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ABSTRACT

Pressure drop during the flow of fluid is an important parameter to be
determined before proceeding with any pipeline design. It is very essential in
the determination of the pipe sizing and also the design of related downstream
facilities. It will definitely have a huge impact on the optimization of cost and

efficiency.

The project aims to develop a model that will determine the pressure
drop of a two-phase, liquid-liquid flow in a horizontal pipe through MATLAB
simulation as the programming tool. In this modeling work, two-fluid model
will be used for the prediction of pressure drop between oil and water. In
liquid-liquid systems, the effect of curvature interface must be considered. With
the small density differences between the two mediums, the interface
configuration can be flat, concave or even convex. The curvature depends on

the contact angle, the viscosity and the flow rates of the fluid involved.

This model will be developed using MATLAB programming and will
be tested with a few sets of input data. The calculated pressure drop from the
developed model from this study will then be compared with experimental data

to check for its reliability.
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CHAPTER 1
INTRODUCTION

Background of Study

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

programming tool.

The flow patterns of the immiscible liquids are assumed to be in three different
types of interface; concave, convex and flat-shaped interfaces. These types of
interface are associated with different contact area between the two fluids and
also between the fluids with the pipe wall. Depending on the physical system
involved, those variations can have prominent effects on the pressure drop and
transport phenomena in the system (Gorelik and Brauner, 1999).

Problem Statement

Problem Identification

Traditionally, the consideration of interface curvature is usually neglected in a
large scale system and is justified in high-density differential systems, such as
gas-liquid systems under earth conditions. However, in liquid-liquid systems
with small density differences or in reduced gravity systems, surface phenomena
maybe dominated which resulted in a curved interface configuration. This curved
interface may significantly affect the local and integral two-phase flow

characteristics (Brauner, Rovinsky and Moalem Maron, 1996). In order to
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predict much precise pressure drop, the curvature effect is taken into

consideration.

Significance of the Project

The determination of pressure drop in liquid-liquid system is more complex
compared to gas-liquid system. This modeling will assist engineers to obtain
pressure drop value in liquid-liquid system, to be used as a main basis of their
design. It will be very essential as they need to understand the characteristics of
the flow system such as the pressure drop in order for them to design the pipeline

with a proper and safer size.

Objective and Scope of Study
Project Objective

The objective of this project is to develop a MATLAB programming code to
stimulate 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.

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. Based upon two-fluid modeling and the experimental data of liquid heights
in the pipeline system, a programming code will be developed that will calculate
the differential pressure drops. The calculated pressure drops will be compared
with the experimental pressure drop data previously found to validate the

findings.
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CHAPTER 2
LITERATURE REVIEW

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 through pipes over long distances. Some studies had been conducted
to predict oil-water flow characteristics such as flow pattern, water hold-up and
pressure gradient; which are very important characteristics in many engineering

applications.

Liquid-liquid two-phase flows can appear in quite different topological or
morphological configurations. The different structures are usually called flow
patterns or flow regimes which are defined as the physical geometry exhibited by
a multiphase flow in a conduit; for example, heavier density liquid occupying the
bottom of the conduit with the lighter density phase flowing above. In liquid—
liquid flow, the phases within the pipe are distributed in several fundamentally
different flow patterns or flow regimes, depending primarily on the flow rates of

the two phases and the angle of inclination (Brauner and Moalem Maron, 1989).

Two immiscible liquids of different densities tend to stratify when flowing
slowly together in a pipe. These separate layers can be classified as stratified
flow and stratified flow with mixed layer at the interface as illustrated in
Figure 1. The stratified flow is identified when the smooth interface exists;
however, as the velocities of the phases increase, the interface becomes more
disturbed or wavy and drops of the two liquids may also appear. At that time the
flow pattern shifts to the stratified flow with a mixed layer at the interface. There
exist water droplets in the oil and oil droplets in the water layer. Both kinds of
droplets remain close to the interface. In this case, dynamic and buoyant forces
are acting simultaneously on the droplets (Trallero et al, 1997).
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Figure 2.1: Horizontal oil-water flow pattern sketches (Trallero et al, 1997)

2.1.1 Parameters with impact on the flow patterns

Mixture velocity and input water cut:

The effect of mixture velocity and water cut was investigated early by Russell et
al. (1959). In general, low mixture velocities allow the flow to be separated or
stratified, while high mixture velocity disperses the flow. However, dispersed
flows may appear at low velocities provided the water cut is very low or very
high.

Viscosity, density and surface tension:

The viscosity effect, studied by Russell et al. (1959), Charles et al. (1961) and
Avrirachakaran et al. (1989), seems to have little or no effect on the observed flow
patterns for oil/water flows. The sequence or the number of observed flow
patterns is the same, but transitions from one flow regime to another may appear
at different superficial velocities when oils of different viscosities are used. This
means that the size of the various flow regime areas on the map can vary
slightly. Reports on the isolated effect of density and surface tension are limited.
In two-phase flows with high density difference between the phases, stratified
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flow will generally appear for a larger range of mixture velocities and water

fractions than for the case of two-phase flows with low density differences.

Flow geometry and wetting properties:

The flow geometry such as pipe diameter, inlet design and the inclination angle
of the pipe are other parameters that can be decisive for which flow pattern that
appears (Soleimani et al., 1997). Inlets (i.e. the oil/water mixing unit) can be
shaped in a way that it tends to keep the flow stratified.

Temperature and pressure:
Temperature and pressure have influence on the flow patterns in the sense that
they influence the physical properties like viscosity, density etc.

Flow pattern transitions

Oil-water flows are gravity dominated. It flows separately when the flow rates of
each phase are low, that is, when superficial velocities are low. The interface
between the phases is smooth without waves. At higher flow rates waves start to
appear at the interface. The wavelength is about twice the pipe diameter (Trallero
et al., 1997). Small water droplets exist in the oil layer while small oil droplets
appear in the water layer. Both the oil droplets and the water droplets flow close
to the interface. Different forces act on the droplets but gravity forces overcome

dynamic forces and the droplets are kept close to the interface.

Several investigators have studied the stability of two-phase flows. For gas /
liquid flow, it was done by Barnea and Taitel (1993) while for liquid-liquid flow
the two contributions from Brauner and Moalem Maron (19923, b) are central.
The latter of Brauner and Moalem Maron’s work deals with oil-water flow in
particular. The details of their stability analysis are not presented here, but Figure
2 represents the basic propositions from the oil-water study. Continuity and

momentum equations of an oil-water system are analyzed and a stability analysis



is conducted. Criteria for transition from smooth stratified to other flow regimes
are then given. They proposed two transition lines. Both the zero neutral stability
(ZNS) line and the zero real characteristics (ZRC) line are shown in Figure 2.
The two lines define three zones in the figure. Below the ZNS boundary the flow

is smooth stratified.

The “buffer zone” positioned in between the two boundaries includes stratified
flows with the existence of interfacial waves. Beyond the ZRC boundary, other
flow regimes than stratified wavy exist. Thus, the ZNS boundary represents the
transition from stable smooth stratified flow to stratified wavy flow and the ZRC
boundary represents the transition from stratified wavy flow to other flow
regimes. Also presented in Figure 2 is the effect of density and viscosity ratios
on the boundaries. Brauner and Moalem Maron (1992b) found that as the oil-
water density ratio was decreased, the area of stable smooth stratified flow also
decreased (Figure 2 a and b). A similar effect appeared when the oil-water

viscosity ratio was reduced (Figure 2 b and c).
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Figure 2.2: The effect of density and viscosity ratios on the location of ZNS and ZRC
boundaries (Brauner and Maron, 1992b)

2.1.3 Stratified Flow

The stratified flow configuration is one of the basic and most important
distributions during two phase flow through horizontal pipes. Models of
stratified flow are needed for predicting the flow characteristics, such as pressure
drop and in-situ holdup, and are often used as a starting point in modeling flow
patterns transitions. The common assumption is that the interface separating the
phases is plane. This assumption is appropriate for gravity dominated systems,
such as large scale gas-liquid horizontal flows under earth's gravitation. In
reduced gravity systems, capillary systems or in the case of low density

differential (such as oil-water systems), surface forces become important. The
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wetting fluid tends to climb over the tube wall resulting in a curved (convex or

concave) interface (Gorelik and Brauner, 1999).

In liquid-liquid flow system which is having a relatively low density difference,
surface tension and wetting effects become important, and the interface shape
(concave, convex, plane) is an additional field that has to be solved (Brauner,

2003). Figure 3 shows the basic interfacial configurations for a liquid-liquid

system in a stratified flow.
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Figure 2.3: 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 system involved.

Two-fluid Flow Experiments

Many studies had been conducted in order to understand the characteristics of

oil-water two-phase flow in horizontal pipes. Those studies involve pipes that

were made from different materials and sizes. The studies were summarized in
Table 1.

=



Table 2.1: Summary of Experimental Systems of Oil-Water Two-Phase Flow

Flow
Pipe
Authors P ] Diameter | Length Superficial Velocity Temp Pattern Map
Material Available
Nadler and
Mewes Perspex 0.059 48 Mixture 01-16 Yes 10-30
(1997)
Beretta et Oil 5.4 -55.8 Yes
Glass 0.003 1 ( ) 15-25
al. (1997a) Water (up to 564) No
Tralleroet | Acrylic
y_ 0.05013 15.54 N/A N/A Yes
al. (1997) Resin
Beretta et No
Glass 0.003 1 N/A 15-25
al. (1997b)
Ange“ and Stainless
0.0243 9.7 No 20
Hewitt Steel Mixture 0.3-3.9
(1998) Perspex 0.024 9.5
i Stainless
Angeli and 0.0243 9.7 Yes 2
Hewitt Steel Mixture 0.2-39
(2000) Perspex 0.024 9.5
Shi et al. ) o5
N/A 0.1 18 Mixture 04-3 No
(2001)
Stainless
| . Steel 0.06 3.5-5 No
oannou e ee
i 16.6 Mixture N/A
al. (2005) | Acrylic 4-7 small
) 0.032 )
Resin pipe
Pielaetal. | Acrylic 0,016 6x2 Oil 1.35-35 No N/A
(2006) Resin . 45X 2 Water 1-3
Mandal et 0.025 Qil 0.03-15 Yes N/A
PMMA 2
al. (2007) 0.012 Water 0.03-1.5




There are various methods applied through the study of the flow patterns of two-
phase, liquid-liquid system in horizontal pipe. One of the studies had been done
by Liu et al. (2008). They investigated the in-situ phase distribution of the fluids
involved in the pipeline by characterizing them by the height of water climbing
along the wall circumferentially and the height of water layer at the vertical
plane passing the pipe axis, which were 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.

r':. 1.3 mits

Figure 2.4: Schematic of the parallel chromel wires (Liu et al., 2008)

The parallel wires in the middle of the wire probe 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. The parallel
ring probes, as shown in Figure 5, were 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.

10
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Figure 2.5: Schematic of the parallel ring probes (Liu et al., 2008)

Images of the flow pattern were recorded through the acrylic viewing section
using 30 frames per second digital video camera at a position 0.5 m downstream
of the inlet. A computer based data acquisition was implemented in the test

section.

Two-fluid Flow Modeling

Two-fluid modeling has been applied in various studies involving both gas-
liquid and liquid-liquid systems. Several derived models based upon the two-

fluid modeling had been developed.

Brauner et al. (1996) had discovered that the interface curvature in stratified two-
phase systems is determined by energy considerations. The discovery is obtained
through the use of two-fluid modeling. They revealed that a configuration of a
plane interface between two stratified layers is appropriate for two phase systems
which are dominated by gravity, as is the case for large scale air-water systems
under earth gravitation. However, for a general two-fluid system, the basic in situ
configuration is stratified layers with a curved interface. The prescription of the
characteristic interface curvature is required in order to initiate the solution of the

flow problem and the associated transport phenomena. Energy considerations are

11



employed to predict the interface configuration. The effect of the fluid physical
properties, in situ hold up, tube dimension, wall adhesion and gravitation on the
characteristic interface 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-fluid systems

(Brauner, Moalem Maron and Rovinsky, 1996).

Two-fluid modeling is also used to solve the momentum equations for a variable
interface curvature (Brauner et al, 1998). 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. The validity of
the two-fluid model is evaluated by comparing its prediction with available
experimental data and with the results of exact analytical solutions for laminar
flows with curved interfaces. Thus, the conventional two-fluid model has been
extended to tackle stratified flow with curved interfaces and various flow
regimes, in which case analytical solutions are complicated and restricted to

laminar flows (Brauner, Moalem Maron and Rovinsky, 1998).

Engineers will be able to predict the behavior of the flow regime through this
model as it will provide the pressure drop profile prediction. This information
will assist them to make a preliminary design in pipeline sizing. Once the
pressure drop profile had been discovered to be too high or too low, the
engineers are able to do some modification on their preliminary design before

finalizing their design to be manufactured later.

12



3.1

CHAPTER 3
METHODOLOGY

Research Methodology

In this study, a computer simulation work to develop a model that will determine
pressure drop for a two-phase, liquid-liquid system in a horizontal pipeline
through MATLAB programming will be carried out. Available data and fluid
properties from the actual experiment such as 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).

Table 3.1: Properties of Fluids used in Study

Properties Qil 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 the above table, two fluids that are used in the experimental works
were oil and water with the stated properties. The pipeline that was chosen in the
experimental works to channel the fluids in the calculation of pressure drop has a
14-mm inner diameter with a 50 cm in length. Other properties such as wire-
probe height, ring-probe height, oil flow rate and water flow rates were obtained

during the experiment and will be used as the input data in this model.

The calculation of pressure drop in the pipeline system with assumption of flat
interface and curvature interfacial shape by using a combination of both wire
probe and ring probe heights that were obtained from the experimental work.
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 project.

13
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3.2

The Two-Fluid Model (TFM)

Two-fluid model was used in this study due to 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
stratified flow, the integral form of the momentum equations for the two fluids

are shown as below.

dP

Ay (Z-) = mS - wSi + pArgsing =0 (1)
dP :

—A, (E) — 1,85, + 1;5; + pA,gsinf =0 (2)

Where,

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

S1,S,,S; = Liquid wetted-wall perimeter for phase 1, 2 and interfacial perimeter;
A4, A, = Cross sectional area for phase 1 and 2;

ap
== Pressure drop in liquid phase;

B = Pipe inclination angle, in degrees;

g = Gravitational acceleration.

If the pipeline is assumed in a horizontal position (no inclination, § = 0), thus

equation (1) and (2) can be simplified into:

dP

_Al (E) - Tlsl - TlSl = O (3)
dP

_AZ (E) — Tzsz + TiSi =0 (4‘)

15



The perimeter (S) and area (A) 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

(t4,72,7;) In terms of the average velocities (Ui, Uy) and friction factors

(fu f2. )

1 p1D1|U; | o

T, = ) fip1U1lULl; f1 =G4 <—1 (5)
1 05D, U, |\ ™

T = _E 202Uz Uz 5 f2 = C, (%) (6)
1

T, = ) fipi(Uy — U)|U; — Uy (7)

Where,

U;, U, = Velocity for phase 1 and 2;

f1, fo, fi = Friction factor for phase 1, 2 and interfacial friction factor;

p1, P2, p; = Density for phase 1, 2 and interfacial density;

Uy, Uy = Viscosity for phase 1 and 2;

C;, C, = Constants for phase 1 and 2 (laminar flow, C = 16; turbulent flow, C =
0.046);

ny,n, = Constants for phase 1 and 2 (laminar flow, n = 1; turbulent flow, n =
0.2)

For separated or stratified two-phase flow, the Reynolds number is defined
differently to that of a single-phase flow. Usually Reynolds numbers are defined

for each phase according to equations below:

U,D U,D
R61:P111 Rez=p222
251 2%

(8)

16



Where,
Req, Re, = Reynolds number for phase 1 and 2;

D;, D, = Hydraulic diameters for phase 1 and 2.

According to the equations above, the Reynolds number of the fluids was
determined from the hydraulic diameters, D; and D,, which are adjusted
according to the relative velocity of the phases. The interface is generally
considered as ‘stationary’ (wetted) for the faster fluid phase whereas the term

"free’ is used for the slower fluid phase (Brauner and Moalem Maron, 1989).

When the velocities are of the same order, the interface is considered ‘free’ with

respect to both phases (Brauner, 2003).

44, 44,

D, = Girsy) D, = S—ZJP=P1andfi=Fif1 for |Uy| > U] (9)

p, = 2 4 = df,=F |U,| > |U;| (10

1= s, 2—(52+Si)»P—P2an fi=Fif; for |U, 1l (10)
4A, 44,

D1= -/, D2= -/, TLEO fOTUIEUZ (11)
S S

Assuming the pressure drops for both liquid phases are equal, equation (3) and

(4) can be combined with 7;S; is the same.

dP dP
_Al (E) - Tlsl - TiSi —A2 (E) - TZSZ + TiSi =0

dP dP
_A1 (E) - T151 _AZ (E) - TzSz =0

dP
— (E) (Al +A2) - T151 - TZSZ =0
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(@) -G a2
Equation (12) shows that pressure drop, dP/dz is determined through the ratio of
forces due to shear stresses to the total wetted area of the liquids. Hence, the
interfacial shear stress is evaluated by substituting the value in either equation
(3) or (4)

(13)
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3.3 Calculation of Cross Sectional Area and Perimeter

In order to calculate the cross sectional area and wetted perimeter of both oil and
water phases, as well as the 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 3.2.

Figure 3.2: Cross sectional area of the pipeline for flat interface

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

water and interface perimeter will be shown in Appendix 11 section.
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Y

(X1, V1)

Figure 3.3: The area of 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,

configuration. The basic idea of this derivation is a combination of two circles,
one circle represents the pipeline and another imaginary circle represents the
curved interface. The interception of these two circles is considered as the cross
sectional area of water while the rest of the pipeline will be considered as the

cross sectional area of oil. The derivation of cross sectional area and perimeters

the derivation

for phases, oil and water are shown in Appendix Il1.
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CHAPTER 4
RESULT AND DISCUSSION

The comparison between the pressure drops of the oil-liquid, stratified flows in the
horizontal pipeline are shown in Figure 4.1 to Figure 4.7. The figures illustrated the
results obtained through MATLAB simulation using the planar and curved interfaces,
and comparison to the experimental data. The summary of the findings are tabulated in
Table 4.1.
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Figure 4.1: Comparison between (AP/AX)caic t0 (AP/AX)ex, fOr Ug, = 0.55 m/s.
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Table 4.1: Comparison of experimental AP/Ax with the AP/Ax calculated with flat interface assumption.

Height Flowrate AP/AX a1 Percentage difference Shear
Usw | Uso | Wire | Ring | AP/AXep ) Wire Ring Wire Ring Stress
Qil Water Curvature Curvature
Probe | Probe Probe | Probe Probe | Probe Interface

m/s mm kPa/m m°/s kPa/m % Pa
040 | 719 | 6.17 1.05 6.16 x10” | g47x 105 | 0.98 1.11 0.20 6.67 5.95 80.58 3.51

055 045| 703 | 585 1.17 6.93x10° | g47x10° | 1.04 1.21 1.70 10.93 | 3.74 45.24 9.84
050 | 666 | 553 1.29 770x10° | g47x10° | 1.24 1.31 0.54 3.44 2.28 58.27 7.94

055 | 652 | 526 1.39 8.47x10° | g47x10° | 1.35 1.41 0.18 3.14 1.43 86.74 3.36

040 | 727 | 592 096 | 6.16x10° | 7.70x10° | ggg | 1.02 11.21 846 | 653 | 1066.16 132.10

0.50 045 | 589 | 565 1.06 6.93x10° | 7.70x 10° | g5 1.11 1.80 10.38 | 4.46 70.21 11.66
050 | 662 | 525 118 | 7.70x10° | 7.70x10° | 113 | 1.22 0.54 383 | 356 54.36 759

055 | 637 | 506 129 | 847x10° | 7.70x10° | 1924 | 1.29 0.27 342 | 073 78.87 423

040 | 669 | 548 0.81 6.16 x 10° | 6.93x10° | g 0.96 6.22 1.13 | 18.19 663.86 57.71

o5 045| 654 | 516 | 094 | 693x10° | 693x10° | pgg | 1.05 0.66 692 | 1151 29.97 8.84
050 | 625 | 484 106 | 7.70x10° | 6.93x10° | (094 | 1.14 0.22 1101 | 8.03 78.92 3.43

055 | 601 | 450 1.17 8.47x10° | 6.93x10° | 115 1.25 0.14 1.88 6.86 87.85 2.45

035 | 621 | 568 064 | 539x10° | 616x10° | 972 | 077 0.88 1336 | 2151 3731 3.68

040 | 040 | 644 | 534 077 | 616x10° | 6.16x10° | 075 | 085 0.68 377 | 997 12.66 8.86
045 | 643 | 502 0.87 6.93x10° | 6.16 x 10° | 79 0.93 0.18 9.79 6.72 79.69 2.72
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0.40 050 | 610 | 4.64 097 | 770x10° | 616x10° | (g5 1.03 0.10 12.37 | 564 89.26 1.87
055| 580 | 435 | 111 | 847x10°|616x10° | 104 | 111 0.09 592 | 0.11 92.15 1.71
035| 702 | 546 | 057 |539x10°|539x10° | 77 | 069 0.43 3562 | 2041 | 23.70 6.15
040 | 670 | 503 | 072 |616x10° |539x10° | g3 | 077 7.51 1587 | 692 | 94841 62.48
0351045 727 | 468 078 | 6.93x10° | 539x10° | 094 | 084 1.04 19.91 | 7.30 32.05 2.70
050 | 633 | 437 090 | 7-70x10° | 539x10° | g5 | 0.92 1.43 553 | 1.74 58.30 8.90
055 | 662 | 4.01 0.97 | 847x10° | 539x10° | 103 1.00 74.89 6.23 | 3.42 7611.31 832.19
040 | 654 | 474 0.60 | 616x10° | 462x10° | 076 | 0.68 6.74 26.30 | 12.81 | 1026.23 52.35
0.0 045| 663 | 460 070 | 6:93x10° | 462x10° | gg3 | 0.72 2.49 18.79 | 3.98 256.82 15.68
050 | 6904 | 424 | o081 | 7-70x10° | 462x10° | 9o | 0.80 0.95 1338 | 2.25 16.91 1.22
055 | 662 | 3.94 0.88 | 847x10" | 462x10° | 095 | 0.86 1.69 9.12 2.18 90.96 11.58
040 | 578 | 411 056 | 6:16x10° | 385x10° | g7 | 0.61 0.75 19.92 | 933 34.59 131
o | %45 | 605 | 383 | 063 | 698 10° | 3.85%x10° | 074 | 0.67 0.87 1745 | 6.75 38.95 4.40
050 | 6.09 | 3.49 072 | 7.70x10” | 3.85x10° | 08y | 0.74 56.67 11.89 | 2.73 7813.91 608.07
055 | 571 | 320 0.74 | 847x10° | 385%x10° | gg5 | 0.80 1.64 1530 | 876 123.32 18.08
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Based on Table 4.1, when the superficial velocity of water is at 0.55 m/s, the
pressure drop calculated based on wire probe height, (AP/AX)wire, IS under-predicted than
the experimental value; provided that the interface is assumed as flat-shaped. In contrast,
the calculated pressure drop based on ring probe, (AP/Ax)ing, is slightly over-predicted

than the experimental value with a maximum percentage difference reaching 5.95%.

As the superficial velocity of water decreases to 0.50 m/s, the (AP/AX)wire
predictions were more or less the same as the previous reading with the maximum
percentage difference reaches 10.38% compared to 10.93% when the superficial
velocity of water is 0.55 m/s. The (AP/Ax)ing predictions increased with a small

increment in the maximum percentage difference from 5.95% to 6.53%.

At water superficial velocity of 0.45 m/s, the maximum percentage difference
reaches until 11.01% as the (AP/Ax)wire predictions is again under-predicted than the
experimental value. Presumably, the (AP/AX);ing predictions is highly over-predicted
with the maximum percentage difference increasing quite rapidly to 18.19%.

As the superficial velocity of water reaches 0.35 m/s and below, both (AP/AX)wire
and (AP/Ax);ing predictions always gives higher value than the experimental value with
the maximum percentage difference of (AP/AxX)wire being 35.62% while (AP/AX)ing 1S
only until 20.41%.

Based on the overall view, (AP/AX);ng data gave the closest predictions as
compared to (AP/AX)wire Oata assuming that the interface is flat-shaped. Calculated
pressure drop, (AP/Ax)cac through ring probe is always greater than the experimental
pressure drop, (AP/Ax)eyp due to lower estimation of cross sectional area of water, Ay,

thus make the effects of shear stress of oil, moj towards AP/Ax became superior.
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The calculated data is closer to the experimental data for higher velocities of
water because the interface shape is near flat whereas for low velocities of water, the
calculated data becomes more diverged from the experimental data because the shape of
the interface has become more curve-shaped. The interface tends to change shape due to

the change in surface tension for both phases with respect to their velocities.

In curvature interface assumption, prediction of pressure drop based upon wire
and ring probe heights, (AP/AX)curve Detween 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)cune deviates tremendously from the experimental value with the
percentage error ranges from 12.66% to 256.82%. These deviations maybe occurred
because of the utilization of incorrect correlation in the formulae derived in the
determination of cross-sectional area for both phases. The interface radius function is
taken from Brauner & Gorelik, 1999 and then being correlated into a formula of cross-
sectional area that had been derived previously by Khalid, 2011. The correlation may
not be too reliable as the derived formula has considered the angle of the curve involved.
Still, the previous derived formula does give a higher percentage error on the pressure
drop. However, this model does give a very large percentage error for certain velocities
of both liquids. This is because the shear stress of the interface is high for those cases
which are affected by the turbulence of the phases and thus can affect the wettability of
the liquids to the wall. The Reynolds number of both liquids differs far from each other
and will cause the turbulence of the flow to be not stable and will result in the high shear

stress of interface.

Hence, further modifications needed in the correlated function to prove that
calculation of pressure drop using curved interface will give better assumption of
pressure drop. One way to achieve this is by calculating the cross-sectional area of water
by integrating the curve function of the interface radius from one end of the curve to the
other end. The cross sectional area of water can be determined from the difference

between total area under radius curve function and total area under pipeline curve
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function as shown in Figure 4.8. From there, cross-sectional area of oil can also be

found based on the remaining area of pipeline uncovered by water.

Y1

(-X1, Y1) ) : (X1, y1)

——_——d—--~-

Figure 4.8: Integration of curve function to obtain cross sectional area of water

Another reason of the error is might be due to the interfacial configuration itself.
The configuration may not be as curved-shaped as it assumed to be. The interface may
not have a perfect plane or obvious curvature configuration as predicted but a
combination of both configurations. The interfacial configuration might have a flat
interface with a slight curve at the middle point and near the wall as shown in Figure
4.9. As investigated by Lawrence et. al., the parameters which affect the shape of the
interface is the Bond number, the holdup and the contact angle of the two fluids and the
pipe wall. As the holdup of the denser fluid increases, the interface shape progresses

from a convex interface to a flat shape, and later transforming into a concave interface
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as the pipe is filled through. The fluid—fluid interface becomes flatter with highly curved

menisci at the walls as the Bond number increases.

Figure 4.9: Interface shape at different contact angles (Lawrence et. al., 2002)

As mentioned earlier, the shape of the interface is hugely depending on the
contact angle between both phases and also the wall. Thus, certain velocities of both
fluids will result such an interface as in Figure 4.9. If that is the case, then flat interface
assumption will give much more accurate prediction rather than curved interface as it is

much closer to becoming flat rather than a curve.

From the above results, it can be observed that the pressure drop increases with
respect to the superficial velocities of oil, Us, and also water, Ug,. This is because the
shear stresses for both phases tend to increase with the high velocities. As a result, the
pressure drop will increase due to the increasing amount of flow resistance through the

pipeline.
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4.1

4.2

CHAPTER 5
CONCLUSION AND RECOMMENDATIONS

Conclusion

In a nutshell, the focus of the study is to mainly aid engineers in determining the
pressure drop of a two-phase, liquid-liquid system in a horizontal pipe based
upon various interfacial configurations. A MATLAB programming code
developed in this study is able to closely predict the pressure drop for the
aforementioned cases. At different configurations, a comparison between
calculated and experimental data had proven that the shape of the interface does
influence the measurement of pressure drops in an actual scenario. Based on the
results obtained, it is shown that flat-shaped interface assumption is not the best
assumption for this prediction as the percentage difference is quite large when
being compared to experimental data. Curved interface configuration is assumed
to give a more accurate prediction; however, that configuration does not provide
the expected result. This is due to some errors made in the determination of cross
sectional area and wetted perimeter derivation formula used in this model.
Modification should be done to improve the prediction and it is still believed that
the curved interface configuration assumption will give the closest prediction

with respect to the experimental data.

Recommendations

Some recommendations are suggested in order to improve the reliability of the
model. The recommendations are:

e 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.

e Improve on the MATLAB coding in order to determine cross sectional area

by using integration of the curved interface radius function.
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Appendix I: Gantt Chart

No Detail / Week 4 5
1 | Selection of Project Topic
2 Literature review and
survey

3 | Tounderstand the concept
of two-phase, liquid-liquid
flow

4 | Submission of Extended
Proposal

5 | Proposal Defense

6 Determination of Interface
Configuration

7 Mathematical Formula
Confirmation

9 Submission of Interim
Draft Report

10 | Submission of Interim

Report

Mid Semester Break

10

11

12

13

14

P

Expected completion

Key Milestone
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Appendix Il: Area and Perimeter Calculation for Flat
Interfacial Configuration

If Hy >R
a=Hy—-R
Ho=2R-Hy=R-a

8 = 2cos™?! (%) = 2cos™! (HWR_ R)

H, — R
S, = RO = 2Rcos—1( WR )

Sw = 2mR - RO

- 2 cos (3

- o ()

R
Si = 2 (RZ - az)

= 2/[R* — (Hy — R)?]
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_ R0

Ao T - a(RZ — 32)1/2
H, — R
— RZ COS_l (WT) _ (HW _ R)[RZ _ (HW _ R)Z]l/Z
A, = R? — A,
R?0
= T[R2 - [T - a(RZ - 32)1/2]
. (Hy — R
= mR? — R%cos 1(T> - (Hy — R)[R? — (H,, — R)?]V/?
IfHy, <R
a = R = HW
Ho=2R-Hy=R+a
a R — Hw
_ -1(2) _ = ¥ i
0 = 2cos (R) 2 cos ( R )
R — Hw
Sw = RO = 2Rcos™?! (—)
R
S, = 2mR - RO
a
_ _ -1(_
= 2R[1r cos (R)]
= 2R[n — cos™ ()
= T cos R
S; = 24/(R? — a?)
= 2/[R2 — (R — Hw)?]
R?6
Aw = T - a(Rz - 32)1/2
R — Hw
= R2 COS_l (T) — (R — HW)[R2 — (R — HW)Z]l/2
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A, = mR? — A,
R?0
= mR? — [T - a(R? — a2)1/zl

R — Hw

— mR? — R? cos-l( -~ ) — (R — HW)[R? — (R — Hw)2]V/2

Where,

Hw, Ho = Height of oil and water phase;

R = Radius of pipeline;

Au, Ao = Cross-sectional area for oil and water phase;

Sw» So, Si = Perimeter for oil, water phases and interfacial
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Appendix I11: Area and Perimeter Calculation for Curvature
Interfacial Configuration

\ 7’
N
N . Y2
X¢/t = cos 0 R -7
Xy =1 cos 0 :
X; =S COS Q. |

rcos 0 =scosa
cos 0 =s/r cos a

-1
0 =cos™ (s/r cos o)
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Area, A = le - Y, dx = 2fY1 - Y, dx

Area, A = 2[ Y; — Y, dx

X1
X1
= Zf\/rz—xzdx— 2 Vs? — x% + yadx
0
%(1 X1 2
X
=2f\/r2—x2dx—2 \/sz—x2+y1+yidx
0 1
0
cos™1(2)
= ZL V12 -1r2c0s26 (—rsinf) db
2
cos~+(2)
— ZJ;T \/52 — s?cos?a(—ssina)da
2
(@) 2
— Zfz <y1 + I) (—ssina) da

[o{0}
= —ZrZL sin 8 sin 8 d@

cos™3(2) e
+252Jn sinasinada+25J <y1 + y—)sina da
1

2

3

N

_1(X1

#)
(1 —cos26)do

—1(ﬁ

<) 22\ [eos(F) |
(1 —cos2a)da +2s|y, + y_ f sina da

1 _

252 cos
2

2 [9 sin ZH]COS_l(%) 2s? sin 2« cos™ ()
=r —

2 In A L
X 2 —-1(X1
+ 2s <y1 + L) [— cos a],CTOS (%)
V1 2
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X1 1 x1 T sinm
_ 2 -1 _ = 1
A=-—-r {[cos (r) 2st(cols ] [ > ]}
) 1(¥y 1 1 x1 ] [n smn]}
+s {[cos (s) 2sm2(cos >

+ 2s <y1 + %) [— cos (cos 1 (x?)) + cos E]

& == foos™ (2) = 32sin cos (32))cos cos™ (2)) - 5
+s {cos_l (xsl) - %Zsin (cos‘1 (%)) cos (Cos_l (%)) - %}
+ 2s <y1 + —> [—_

A =—r? {cos_1 (%) —sin (Cos_l (%)) (%) B %}

_1 (%1 ) _1 (%1
+ 52 {cos 1 (—) — sin (cos 1 (—
s s

1

_1 (%1 X1\ .
A =—r%cos™! (— r? (—) sin (cos
r r
2

)+
5 (2)sin o™ (2)
: (

_1 (%1 : 1 (%1
A = —r?cos™?! (—) + rx, sin (cos 1
T

— 5x4 sin (cos‘1 (%)) — 52 g — 2%y, — 2x—13
A = -r’cos™ (%) +7x; 8 (cos‘l (%)) +2 (r? —s%) +s?cos™! (%)

— sx4 sin (cos‘1 (%)) —2x1y, — ny—13

X,
Where,s = [x? +—
y1?

-1

d dy
dx . )
r =<— Interface radius formula obtained
dx dy 2|%/2 from Brauner & Gorelik, 1999
1+ (d—)
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s2 + r2 — y32

Distance AB; X: + (y1 — y3)* = §°
Distance CB; (-x1)* + (y1 — y3)* = §°
Distance DB; 0% + (y, — y3)° = §°
Q)-2 —> x+yi-ys) - (Y2-y2)*=0
X12 +y1? = 2y1ys + y5' — ¥o© + 2y5y5—Ys* = 0
Xi® + Y1’ yo' = 2y3(y1 - ¥2) = 0
X2 + 12— y.°
2(y1 = ¥2)

Y3 =
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hwire

r — hring
r — hwire

Nrea—
Jrz — (I‘ - hring)2

7% = (72 2 + (o))

2
Jrz —r? + Zrhring - (hring)

N \/hring (2r = hying)
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— =cosa

S X
— -1 (21

a = cos (s)
_T_

p=5-a

2 =m— 2a

— =cosf
et (B
@ = cos (r)
_T
V=3
2y =m— 20

Sy =1(2y) = r[n — 2cos™ ! (%)]
S, = 2nr — S,

Where,

Hw, Ho = Height of oil and water phase;

R = Radius of pipeline;

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

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

fprintf ('"\n\n"');

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

SPrompt 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
superficialvelocity water = input('Please enter the superficial
velocity of water (unit of m/s):');%single number
superficialvelocity oil = input('Please enter the superficial velocity
of 0il in bracket (unit of m/s) {example = [1 2 3 4]}:");%array

pipeline radius = input('Please enter the radius of pipeline (unit of
mm) : ") *10” (-3) ;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”2 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 107 (-5)m”3/s) {example
= [1 2 3 4]}:")*10"(=-5);%array

flowrate water = input('Please enter the set of water flowrate in
bracket for the corresponding wire probe heights (unit of 10”7 (-
5)m*3/s) {example = [1 2 3 4]}:')*10"(-5);%array

fprintf ('\n\n'");

%Set first value to all variables

a = zeros(size(wireprobe height));

theta = zeros(size(wireprobe height));

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

height o0il = 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
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%Calculation of height of water and height of o0il in the pipeline
height water (k) = wireprobe height (k); %array
height o0il (k) = pipeline radius - a(k); %array

%Calculation of oil 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)); %array

perimeter interface(k) = 2*sqgrt(pipeline radius”2 - (a(k))."2); %array

%$Calculation of o0il phase area and water phase area

area oil(k) = ((pipeline radius”2)* (theta(k))/2) -
((a(k)) .*sqgrt(pipeline radius”2) - (a(k))."2); %array
area water (k) = (pi*pipeline 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)); S%array

%Calculation of height of water and height of o0il in the pipeline

height water (k) = wireprobe height (k); %array
height o0il(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))); %array
perimeter water (k) = pipeline radius* (theta(k)); %array
perimeter interface(k) = 2*sqgrt(pipeline radius”2 - (a(k)).”2); %array

%Calculation of oil phase area and water phase area

area water (k) = ((pipeline radius”2)*(theta(k))/2) -
((a(k)).*sgrt(pipeline radius”2) - (a(k))."2); %array

area oil(k) = (pi*pipeline radius”2) - area water(k); %array
else

disp('Could not determine area and perimeter of the phases');
end

k = k+1;

end

%Calculation of in-situ velocity for water and oil
velocity oil = flowrate oil./area oil;
velocity water = flowrate water./area water;
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%Calculation to determine the hydraulic diameter of water and oil
%$Conditions outlined by Moalem-Maron et. al. (1998)

%$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))

diameter oil (k) =
(4*area 0il(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 o0il = (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';
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elseif Reynolds water (k) > 4000

C water (k) =
n water (k) =
flowtype water

o O

.046;
.2

'Turbulent Flow';

else
C water (k) = NaN;
n _water (k) = NaN;
flowtype water = 'Transitional Flow';
end
k = k+1;
end

disp (flowtype water);

$Determination of C and n constant for oil phase
$Set first value to all variables

C 0il = 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) = 1le6;
n oil (k) = 1;
flowtype oil = 'Laminar Flow';

elseif Reynolds water (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
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k = k+1;
end
disp(flowtype oil);

%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 oil and water phases

fprintf ('\n\n");

disp ('By assuming a flat interface between phases, the parameters for
both o0il and water phases are obtained');

fprintf ('\n");

fprintf ('"Wire 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 = [wireprobe height; perimeter oil; perimeter water;

perimeter interface; area oil; area water];

fprintf ('$10.6f 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 0il\t\tVelocity of Water\t\tDiameter of
Oil\t\tDiameter of Water\t\tReynolds Number of Oil\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 ('Friction Factor of Oil\t\tFriction Factor of Water\t\tShear
Stress of Oil\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];

49



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]1}:");
%array

subplot(2,1,1),plot (superficialvelocity oil,pressure drop, '-
or',superficialvelocity oil,experimental pressuredrop./pipeline length,
I_ka)

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 probe)', 'Experimental Value')

grid on

%Graph Plot
fprintf ('\n\n"');
disp ('Graph Shear Stress of Interface 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 Velocity of 0il, m/s"'")

ylabel ('Shear Stress of Interface, Pa')

grid on
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Appendix V: 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 liquid-liquid two phase system by using ring probe height with
assumption that the flat interface between the phases');

SPrompt the user to enter a string character information

ringprobe height = input ('\nPlease enter the set of ring probe heights
in bracket (unit of mm) {example = [1 2 3 4]}:")*10"(-3); S%array
superficialvelocity water = input('Please enter the superficial
velocity of water (unit of m/s):'); %$single number
superficialvelocity oil = input('Please enter the superficial velocity
of 0il in bracket (unit of m/s) {example = [1 2 3 4]}:'); %array
pipeline radius = input('Please enter the radius of pipeline (unit of
mm) : ") *10” (-3) ;pipeline length = input('Please enter the length of
pipeline (unit of m):'); %$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”2 or N/m):'); %$single number

flowrate oil = input('Please enter the set of oil flowrate in bracket
for the corresponding ring probe heights (unit of 107 (-5)m"3/s) {example
= [1 2 3 4]}:")*10"(=-5); Sarray

flowrate water = input('Please enter the set of water flowrate in
bracket for the corresponding ring probe heights (unit of 10”7 (-
5)m*3/s) {example = [1 2 3 4]}:')*10"(-5); %array

fprintf ('\n\n'");

%Set first value to all variables

a = zeros(size(ringprobe height)) ;

theta = zeros(size(ringprobe height)) ;

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

height o0il = 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
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%Calculation of height of water and height of o0il in the pipeline
height water (k) = ringprobe height (k); %array
height o0il (k) = pipeline radius - a(k); %array

%Calculation of oil 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)); %array

perimeter interface(k) = 2*sqgrt(pipeline radius”2 - (a(k))."2); %array

%$Calculation of o0il phase area and water phase area

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

elseif ringprobe height (k) < pipeline radius

a(k) = pipeline radius - ringprobe height (k) ;
theta (k) = 2*(acos(a(k)/pipeline radius)); S%array

%Calculation of height of water and height of oil in the pipeline

height water (k) = ringprobe height (k); %array
height o0il(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))); %array
perimeter water (k) = pipeline radius* (theta(k)); %array
perimeter interface (k) = 2*sqgrt(pipeline radius”2 - (a(k)).”2); %array

%Calculation of oil phase area and water phase area

area water (k) = ((pipeline radius”2)*(theta(k))/2) -
((a(k)).*sgrt(pipeline radius”2) - (a(k))."2); %array

area oil(k) = (pi*pipeline radius”2) - area water(k); %array
else

disp('Could not determine area and perimeter of the phases');
end

k = k+1;

end

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

52



%Calculation to determine the hydraulic diameter of water and oil
%$Conditions outlined by Moalem-Maron et. al. (1998)

%$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))

diameter oil (k) =
(4*area 0il(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 o0il = (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(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';
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elseif Reynolds water (k) > 4000

C water (k) =
n water (k) =
flowtype water

o O

.046;
.2

'Turbulent Flow';

else
C water (k) = NaN;
n _water (k) = NaN;
flowtype water = 'Transitional Flow';
end
k = k+1;
end

disp (flowtype water);

$Determination of C and n constant for oil phase
$Set first value to all variables

C 0il = 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) = 1le6;
n oil (k) = 1;
flowtype oil = 'Laminar Flow';

elseif Reynolds water (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
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k = k+1;
end
disp(flowtype oil);

%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 oil and water phases

fprintf ('\n\n");

disp ('By assuming a flat interface between phases, the parameters for
both o0il and water phases are obtained');

fprintf ('\n");

fprintf ('Ring 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; perimeter oil; perimeter water;

perimeter interface; area oil; area water];

fprintf ('$10.6f 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 0il\t\tVelocity of Water\t\tDiameter of
Oil\t\tDiameter of Water\t\tReynolds Number of Oil\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 ('Friction Factor of Oil\t\tFriction Factor of Water\t\tShear
Stress of Oil\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];
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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]1}:");
%array

subplot(2,1,1),plot (superficialvelocity oil,pressure drop, '-
or',superficialvelocity oil,experimental pressuredrop./pipeline length,
I_ka)

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 (ring probe)', 'Experimental Value')

grid on

%Graph Plot
fprintf ('\n\n"');
disp ('Graph Shear Stress of Interface 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 Velocity of 0il, m/s"'")

ylabel ('Shear Stress of Interface, Pa')

grid on
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Appendix VI: MATLAB Programming Code for Curvature
Interfacial Configuration

fprintf ('"\n\n"');

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

SPrompt 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); S%array
ringprobe height = input ('\nPlease enter the set of ring probe heights
in bracket (unit of mm) {example = [1 2 3 4]}:")*10"(-3); S%array
superficialvelocity water = input('Please enter the superficial
velocity of water (unit of m/s):'); %$single number
superficialvelocity oil = input('Please enter the superficial velocity
of 0il in bracket (unit of m/s) {example = [1 2 3 4]}:'); %array
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”2 or N/m):'); %$single number

flowrate o0il = input('Please enter the set of oil flowrate in bracket

for the corresponding wire probe heights (unit of 107 (-5)m”3/s) {example
= [1 2 3 4]}:")*10"(=-5); %Sarray

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 (Set first value to all variables)
yl = zeros(size(ringprobe height));

y2 = zeros(size(wireprobe height));

%Calculation of oil phase area and water phase area

k=1
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
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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
x1l = sqgrt((pipeline radius.”2) - (yl.72));
y3 = (x1.72 + y1.%2 = y2.72)/(2*(y1 - y2));
s = sqgrt(y3.72 - (pipeline radius”2));

%Curve function of interface radius is obtained from Brauner & Gorelik

(1999)
1nterface radius = ((xl.*((2 *xl) /(s.”2 - x1. A2) + (2 *x1.73)./(s.
Sh2).82)) L/ (2.5 (x1.72./ (s - xl. A2) + 1) .7(3/2) N2 -
).~ (1/2)) - x1 A2 / ((x A2 / - x1. A2) + 1 1/2 ~2
2) .7 (3/2)) = 1./¢( “2/ . - xl.A2) + 1) 1/2 .A2
) .M (1/2)) . (- ))
area water = ((-1*(interface radius.”2)).* (acos(xl/interface radius)))
+ (interface radius.*xl.*(sin(acos(xl/interface radius)))) +
((pi/2)* ((interface radius.”2) - (s.72))) + ((s.”2).*acos(x1l./s))
(s.*x1.*sin(acos (x1./s))) - (2*x1.*yl) - (2*(x1.73)./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(x1./s)
betha = (pi/2) - alpha;
perimeter interface = s.*(2*betha);

$Calculation of in-situ velocity for water and oil
velocity oil = flowrate oil./area oil;
velocity water = flowrate water./area water;
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%Calculation to determine the hydraulic diameter of water and oil
%$Conditions outlined by Moalem-Maron et. al. (1998)

%$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))

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));
end
k = k+1;

end

%$Calculation of Reynolds number
Reynolds o0il = (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

C water (k) = 0.046;
n water (k) = 0.2;
flowtype water = 'Turbulent Flow';
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else

C _water (k) = NaN;

n _water (k) = NaN;

flowtype water = 'Transitional Flow';
end
k = k+1;

end
disp(flowtype water);

$Determination of C and n constant for oil phase
%$Set first value to all variables

C 0il = zeros(size(Reynolds water));

n oil = zeros(size(Reynolds water));
flowtype o0il = 'ERROR';

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

if Reynolds oil(k) < 2000

C oil(k) = 16;
n oil(k) = 1;
flowtype o0il = 'Laminar Flow';

elseif Reynolds water (k) > 4000

C oil(k) = 0.046;

n oil(k) = 0.2;

flowtype o0il = 'Turbulent Flow';
else

C o0il (k) = NaN;

n oil (k) = NaN;

flowtype oil = 'Transitional Flow';
end
k = k+1;

end

disp(flowtype oil);
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%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 o0il = 0.5* (friction oil*density oil).* (velocity o0il."2);
shearstress water =

0.5* (friction water*density water) .* (velocity water.”2);

%Calculation of pressure drop (final stage)

dpdz =

((shearstress oil.*perimeter o0il)+ (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 oil and water phases

fprintf ('\n\n"');

disp ('By assuming a curve interface between phases, the parameters for
both 0il and water phases are obtained');

fprintf ('\n');

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 ('%$10.6f 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 0il\t\tVelocity of Water\t\tDiameter of
Oil\t\tDiameter of Water\t\tReynolds Number of Oil\t\tReynolds Number
of Water\n');

table 2 = [velocity oil; velocity water; diameter oil; diameter water;
Reynolds o0il; 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 ('Friction Factor of Oil\t\tFriction Factor of Water\t\tShear
Stress of Oil\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");
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%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 o0il, 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 probe)', 'Experimental Value')

grid on

L

%Graph Plot
fprintf ('\n\n"');
disp('Graph Shear Stress of Interface vs Superficial Velocity of 0il');

subplot(2,1,2), plot(superficialvelocity o0il, shearstress interface, '-
or'")

title ('Graph of Pressure Drop vs Superficial Velocity of 0il'")

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

ylabel ('Shear Stress of Interface, Pa')

grid on
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