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ABSTRACT

The pressure drop of the flow inside the pipeline is an important parameter to be
determined before proceeding with the design. This parameter is very important to
pipeline size selection and the design of the downstream facilities, Underestimation
of pressure drop will give a smaller pipe size than required, thus the transportation
capacity will be restricted. In the other hand, overestimation of pressure drop will
cause in oversized pipeline, worse sweeping characteristics, and possible solid
dropout and corrosion issues. The wrong prediction of pressure drop is likely to
occur in a liquid-liquid two phase system which false predictions of interface
configurations are made. A tlat interface is assumed between the phases which
actually highly applicable for high-density differential system, such as gas-liquid
system under earth condition. However, for liquid-liquid system with small density
differences or in reduced gravity system, the factor of curvature interface must be
considered. The interface contiguration for liquid-liquid systems can either be flat,
concave or convex. Hence, to overcome this problem, a model is developed to
calculate pressure drop for liquid-liquid system that will consider the factor of
curvature interface between the phases. In this modelling, two-fluid model is used for
prediction of pressure drop and this model is derived to make it applicable for
stratified flow system only. The model is developed by using MATLAB
programming and it is tested with few sets of input data. The calculated pressure
drop from this model is compared with experimental data to check for its reliability.
As a conclusion, it is shown that flat-shape interface assumption is not the best
assumption for this prediction. The percentage difference of prediction is very large
when it was compared to experimental data. Curvature interfacial configuration is
assumed to give best prediction, however, in this project, the curvature interface
assumption not give an expected result. This is due to some ambiguity in cross
sectional area and wetted perimeter derivation formula used in this model. Hence,
moditication in the correlated function has to be developed to prove that calculation

using the curved interface will give better assumption of pressure drop.
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CHAPTER 1

INTRODUCTION

1.1 Background of Study

The flows of two immiscible liquids are encountered in a diverse range of processes
and equipments especially in the petroleum industry, where mixtures of oil and water
are transported inside the pipeline over long distances. A lot of studies have been
conducted to predict of oil-water flow characteristics, such as flow pattern, water
holdup and pressure gradient of the flow (Bertola, 2003). In this project, the study
will be specifically designed to determine the pressure drop for two-phase, liquid-

liquid system inside the pipeline by using MATLAB as a programming tool.

The flow pattern of stratified flow is used in this study since it is considered
as the basic tlow configuration in horizontal and inclined two-phase systems of a
finite density differential (Bertola, 2003) . The flow patterns are assumed to have
three types of intertace, which are convex, concave and plane-shaped interfaces.
These types of interface are associated with a different contact area between the two
fluids and between the tluids and the pipe wall. Depending on the physical system
involved, these variations can have prominent effects on the pressure drop and

transport phenomena in the system (Gorelik & Brauner, 1999).

1.2 Problem Statement
1.2.1 Problem Identification

Traditionally, the consideration of interface curvature is related to capillary and small
scale systems, where the effect of surface tension becomes comparable with gravity.
in a large scale system, the natural trend is to neglect the surtace phenomena. This is
justified in high-density differential systems, such as gas-liquid systems under earth
conditions. However, in liguid-liquid systems with small density ditferences or in
reduced gravity systems, surface phenomena maybe dominated which resulted in a
curved interface configuration. This curved interface may significantly aftect the

local and integral two-phase flow characteristics (Brauner, Rovinsky, & Moalem
1



Maron, 1996). In order to do more precise pressure drop prediction for this system,

the curvature effect is important and must take into account in the calculation.
1.2.2 Significance of the Project

Determination of the two phases, liquid-liquid system pressure drop is not as easy as
gas-liquid system as it is a must to consider the curvature factor of the interface
between the phases of liquid-liquid system. This medelling will assist engineers to
obtain pressure drop value to be used as a main basis of their design. The closer the
prediction, the better of size of pipeline can be made thus will be beneficial in terms
of cost. As a conclusion, this modelling is very essential for engineers as they need to
understand the characteristic of the flow system such as the pressure drop in order for

them to design the pipeline with proper and safer size.

1.3 Objective and Scope of Study
1.3.1 Project Objective

The objective of this project is to develop a MATLAB programming code to
simulate and predict the pressure drops in a two-phase, liquid-liquid system in a
horizontal pipeline based upon various interfacial configurations. The calculated
pressure drop from the simulation will be compared to the experimental data for

validation.
1.3.2 Scope of Project

The project involves computer simulation work using MATLAB programming tool
to predict the effect of interfacial curvature shapes towards the pressure drop in a
two-phase, liquid-liquid flow in a horizontal pipe. Based upon two-fluid model and
the experimental data of liquid heights in the pipeline system, a programming code
will be developed that will calculate the differential pressure. The calculated pressure
drops will be compared with the experimental pressure drop data previously found to

validate the findings.



CHAPTER 2

LITERATURE REVIEW

2.1 General Description of Liquid-Liquid Flows: Flow Patterns

Flows of two immiscible liquids are encountered in a diverse range of processes and
equipments such as petroleum industry, where mixtures of oil and water are
transported in pipes over long distances. Lot of studies have been conducted to
predict oil-water flow characteristics such as flow pattern, water hold-up and
pressure gradient; and these characteristics are important in many engineering
applications. However, despite their importance, liquid-liquid flows have not been

explored to the same extent as gas-liquid flow (Brauner, 2003).

Diverse flow patterns were observed in liquid-liquid systems through their
visual observation such as photographic/video techniques, or on abrupt changes in
the average system pressure drop. Based on their observation, the flow patterns can
be classitied into tour basic prototypes which includes stratified layers with either
smooth or wavy interface; large slugs, elongated or spherical, of one liquid in the
other; a dispersion of relatively tine drops of one liquid in the other; annular tlow,
where one of the liquids forms the core and the other liquid flows in the annulus.
However, in many cases, the tlow pattern is usually combination of these basic

prototypes (Brauner, 2003).

Sketches of various possible tlow patterns observed in horizontal systems are
illustrated as in Figure 1. Stratified flow with a complete separation of the liquids
may happen for some limited range of relatively low flow rates where the stabilizing
gravity force due to a finite density difference is dominant. When the flow rates are
increasing and exceed the upper limit of stratified tlow, the interface will display a
wavy character with possible entrainment of drops at one side or both sides of the

intertace.
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Figure 1; Flow Patterns for Two- Phase, [iquid-l.iquid Flow System (Hewitt et ai.
2002)

From the above tigure, stratified flow is the simplest and basic flow. This type of
flow is chosen as a case of study in this project. Further explanation of the stratified

flow will be discussed in the following paragraph.
2.1.1 Stratified Flow

Stratified flow s considered as a basic tlow pattern in horizontal configuration
liquid-liquid systems of a finite density difference in some range of low flow rates.
The two phases of liquids will segregate and form two layers in the pipeline. The
modelling of liquid-liquid stratified flows phenomenon requires the consideration of
additional aspects in comparison to gas-liquid stratitied flow due to differences in
their physical properties. The uncertainty in measuring an interfacial shear stress for

liquid-liquid system is greater in comparison with gas-liquid system.

In liquid-liquid flow system which is having a relatively low density

difference, surface tension and wetting effects become important, and the interface
4



shape (convex, concave, plane) is an additional field that has to be solved (Brauner,
2003). Figure 2 shows the basic interfacial configurations for a liquid-liquid system

in a stratified flow.

$F - R P* oz $* a
plane INUTUN oL e
interlace intertace ntertwe

Figure 2: Schematic Description of Stratified Flow Configuration
(Bertola et al, 2003)

A configuration of a curved interface is associated with a variation in the contact area
between the two fluids, and between the fluids and the pipe wall. This variation will
significantly affect on the pressure drop and transport phenomena depending on the

physical properties involved.

Based on (Abduliah, 2008, 2009), at certain superficial velocity of water and
superficial velocity of oil, stratified flow can be observed by using high-speed

camera. Results from his observation are shown in Figure 3.
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Figure 3: Flow pattern map for two-phase, oil-water flow ina 14.0 mm
diameter pipe.

2.2 Two-fluid Flow Experiments

Many studies have been conducted to understand the characteristics of oil-water flow
in horizontal pipelines. Some of the experimental results obtained are used to
propose several flow pattern maps or correlations for horizontal oil-water flow. In
addition to the experimental studies, models for predicting the flow pattern
transitions have also been developed.

Most of the available experimental data are for small-diameter pipes and
mineral oils. Even though these studies provide a considerable amount of
information regarding oil-water flow patterns in horizontal pipes, several important
aspects of this problem have yet to be considered (Arenas-Medina et al. 2000). The
models for flow pattern transition prediction were validated using very limited
experimental data. Thus, it is not clear whether the proposed criteria can be used to
predict the flow pattern in real lines transporting liquid-liquid two phase system.



There are various methods has been applied in order to study the types of
flow pattern in a two-phase, liquid-liquid system in pipeline. One of them is through
the visualization technique using a high-speed video recording. This technique is
very difficult to apply when studying flow patterns at high flow velocities where the
interface may not have a clear shape. Moreover, flow visualization techniques
require the use of pipes with transparent walls. The other method is using the photon
attenuation technique, which however unsuitable for a system involving crude oil

since its physical properties is almost similar to water.

The latest method is the utilization ot conductivity probes, which requires the
interpretation of the measured raw electrical signal into the local volume fractions of
a phase The highly fluctuating nature of two-phase flow often introduces large
uncertainties in the signal processing. One example on the identification of flow

patterns is carried out based on measurement of the transversal water fraction profile

(Arenas-Medina et al., 2000).

Liu et. al, (2008) investigated the in-situ phase distribution of the two fluids
in the pipeline by characterizing by the height of water climbing along the wall and
the height of water layer of the vertical plane passing the pipe axis, which was
measured by two sets of different conductance probes. Each set included parallel
chromel wires and parallel ring probes with the spacing of 40 mm. A probe
consisting of two chromel wires traversed the diameter of the pipe vertically as

shown in Figure 4.

Figure 4: Schematic of the parallel chromel wires (Liu et. al., 2008)



The wire probe which consists ot the parallel wires that behaved like a pair of
parallel cylinders separated by a fixed distance of 1.3 mm. One of the wires was
excited with a high-frequency alternating voltage inducing a current through the
probe that was dependent on the height of water layer between the wires. On the
other hand, the parallel ring probe is shown in Figure 5 was composed of a pair of
brass rings with the thickness of 4 mm, and these rings were embedded flush with the
inner surface of pipe covered by insullac. Nonconductive acrylic resin with the axial
thickness of 10 mm was filled between the parallel rings. Both probes were statically

calibrated by locating the depth of probes submerged by water.

Figure 5: Schematic of the parallel ring probes (Liu et. al., 2008)

In order to get the image of the flow pattern, 30 frames per second digital video
camera is placed at a position 0.5 m downstream of the inlet (Timmerhaus et. al,
2003). The image will be recorded through the acrylic viewing section by this
camera and the data will be sent to a computer-based data acquisition for further

analysis.

The list of other previous experimental works related to this study is shown in

Appendix 111.



2.3 Two-fluid Flow Modelling.

Two-fluid modelling has been studied by various researchers in both gas-liquid and
liquid-liquid systems. A number of derived models based upon the two-fluid model
have been developed. In this section, some of previous works on stratified flow were

reviewed.

Brauner & Rovinsky (1996) explored that a configuration of a plane interface
between two stratified layers is appropriate for two-phase system which are
dominated by gravity, as 1s the case for large scale air-water system under the earth
gravitation. However, for general two-fluid system the prescription of the
characteristic interface curvature is required in order to initiate the solution of the
flow problem and associated transport phenomena. Energy considerations are
employed to predict the intertace configuration. The etfect of the fluid physical
properties, in situ hold up, tube dimension and wall adhesion on the characteristic
intertace curvature are explored. The prediction of interface curvature provides the
closure relation required for a complete solution of stratified flows with curved

interfaces for a variety of two tluid systems.

The two-fluid model is also used to solve the momentum eguations for a
variable interface curvature (Brauner & Rovinsky, 1997). Energy considerations
provide a closure relation for the interface curvature. The analysis identifies all the
input dimensionless parameters which determine the solution for the stratified flow
pattern. When these are given, a complete solution of the problem is obtained,
including the interface shape, in situ hold-up and pressure drop. Two-fluid model
provides a reasonable estimate of the in situ hold-up and pressure drop over a wide
range of interfacial curvature and flow rates. The biggest error is obtained when the
two-fluid model is applied for a configuration of a fully eccentric highly viscous
core, in which case the two-fluid model significantly over predicts the lubrication

etfect of the less viscous phase.

Gorelik and Brauner {1999) found out that the analytical solutions for the
interface shape between two immiscible fluids and for the capillary pressure in
unidirectional axial laminar pipe flow is determined by three parameters. They are

the holdup; the fluid or wall wettability angle, and the EOtvOs number. The mode! of

Y



constant characteristic curvature provides a good description of the interfacial shape
and enables extending the parameter space where analytical solutions of stratified

flow can be obtained.

The theory-based closure relations for the wall and interfacial shear stresses
previously obtained for laminar stratified flow has been further expanded in order to
be applied into turbulent flows in either or both of the phases (Brauner & Ullman,
2005). The closure relations are formulated in terms of the single phase-based
expressions, which are augmented by two-phase interaction factors subjected to the
flow of the two phases in the same channel. These closure relations were used as a
platform for introducing necessary empirical corrections required in the stratified
wavy flow regimes. They also had obtained new empirical correlation for the wave
effect on the interface curvature, on the interfacial shear and on the liquid wall shear
wear. The new closure relations are essentially representing correctly the interaction
between the phases over a wide range of the stratified tlow parameters space in the

stratified smooth and stratified wavy regime.

In order to investigate flow pattern transition in horizontal pipelines carrying
oil-water mixtures, full-scale experiments have been carried out by Arenas-Medina
and the colleagues (2000). In the experiment, a 16-in pipeline conveying light crude
oil was used and it was connected to freshwater network to control the input water
volume fraction. A special device i.e. the multi-point sampling probe was designed
and installed into the pipeline. Based on the water fraction data obtained from the
experiment, a tlow pattern map was constructed. The experimental stratified
transition boundary was compared with the theoretical criteria obtained in the linear
stability analysis of stratitied two-phase liquid-liquid flow. it was found that the
stratified transition can be predicted with reasonable accuracy based on the viscous
Kelvin-Helmholtz analysis. The study also revealed that in stratitied crude oil-water
flow, complete phase separation does not occur. There is always a small amount of

water dispersed almost uniformly in the oil layer.

A similar approach has also being employed by Chakrabarti et al. (2005) to
study the pressure drop characteristics during the simultaneous flow of kerosene-
water mixture. Using a horizontal pipeline facility of 0.025-m diameter pipe,

measurements of pressure gradient were made for different combinations of phase
10



superficial velocities ranging trom 0.03-2 m/s such that the regimes encountered
includes the smooth stratified, wavy stratified, three layer flow, plug flow and oil
dispersed in water flow patterns. A model was developed, which considered the

energy minimization and pressure equalization of both phases.

On the other note, Fan and Wang (2007) proposed a new closure relationship
of wetted-wall fraction: liquid-wall friction factor and interfacial-friction factor. An
iterative calculation procedure was proposed to solve the two-tluid model for liquid
hold up and pressure gradient. Comparison between model predictions and
experimental data show that the proposed model agrees well with the data collected
in the present study. As a result, the average percentage errors of liquid holdup and

pressure-gradient prediction are 2.9% and 3.2%, respectively.

Liu et al. (2008) had performed experiments to study the segregated flow
pattern in a 26.1-mm diameter, horizontal, stainless steel test section. The oil-water
interfacial behaviour was observed carefully. Due to the dominant effect of
interfacial tension and wall-wetting properties of liquids over the gravity especially
for small EOtvQs number system,the oil water interface exhibits a concave-down
configuration. Two-fluid model has been used to calculate a pressure gradient in this
system. Comparison between experimental data and theoretical data shows that the
experimental data agrees well with the measurement after the conventional two-fluid
model is extended to tackle segregated flow with curved interface. The full

description of the researches will be shown in tabulated table in Appendix I.

A lot of benefits can be obtained from this study. As example, from the
pressure drop profile prediction, engineers can predict the behaviour of the flow thus
helping them to make a preliminary design in pipeline sizing. 11 the pressure drop is
expected to be very high or too low, the engineer must take action and do
moditication in their design before finalizing their design and betore it is ready to be

manufactured.

11



CHAPTER 3

METHODOLOGY

3.1 Research Methodology

In this study, a computer simulation work involving the MATLAB programming will
be carried out to determine the pressure drop of a two-phase, liquid-liquid system in
a horizontal pipeline. Available data and fluid properties from the actual experiment
such as the height of wire and ring probes; liquid densities, viscosities and flow rates;
experimental pressure drops; are obtained from the study previously done by
Abdullah (2008, 2009). The details and properties of fluids involved in this study are

shown in Table 1.

Table 1: Properties of Fluids used in Study

Properties Oil Water
Density, kg/m’ 828.00 1000.00
Viscosity, mPa-s at 25 °C 5.50 1.00
Surface tension, mN/m at 25 °C 39.6

As stated in above table, two liquids that are used in the experimental works which
are oil and water with properties as shown in Table 1. The pipeline used in
experimental work has 14-mm inner diameter, and 50 cm in length for the pressure
drop calculation. Other properties such as wire-probe height, ring-probe height, oil
flow rate and water tlow rates are obtained during experiment and will be used as

input data for this model.

12



The calculation of pressure drop is divided into two main assumptions which are:

s Calculation of pressure drop in the pipeline system with assumption of flat
interface by using wire probe and ring probe heights that were obtained from
experiment.

s Calculation of pressure drop in the pipeline system with assumption of
curvature interfacial shape by using a combination of both wire probe and

ring probe heights that were obtained from experiment.

Previous input data are used to determine other parameters or variables required to be
used in two-fluid model. A MATLAB programming code will be developed for
calculating all parameters in the two-fluid model system. Figure 6 shows the

methodology for the development of the programming code of the two-fluid model.

Pressure drop gained from this model is analysed and compared with
experimental data. The variation between experimental and calculated data from the
outcome of the simulation is determined, whereby the validity of the mode] is thus

justified based upon the comparison.

13
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3.2 The Two-Fluid Model (T¥M)

Two-fluid model is used in this study due to of its capability in handling laminar and
turbulent flows in horizontal and inclined systems, both in co-current and counter-
current stratified flows (Brauner, 2003). By assuming a fully developed flow, the

integral forms of the momentum equations for the two fluids are shown as below,

dpr .
~A; (5) ~ T8 — TS + prAg sinf =0 (1)
—4; (5) — 128, + 1S + poAyg sinf =0 2}

Where,

T4 T2, T;= Shear stresses for phase 1, 2 and interfacial shear stress;

81,52, §;= Liquid wetted-wall perimeter for phase I, 2 and intertacial perimeter;

A;, A, = Cross sectional area for phase | and 2;

(%)= pressure drop in liquid phase;

f = Pipe inclination angle, degrees.

g= Gravitational acceleration.

it the pipeline is assumed horizontal (no inclination), the degree of inclination, § is

equal to zero. Thus, equation (1) and (2) can be simplified into:

dap

-4, (-&;) 1,8, —1;5,=0 (3)
d

~4, (L) - 1:S + 1S =0 (4)

The perimeter (S) and the area (4) of the phase system can be calculated by
performing trigonometric derivation equation. The Blasius equation is used to
provide the closure laws required for the wall and interfacial shear stresses

(14, T2, 7; } in terms of the average velocities, UJ;, U, and friction factors £, /> and f.
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D, |y =y
t = =1 fip ULl £ = ¢y (22e) ()

#

Doy P2
= =1 Lplllli £ = G () (©
7 = == fipy(Uy = U)IUy = Uy (7)

Where,
U, U, = velocity for phase | and 2;

fi. fo, fi = friction factor for phase 1, 2 and intertacial friction factor;
P1, P2, p; = density for phase 1, 2 and interfacial density:
iy, Mz = viscosity for phase | and 2;

€1, C, = constants for phase { and 2, C = 16 for laminar tlow and C = (.046 tor

turbulent flow;

14, Ny = constants for phase 1 and 2, n = 1 for laminar flow and n = 0.2 for

turbulent flow.

Clearly, the two phases in stratified flow may result in laminar laminar (L L),
laminar turbulent (L T), turbulent laminar (T L), or (turbulent turbulent (T T)

regimes (Brauner, 1996).

The Reynolds numbers for the two fluids are based on the equivalent
hydraulic diameters, which are defined according to the relative velocity of the
phases. In co-current flow, the interface is considered as ‘free’ for the slower phase

and as a “wall” for the faster phase.

When the velocities are ot the same order, the interface is considered “free”

with respect to both phases (Brauner, 2003).

Di=gits D= p=pandfi=Ff; for [yl > Ul @
4A 4A

Dy =-S—1-1-; D2=(52+§[); p=p,and f; = F;f, for |Us| > |Uj] 9)

1)1:“—:1&; Dz=1:2—2; ;20 for Uy = U, (10)
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A value of F; > 1 is introduced to account for a possible augmentation of f; due to
irregularities at the free interface. However, the interface appears less roughened
compared to gas-liquid systems due to the lower density ditterence (hence velocity)

and surface tension encountered in liquid-liquid systems.

Assuming that the pressure drops for both liquid phases are equal, equation

(3) and (4) can be combined as the followings:
dap
~4, (EE) 17,8, ~1;5; = 0 3)

d
—4, (%) =725, + 1.5, = 0 (4)

Considering 71;5; is the same, equation (3) + (4} will resuit,

dp dP ,,
"'Al ('d"';) - T]_S]_ - TiSi - Az (E) - TzSz + Tibi =

dp P
—4, (B;) 1,8, — A, (EE) 1,8, =0

dP
- (a—z') (A1 + Az) - T151 b Tzsz - O

- E-P- — T1S1+T252
(dZ) - (A1+A2) (II)

From this combined equation, pressure drop of the system can be simply obtained

thus further calculation for interfacial stress can be done.

A (54,8
r,-=—1—(—45_-);[_-33~1 (12)
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3.3 Calculation of Cross Sectional Area and Perimeter

In order to calculate oil and water cross sectional area, wetted perimeter, and
interface perimeter to be used later in two-fluid model (TFM), basic geometry is
considered and calculations are made by using basic trigonometry. The drawing of

cross sectional area of the horizontal pipeline is shown as in Figure 7.

Figure 7: Cross sectional area of the pipeline for tlat interface

Wire probe and ring probe height data that were obtained from experiment are
important parameters to use in calculation of cross sectional area. The dertvation of
cross sectional area of water and oil, wetted perimeters of oil, water and interface

perimeter will be shown in Appendix IV.
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Figure 8: The area ot lune due to the curved interface in the pipeline.

As well as flat interface configuration, curvature interfacial configuration is also
derived based upon wire and ring probes’ heights obtained from experiment.
However, the derivation is not as simple as flat interface configuration. The basic
idea of this derivation is a combination of two circles, one circle is the true cross
sectional area of the pipeline and another is an imaginary circle that makes the
curvature interface line. These two circles are having two different centres of circle.
The interception area ot two circles is calculated as cross sectional area of water and
the rest will be considered as cross sectional area of oil. The derivation of cross

sectional area and perimeters for phases, oil and water will be shown in Appendix V.
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3.4 MATLAB Simulation

The formula for prediction of pressure drop has been translated into MATLAB
programming language. Hence, pressure drop prediction can be easily simulated in
MATLAB. The MATLAB programming code for interface and curvature interfacial
configuration will be shown in Appendix VI-VIII.
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CHAPTER 4

RESULTS AND DISCUSSION

The comparison between the pressure drops of the oil-liquid, stratified flows in the
horizontal pipeline are shown Figure 9 —Figure 15. The figures illustrated the results
obtained through MATLAB simulation using the plane-shaped and curved
interfaces, and the experimental data. The summary of the findings are tabulated in
Table 2.
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Figure 9: Comparison between the experimental pressure drop with the calculated pressure
drop for water superficial velocity, U,, = 0.55 m/s
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Figure 10: Comparison between the experimental pressure drop with the calculated pressure
drop for water superficial velocity, Uy, = 0.50 m/s
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Figure 11: Comparison between the experimental pressure drop with the calculated pressure
drop for water superficial velocity, U, = 0.45 m/s
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Figure 12: Comparison between the experimental pressure drop with the calculated pressure
drop for water superficial velocity, Uy, = 0.40 m/s
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Figure 13: Comparison between the experimental pressure drop with the calculated pressure
drop for water superficial velocity, U, = 0.35 m/s
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Figure 14: Comparison between the experimental pressure drop with the calculated pressure
drop for water superficial velocity, U, = 0.30 m/s
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Figure 15: Comparison between the experimental pressure drop with the calculated pressure
drop for water superficial velocity, U, = 0.25 m/s
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Table 2: Percentage difference between experimental data and theoreticat data

L — e | Coamiae | Cresated | e | s | Percenage
Usw | Uso | Probe | Probe AP/AS Flowrate Oil | Flowrate water (wire (ring AP/Ax (wire (ring difference
Height | Height probe) probe) (curvature) probe) probe) {curvature)
m/s | m/s mm mm kPa/m /s m/s kPa/m kPa/m kPa/m Yo Y Y%
0401 7.19 | 6.17 1.05 6.16 x 10° 8.47 x 107 0.98 1.12 1.00 6.65 7.01 5.15
055 |-0:45] 7.03 5.85 1.17 6.93 x 107 8.47 x 10° 1.04 1.24 1.43 10.96 5.86 22.55
0.50 | 6.66 5.53 1,29 7.70 * 10° 8.47 x 107 1.12/1.24 1.36 1.66 #N/A 6.20 29.24
0.55| 6.52 5.26 1.39 8.47 % 107 8.47 x 107 1.18/1.35 1.50 1.92 #N/A 7.36 37.74
0.40 | 7.27 5.92 0.96 6.16 x 107 7.70 % 107 0.88 1.04 1.24 8.49 8.39 28.57
o.50 245 6.89 5.65 1.06 6.93 x 107 7.70 x 107 0.95 1.14 1.43 10.38 7.57 35,21
0.50 | 6.62 5.25 1.18 7.70 x 107 7.70 x 10” 1.02/1.13 1.29 1.73 #N/A 9.47 46.71
0.55| 6.37 5.06 1,29 8.47 x 107 7.70 x 107 1.09/1.24 1.39 1.97 #N/A 8.12 53.61
0.40 | 6.69 5.48 0.81 6.16 x 107 6.93 % 10° 0.82 1.00 1.31 1.17 22.74 60.70
045 L4 6.54 5.16 0.94 6.93 x 10° 6.93 x 107 0.88 1.12 1.57 6.76 18.53 67.03
0.50 | 6.25 4,84 1.06 7.70 x 107 6.93 x 107 0.95 1.25 1.89 10.61 18.29 78.27
0.55 | 6.01 4.50 1.17 .47 x 107 6.93 % 107 1.02/1.15 1.43 2.27 #N/A 22.21 94,27
0.35] 6.21 5.68 0.64 5.39 x 107 6.16 x 107 0.73 0.79 1.07 13.98 24.48 68.19
040 | 6.44 5.34 0.77 6.16 x 107 6.16 x 107 0.75 0.89 1.3 3.6l 14.78 69.30
0.40 | 0.45 | 6.43 5.02 0.87 6.93 x 107 6.16 x 107 0.79 1.00 1.60 9.68 14.06 82.70
0.50 | 6.10 4.64 0.97 7.70 x 107 6.16 x 107 0.85 1.14 1.96 11.98 17.40 102.08
0.55| 580 | 4.35 1.11 8.47 x 107 6.16 x 10° 0.93/1.05 1.28 2.33 #N/A 15.70 110,17
035 |[035] 7.02 5.46 0.57 5.39 x 107 5.39 x 107 0.77 0.71 1.09 35.63 24.29 92.13
0.40 | 6.70 5.03 0.72 6.16 = 10° 5.39 x 107 0.83 0.81 1.40 15.80 13.50 94.95
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045 | 7.27 4.68 0.78 6.93 x 10° 5.39 x 107 0.94 0.92 1.73 20.07 17.73 120.21
0.50 | 6.33 437 0.90 7.70 x 107 5.39 % 107 0.95 1.05 2.09 5.24 15.87 131.43
0.55| 662 | 4.01 0.97 8.47 x 107 5.39 x 107 1.03 1.21 2.52 6.09 25.05 159.52
0.40 | 6.54 4.74 0.60 6.16 x 107 4.62 x 10° 0.75 0.73 1.49 26.04 21.69 149.40
030 1045 | 663 4,60 0.70 6.93 x 107 4.62 = 10° 0.83 0.79 1.74 18.66 13.10 149.93
0.50 | 694 4.24 0.81 7.70 x 10° 462 x 107 0.92 0.90 2.14 13.32 11.01 162.77
0.55 | 6.62 3.94 0.88 8.47 x 10° 4.62 x 10° 0.96 1.03 2.54 8.92 16.46 187.71
0.40 | 5.78 4,11 0.56 6.16 x 10° 3.85 x 107 0.67 0.70 1.77 19.03 25.74 216.03
025 1045 | 605 3.83 0.63 6.93 % 10° 3.85 x 107 0.73 0.80 2.13 16.57 27.99 238.77
0.50 | 6.09 3.49 0.72 7.70 x 107 3.85 x 107 0.79 0.95 2.53 11.01 32.18 253.66
0.55 | 5.71 3.20 0.74 8.47 x 107 3.85x10° 0.84 1.11 2.91 13.86 50.57 295.47
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Based on Table 2, at water superticial velocity is 0.55 r/s, pressure drop
calculated based on wire probe height by assuming flat interface, (AP/AX)wir. is
under-predicted the experimental value. In contrast, pressure drop calculated based
on ring probe height by assuming flat interface, (AP/AX)ing, is slightly over-predicted
the experimental value with maximum percentage ditterence ot 7.36%.

At point of oil superficial velocities are 0.50 m/s and 0.55 m/s, the pressure
drop cannot be determined using this model since the phases are appeared to be in
transitional flow. Some of parameters required by this model such as shear stress for
both phases cannot be determined in a transitional tlow system.

Based on the calculated Reynolds number, most of transitional phases are
approaching laminar with range of Reynolds number trom 2038 until 2221. Since,
the exact value of pressure drop cannot be calculated in this phase, the phase is
assumed to approach either in laminar or turbulent phase. Thus, the value of pressure
drop is calculated based upon these two flow regimes and the pressure drop is
assumed to be either one of the value. For example, as shown in Table 2 at superficial
velocity of water is 0.55 m/s and superficial velocity of oil is 0.50 m/s, the oil phase
is appeared in transitional phase. Thus, the pressure drop is assumed to be either 1.12
kPa/m or 1.23 kPa/m.

As the water superticial velocity decreases to 0.50 m/s, the predictions are not
improved. When it is decrease further to 0.45 m/s, (AP/AX).ng is highly over-

predicted the value with maximum percentage difterence ot 22.74%.

At water superficial velocity is 0.40 m/s, (AP/AX)uire is still under-predicted
the value. However, when oil superficial velocity is 0.40 m/s, the prediction is very
close to the experimental data with percentage difference of 3.61%. When water
superficial velocity goes down to 0.35 m/s, both (AP/AxX)wie and (AP/AX)ring are over-
predicted the value. However, (AP/Ax)wirc are close to the experimental pressure
drop, (AP/AX)exp at 0.50 m/s and 0.55 m/s oil superficial velocities with difference of
5 to 6%.

Water superficial velocity is decreased further to 0.30 m/s and finally to 0.25
m/s. As a result, both (AP/AX)wire and (AP/AX)sing are always over-predicted the value.
As overall, it can be observed that {AP/AX).i. data gives closest prediction as
compared 10 (AP/AX)sing.
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Prediction of pressure drop based upon wire and ring probe heights by
assuming curvature interface, (AP/AX)qre between the phases should give better
prediction as has been discussed in the previous section. However, through the
approach carried out in this project, (AP/AX)eure deviates tremendously from the
values determined when ring or wire probes data only being used, in the percentage
of error ranges between 5% to 296%. It is foreseen that this deviation is attributed to
the utilization of incorrect correlation in the formulae derived to determine the cross

sectional area for oil/'water.

Hence, modification in the correlated tunction has to be developed to prove
that calculation using the curved interface will give better assumption of pressure
drop. One way to achieve this is by redefining the terms of imaginary circle’s radius,

s used in the derivation steps.

Another reason of the error is might be due to interfacial configuration itself.
The configuration may not be as assumed. It may not having a curvature or plane
configuration as predicted but the interfacial configuration might having a flat
interface with a slight curve at the middle point and near the wall as shown in the
Figure 16. As mention before, the curve of the interface is highly depending on the
contact angle between the phases and the wall. If there is a case, the curvature
assumption may not be accurate, however, flat-interface assumption either using wire

probe height or ring probe height may give closer prediction.

7 .
£ -
e L L LS
- v — N
I’ n
s by
¥ - —— -
; s
| e - 4
[ Tt
o _ “y
i = = .
-
v
v i
‘,.V
¥ e '
- L .
. b -
N . ~ e
N, s .
.. J"V

Figurc 16: Interface shape at different contact angle (Lawrence, 2002)
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From the above results, it is also can be observed that when superficial
velocities of oil, U, and water, Us,, increase, pressure drop also increases. This is
because of the increases of shear stresses for both phases when the velocity of
oil/water increases. As a result, pressure drop will also increase due to increases in

resistance of flow inside the pipeline.

Interfacial shear stress also increases when superficial velocity increases.
This can be observed in Figure 17. At constant superficial velocity of water, when
superficial velocity of oil increases, the interfacial shear stress will also increase.
Thus, this is also one of the factors that cause pressures to reduce as the superficial

velocities increase.
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Superficial Velocity of Oil , Uso (m/s)
Figure 17: Interfacial Shear Stress vs Superficial Velocity of oil
(Ring Probe height)
Pressure drop, AP/Ax calculated through ring probe height (Hg) is always
greater than the experimental pressure drop, (AP/AxX)ey, due to lower estimation of
cross sectional area of water, A,, , thus make the effects of shear stress of oil, 1,

towards AP/Ax became superior.
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CHAPTER S

CONCLUSION AND RECOMMENDATIONS

4.1 Conclusion

A MATLAB programming code developed in this study is able to closely predict the
pressure drop of the two-phase, oil-water flow in a horizontal pipeline system. At
different configurations of the interfacial curvature, a comparison between the
calculated and experimental data is proven that the shape of the interface does
significantly affect the measurement of pressure drops in an actual scenario. Based
on the resulits obtained, it is shown that flat-shape interface assumption is not the best
assumption for this prediction. The percentage difference of the prediction is very
large when it was compared to experimental data. Curvature interfacial configuration
is assumed to give best prediction, however, in this project, the curvature interface
not give an expected result. This is due to some errors in cross sectional area and
wetted perimeter derivation formula used in this model. The derived formulae for the
calculation of the cross sectional area using curved interface poses ambiguity due to
the Cartesian coordinates utilized in the data is on the opposite side of the curvature
model. Modification should be done to improve the prediction and it is still believed
that prediction of pressure drop based upon curvature interfacial configuration

assumption will give the closest prediction.

4.2 Recommendations

Some recommendations are suggested in order to improve the reliability of the

model. The recommendations are listed as below.

¢ Modifications in the determination of cross sectional area and wetted
perimeter derived for the curved interface configuration need to be carried out

to improve the calculation of AP/Ax.
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Appendix I: List of Previous Researches

Author Year Title Objective Findings
(Brauner et al., 1996) 1996 Determination of the Employ energy ¢ Explored the changes in the system
Interface Curvature in consideration to predict potential energy and surface energies
Stratified Two-Phase interface configuration associated with the curving process of the
Systems by Energy Explore the effect of the interface
Considerations fluid physical properties, in | e The characteristic interface curvature is
situ hold up, tube predicted as a function of the fluids physical
dimension, wall adhesion properties (in situ holdup, wall/phases
and gravitation on the wettability angle, tube dimensions and
characteristic interface gravity conditions
curvature » Solution of laminar two-phase flows is
shown to be dependent on the phase flow
rates ratio, the phase viscosity ratio, density
differential, surface tension effects, tube
dimension or gravitation and is determined
by four dimensional parameters: phases
viscosity ratio, flow rates ratio, wall/phases
wettability angle and Eotvos number.
1998 A two-fluid model for Develop a practical tool for | e The solutions of the two-fluid mode! are

(Brauner et al., 1998)

stratified flows with curved
interfaces

predicting the interface
shape in stratified flow of
general two-fluid system
To use a two-fluid model to
solve momentum equations
for a variable interface

used to construct ‘flow monograms’ which
provide a relation between a specified
interface curvature and the in situ hold-up
and the associated pressure drop.

» Construction of operational monograms for
laminar, turbulent or mixed flow regimes in
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curvature

the two-phases, for horizontal and inclined
systems.

¢ Two-fluid model provides a reasonable
estimate of the in situ hold-up and pressure
drop over a wide range of interfacial
curvature and flow rates

o The biggest error are obtained when the
two-fluid model is applied for a
configuration of a fully eccentric highly
viscous core, in which case the two-fluid
model significantly over predicts the
lubrication effect of the less viscous phase

(Gorelik & Brauner, 1999 The interface configuration | Obtain exact analytical | ®The solution is determined by three
1999) in two-phase stratified pipe | solution for the interface | dimensionless parameters: the holdup,
flows shape between two fluid/wall wettability angle and the Eotvos
immiscible fluids and for number.
the capillary pressure in the | e The model of constant characteristic
case of unidirectional axial curvature provides a good description of the
laminar pipe flow interfacial shape and enables extending the
parameter space where analytical solutions
of stratified flow can be obtained
(Arenas-Medina et 2000 Flow pattern transitions in To investigate flow pattern | e The data obtained from this experiment

al., 2000)

horizontal pipelines carrying
Oil-Water Mixtures: Full-
Scale Experiments

transitions in horizontal
pipelines carrying oil-
mixtures.

were used to construct a simplified flow
pattern map that shows the transition from
stratified to nonstratified flow configuration

¢ Found that the stratified transition can be
predicted with reasonable accuracy based on
the viscous Kelvin-Helmhotz analysis
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« Revealed that in stratified crude oil-water
flow, complete phase separation does not
occur

{ e There is always a small amount of water

dispersed almost uniformly in the oil layer

(Chakrabarti, Das, &
Ray, 2005)

2005

Pressure Drop in Liquid-
Liquid Two-Phase
Horizontal Flow:
Experiment and Prediction

To investigate the pressure
drop characteristic during
the simultaneously flow of
kerosene-water mixtures
through a horizontal pipe of
0.025 m diameter

¢ Estimate of pressure drop could be obtained :
by the simultaneously consideration of 5

a) The principle of minimization of total
system energy

by The criteria of equal pressure drop of the
system in both phases, where the total :
energy is comprised of the kinetic
energy, potential energy, and surface
energy of both phases

| oA flat interface has been used in this study

and the result obtained from this model has
yielded an accuracy of £10% for regimes
where fragmented droplets of one phase do
not appear.

» For smooth stratified (SS) and stratified
wavy (SW) regimes the results agree closely :
with the experimental data. ‘

(Ullmann & Brauner,
2006)

2006

Closure relations for two-
fluid models for two-phase
stratified smooth and
stratified wavy flows

To extend the theory-based
closure relations for the
wall and interfacial shear
stresses to be applicable
also to turbulent flows in
either or both of the phases

e The closure relations are formulated in ‘
terms of the single-phase-based expressions, |
which are augmented by two-phase |
interaction factors, due to the flow of the
two phases in the same channel

o These closure relations were used as a
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platform for introducing necessary
empirical corrections required in the
stratified wavy flow regimes

e Obtained new empirical correlation for the
wave effect on the interface curvature, on
the interfacial shear and on the liquid wall
shear wear obtained.

e The new closure relations are essentially
representing correctly the interaction
between the phases over a wide range of the
stratified flow parameters space in the
stratified smooth and stratified wavy
regime.

(Fan, Wang, Zhang,
Sarica, & Danielson,
2005)

2007

A model to predict liquid
holdup and pressure
gradient of near-horizontal
wet-gas pipelines

To predict liquid holdup
and pressure gradient of
stratified flow

¢ New closure relationship of wetted-wall

fraction, liquid-wall friction factor and
interfacial-friction factor were proposed.

» An iterative calculation procedure was
proposed to solve the two-fluid model for
liquid hold up and pressure gradient.

» Comparison between mode! predictions and
experimental data show that the proposed
mode! agrees well with the data collected in
the present study.

e The average percentage errors of liquid
holdup and pressure-gradient prediction are
2.9 and 3.2%, respectively.

(Liu, Zhang, Wang,
& Wang, 2008)

2008

Prediction of pressure
gradient and holdup in small

To predict pressure gradient
and holdup in small Eétvis

¢ Due to the dominant effect of interfacial
tension and wall-wetting properties of the
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Eotvios Number liguid-
liquid segregated flow

Number liquid-liquid
segregated flow

liquids over the gravity, especially Eop < 5,
the oil-water interface exhibits a concave-
down configuration

e Comparison between experimental and
theoretical data shows that experimental
data agrees with the measurement after the
conventional two-fluid model is extended to

tackle segregated flow with curved interface
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Appendix I1: Gantt chart

Actvis

Selection of the topic
poject

Preliminary Research
Work

Submission of Extended
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Proposal Defence

Project work continues
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Draft Report

Submission of Interim
Report
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®©

Timelines for FYP 2
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2 [Submission of Progress Report

3

Project Work Contunnes

4
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Appendix 1V: Area and Perimeter Calculation for Flat Interfacial Configuration

IfH, >R
a=H,~R

H=2R-Hy=R-a

8=2cos" [3) =2 cos’! (H“’—Rj
R R

S,= RO = 2R cos™! ("H_E—_RJ

Sw=2nR -RB

el
et

Si =2(R*-a)%
= 2[R~ (Hw - R)'] 14
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r
Ao= R29 -aR’-a%)"

=R? cos*'(-i:lJ—R—-vE]—(Hw -RYR?-(H, -R)]

Ay = JTRI—AO
2
= R’ - [gﬂa(Rz -az)%j|

=R~ R cos” (|-, RIR -, R

IfHw <R

SO =2nR - RB

o]
e (15

=2 [R2 —(R~ Hw)z]yz

2
A, = g——-a(R2 _a2)'/z

= chos"(R'RH“’]-(R-”w)[“2 ‘(R'Hwﬂ/z
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Ao= 1R’ - Ay
2
= nR?—_[R_ze__ (R2 ‘aZ)‘/zj}

= nR? R cos*'(R-RHw J‘(R-HJ[RZ R-H )T

Where,
H, H, = Height of oil and water phase;

R= Radius of pipeling;

A, A, = Cross sectional area for oil and water phase;

Sw: 8o, S; = Perimeter for oil, water phases, and interfacial.
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Appendix V: Area and Perimeter Calculation for Curvature Interfacial Configuration

Determination of cross sectional area in a pipe for a two-phase flow system subjected to

interfacial curvature through lune approach.
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Area, A= [0 ¥, — Y, dx =2 [, ~ Y, dx
Area, A=2_f;‘1Y1 - Y, dx
=2 [ VP = x2dx — 2 {1 VsZ — X7 + y,dx

=2 [V =xdx -2 Vs —xZ+y + 8y
o 0 B YL

X1

os—1{%L os—1 X1
=2 f; ° (‘")\/rz —r2c0s?0 (~rsin6)do — 2 f; : (S)\fsz — s?cos’a(~ssina)do —
z F4
w XJ' 2
2 J,Ecos (s) (Y1 + ;—1) (—S sin (I)dO'.
2

-1 &)

-1 X_l
— 202 1 singsinedo + 252 6
2

2
cos“(x—sl) Xf ‘
+25] y, +— |sinada
o

¥

sina sin ada

2

cns“(

Xy g
= _2;2 Js r)(l —Cos 29)d9+2—:if;05 ¥ )(1 — cos 2a)d

2

X% cos'l(él) ‘
+2s|y, +— I sinada
i/ lz
2
=—y2 g~ En20 cos_l(fsl) 2|, . sin2a ws“(il) X _ cos‘l(lsl)
r [9 2 ]g +s [a 2 ]_:_ +25(Y1+y1)[ COS(I];_:

A oo ()=t o (2] - 22)
oo ) Sa (3)--7)
el @) e
A oo (2) e cos (2 oo™ (3)) -3
oo™ ()= g2 s (3) oo (3) -5}

Xf Xy
+25(y1 + yl) S]
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+s%cos ’( 1) s° (%)sin (cos‘ (—)) - szg
=2y, — zi{i
Y1
A = ~rcost (’-‘r-l-) + rx,8in (cos‘1 (’%)) +r?2
+sZcos™! ();—1) — 5 X45in (cos'1 (Esl)) - szg
—2%,¥; ~ Zﬁ
Yi
A = —r?cos™! (x—r‘) + rx;sin (Cf.)s'1 (’%)) + —:— (r?2 -s?)

+s?cos™! (553) —- S X4 sin (cos‘1 (-)551)) — 2%y, — 2?—

1

4
Where, s = ﬂxf + 321-
1
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Distance AB; x”+{(y;—y))' =8>  -oeoemn (1)
Distance CB; (- ) +(y1-y3)*=¢°

Distance DB; 0*+(va—wl=§  -——2)
M-@> X +-y)f - -y =0
Xyt = 2yya v - 2yays -yt = 0
i+ v =y =2 ya (y-y2) =0

_ xi+yi-vi

2y =ya}
and s0, §° = (y; - y3)’ from (2)
2 — o _ [xi+yi-y
S Y2 ( 2(y~¥2) )
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or:

s =y -2y Yy

=y —2y2 J(s?+T2)+ (s™41%)
2y, J(T F )~y 41

4y2 (st +rY) =yt +rY

, a+r)
§t=——a -7
4y}

2 +12)?
o= | QY
4y;
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B (3. ¥l

/ T K:E+ l:y,_yz}.’. = 52

¥

¥i =I'~hrmg

ya=1r— hwire
X= -y

2
¥y = Jrz - (l‘ - h:ing)

= Jrz - (r2 - Zrhring + (hﬁng)z)

= Jrz — 12+ 2rhyy, — (hrmg)2

= Jhring(zr - hring)
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p=3-a

2p=1n-2a

Si=s(2p)=s (n —2cos™?! (le_))

- Y S |
Sw=r(2y) = r(n 2cos ( r)
Se=2nr—- 8,

Where,
H, H, = Height of oil and water phase,

R= Radius of pipeline;

A, A, = Cross sectional area for oil and water phase;
Sw, S, = Perimeter for oil and water phase;

s = Radius for imaginary circle
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Appendix VI: MATLAB Programming Code for Flat Interfacial Configuration by using
Wire Probe Height

fprintf('\n\n');
disp{'This program will determine the p1
liquid-liguid two phase m by

the fl erface between

he pipeline for
th assumption that

= ¢

& Pre '11 ne user toc enter a st
wlreprobe height = lnput(" X
bracket(unit of mm) {example =
superficialveloc;ty water = input ('

yrobe heights in

the 5wperficial velocity of

water (unit of m/s8):');
superficialvelocity_oil = input('Please enter the set of superficial velocity
of oil in bracket (unit of m/s) {example = [1 2 3 a7}):"

pipeline radius = input('Please enter the radius of pipeline (unit of

mm) : ") *10*(-3) 2

pipeline length = input('Please enter the length of pipeline (unit of mj:');
density oil = input('Please enter the densi f oil (unit of kg/m~3):"'):
dens;ty water = lnput( Please enter the d v of water (unit of kg/m~3):'):
visc031ty oil = anut('“ ease enter the viscosity of oil at 25 degree
Celcius(unit of kg/m.s or Pa.s):');

vxscosity water = lnput( Please enter the viscosity of water at 25 degree
Celcius(unit of kg/m.s or Pa. :'i-

surface ¢t

surface tension at 25 degree

el1Clus{uni L

flowrate - oil = input( Plea + of o0il flowrate
corresponding wire probe heights{unit of 10*(-5)m"3/s) (exa
411 :"y*10%(-5)7

flowrate water = input('Flease enter the set of
the corresponding wire probe heights (unit of 10%(
41'Fs V) *1ar4=5) ;

fprintf({*\n\n');

in bracket for the

xample = [1 2 3

cwrate in bracket for
3/s5) {example = [1 2 3

Set first value toc all variables

a = zeros(size (wireprobe height));

theta = zeros(size(wireprobe height));

height water = zeros(size(wireprobe height));

height oil = zeros(size(wireprobe_height));
perimeter oil = zeros(size (wireprobe height));
perimeter water = zeros(size(wireprobe height));
perimeter interface = zeros(size (wireprobe height)):
area oil = zeros(size(wireprobe height));

area_water = zeros(size(wireprobe height));

k =1;
while k <= length(wireprobe height)
if wireprobe height (k) > pipeline_ radius

a(k) = wireprobe height(k) - pipeline_radius;
theta(k) = 2*(acos(a(k)/pipeline_radius)); ‘array

¥ Calculation of height of water and ight
helght water{k) = wireprobe | height(k).
height oil (k) = pipeline_radius - a(k);
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Ai1CUld I i 1l phiase perlneter, wWdoel pid:s DErlmeier iNnda incerta

perlmeter oil (k) = pipeline radius*theta(k); ‘arra

perimeter water(k) = (2*pi*pipeline radius) - (plpellne radius*theta(k));
périmeter_interface(k) = 2*sqrt(pipeline radius”2 - (a(k)).”2); tarray
area_oil (k) = ((plpellne radlus"Z)*(theta(k))/Z) -

((a(k)).*sqgrt (pipeline_radius®2 - (a(k))."2)); “array
area water (k) = (pi‘plpellne radius®2) - area oil(k); %array

elseif wireprobe height(k) < pipeline radius

a(k) = pipeline radius - wireprobe height (k);
theta(k) = 2*(acos(a(k)/pipeline radius)); ‘arra

“alcul f height of water and height of cil in the pipeline
height water(k) = wireprobe height (k); "a:
height_oil(k) = pipeline radius + a(k);

£ i == $ e }

alculation gll phase perimeter, water phase perimet

perimeter

perimeter_oil{k) = (2*pi*pipeline radius) - (pipeline radius*(theta(k)));
perimeter water (k) = pipeline radius*(theta(k)); array
perimeter_ interface(k) = 2*sqrt(pipeline radius"2 - (a(k))."2):

areaiwater(k) = ((plpellne rad1u332)‘(theta(k))/é) =
({a(k)).*sqgrt(pipeline_radius"2 - (a(k))."2)); “arra
area_oil (k) = (pi* pipellne radius”2) - area water(k):;

else
disp(' Could not detetermine area and perimeter of the phases');
end
k=k+1;
end
velocity oil = flowrate_oil./areé_oil;
velocity water = flowrate water./area_ water;
Calculation t¢ letermine the | ydraullcC dliametel I water ana o1l
diameter oil = zeros(size(wireprobe height));
diameter water = zeros(size(wireprobe height));
= 1;

while k <= length(wireprobe height)

if (velocity oil(k) > wvelocity water(k))
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diameter oil (k) =
(4*area_oil(k))./(perimeter oil (k)+perimeter_ interface(k));
diameter water (k) = (4*area_water(k))./perimeter water (k);

elseif (velocity oil (k) < velocity water(k))

diameter oil(k) = (4*area_oil(k))./perimeter oil (k):

diameter water (k) =
(4*area_water(k))./(perimeter water (k) +perimeter_interface(k));

else

diameter oil (k) = (4*area_oil(k))./perimeter oil(k);
diameter water (k) = (4*area_water(k))./perimeter water(k);

end
k=k+1;

end

-ALlCNlatliin ¢ Reyn s number
Reynolds_oil = (density oil*velocity oil.*diameter oil) /viscosity oil;
Reynolds_water =
(density_water*velocity water.*diameter water)/viscosity water;

nstant for water phase.
C_water = zeros(size(wireprobe height));
n_water = zeros(size(wireprobe height)):
flowtype water = 'ERROR';

k =1;
while k <= length(wireprobe height)

if Reynolds water(k) < 2000
C_water (k) = 16;

n_water (k) = 1;

flowtype water = 'Laminar Flow';
elseif Reynolds water(k) > 4000

C _water(k) = 0.046;
n_water(k) = 0.2;

flowtype water = ‘Turbulent Flow';
else
C_water (k) = NaN;
n_water (k) = NaN;
flowtype water = 'Transitional Flow';
end

k = k+l;
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Set f£ir value to all variables
C_oil = zeros(size(Reynolds water)):
n_oil = zeros(size(Reynolds_water)):
flowtype o0il = 'ERROR';

&t

k=1;
while k <= length(Reynolds water)

if Reynolds oil(k) < 2000
C_oil(k) = 16;

n_oil(k) = 1;

flowtype oil = 'Laminar Flow';

elseif Reynolds oil(k) > 4000

C_oil(k) = 0.046;
n_oil(k) = 0.2;
flowtype oil = 'Turbulent Flow';
else
C oil(k) = NaN;
n_oil(k) = NaN;
flowtype oil = 'Transitional Flow';
end
k = k+1;

end

-tion Iactor for il anga water [l

friction oil =
C_oil.*((density oil*velocity oil.*diameter oil/viscosity oil).”(-n_oil));
friction water =

C_water,*((density water*velocity water.*diameter water/viscosity water).”(-
n_water));

calculation of shear siress for oil and water flow.
shearstress_oil = 0.5* (friction oil*density oil).*(velocity 0il.”2);
shearstress water = 0.5* (friction water*density water).* (velocity water.”2);

dpdz =
((shearstress_oil. *perimeter oil)+(shearstress_water.*perimeter water))./ (-
1*(area_oil + area_water));
pressure_drop = abs(dpdz/1000);

§ Calculation of shear stress of interfa
shearstress_interface = (area_oil.*dpdz
l*perimeter_ interface);

+7shearstress_oil.*perimeter“oil)./(-

- Shows parameters for both oil and water phases
fprintf('\n )i
diap('Ey assuming a flat interface between phases, the parameters for both o6il

v
and water phases are obtained');
H

fprintf('\n')
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fprlntf(
Phase\t\t]
Phase\n' ) H

table 1 = [wireprobe_height; perimeter oil; perimeter water;

perlmeter interface; area oil; area water}.

fprintf('#10.6f m $325.6f m %25.6f m %27.6f m %223.6f m"2 $20.6f m"2
\n',table 1);

fprintf("\n\

fprintf (' i /elocity of Water\t\tDiameter of Oil\t\tDiameter of
Water\t\tReynolds Number of Oil\t\tReynolds Number of daTv:\~')'

table 2 = [velocity oil; velocity water; diameter oil; diameter water;
Reynolds_oil; Reynolds_water];

fprintf('%10.6f m/s %15.6f m/s %20.6f m 7.6 m %28.6f ¥25.6f \n',table 2);
fprintf('\n\n
fprlntf( Fric

ire Probe Height\t

f Interface\t

of C1l\t)

) Shear Stress
i h 5 t\tSheaz Interface\n'):;
table 3= [frlctlon oil; friction water; shearstress_oil, shearstress _water;
pressure_drop; shearstress 1nterface].

fprintf('%15.6f
fprintf('\n\

of

\t\tShear Wd\..l\l' \fPressure

#25.6f ¥30.6f Pa 320.6f Pa %21.6f kPa/m %20.6f Pa\n',table 3);

Graph plot

,.r =1
dlsp(‘alzph Comparison of

Thecretical Data vs ‘*pﬂ:“‘
experimental_pressuredrop = input('\nPle: data
in bracket (unit of kPa) {example = i

subplot(2,1,1),plot (superficialvelocity oil,pressure_drop, '
or',superficialvelocity oil, experxmental_pressuredrop /plpellne - length; '-xk")
title('Graph of Pressure Drop vs Superficial Velocity of 0il')

xlabel ('Superfici 0il, m/s*')

ylabel ('Pres
legend('thec
grid on

c_'

Gr |,
fprlntf(' \n
dlsp( Gr ph Shec

title(’ ;;n,;
xlabel (' Sup
ylabel ('
grid on
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Appendix V11: MATLAB Programming Code for Flat Interfacial Configuration by
using Ring Probe Height

fprintf('\n\n');
disp('This program will determine the pressure drop inside the pipeline for
liguid-liquid two phase system by using ring probe heilght with assu
en the ph

the flat interface betw

rompt the user ft en

t

ringprobe height = input('\nPlease the set of ri
bracket (unit of mm) {example = [1 ' )*10~(=3) 7 * y
superficialvelocity water = input('Please enter the superficial velocity of
water (unit of m£51:?); array
superficialvelocity oil = input('Please enter the s
of oil in bracket(unit of m/s) {example = [1 2 3 4]):'
pipeline radius = input('F!l f
mm) : ') *10*(=3): %single
pipeline length = input('Please enter the length of pipeline (unit of m):');

se enter the radius of

single number

single nun
density oil = input('Please en he densit 1l (unit of kg/m"3):');
single number

water (unit of kg/m~3):");:

density water = input('Please enter
i¥single number

viscosity oil = input('Please enter the viscosity of oil at
Celcius (unit of kg/m.s or !

viscosity water = input('F!

unit of kg/m.s or

25 degree

25 degree

flowrate oil = input('Please enter the
corresponding ring probe heights(unit

4]1:')*10"(-5); tarray

flowrate water = input('Please enter the set of water for
the corresponding ring probe heights (unit of 107 (-5)m"3/ 3

4]1}:')*102(=5); tarray
fprintf('\n\n');

a = zeros(size(ringprobe height)):

theta = zeros(size(ringprobe height));

height water = zeros(size(ringprobe height)):
height_oil = zeros(size(ringprobe height));
perimeter oil = zeros(size (ringprobe height));
perimeter water = zeros(size(ringprobe height));
perimeter interface = zeros(size(ringprobe height)):
area_oil = zeros(size(ringprobe_height));

area_water = zeros(size(ringprobe_height));

k=1;
while k <= length(ringprobe_ height)

if ringprobe height (k) > pipeline radius

a(k) = ringprobe height(k) - pipeline radius;
theta(k) = 2*(acos(a(k)/pipeline_radius)); ‘array
Calculation of height of water and height of oil in the pipeline

heighf_water(k) = ringprobe héight(k);

height oil (k) = pipeline_raaius - a(k): array
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Calculation of 0il phase perimeter, water phase perimeter and interface
perimeter
perimeter oil(k) = pipeline_radius*theta(k); ‘array
perimeter water(k) = (2*pi*pipeline radius) - (pipeline_radius*theta(k));
sarray
perimeter interface(k) = 2*sqrt(pipeline radius”2 - (a(k)).”2); *array

% Calculation of oil phase area and water phase area

area oil(k) = ((pipeline_radius"2)* (theta(k))/2) -
((a(k)).*sqrt (pipeline radius*2 - (a(k)).”2)); %array

area_water (k) = (pi*pipeline radius”2) - area_oil(k); “zarray

elseif ringprobe height (k) < pipeline_ radius

a(k) = pipeline radius - ringprobe height (k);

theta(k) = 2*(acos(a(k)/pipeline_radius)); *array

: Calculation of height of water and height of oil in the pipeline
height water (k) = ringprobe_ height (k); ‘“array

height oil (k) = pipeline radius + a(k); ‘array

Calculation of oil phase perimeter, water phase perimeter and interface
perimeter
perimeter oil(k) = (2*pi*pipeline radius) - (pipeline radius*(theta(k)));
tarray
perimeter water (k) = pipeline radius*(theta(k)); 'array
perimeter_interface(k) = 2*sqgrt(pipeline radius®2 - (a(k))."2); tarray

% Calculation of oil phase area and water phase area
area_water (k) = ((pipeline radius"2)* (theta(k))/2) -
((a(k)).*sqrt(pipeline radius~2 - (a(k)).”2)): %array
area oil (k) = (pi*pipeline radius”2) - area_water (k); -array
else
disp(' Could not detetermine area and perimeter of the phases'):
end
k=k+1;
end

% Calculation of in—situ wvelocity for water and oil
velocity oil = flowrate oil,/area oil;
velocity water = flowrate water./area water;

% Calculation to determine the hy

Conditions cutlined by Moalem-M

r of water and oil -
9ag

Set first value to all variables
diameter oil = zeros(size(ringprobe height)):
diameter water = zeros (size (ringprobe_height));

k =1;
while k <= length(ringprobe height)

if (velocity oil(k) > velocity water(k))
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diameter oil(k) =

(4*area_oil (k))./(perimeter_oil (k) +perimeter interface(k));
diameter water (k) = (4*area_water(k))./perimeter water (k):
elseif (velocity oil (k) < velocity water(k))
diameter oil (k) = (4*area_oil(k))./perimeter oil (k);
diameter water(k) =

(4*area_water (k))./(perimeter water (k) +perimeter interface(k)):

else

diameter oil (k) = (4*area oil(k))./perimeter oil(k);
diameter water (k) = (4*area_water(k))./perimeter water (k);

end
k=k+1;
end
Calculation of Reynolds number
Reynolds oil = (density oil*velocity oil.*diameter oil)/viscosity oil;
Reynolds water =
(density water*velocity water.*diameter water)/viscosity water;
Determination of C and n constant for water phase.
¥ Set first value to all wvariables
C_water = zeros(size(ringprobe_height));
n_water = zeros(size(ringprobe height)):

flowtype water = 'ERROR';

k= 1;
while k <= length(ringprobe height)

if Reynolds water(k) < 2000
C_water(k) = 16;

n_water(k) = 1;

flowtype water = 'Laminar Flow';

elseif Reynolds water(k) > 4000

C water(k) = 0.046;

n_water(k) = 0.2;

flowtype water = 'Turbulent Flow';
else

C_water (k) = NaN;

n_water(k) = NaN;

flowtype water = 'Transitional Flow';
end

k = k+1;

end
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Determination of C and n constant for cil phase.
jet first wvalue to all variables

C_oil = zerosg(size(Reynolds water)):

n_oil = zeros(size(Reynolds water));

flowtype oil = "ERROR';

o
)

k=1;
while k <= length(Reynolds water)

if Reynolds oil(k) < 2000
C_oil(k) = 16:

n_oil(k) = 1;

flowtype oil = 'Laminar Flow';

elseif Reynolds _oil(k) > 4000

C_oil(k) = 0.046;

n oil(k) = 0.2;

flowtype oil = 'Turbulent Flow':
else

C_oil(k) = NaN;
n_oil(k) = NaN;
flowtype oil = 'Transitional Flow';

end

¥ Calculation of friction factor for oil and water flow.

friction_oil =

C_oil.*((density oil*velocity oil.*diameter oil/viscosity oil)."(-n_oil));
friction water =

C_water.*((density water*velocity water.*diameter water/viscosity water).”(-
n water));

¢ Calculation of shear stress for oil and water flow.
shearstress_oil = 0.5* (friction_oil*density oil).*(velocity 0il.~2);
shearstress water = 0.5*(friction _water*density water).* (velocity water."2);

* Calculation of pressure drop (final stage)
dpdz =
((shearstress_oil.*perimeter oil)+(shearstress_water.*perimeter water))./(-
1*(area_oil + area_water)):
pressure drop = abs(dpdz/1000);
Calculation of shear stress of interface
shearstress_interface = (area oil.*dpdz + shearstress oil.*perimeter oil)./ (-
l*perimeter interface);

* Shows parameters for both o0il and water phases

fprintf('\n\n'):

disp('By assuming a flat interface between phases, the parameters for both oil
and water phases are obtained');

fprintf('\n');
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fprintf('Ring Pr Height\t\tPerimeter of 0il Phase\t\tPerimeter of Water
Phase\t\tPerimeter of Interface\t\tArea of 0il Phase\t\tArea of Water

Phase\n');

table 1 = [ringprobe height; perimeter oil; perimeter water;

perlmeter 1nterface, area_oil; area water];

fprlntf( 0.6 m $25.6f m %25.6f m ¥27.6f m $23.6f m"2 £20.6f m"2
table_l),

fprintf('\nxu');

fprintf(’'Velos y ocity of Water\t\tDiameter of Oil\t\tDiameter

Water\t\tReynolds Number of QOil\t\tReynolds Number of Water\n'}:

table 2 = [velocity oil; velocity water; diameter oil; diameter water;

Reynolds_oil; Reynolds water];

fprintf£('$10.6f m/s ¥15.6f m/s %20.6f m %17.6f m %28.6f %25.6f \n',table 2);

fprintf('\n\n');

fprintf('Frict c i

Oil\t\tShear o] Wafer\t\tErtubure

table 3 = [frlctlon oil; friction water; shearstress oll. shearstress_water;

pressure_drop; shearstress_interface];

fprintf('%¥15.6f %25.6f %30.6f Pa %20.6f Pa %21.6f kPa/m %20.6f Pa\n',table 3);

fprintf('\n\n');

of 0il)

4L VAL \L

t\tShear Stress of

¥ Graph plot

disp('Graph Comparison of T?ﬂﬂrpfl"al LcTi vs E“pPIIWH)T“ Data');
experimental pressuredrop = input (' S€ !
in bracket (unit of kPa) (example = (1

enter

Q
f
Q

of experimental d

"N

subplot(2,1,1),plot (superficialvelocity oil, pressure_drop, '-
or',superficialvelocity oil, experimental pressuredrop./pipeline length,'-xzk')
title('Graph of Pressure Drop vs Superficial Velocity of 0il')

1 jelocity of 0il, m/s")
ylabel (' Pres: op, kPa/m')
legend (' Lle‘r|':ra1 value (ring probe)','e
grid on

erimental wvalue')

Graph plot
fprintf('\n\n"');
disp('Graph Shear Stress of Infterface vs Superficial Velocity of 0il'):

subplot(2,1,2),plot(superficialvelocity oil,shearstress_interface,'-or')
title('Graph of Shear Stress of Interface vs Superficial Velocity of 0il')
xlabel ('Superficial Velc m/s")

ylabel ('Shear Stress of In
grid on
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Appendix Vili: MATLAB Programming Code for Curvature Interfacial
Configuration

fprintf('\n\n');

disp('This program will determine the pressure drop inside the pipeline for
liquid-liquid twec phase system by using wire probe height and ring probe height
with assumption that the curve interface between the phases');

% Prompt the user to enter a string character information
wireprobe height = input('\nPlease enter the set of wire probe heights in
bracket (unit of mm) {example = [1 2 3 4]}:')*10~(=3); %array
ringprobe height = input('\nPlease enter the set of ring probe heights in
bracket (unit of mm) {example = [1 2 3 4]}:")*10~(~3); %array
superficialvelocity water = input('Please enter the superficial velocity of
water (unit of m/s):'); %array
superficialvelocity oil = input('Please enter the set of superficial velocity
of oil in bracket (unit of m/s){example = [1 2 3 4]}):'): Rarray
pipeline radius = input('Please enter the radius of pipeline (unit of
mm) : ") *10*(-3); %single number
pipeline length = input('Please enter the length of pipeline (unit of m):');
%$single number
density oil = input('Please enter the density of oil (unit of kg/m"3):');
$single number
density water = input('Please enter the density of water (unit of kg/m*3):');
¥single number
viscosity oil = input('Please enter the viscosity of oil at 25 degree
Celcius(unit of kg/m.s or Pa.s):'); %single number
viscosity water = input('Please enter the viscosity of water at 25 degree
Celcius(unit of kg/m.s or Pa.s):'); %single number

surface tension = input('Please enter the surface tension at 25 degree
Celcius{unit of kg/s"Z or N/m):'); %single number
flowrate oil = input('Please enter the set of oil flowrate in bracket for the
corresponding wire probe heights(unit of 10°(-5)m"3/s) {example = (1 2 3
41}1:")*10*(-5): %array
flowrate water = input('Please enter the set of water flowrate in bracket for
the corresponding wire probe heights(unit of 10°(-5)m"*3/s) (example = [1 2 3
4]):")*10"(=5); %array
fprintf('\n\n');
$zeros (s Set first walue to all variables
yl = zeros (size(ringprobe | height)}:
y2 = zeros(size(wireprobe height));

% Calculation of oil phase area and water phase area

while k <= length(ringprobe height)

if (pipeline_radius > ringprobe_height (k))

yl(k) = 0-(pipeline radius - ringprobe height (k));
elseif (pipeline radius < ringprobe height (k))
yl(k) = 0+(ringprobe_height (k) - pipeline_radius);
else

yl(k) = 0;
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end
k=k+1;
end

k=1
while k <= length(wireprobe height)

if (pipeline radius > wireprobe height (k))
y2(k) = 0-(pipeline radius - wireprobe height(k));

elseif (pipeline radius < wireprobe height (k))

y2 (k) = 0+ (wireprobe height (k) - pipeline radius);
else
y2(k) = 0;
end
k=k+1;

end

xl = sqrt((pipeline radius~2)-(yl.72));

s = sgrt(x1.%2 + ((x1.74)./(y1.72)));

area_water = ((-1*(pipeline radius”2))*(acos (x1l/pipeline_radius))) +
(pipeline radius*xl.*(sin(acos(xl/pipeline radius)))) +
((pi/2)*((pipeline_radius”2)- (s.”2))) + ((s.”2).*acos(x1./s))-
(s.*x1l.*sin(acos(x1./8))) - [(2*x1.*yl) — (2%(x1.”3)./yl):

area_oil = (pi*pipeline_radius”2) - area_water;

theta = acos(xl/pipeline_radius);
ghama = (pi/2)- theta;

perimeter water = pipeline radius* (2*ghama) ;
perimeter oil = (2*pi*pipeline radius) - perimeter water;
alpha = acos(xl./s);

betha = (pi/2)- alpha;

perimeter_ interface = s.*(2*betha);

¥ Calculation of in~situ velocity for water and oi
velocity oil = flowrate oil./area oil;
velocity water = flowrate water./area water;
¥ Calculation to determine the hydraul

Conditions

ic diameter of water and oil -té

¥ Set first value to all variables
diameter oil = zeros(size(wireprobe height));
diameter_water = zeros(size(wireprobe height));

k = 1;
while k <= length(wireprobe height)

if (velocity oil(k) > velocity water(k))
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diameter oil (k) =
(4*area_oil(k))./(perimeter_oil (k)+perimeter interface(k));
diameter water (k) = (4*area water(k))./perimeter water (k);

elseif (velocity oil (k) < velocity water(k))

diameter oil(k) = (4*area_oil (k))./perimeter oil (k);:

diameter water (k) =
(4*area_water(k))./(perimeter water (k)+perimeter_interface(k));

else

diameter oil(k) = (4*area oil(k))./perimeter oil(k);
diameter water (k) = (4*area_water(k))./perimeter water (k) :

end
k=k+1;
end

Calculation of Reynolds number
Reynolds_oil = (density oil*velocity oil.*diameter oil)/viscosity oil;
Reynolds water =

(density water*velocity water.*diameter water)/viscosity water;

Determination of C and n constant for water phase.

Set first value to all variables
C_water = zeros(size(wireprobe_height));
n_water = zeros(size(wireprobe height));

flowtype water = 'ERROR';

k=1;
while k <= length(wireprobe height)

if Reynolds water (k) < 2000

C_water (k) 16;
n_water(k) = 1;
flowtype water = 'Laminar Flow';

elseif Reynolds water(k) > 4000

n_water(k) = 0.2
flowtype water =

C water(k) = 0.046;
"Turbulent Flow';
else

C_water (k) = NaN;
n_water (k) = NaN;

flowtype water = 'Transitional Flow';
end

k = k+1;

end
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% Determinaticn of C and n constant

Set first value to all variables
C_oil = zeros(size(Reynolds water)):
n_oil = zeros(size (Reynolds water));
flowtype oil = 'ERROR';

k =1;
while k <= length(Reynolds water)

if Reynolds_oil(k) < 2000

C oil(k) = 16;

n oil(k) = 1;

flowtype oil = 'Laminar Flow';

elseif Reynolds_oil (k) > 4000

C oil(k) = 0.046;
n_oil(k) = 0.2;
flowtype oil = 'Turbulent Flow';
else

C_oil(k) = NaN;
n_oil(k) = NaN;
flowtype oil = 'Transitional Flow';

end

k = k+l1;
end

% Calculation of friction factor for oil and water flow.

friction oil =

C_oil.*((density oil*velocity oil.*diameter oil/viscosity oil).”(-n_oil));
friction water =

C_water.*((density water*velocity water.*diameter water/viscosity water).,"(-
n_water));

¢ Calculation of shear stress for o0il and water flow.
shearstress_oil = 0.5*(friction_oil*density oil).*(velocity 0il.*2);
shearstress_water = 0.5* (friction_water*density water).* (velocity water.”2);

$ Calculation of pressure drop (final stage)

dpdz =

( (shearstress_oil.*perimeter_oil)+(shearstress_water.*perimeter water))./(-
1*(area_oil + area_water));
pressure _drop = abs(dpdz/1000);
& Calculation of shear stress of interface

shearstress_interface = (area oil.*dpdz + shearstress oil.*perimeter oil)./(-
l*perimeter_ interface):

1)

% Shows parameters for beth o0il and water phases

fprintf('\n\n');

disp('By assuming a flat interface between phases; the parameters for both oil
and water phases are obtained');

fprintf('\n');
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fprintf('Ring Probe Height\t\tWire Probe Height\t\tPerimeter of 0il
Phase\t\tPerimeter of Water Phase\t\tPerimeter of Interface\t\tArea of 0il
Phase\t\tArea of Water Phase\n');

table_1 = [ringprobe_height; wireprobe height; perimeter oil; perimeter water;
perimeter interface; area oil; area water];

fprintf(*310.6f m %25.6f m %25,6f m %25.6f m ¥27.6f m %¥23.6f m"2 %20.6f m"2
\n',table 1);

fprintf('\n\n');

fprintf('Velocity of Cil\t\tVelocity of Water\t\tDiameter of Oil\t\tDiameter of
Water\t\tReynclds Number of Oil\t\tReynoclds Number of Water\n'):

table 2 = [velocity oil; velocity water; diameter oil; diameter_water;

Reynolds oil; Reynolds water];

fprintf('%10.6f m/s 315.6f m/s %20.6f m %17.6f m %28.6f 325.6f \n',table_ 2);
fprintf('\n\n');

fprintf('Friction factor of Oil\t\tFricticn factor of Water\t\tShear Stress of
OCil\t\tShear Stress of Water\t\tPressure Drop\t\tShear Stress of Interface\n'):
table 3 = [friction oil; friction water; shearstress_oil; shearstress water;
pressure _drop; shearstress_interface];

fprintf('%15.6f %25.6f %£30.6f Pa %20.6f Pa %21.6f kPa/m $20.6f Pa\n',table_3):
fprintf('\n\n');

& Graph plot

disp('Graph Comparison of Theoretical Data vs Experimental Data');
experimental pressuredrop = input('\nPlease enter the set of experimental data
in bracket (unit of kPa) (example = [1 2 3 4]):"); %array

subplot(2,1,1),plot (superficialvelocity oil,pressure drop, '-
or',superficialvelocity oil, experimental pressuredrop./pipeline_length, '-xk')
title('Graph of Pressure Drop vs Superficial Velocity of 0il'})

xlabel ('Superficial Velocity of 0il, m/s')

ylabel ('Pressure Drop, kPa/m'})

legend('theoretical value (wire probke)’', 'experimental value')

grid on

% Graph plot
fprintf(*\n\n');
disp('Graph Shear Stress of Interface wvs Superficial Velocity of 0il‘');

subplot(2,1,2),plot(superficialvelocity oil,shearstress_interface, '-or')
title('Graph of Shear Stress of Interface vs Superficial Velocity of 0il')
xlabel ('Superficial Veloecity of 0il, m/s')

ylabel ('Shear Stress of Interface, Pa')

grid on
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