that 

roll waves arise due to the instability of long waves that occur once the liquid inertia and 

pressure variation over long waves overcomes gravity. Barnea [24] used a combined 

model of viscous and inviscid KH analyses for the determination of roll waves or annular 

flow. 

 

An example of the IKH analysis is Wallis [19] model, where he used simple IKH analysis 

to produce a simple model for the transition from stratified flow to slug or plug flow. The 

model uses an empirical factor to suite the experimental results. The model is widely 

used due to its simplicity and reasonable agreement with experimental data. Taitel [3] 

proposed a simple model using IKH analysis that is widely used. The model uses an 

empirical factor to fit the experimental results, the model shows good agreement with the 

experimental data especially for low viscosity liquids.  

In addition of the KH analysis,  Barnea and Taitel [29] and Barnea and Taitel [30] 

introduced the structural stability analysis that specifies the stability of the structures of 

the steady-state solutions.  

later Barnea [31] and Barnea [32] used the structural stability analysis and the interfacial 

stability analysis (KH analysis), where the simplified method of Taitel [3] and Barnea`s 
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[24] method of combining VKH and IKH analysis are considered to study the stability of 

the solutions for stratified flow, using linear and non-linear analyses. They listed that the 

KH analysis are not enough to determine the steady-state solutions validity in separated 

flow, the structural stability should also be considered in addition to the KH analysis.  

Another method of analysis used besides the KH analysis is Jurman [33] work, who used 

the boundary-layer approximation to derive a nonlinear wave equation that is valid for 

Reynolds numbers up to the order 100 for a gas flow over a thin liquid film. The 

derivations revealed the presence of kinematic and dynamic processes. Also the linear 

stability analyses were used to distinguish the regions where waves will be dominated by 

kinematic or dynamic processes. Also, the one-dimensional wave model analysis method 

which was used by Crowley [25], where he used the one-dimensional wave model for 

incompressible flow to predict the transition from stratified to slug. 

 

2.1.2.2  The Transition Criteria  

 

The first step is to find the actual holdup, it can be found from the combined momentum 

equation: 

Ὂ †Ὓ ʍ  ʍ Ὣ ίὭὲ‍    (1) 

 

Where Щo, So, ɟo, and Ao are the shear stress, the perimeter, the density, and the area of oil. 

The terms w and i stands for water and interface respectively, ‍ is the inclination of the 
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pipe. The sheer stresses, phaseôs areas and perimeters can be found in Trallero [15] or 

Brauner [14]. 

The second step is to make F (the left hand side of equation (1)) equals to zero to get the 

steady-state solutions, as Щ, S, and A are functions of the holdup. Equation (1) needs only 

to change the holdup to find its root. When the above equation is equaled to zero, the 

actual holdup for the given oil and water flow rates is found. 

The transition criteria is shown below as presented in Barnea & Taitel [32]: 

Ã Ã 6 6 Ç ÃÏÓɼ Ë   π  (2) 

 

Where: 

Ã  
ȟ

ȟ ȟ

    

Ã   
ʍ62 ʍ62

ʍ2 ʍ2
 

K is the wave number (Kπ used to symbolize the waves length (k = 0 for long waves), 

Vo is the actual velocity of oil in the pipe, Uo is the superficial velocity of the oil, 2Ï

, ů is the interfacial tension, ! ρ ςὬ ρ Ȣ, h is the water holdup, A is the 

cross sectional pipe area, ʍ , and 
ȟ

is the derivative of F with 

respect to Rw at constant 5ȟÁÎÄ 5 . 
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Another term was added to equation (2) by Trallero [15] used in the IKH analysis: 

        (3) 

Where Cs is the sheltering effect, ɟf  represents ɟo if oil is faster and ɟw if water is faster. 

 

The last three terms of equation (2) represents the inviscid stability criteria, where no 

effects of viscous forces appear. While the viscous stability criteria uses the four terms. 

The IKH bring in two transition lines, one with oil faster than water, and the other with 

water faster than oil. The VKH analyses show the transition boundary between stable and 

unstable wavy interface, which represents the transition from smooth stratified (ST) into 

stratified with mixing at the interface (ST&MI). The boundaries of the IKH and the VKH 

analysis can be seen in Figure  2-1. 

Equation (2) can be solved numerically. Numerical solution allows using complex 

friction factor correlations in finding the transition criteria for rough pipes. Additional 

details about the solution steps and derivations can be found in Trallero [15].  

Brauner [13] and [14] followed the same approach and introduced a model for predicting 

the stratified flow using the VKH and the IKH analysis. The IKH analysis produces two 

lines called the ñzero real characteristicsò (ZRC) lines, one with oil is faster than water 

and the other when water is faster. These lines represent the transition from stratified to 

non-stratified flow pattern. The VKH analysis produces the ñzero neutral stabilityò (ZNS) 

line, which represents the smooth stratified flow region. The boundaries of the IKH and 

the VKH analyses are shown in Figure  2-1. 



 

12 

 

 

 

Figure  2-1: The effect of the density differential and the viscosity ratio on the locations of the ZNS and ZRC 

boundaries [Brauner [13]]. 

 

Looking at Figure  2-1, when the density difference between the two phases is reduced, 

the velocity needed to leave the stratified region is increased. Therefore, the stratified 

region is enlarged. As for viscosity, increasing the viscosity difference between the two 

liquids reduces the velocity needed to leave the stratified region. Therefore, the stratified 

region is reduced. 
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2.1.2.3 Prediction of Dispersed Flow 

 

Dispersed flow is located at higher oil or water velocities than the stratified flow for oil 

faster than water and for water faster than oil, where the dispersed phase flows not in a 

continuous layer but as drops or slugs in the continuous phase. Brauner [13] 

demonstrated the criteria of transition from an upper layer of oil drops into two 

continuous layers of liquids. The dispersed region comes between the stratified smooth 

and the ñzero real characteristicsò line as in Figure  2-2. In addition, a model was 

proposed for predicting the fully depressed flow pattern and oil slugs using Hinze [34] 

model of liquid-liquid dispersion for finding the maximum diameter of oil drops. The 

transition to fully depressed flow occurs if the velocity of the dispersed phase is much 

smaller than the velocity of the continuous phase with maximum oil drops diameter less 

than oil critical diameter. However, when the velocity difference is not large enough, oil 

slugs might be seen. 
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Figure  2-2: strati fied-dispersed region [Brauner [13]]. 

 

In the model, assuming oil will be dispersed; oil drops will stay dispersed and will not 

convert to a continuous layer when the viscous and inertia forces are insufficient to cause 

coalescence, which can be seen at very low oil velocity. When oil drops maintain their 

shape the surface tension forces of the drops overcome the buoyancy forces due to weight 

difference, where buoyancy keeps these drops at the top of the pipe. From using the 

above balance, the critical diameter was introduced. 

Ä  
 
Ç
Ȣ

         (4) 

The transition occurs when the upper layer height is smaller than the critical diameter, 

which occurs at very low oil velocity compared with the high velocity of water, meaning 
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that drops with diameter larger than the critical diameter will form a continuous layer of 

oil. Dispersion happens when the upper layer height is small (d - H << dcr) as proposed 

by Brauner [13], where d is pipe diameter and H is water high inside the pipe. When (d - 

H << dcr), no enough space to form drops with diameter larger than the critical diameter, 

and so the flow is stratified-dispersed. But when the height is large enough (d - H >> dcr), 

the available upper space will allow the formation of drops with diameter lager than the 

critical diameter, and thus a continuous layer from the drops might form. From the 

critical diameter, the transition based on the critical area is: 

! Ḻ!           (5) 

!              

Where Ao is the area of oil. If the density difference between oil and water is reduced or 

surface tension is increased, the dispersed flow region is extended to cover more area on 

the flow pattern map curve. 

The fully-dispersed flow pattern is achieved at high water velocities with low oil 

velocities. Using Hinze [34] model for liquid-liquid dispersion, the maximum dispersed 

phase diameter is given to be: 

Ä #ÈÌ
 

         (6) 

Ì
ςÆ5

Ä
  

Æ πȢπτφ
Ä5 ʍ

ʈ
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Where È is the dispersed phase no-slip holdup, 5  is the mixture velocity which equals 

the sum of the superficial velocities of the two liquids, and C1 is a constant which 

depends on the in situ hold-up and is to be determined experimentally. Hinze [34] had C1 

= 0.725 in a Couette flow field. 

When  is smaller than one, or if Ä  is smaller than Ä , transition to fully depressed 

might occur if the velocity of the dispersed phase is much smaller than the continuous 

phase. However, if   <1 and   is almost one, then oil slugs might be seen (Brauner 

[13]).  

Trallero [15] proposed a model of predicting the dispersion flow pattern which includes 

gravity and turbulent fluctuation forces, along with the Hinze [34] and Levich [35] 

models of drop sizes prediction in dispersed flow, taking into account the dispersed phase 

concentration and water holdup. The proposed model included numerical parameters 

which were found experimentally. The proposed model and the experimental work are 

shown in Figure  2-3 below: 
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Figure  2-3: Comparison of the theoretical flow pattern map (points) with the experimental flow pattern map 

(lines) [Trallero [10]] 

 

Brauner [36] proposed a unified model for predicting phase dispersion using different 

mechanisms and models of dispersion to cover all ranges and all kinds of dispersion. The 

model predicts the transitions to dispersed flow patterns in a variety of gasïliquid and 

liquidïliquid systems. Eötvös number was used to determine the applicability of these 

models. The models includes Hinze [34] and Kolmogorov [37] model which considers 

dilute dispersion with extension to cover dense dispersion, Barnea [38] method of finding 

drops critical diameter, and Brodkey [39] maximum droplet diameter above which drops 

are deformed. 

The suggested model predicts the phase dispersion when turbulence forces of the 

continuous phase are strong enough to break the dispersed phase into droplets smaller 
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than the critical diameter (dcrit). Dispersion happens when drops of the dispersed phase 

have smaller diameter than the critical diameter. 

Ä  Ä           (7) 

Where dmax is the maximum droplet diameter of the dispersed phase inside the pipe. dmax 

is found by taking the greater value of Hinze [34] and Kolmogorov [37] models for dilute 

dispersion, with an extended Hinze`s [34] and Kolmogorov [37] model for dense 

dispersion. 

  Ä ÍÁØ ÄmaxȟÄmax        (8) 

Where Ämax is the maximal drop size diameter in a dilute dispersion, and Ämax is 

the maximal drop size in a dense dispersion. max  (the nondimensionalized form of the 

Ämax  is found using Hinze`s [34] and Kolmogorov [37] model. As mentioned earlier, 

their models are established based on the continuous phase buoyancy force which tends 

to break the dispersed phase into drops, and the surface tension force which tends to form 

a continuous layer of the phase.  

max πȢυυ 
 

Ȣ
 

Ȣ

Ȣ

      (9) 

Where the subscript c stands for the continuous phase, m for the mixture. ů is the surface 

tension between the two liquids, È is the holdup of the dispersed phase, and f is the 

friction factor. 

max  is found from the extended Hinze`s [34] and Kolmogorov [37] model. The 

extended model takes into account the coalescence between drops which happens in 



 

19 

 

dense dispersion. This means that more turbulence in the continuous phase is needed to 

prevent the coalescence and to disperse other phase. The resulted model is shown below: 

max ςȢςς # Ⱦ  
Ȣ

 

Ȣ

Ȣ Ȣ

    (10) 

Where: #  is a constant found experimentally. For friction factor f = 0.046/Re
0.2

, we 

have: 

max ρȢψψ 
 Ȣ

7Å Ȣ2ÅȢ                   (11) 

max χȢφρ # Ⱦ7Å Ȣ2ÅȢ
Ȣ

 ρ
Ȣ

      (12) 

ὡὩ  ”ὟὨȾ„ ,    ὙὩ ”ὟὨȾ‘ 

The critical drop size Ä  is found using Barnea [38] technique: 

ÍÉÎ ȟ          (13) 

Where dců is the maximal size of drop diameter above which drops are deformed and 

thereby enhancing coalescence. It can be found using Brodkey [39] model as below: 

Ä
Ȣ
Ȣ Ȣ

         (14) 

%Ï  
Ў

                          ‍
ȿ‍ȿ                   ȿ‍ȿ τυ

ωπ ȿ‍ȿ        ȿ‍ȿ τυ
 

%Ï is the Eötvös number. dcb is the maximal size of drop diameter above which the 

buoyant forces will cause the dispersed phase drops to move towards the tube walls:  
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Ä Æ
Ў
ᶻ          (15) 

Where ɓ is the inclination angle of the pipe (positive for downward inclination).  

This model was called the H-model, the transition boundaries of this model is shown in 

Figure  2-4 below. The limitation of this models is that the flow should be turbulent, and 

in the range ρȢψ ὙὩ Ὠ Ὠ πȢρ. And with Ὠ Ä  , %Ï

ρȢυ ρπὙὩȢ  . 

 

 

Figure  2-4: The H-model predictions for transition to  DO/W (boundary 4, CH=0.5) and transition 

to DW/O (boundary 5) in horizontal oilïwater system of EoD=5, with experimental data of Guzhov [40] 

[Brauner [36]]. 
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In Figure  2-4, Boundary 4 and 5 were found from the H-model, they represent the 

transition to the dispersion flow pattern, the H-model uses equation (7) to determine the 

transition criteria. 1 is the neutral stability boundary for smooth stratified flow. 2w and 2o 

represents the upper boundary of stratified flow. Line 6 represents the inversion line 

which is found by Arirachakaran [9] as will be seen in section 2.2.1.2. EU is the equal 

velocity of fluids line in stratified layers. And LTo is the laminar/turbulent transition in 

the oil layer. 

2w and 2o boundaries represent the transition criteria to dispersion of water in oil over an 

oil layer and to dispersion of oil in water over a water layer respectively. A transition 

criterion was found in Brauner [41] to describe this semi dispersed flow. The transition 

criteria is the same for the H-model, were equation (7) is used. However this model is 

only used when water is the continuous phase, the flow is turbulent, and for shallow 

inclinations, while for 
Ў
Ḻρ, Ä Ä  , Ä Ä  the following model is used 

Brauner [42]: 

ЎὟ Ὗ Ὗ τȢσφ
Ў Ⱦ

ρ ρȢττσὔ ÃÏÓ‍ Ȣ Ⱦ  (ρφ) 

ὔ
‘Ў”Ὣ

”„
 

The subscript d denotes to the dispersed phase, and c to the continuous phase. The 4.36 

value could be modified to fit the experimental data. However, for EoDå1, the transition 

criterion uses Brauner [13] models previously discussed: 

!ÃÏÓ‍Ḻ          (17) 
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Where  dcr is found from equation (4). When finding 2w boundary, the dispersed phase is 

oil and the continuous phase is water. While in finding 2o boundary, the opposite is 

applied.  

Another model of predicting the transition to dispersed flow was presented by Torres 

[43], first the maximum droplet size needs to be found from: 

Ä ÍÁØ ÄmaxȟÄmax        (18) 

Where Ämax is the maximal drop size diameter in a dilute dispersion, and Ämax is 

the maximal drop size in a dense dispersion. Ämax was found using Hinze`s [34] and 

Kolmogorov [37] model to be: 

max πȢυτω 
  

Ȣ

Ὢ Ȣ
      (19) 

Ὢ ὅ
ʍ 5  Ä

‘
 

ʍ  ʍὬ ʍ ρ Ὤ  

Where ʍ  is the mixture density, c and n are equal to 0.046 and 0.2 respectively. 

max was found using Hinze`s [34] and Kolmogorov [37] model and Chen [44] model 

as below: 

max ςȢςςρ 
  

Ȣ

Ὢ Ȣ
Ȣ

     (20) 
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After finding the maximum droplet diameter, the transition to Semi-Dispersed flow is 

found by: 

Ä  Ä           (21) 

Ä  can be found using Brodkey [39] model as below: 

Ä
Ȣ
Ȣ Ȣ

         (22) 

%Ï  
Ў

                          

Where %Ï is the Eötvös number. The transition to fully-dispersed flow is found by: 

Ä  Ä           (23) 

dcb is the maximal size of drop diameter above which the buoyant forces will cause the 

dispersed phase drops to move towards the tube walls:  

Ä Ὢ
Ў
ᶻ          (24) 

Where ɓ is the inclination angle of the pipe (positive for downward inclination). Ὢ is the 

friction factor of the continuous phase.  
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2.2 Pressure Drop 

 

Two models are presented for pressure drop calculations, one foe stratified flow, and the 

other for dispersed flow. 

 

2.2.1 Pressure Drop in Dispersion Flow 

 

In dispersed flow, where the dispersed phase travels as drops in the continuous phase, 

two liquids are in contact with the pipe wall, one of them transfers as drops. For a given 

oil-water flow, the oil-water pressure drop for fully developed dispersed flow with 

neglecting the acceleration gradient is found by the following relation: 

                 (25) 

Where the two phase pressure gradient  equals to the sum of gravitational pressure 

losses plus the frictional pressure losses 
 
, the above equation can be written 

as:  

ʍ Çzz ÓÉÎ ɼ  ς
ᶻmz                                 (26) 

Where ɟm is the mixture (oil-water) density, g is the gravitational acceleration, ‍ is the 

angle of inclination, Um is the mixture superficial velocity which is equal to the sum of 

the oil and water superficial velocities, Um = Usw + Uso, ä is the friction factor, and d is 

the pipe diameter. 
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The mixture density (ɟm) can be found from the actual oil holdup, ho. The actual oil 

holdup should be found from the experiment by any method, or it is considered to equal 

the oil fraction (no-slip holdup) as considering no slip happens between the dispersed and 

the continuous phase. The mixture density in terms of the oil holdup is: 

ʍ Ὤʍ  ρ Ὤ ʍ         (27) 

Where ɟo, ɟw are the oil and water densities respectively. The friction factor, for 

homogenous models can be obtained from the following correlation: 

Æ #Ȣ2Å                 (28) 

Where C, and n are constants that depends on the flow type whether it is laminar or 

turbulent, C=16, n=1 for laminar, and C=.079, n=0.25 for turbulent. The Reynolds 

number 2Å
ʍάȢÄȢ5ά
ʈά

, is a function of the mixture velocity, mixture density, and mixture 

viscosity.  

The next step which is need in the pressure drop calculations is the value of the mixture 

viscosity. Many researchers introduced models for predicting the accurate mixture 

viscosity value for different oil-water flow rate ratios, some of them will be considered 

and compared in the next section. 
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2.2.1.1 Mixture Viscosity 

 

The mixture viscosity for two phases flowing inside a pipe represents the 

viscosity as considering a single phase flowing inside that pipe. Different 

correlations were proposed to find the mixture viscosity due to its complex 

behavior while changing phaseôs ratio. 

The simplest model in finding the mixture viscosity is the simple average used 

in the homogenous model as: 

ʈ Ὤʈ  ρ Ὤ ʈ          (29) 

This model gives high error in many cases compared with other models, but still 

it is commonly used due to its simplicity and validity for some cases. 

Prediction goes back to Einstein [45] in 1911 who proposed a viscosity model 

for an infinitely dilute suspension of small solid spheres as follows: 

ʈÍ

 ʈÃ
ρ ςȢυÈ           (30) 

Where µm is the mixture viscosity, and µc is the continuous phase viscosity, È  

is the dispersed phase holdup. The equation is linear, and the model canôt be 

used for non-spherical particles at high concentrations and for particle size 

distributions.  

Taylor [46] in 1932 modified Einsteinôs equation to be used in fluid dispersions. 

He assumed that the tangential stresses on the drop surface cause the internal 

circulation in the drops. He also assumed spherical drops and infinite dilution. 
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ʈÍ

 ʈÃ
ρ ςȢυ È 

Ȣ  ÄʈÃϳ

 ÄʈÃϳ
        (31) 

Where: µd is the dispersed phase viscosity. Mooney [47] in 1951 extended 

Einstein's viscosity equation of infinite dilute suspension of spheres and to be 

used in the suspension of finite concentration. 

ʈÍ

 ʈÃ
 ÅØÐ

ȢȢ

Ȣ
            (32) 

Where: k is the self-crowding factor ranges from 1.35 < k < 1.91 (k=1.43 was 

used in his paper), Brinkman [48] in 1952 used a simple method for the 

estimation of the mixture viscosity by using Einstein's [45] model, the result 

was: 

ʈÍ

 ʈÃ
ρ-È -ςȢυ                  (33)             

Same equation was found by Roscoe [49] in 1952, Roscoe showed the effect of 

size distribution of the suspended spheres on the relative viscosity, Roscoe 

represented the model using Einstein [45] model of the extreme dilution with the 

effect of adding particles of small size to a solution. 

ʈÍ

 ʈÃ
= exp (

ȢȢ

Ȣ
                     (34) 

Krieger and Dougherty [50] in 1959 modified Brinkmanôs equation using 

Mooneyôs [47] crowding factor concept: 

ʈÍ

 ʈÃ
ρ- 

ȟÍÁØ

Ȣ ȟÍÁØ

         (35) 
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Where: c= -2.5. Furuse [51] in 1972 modified Einsteinôs model by considering 

the hydrodynamic effects of neighboring particles: 

ʈÍ

 ʈÃ

  Ȣ

 
          (36) 

  

Yaron and Gal-Or [52] in 1972, represented the cell model in which a certain 

number of drops are confined within a representative cell to achieve a phase 

fraction that resembles the concentration in the bulk surrounding the cell. 

ʈÍ

 ʈÃ
ρυȢυÈ

χσϳ          
ϳ
        ϳ

ϳ
  

ϳ
        

ϳ
       ϳ ϳ       (37) 

 

Choi and Schowalter [53] in 1975 represented another cell model for finite 

concentration of the dispersed phase. They studied the effect of shear on drops 

shape with the influence of neighboring drops. 

ʈÍ

 ʈÃ
ρÈ

   
ϳ
   

        
ϳ
    

ϳ
   

ϳ
 
  (38) 

Where: K is a constant. Pal and Rhodes [54] developed the following 

relationship in 1989: 

ʈÍ

 ʈÃ
ρ  

Ȣ ȟʈ ρππϳ

Ȣ ȟʈ ρππϳ

Ȣ

                               (39) 

Where:  µ = µm/µc. Phan & Pham [55] in 1997 modeled of the suspensions of rigid 

particles and droplets and of particulate solids consisting of several elastic phases, 

yielding to expressions of the effective properties, by using the idea of constructing the 

composite material from an initial material with a series of additions of the compounds 
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materials until the final volume fractions was reached. At each addition, the effective 

properties of the composite was found, and then considered as the base properties of the 

next incremental step. The two phase formula of Suspensions of droplets was:  

 È ρ  
ʈÃ

 ʈÍ

ʈÃ ʈÄ

ʈÍ ʈÄ
              (40) 

ʈÍ

 ʈÃ
ρ ÈÄ                       (41) 

ɖ= 
Õm

 Õc
, k= 

Õd

 Õc
 

Pal [56] derived models for concentrated emulsions of spherical droplets using Taylor 

[46] model and using the concept of effective medium: 

ʈÍ

 ʈÃ

ʈÍ

 ʈÃ

ʈÄ

 ʈÃ
ʈÄ

 ʈÃ

Ȣ

ÅØÐ 
ȢÈÄ

Ⱦ ȟÍÁØ
)       (42) 

ʈÍ

 ʈÃ

ʈÍ

 ʈÃ

ʈÄ

 ʈÃ
ʈÄ

 ʈÃ

Ȣ

 ρ
ȟÍÁØ
 
ɀȢ ȟÍÁØ

      (43) 

Pal [57] in 2001 studied liquid-liquid emulsions, a new equation in this field was 

proposed. One model was proposed based on single parameter Viscosity-Concentration, 

where the droplet size was not considered. The model uses Taylor [46] equation, by 

considering the addition of new particles dÈÄ will increase ɖ by dɖ will make a new 

homogenous model of viscosity ɖ. applying this assumption in Taylor equation will give: 

ʈÍ

 ʈÃ

ʈÍ

 ʈÃ

ʈÄ

 ʈÃ
ʈÄ

 ʈÃ

Ȣ

ÅØÐ ςȢυÈ          (44) 
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Other models were proposed by Pal [57] that considers the droplet size and droplet size 

distribution and the divergence of viscosity:       

ʈÍ

 ʈÃ

ʈÍ

 ʈÃ

ʈÄ

 ʈÃ
ʈÄ

 ʈÃ

Ȣ
Ⱦ ȟÍÁØ

Ⱦ ȟÍÁØ
                           (45) 

 

The dispersed phase and the continuous phase are determined by the location of 

inversion point. A literature on finding inversion point location is given in the 

next section. 

 

2.2.1.2 Inversion Point 

 

Inversion happens when the continuous phase becomes the dispersed one. This 

phenomenon can only be seen in liquid-liquid flow. The pressure drop at inversion is 

noticed to change rapidly and might generate a peak, where in many cases, the maximum 

or the minimum pressure value is found at the inversion point.  

Several experimental works were performed to investigate the phase inversion 

phenomena and the parameter which influences its location. The main factors which 

affect the inversion point and can be seen in almost every model are the fluid properties 

where viscosity has a great effect, other models include the pipe diameter and flow type, 

turbulent or laminar.  
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Arirachakaran et al. [9] suggested a method to predict inversion point by means of oil and 

water viscosity of as below: 

Ï πȢυ πȢρρπψὒέὫo
w

                                                          (46) 

Where ắo is the critical oil holdup at which inversion happens, µo is the oil viscosity and 

µw is the water viscosity. The model was derived based on large numbers of experimental 

data. Yeh et al [58] suggested the following model: 

ắo

o

w

Ȣ

o

w

Ȣ                                     (47) 

Nädler and Mewes [11] proposed the following correlation:      

Ï ρ
ρ

Ëρ
ÏÏ

Ï
Ï
Ï

 × ×
×
×
×

- × Ï
Ëς

                     (48) 

Where co, cw, no, nw are the Blasius friction factor constants that depend on flow type 

(laminar or turbulent) for water and oil respectively, d is the pipe diameter, K1 and K2 

are constants ( =1, and 2 respectively), ʍo and ʍw are the density of oil and water 

respectively, and Um is the mixture velocity. The model takes into account the mixture 

velocity, liquids viscosity, liquids density, flow type (laminar or turbulent), and pipe 

geometry. The correlation was suggested based on zero shear stress.  

Brauner and Ullman [59] proposed the following correlation: 

 ắo

o

 w

ʈo

ʈw

Ȣ

o

 w

ʈo

ʈw

Ȣ                                   (49) 
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Poesio and Beretta [60] suggested the following: 

 ắo

ʈo

ʈw

ϳ

 
ʈo

ʈw

ϳ

 

ʈo

ʈw

ϳ                                 (50)  

Where (1/k) is the maximum packing factor and was suggested by Yeh et al. [58] to be 

0.74. 

Several mixture viscosity models are plotted together in Figure  2-5 to illustrate the 

differences in these models and to show the expected pressure drop profile for a given 

oil-water flow. 

 

Figure  2-5: The calculated pressure drop using Pal  [57], Phan & Pham [55], Brinkman [48], and Schowalter 

[53] models of mixture viscosity, where inversion point was found by Arirachakaran et al. [9] ɡo = 1.85 cP, ɟo 

=780 kg/m3, Um=2 m/s, and d= 22.5 cm. 
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2.2.2 Pressure Drop in Stratified F low 

 

The Two Fluid Model (TFM) is used to find the pressure drop in stratified flow. A 

schematic diagram of the stratified flow is shown in Figure  2-6. 

 

 

 

Figure  2-6: Schematic diagram of the stratified flow  

 

The model uses the oil and water momentum equation  

ὃ †Ὓ †Ὓ ”ὃὫίὭὲ— π      (51) 

ὃ †Ὓ †Ὓ ”ὃὫίὭὲ— π      (52) 

Eliminating the pressure drop from these equation gives 

ὝὛ ʍ  ʍ Ὣ ίὭὲ‍ π    (53) 

The actual holdup can be found from equation (53), and then the pressure drop can be 

calculated from either equation (51) or equation (52). 

Where: 

† Ὢ”     

† Ὢ”
Ὗ

ς
 

So 

Si 

Ao 

Sw 

Aw 
Oil 

Water 

h(x, t) 

— 
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† Ὢ”    If   Ὗ Ὗ  

† Ὢ”    If   Ὗ Ὗ  

Ὢ ὧ 
ὈὟ”

‘
 

Ὢ ὧ 
ὈὟ”

‘
 

Ὀ   ,  Ὀ     if  Ὗ Ὗ  

Ὀ   ,  Ὀ     if  Ὗ Ὗ  

The pipe perimeters and areas are shown in Figure  2-6 above.  
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3 CHAPTER 3 

EXPERIMENTAL SETUP & PROCEDURE  

The multiphase experimental setup and procedure along with the properties of the used 

oil are presented in this chapter. Experimental setup includes the test section, and 

instrumentations.  

 

3.1  Multiphase Flow Facility  

 

The conducted oil-water experiments were performed in the ñResearch Instituteò building 

at the King Fahd University of Petroleum and Minerals. The multiphase flow setup was 

constructed for two and three phase flow experiments. The setup is shown in Figure  3-1. It 

consists of two tanks for oil and water, two pumps for each fluid, test section, two 

separation tanks that are attached at the end of the test tube, a return pump close to the 

separation tanks, and an air compressor. The used tanks have a 1.25 m inner diameter, 

and a 1.6 m height, and the used pumps have a 3.5 hp capacity. The pumps can deliver oil 

or water with a maximum velocity of 3 m/s. Also, they can deliver oil and water together 

with a 3 m/s mixture velocity. A Y-shaped mixing section shown in Figure  3-2 joins the 

oil and water pipes to the test section which has a 2.25 cm diameter. The pipes are made 

of PVC. The last section of the pipe was made of a transparent Plexiglas for visual 
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observation. The velocity range of the conducted experiments was from 0.05 m/s to 3 

m/s.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

Figure  3-1: Schematic Representation of the Experimental Setup
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P2 

Oil tank 

Water tank 

Flow control valve 
Flow meter 

Test section 

3
7 

 



 

38 

 

 

 

Figure  3-2: Oil -water mixing section  

 

3.2  Test section 

 

The test section is shown in Figure 3-3. The pipe is made of PVC with ASTM D-1785 

standard number and a 2.25 cm inner diameter. The pipe was installed horizontally. It 

contains two sections, one section is a PVC pipe, used for pressure readings, and the 

other is transparent made of Plexiglas for visual observation, which is used for flow 

pattern observation. The total length of the test section is 8 meters as can be seen in 

Figure 3-3. Pressure outlets are distributed along the pipe where the manometer is 

attached. A picture of the transparent section of the pipe is given in Figure  3-4.  
























































































































































































