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The application of Core Annular Flow (CAF) has become an interesting
solution in transporting heavy oil through pipeline because of its energy reduction
and cost efficiency. Current study conducted a 3D computational fluid dynamic
(CFD) to simulate CAF of oil-water in horizontal T- and Y-pipe junctions with two
types of oil characteristic i.e., oil as Newtonian fluid and oil as non-Newtonian
Carreau Fluid. The 2K factorial statistical experimental design was applied to
investigate the effect of geometry on the flow performance. Eight cases were run with
different diameter combinations and junction angle. The most attractive design was
measured by the high value of oil holdup with small average values of pressure
gradient and pressure standard deviation. The simulation result showed the stable
CAF along the upstream region but then broke up when passing the intersection. A
strategy to recover the stability of CAF after passing the intersection area of a T-pipe
without interrupting the flow process was also proposed specifically for T50-50 (T-
pipe with inlet and outlet diameter of 50 mm) as the most desired design for water-
oil as non-Newtonian Carreau Fluid case. An additional water insertion was
introduced at the intersection point to support the recovery of CAF structure by
suppressing fouling. The proposed design showed significant improvement of CAF
consistency for downstream region until pipe outlets. Energy evaluation was also has
been conducted and it was estimated that CAF in T50-50 was able to reduce the
pressure drop to more than 90% compared to transportation without lubrication. In
addition, the cost of power consumption can be saved to more than 80% than single
phase oil transportation. A scaled-up pipe size simulation was also completed to 10
times bigger dimension. More consistence result of lubricated flow was shown by
bigger dimension pipe.
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CHAPTER | BACKGROUND

1.1 Introduction

In recent years, there has been a growing interest in utilizing the Core Annular
Flow (CAF) method for the transportation of heavy oils. This is due to the fact that
significant reserves of heavy and extremely heavy oils are now available in various
regions across the globe, while the reserves of lighter oils have been gradually
decreasing (Crivelaro et al., 2009; Santos et al., 2014). According to the report, the
rising demand for energy necessitates the diversification of supply, and as a result,
extra heavy oil is anticipated to make up 7% of the liquid hydrocarbon supply by
2030 (Paszkiewicz, 2012). Abundant reserves of heavy crude oil are found in several
countries, such as Canada, Colombia, the United States, Mexico, Chad, Brazil,
Venezuela, Russia, Saudi Arabia, Irag, Indonesia, China, Ecuador, Kuwait, and
Angola. Petroleum refiners are attracted to heavy oils due to their comparatively
lower price in comparison to conventional oils (light oil), which allows them

achieving profitable margins.

Heavy viscous oil is characterized by a high viscosity, which inhibits its flow,
while light oil is distinguished by a low viscosity, which enables it to flow with
freely. Heavy and extra-heavy crude oils are characterized by a significant
proportion of high molecular weight hydrocarbons, encompassing saturates, resins,
aromatics, and asphaltenes, as reported in various studies (Anto et al., 2020;
Martinez-Palou et al., 2010; Montes et al., 2019; Souas et al., 2020; Taborda et al.,

2016). Heavy crude oils exhibit a viscosity range of 100 to 10,000 cp. On the other



hand, extra-heavy oils are characterized by viscosities higher than 10,000 cp
(Marappa Gounder, 2019). Because of the high value of viscosity, it becomes a

challenge to transport heavy oils effectively and affordably.

Pipelines represent the prevailing method employed in the transportation of
crude oil or refined petroleum products within the oil industry. These items are
considered to be reliable, environmentally friendly, and economically viable.
Pipelines are recognized as a dependable means of transportation for traversing vast
distances that may span across urban centers, regions, and even international
borders. Although pipeline technologies are well established, the typical pipeline
technologies are largely created for light and medium oil crudes. Enhancement of
transportation techniques is required for the transportation of heavy and extra-heavy

crude oils to improve oil flowability within pipelines.

Three commonly proposed strategies for enhancing the transportation of heavy
and extra-heavy oils through pipelines are viscosity reduction, friction reduction,
and in situ upgrading to produce synthetic crudes with lower viscosity. This
statement is supported by various researchers, including (Hart, 2014; Martinez-

Palou et al., 2010; Saniere et al., 2004; Santos et al., 2014).

The implementation of the CAF technique is an appropriate way to mitigate
pipeline frictional losses associated with the transportation of viscous crude oils. The
implementation of CAF has shown to be an advantageous technological solution for
pipelines that transport oils with high viscosity. The transportation of the denser
fluid, which is oil, occurs within the core area of the pipe, while being enveloped by

a thin film of water formed in the annulus. The decrease of friction is attributed to



the creation of a thin water layer water that serves as a lubricant between the oil and
the inner surface of the pipe. Several experiments have demonstrated that in order
to generate a CAF structure, the core fluid should possess a higher viscosity than the
annulus fluid. Additionally, it is essential to maintain a lower input proportion of the
thinner fluid to prevent the core fluid from coming into contact with the pipe inner

wall (Antonio C. Bannwart, 2001).

The CAF method was introduced in a patent in the United States by Isaacs and
Speed in 1904 for transferring high viscosity fluids using lubrication method
(Bensakhria et al., 2004). The greatest significant commercial use of lubricated flow
for transporting heavy crude oil was documented in the 1970s with a 6 inch of pipe
diameter and 30 km of pipeline length , for the Shell company in California, that
transported 24000 barrels per day of heavy oil (Santos et al., 2014). The other case
was an oil pipeline located in Indonesia (with 20 inch of pipe diameter and 238 km
of length) that transported 40,000 gallons of 70% oil/water emulsion (Simpson,
1963). Additional cases include the 35 km of lubricated pipelines in Lake
Maracaibo-Venezuela and Syncrude's Canada Ltd's self-lubricated pipelines

(Salager et al., 2001).

There are several theoretical and experimental investigations on CAF reported
in some publications, including (Andrade et al., 2013; Babakhani Dehkordi et al.,
2018; Balakhrisna et al., 2010; Brauner, 1991; Colombo et al., 2015; Sumana Ghosh
et al., 2011; Goldstein et al., 2017; Grassi et al., 2008; Hwang et al., 1997; Jiang et
al., 2018; Joseph et al., 1997; Oliemans et al., 1987; Shi et al., 2017; Sotgia et al.,
2008; Strazza et al., 2011; Wu et al., 2020). The majority of these studies were

conducted for straight pipes with horizontal or vertical orientation, sudden



expansion or contraction (including variations on these designs), horizontal and

slightly inclined pipes, and return bending.

Despite its wide application in petroleum industry, limited studies has been
conducted on liquid-liquid CAF across T-junction and Y-junction, especially for
high viscosity oil-water flow. The use of pipe junctions is a common and reasonably
priced option for combining or dividing fluid streams in a pipe network. Previous
study stated there still remain unresolved questions regarding how CAFs behavior
at pipe fittings and junctions that require further investigation (S. Ghosh et al., 2009).
Only a work from (Andrade et al., 2013) focused on the CAF model and simulation
of heavy oil-water in a T-shaped pipe. The simulation predicted the annular flow
pattern of heavy oil-water in the horizontal pipe and T-shaped pipe accurately.
Despite the presence of CAF in both pipe shapes, the CAF pattern in the T-shaped

pipe or T-junction was not as consistent as it was in the horizontal pipe.

The CAF technique and a computational tool (CFD) were used in this study to
conduct a numerical assessment of heavy oil-water flow through T and Y-shaped
junction pipe configurations. By adjusting the pipe diameter and junction angle,
eight simulation scenarios were conducted. For the purpose of examining how pipe
geometry affects the transportation of heavy oil through T- and Y-shaped junction
pipes, the approach of 2 factorial statistical experimental design was used. Current
study was also expected to propose a strategy to recover the stability of CAF
particularly after crossing the intersection region of the T-pipe without interrupting
or stopping the flow process. A scaled-up pipe simulation was also conducted to
predict the adaptability of the design to commercial implementation. An analysis of

energy savings was included to illustrate the quantitative evaluation in the attainable



energy savings provided by the CAF method. The workflow of this study is
summarized by chart as illustrated by Fig. 1. In this work, the system was assuming

as an isothermal condition.
1.2 Objectives

1. To develop computational fluid dynamics model and investigate the occurrence
of Core Annular Flow (CAF) for oil pipeline transportation in horizontal T and
Y- junctions.

2. To propose strategy for bringing back the CAF for oil pipeline transportation in
horizontal T-junction or Y-junction

3. To conduct qualitative and quantitative evaluations in the attainable energy
saving of the CAF for oil pipeline transportation in horizontal T-junction or Y-

junction.
1.3 Scope of Study

1. Conducting CFD simulation to investigate the occurrence of Core Annular

Flow (CAF) for heavy oil-water system in horizontal T and Y- pipe junctions

with different combination of the pipe diameters.

2. Conducting CFD simulation to investigate the deformation of CAF due to oil
fouling and solutions to bring back the CAF pattern after breaking during the
process of oil transportation.

3. Evaluating of the energy savings on pumping viscous oil using the CAF

technique.
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CHAPTER Il THEORY AND LITERATURE REVIEW

2.1 Newton's Law of Viscosity
Newton's law of viscosity states that the shear stress between adjacent fluid
layers is proportional to the negative value of the velocity gradient between the two
layers. The greater the shear rate or viscosity of a fluid, the greater the resulting shear

stress. It is denoted mathematically by the following

Tyx = —H (2.1)

dy

. kL d . .
where t =shear stress, p = viscosity, and diy": shear rate. The negative sign

indicates that shear stress is applied from high to low velocity areas.

2.2 Non-Newtonian Fluid

A fluid that is not Newtonian may have a viscosity that changes with
movement. The viscosity of non-Newtonian fluids changes with the shear rate. There
is a structure for the molecular chain in most non-Newtonian fluids. The molecules
in some of these fluids have a tendency to orient themselves in planes of maximum
tension, which leads to a decrease in viscosity as the velocity gradient rises. These
fluids are referred to as "shear-thinning" fluids or pseudo-plastics. The fluid "thins"
as the shear rate rises. In some cases, the viscosity will rise in tandem with the
velocity gradient. The fluid is referred to as "shear-thickening"” or dilatant. Shear-
thinning occurs in many biological fluids, including blood and polymer solutions,

while shear thickening occurs in suspensions (paints).



In Fig. 2, for non-Newtonian fluids it is indicated by a curved line which
indicates that there is a force from the fluid. Heavy oil as a flowing fluid in this study
is included in the time-independent category which exhibits pseudoplastic behaviour
or also known as shear thinning. Shear thinning behaviour shows a decrease in

viscosity with increasing shear rate (y) (Chhabra et al., 2008).

1 1 1 1 1 1
Viscoplastic

-Bingham
Plastic

Shear Stress

Pseudoplastic
Newtonian Fluid_
Dilatant Fluid

| | ] ] ]

Shear Rate

Fig. 2 — Newtonian and non-Newtonian fluid rheology
Source: (Chhabra et al., 2008)

2.3 Heavy Oll
The API scale (an index based on the relative density of the oil) is used by the
American Petroleum Institute as the standard for classifying oils, and it is the basis for
the definition of heavy oils that is most frequently employed. There is no established
standard for the API degree range used to characterize and categorize oils. For instance,
heavy oil is defined by the World Petroleum Conference as having an API degree of

less than 22.3. According to the American Petroleum Institute, heavy oil is



characterized as having an API index of 20 degrees or less. However, the National
Petroleum Agency of Brazil defines 4 oil classifications with API index of heavy oil
from 10 degree to 22 degree and extra heavy oil equal to or less than 10 degrees. Heavy
oils have a high specific gravity, increased viscosity, low H/C ratio, high levels of
asphaltene, resin, heavy metals, sulphur, and nitrogen, and are frequently black in
colour (Santos et al., 2014).

The biodegradation process, which breaks down light and medium
hydrocarbons on a geological time scale by microorganisms, is primarily responsible
for the unique properties of heavy oils. As a result, the reserves are abundant in
polyaromatic compounds, resins, and asphaltenes. In addition to biodegradation, heavy
oil generation can also occur as a consequence of processes like water washing and
phase fracturing, which depend on the loss of a sizable portion of the original mass, and
the physical rather than biological removal of light petroleum fractions (Santos et al.,

2014).

2.4 Core Annular Flow (CAF) Technology for Oil Transportation

Water-lubricated transportation of heavy viscous oil or usually called as Core
Annular Flow (CAF) method is marked with water migration on the pipe wall as high
shear region to lubricate the oil flow. With this condition, the lubricated flows require
pressures comparable to pumping water alone at the same throughput, regardless of the
oil's viscosity since the water's wall shear stresses balance the pumping pressures. As a
result, savings of the order of the oil to water viscosity ratio can be achieved.

CAF, both in horizontal and vertical pipes, can be categorized into two patterns

i.e., WCAF (wavy Core Annular Flow) and perfectly centered core flows (PCAF).



However, PCAF are rarely stable (Joseph et al., 1997). Waves typically are visible on
the surface of the oil core, and they appear to be required for both centering the core
when the densities are equal and for levitating the core off the wall when the densities
are different.

According to most experiments, the following requirements must be met for the
core-annular flow pattern to exist in a pipe:

(a) the core phase must be significantly thicker than the annulus;
(b) The thinner fluid's input fraction needs to be such that it keeps the thicker fluid's
core phase continuous and from touching the pipe wall at the same time.

The phenomenon of concentric CAF (CCAF), as shown by Fig. 3(a), of oil-
water can be established with a small amount of water. In this condition, it is reported
that the pressure gradient is almost independent of the oil viscosity and only slightly
higher than for flow of water alone at the mixture flow rate (J. Sun et al., 2022).
However, the configuration of CCAF may not be realizable in practical applications
due to the density difference between the oil and the lubricating aqueous phase. The oil
core is prone to migrate partially or completely to the upper (lower) part of the pipe,
which results in an eccentric CAF (ECAF) as illustrated by Fig. 3(b). When the pressure
gradient over the pipe is large enough, a balance develops between the buoyancy force
and the hydrodynamics force on the core that makes eccentric core-annular flow
possible. With decreasing pressure gradient or increasing buoyancy force the
eccentricity of the core increases.

In normal CAF operations, a CAF might not be sustainable due to fouling even
after a CAF is initiated. The fouling may become so extensive that the entire core sticks

at the upper section with a rapid and sharp increase in the pressure drop as a result of



some oil droplets breaking off from the core and impinging on the pipe wall (Strazza et
al., 2012). As this occurrence persists, a layer of oil builds up at the wall. Even if the
oil deposit on the wall is not particularly thick, the constriction causes the flow to speed
up, increasing the likelihood of severe water formation in oil emulsions with a high

apparent viscosity.

(@) (b)

Fig. 3 — Cross sectional illustration of (a) CCAF and (b) ECAF (blue : water, red :
oil)

2.5 Flowin T and Y-Junction

The main purposes of T and Y junctions in pipe networks are to spread
(diverge) the flow from the main pipe to multiple branching pipes and to gather
(converge) the flows from several branching pipes to the main pipe. The way the
flow behaves at the junction also varies depending on the input and outflow
directions.

When calculating the pressure loss of fluid transported through T and Y-
junction, there are 2 types of loss i.e., major loss and minor loss. Major loss, also
called frictional loss, is solely dependent on the pipe's material and smoothness.
Minor loss is defined as loss due to the change in fluid momentum mainly because

of the presence of pipe components with sudden changes in pipe. Li et al. (2013)



identified that occurred pressure reduction of T and Y-junction due to minor loss
was as the result of confluence loss and curved loss. The confluence loss is brought
on by the fluctuation in cross section area, whereas the curved loss is caused by the

change in flow direction.

2.6 Computational Fluid Dynamics (CFD)

Computational fluid dynamics or CFD is a system analysis that involves fluid
flow, heat transfer, and related phenomena such as chemical reactions through
computer-based simulations. CFD is related to the fluid dynamics equation, namely
the Navier-Stokes equation. The basis of this equation lies in the assumption that
fluid particles are deformed by shear stress. The CFD approach uses the second law
of motion and conservation including the conservation of momentum, mass, and
energy (Jamshed, 2015).

In programming, there are several discretization methods, including the
Finite Difference Method (FDM) and the Finite Volume Method (FVM). The FDM
method is the simplest method obtained from the derivative concept which produces
a slope. The first derivative method is also called the forward difference method.
The slope for the velocity u in the function can be obtained by Eq. 2.2. The subscripts
i and i+1 are points for calculating the value of u, and Jx indicates the grid distance.

ou Uy — U (2.2)
ox  Ax

ANSYS Fluent uses the FVM method because it is more complex than the
FDM method. FVM can be used for all types of grids. In addition, FVM can also be

used in cases involving discontinuities in the flow which cannot be calculated using



the FDM method. In FVM, the term "volume" refers to the fluid dynamics equation
in which the domain is discretized using volume control to take discrete points on
the mesh (Jamshed, 2015).

In the FVM method, the terms in the conservation equation are converted
into face flux and evaluated on finite volume faces because the flux entering a certain
volume is identical to the flux leaving the adjacent volume. This makes FVM the
preferred method in CFD because it is very conservative. In the finite volume
discretization process, the Gauss theorem is applied to change the internal volume
from convection and diffusion to surface integral which is taken from the basic
equation. The conservation equation for the general scalar ¢ variable in FVM under
steady state conditions is as follows (Moukalled et al., 2016).

V- (pvp) = V- (I?v¢) + Q¢ (2.3)

With the first term (V - (pv¢)) indicating the convection term, the second term (V -
(T?ve)) indicating the diffusion term, and the third term (Q®) indicating the source
term.
. Pressure Velocity Coupling

The ANSY'S Fluent software provides four types of pressure-velocity coupling
algorithms, including: SIMPLE, SIMPLEC, PISO, and Fractional Step (FSM).
Steady-state calculations generally use SIMPLE or SIMPLEC, while PISO is
recommended for transient calculations. However, PISO can also be used for steady-
state and transient calculations on highly skewed meshes. Meanwhile, fractional step
(FSM) is considered less stable than PISO. In steady state conditions, PISO with
neighbour correction provides benefits not much different from SIMPLE or

SIMPLEC with optimal under-relaxation factors. In addition, PISO with skewness



correction is also recommended for steady state and transient conditions in meshes
with high levels of distortion. An under-relaxation factor value of 1.0 or close to 1.0
is recommended when using the neighbour correction at PISO. If the case only uses
PISO skewness correction, then the under-relaxation factor setting must be 1.0 (e.g.,

0.3 for pressure and 0.7 for momentum) (ANSY'S, 2018).

. Second-Order Upwind Scheme

In computational fluid dynamics, the upwind scheme is one of the discretization
methods for numerically solving hyperbolic partial differential equations. When
flow is parallel to the mesh, for example laminar flow in a rectangular channel
modelled by a rectangular or hexahedral mesh, a first-order upwind scheme can be
used. For flows that are never parallel to the mesh, such as in triangular and
tetrahedral meshes, the results will be more accurate if a second-order upwind
scheme is used. Also, the second-order upwind scheme is suitable for quad/hex
meshes especially for complex flows. In general, the first-order upwind scheme will
produce better convergence than the second-order upwind scheme, but the results
obtained are less accurate, especially in the tri/tetra mesh (ANSYS, 2018).
. Meshing

Meshing is the geometric space of an object broken down into thousands of
shapes to define the object's physical form. The mesh can be generated in the form
of structured mesh (Fig. 4(a)) and unstructured mesh (Fig. 4(b)) in 3 dimensions
consisting of tetrahedral, hexahedral, prism, pyramid, and polyhedral (Fig. 5).
Structured meshes are known as meshes with implicit connectivity that facilitate
easy identification of elements and nodes. On the other hand, unstructured meshes

are meshes with general connectivity whose structure is random. Thus, it needs to



define and store the element connections. In general, unstructured meshes provide
more practical mesh adaptivity (refinement/de-refinement based on an initial
solution) and a better fit to complex domains, whereas structured meshes often offer
simplicity and easy data access.

The choice of which mesh type to use will depend on the application. When
choosing mesh type, it needs to consider the setup time, computational expense, and
numerical diffusion. The use of structured (consisting of quadrilateral or hexahedral
elements) for complex geometries can be incredibly time-consuming. Therefore,
setup time for complex geometries is the key rationale for using unstructured meshes
employing triangular or tetrahedral cells. In summary, the following practices are
generally advised (ANSYS, 2018):

« For simple geometries, use quadrilateral/hexahedral meshes.

« For moderately complex geometries, use unstructured quadrilateral/hexahedral
meshes.

« For relatively complex geometries, use triangular/tetrahedral meshes with
prism layers.

« For extremely complex geometries, use pure triangular/tetrahedral meshes.

The other mesh type is polyhedral meshes. Polyhedral meshing is starting to be
widely applied in ANSYS Fluent solver because of its several advantages. The main
advantage of the polyhedral mesh is that each element has many neighbouring
elements resulting in a much better gradient approximation. In addition, polyhedral

have a lower sensitivity to stretching compared to tetrahedral (Ibraheem, 2021).
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@) (b)

Fig. 4— Two-dimensional (a) structured and (b) unstructured quadrilateral meshes
Source: (Woodbury et al., 2011)

tetrahedron hexahedron prism/wedge pyramid polyhedral

Fig. 5— Types of mesh elements
Source: (Lintermann, 2021)

2.7 2XFactorial Experimental Design

In some experiments, it is important to examine the combined effect of the
factors on a response. In this such condition, factorial designs are frequently used.
In the early stages of experimental study, when numerous aspects are expected to be
studied, the 2* design is especially helpful (Montgomery, 2012). It offers the fewest
runs necessary for the study of k factors in a complete factorial design.
Consequently, factor screening experiments frequently adopt these designs. The first
design in the 2* series has just two factors, like A and B, running at two different

levels. This design is called a 22 factorial design. The terms "low" and "high" are
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arbitrary designations for the levels of the factors. To determine which variables are
likely to be important in experiments involving 2 designs, it is always essential to
examine the magnitude and direction of the factor effects. This interpretation can
typically be confirmed with the help of the analysis of variance (ANOVA). Because
the ANOVA does not provide this information on its own, it should always be taken

into account alongside the effect magnitude and direction.

2.8 Energy Reduction of CAF

The hydraulic power (y) or energy imparted on the fluid being pumped, can

be calculated by Eq. 2.4 (Coelho et al., 2020).

Y =0Q.p.g.-H (2.4)
where Q is the volumetric flow rate of the fluid (m®/s), p is the density of the fluid
(kg/m?3), g is the acceleration of gravity (9.81 m/s?) and H is the head produced by

the pump (m).

The liquid horsepower (LHP) depends on the volumetric flow rate (Q, m®/s) and

differential pressure across the pump (AP, Pa) as formulized as Eq. 2.5.

LHP =Q.p.g.H (2.5)
By considering the pressure gauge upstream the pump negligible, Eq. 2.5 turns into

Eq. 2.6

Y=Q.P (2.6)
The volumetric flow rate of flow through a circular tube can be obtained

using Eq. 2.7 (Bird et al., 2002).
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1. (P, — Poye)-R* (2.7)
8.u.L

m
Q = — =
p
where P;, is input pressure, P,,,; IS output pressure, R is radius of the pipe, u is

viscosity of fluid, and L is the length of pipe.

The energy savings associated with pumping viscous oil using the core annular
flow technique were calculated by comparing the total hydraulic power needed to
pump a specific amount of oil using the conventional single-phase oil flow (y;) to
the power needed to pump the same amount of oil using two-phase oil-water fluid
flow (¥g) (Coelho et al., 2020). This parameter is defined as power consumption
reduction factor and calculated as:

Y W 2.8)
1/}3 l/)w B lpo

fo =

Consequently, the energy efficiency of the two-fluid flow process increases
with the level of this power consumption reduction factor. The two-phase system is
energetically preferable to the single-phase oil system, as reflected by the power
reduction factors greater than 1. The indirect calculation of the power reduction

factor is defined by Eq. 2.9 and depends on the pressure gradient measured in two

referred pressure taps (inlet and outlet).

AP, 2.9)

fAP:m

To evaluate the lubrication efficiency, the pressure drop reduction AP* (%),

calculated according to the following equation (Peysson et al., 2007):
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(E)S _ (E) (2.10)

2.9 Previous Studies of CAF

Arney et al. (1993) carried out experiments on high viscous oil-water in a
horizontal pipe. With superficial velocities varying between 0.14 and 1.16 m/s for oil
and 0.06-0.65 m/s for water, waxy crude oil (with viscosities between 200 and 900 Pa
s) and fuel oil (with a viscosity of 2.7 Pa s) were employed. A pipe with an internal
diameter of 15.9 mm and a length of 6.35 m was used to transport the very viscous oil
and water mixture. This work concluded that at low water flow rate, the risk of oil
contact at the wall increased, which must be avoided. At higher water flow rates
perfect Core Annular Flow (PCAF), wavy Core Annular Flow (WCAF), and oil slug
in water were detected. In addition, water holdup was measured by means of a
removable section, which included two pairs ball valves. Water holdup was always
larger than input water fraction, meaning that oil tended to move with higher velocity.
They developed a semi-empirical correlation based on large database (Arney et al.,
1993). A formula was derived which was the modification of Oliemans (1987)

correlation.

Baanwart (2001) studied modelling aspect of core-annular flow in both
horizontal and vertical tubes, and developed correlations for volume fraction and
pressure drop for this flow regime. To ensure the possibility of forming core-annular
flow regime, they emphasized that two immiscible liquids must have very different

viscosity and relatively small density difference. Furthermore, interfacial tension
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played an important role in favouring annular configuration. The proposed
correlations were compared with data source in the literature survey, showing

satisfactory results.

Grassi et al. (2008) set out tests using horizontal pipes filled with paraffin oil
and water and inclined at angles of 10° and 15°. No significant variations were found

when comparing the flow patterns as a result of changing the inclination angle.

Experimental research was done by Sotgia et al. (2008) on seven distinct
horizontal pipes with diameters ranging from 21 to 40 mm. When the water superficial
velocity was steadily lowered while the oil superficial velocity was held constant, it
was noted that the fluctuation of diameter would have an impact on the flow regime.
It was discovered that the momentum carried by annular flow depends on the fluid's

physical characteristics but is unaffected by the pipe's diameter.

In order to examine the impact of operating conditions and the curvature radius
of the U bend on the hydrodynamics and fouling properties of CAF, Ghosh et al.
(2011) conducted a CFD analysis of lubricating oil-water. In their work, it was
discussed about the effects of flow direction, input water fraction, and curvature radius
to fouling problem. As the result, the upflow direction of CAF was preferred over
horizontal flow and downflow to minimize the fouling effect at bend area. In addition,
the fouling problem was found to be significantly reduced with the higher water
fraction to 0.55. For water fraction higher than 0.55, the chance of fouling was
observed to be constant. Another result was also reported that an increase in radius of

curvature did not change the tendency of fouling remarkably until a specific value of
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the radius. When the radius of curvature was above this value, the fouling tendency

increased sharply.

Andrade et al. (2013) used CFD simulation to study the oil-water CAF via
horizontal pipe and T-joint. The CAF stability of the horizontal pipe and T-joint pipe
differed as a result. Along the horizontal pipe, CAF was more consistently identified,
but as the oil phase entered the T-connection, the pattern of annular flow changed to

stratified flow with continuous pressure l0ss.

Babakhani Dehkordi et al. (2018) carried out CFD study and experimental
validation on CAF of viscous oil-water flowing in horizontal pipe with undergoing
sudden expansion, this work used three horizontal pipes with different diameter
configurations (21-30 mm, 30-40 mm, and 30-50 mm) represented by twelve cases
of simulation runs. It was observed more eccentric oil core flow phenomenon for the
configuration of sudden expansion. Additionally, thicker core flow had been
numerically shown to be distant from a singularity, especially for configurations with

pipes between 30 and 50 mm.

Jiang et al. (2018 used CFD modeling to study the CAF phenomena of non-
Newtonian oil-water systems in return bends. For various oil qualities, bend
geometries, and flow directions, their studies observed the pressure profile, volume
percentage, velocity, and wall shear stress. They concluded that the total pressure
gradient and the fouling angle were affected by the geometry parameters. Thus, 16—
20 and 0.67-0.75 were proposed as the range of curvature ration and inlet diameter

ratio, respectively, for maintaining the stability of CAF.
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Experimental works concerning on the CAF through straight pipes observed the
evolution of CAF by adjusting the range of oil and water superficial velocity to certain
values (Jiang et al., 2021; Joseph et al., 1997; Sotgia et al., 2008). These studies also
created a flow pattern map to specify the flow regime's border areas and forecast how
the flow pattern would change based on the surface velocities of water and oil. In an
experimental analysis of flow regimes and pressure drop reduction in oil-water
mixtures in horizontal pipes, Sotgia et al. (2008) found that by accommodating the oil
superficial velocities to be higher than its critical value, the flow transformed to the
core annular and wavy annular patterns were observed for a wide range of water
superficial velocities. Additionally, a study by Coelho et al. (2020) showed that more
water must be used in order to maintain the CAF structure flowing via hydraulic
fittings. For flows with very significant oil cuts (over 70%), it was not practical. In
order to ensure the high efficiency of oil-water CAF in a horizontal pipe with a 900
elbow, Jing et al. (2021) similarly came to the conclusion that the water input fraction
should be kept at the critical threshold and the oil flow rate should be controlled to the

highest possible level.

The experimental work conducted by Coelho et al. (2020) concerned mainly on
the energy savings of CAF on heavy oil transportation in the presence of hydraulic
fittings. This study calculated the energy savings by comparing the pump power
reduction factor, pressure gradient reduction factor, and pump energy usage for two
conditions of transporting the same amount of oil: traditional single-phase oil and two-
phase oil-water fluid flow (CAF). The experimental studies revealed that oil fouling
zones formed near the hydraulic fittings. The overall energy savings from the CAF

method were 2.2, which meant that the same quantity of oil could be transported for
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half the cost. This observation also revealed that the risk of oil fouling was greater
when the input oil cuts exceeded 50% and did not result in a compensatory energy

savings.

Jing et al. (2021) conducted simulation work for finding the hydrodynamics
conditions under which CAF becomes unstable and the oil waves touch the pipe wall.
Simulations were carried out for the horizontal pipe with two diameters (10.5 and 21
mm) and oil to water viscosity ratio of 1040 (but also a variation of this was
considered). This work was capable for simulating the growth of waves at the oil-
water interface until they touched the pipe wall, which is a necessary condition for the
onset of fouling. For each value of the pressure drop or mixture velocity, there was a
critical value of the water cut below which the oil reaches the pipe wall. This critical
value of the water cut was lower for the larger pipe than the smaller pipe (for a
viscosity ratio of 1040). The simulation result of this work indicated that the contact
of oil to pipe wall occurred when the mixture velocity was very low. The lower limit
of mixture velocity for larger pipe diameter was computed to be higher (1.1 m/s) than

the smaller pipe diameter (0.3 m/s).
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CHAPTER 111 CFD MODEL AND THE OCCURRENCE OF CAF FOR
OIL PIPELINE TRANSPORTATION IN HORIZONTAL T AND Y-

JUNCTIONS

3.1 Introduction
In this study, the modeling and experimental results (Babakhani Dehkordi et
al., 2018) and (Babakhani, 2017) were adopted as the main reference case, mainly
for the pipe with diameter combination of 21-30 mm. These studies were performed
to better understand the hydrodynamic behavior of horizontal pipes with sudden
expansion filled with highly viscous oil and water. The fluid moved from upstream
or smaller diameter zone to a downstream or bigger diameter zone. Fig. 6 depicts the

physical model of a horizontal pipe with sudden expansion.

Several CFD simulation runs on very viscous oil-water flows have been
carried out by means of ANSYS FLUENT. Concerning CAF, CFD simulations have
been conducted with VOF (Volume of Fluid) model for 8 different pipe designs of
horizontal T and Y-shaped pipes have been completed and part of this chapter has
been published (Dianita et al., 2021, 2022). The CFD simulation works started with
re-simulation work with case reported by (Babakhani Dehkordi et al., 2018) as the
reference, followed with grid and time independence study. The simulation for CAF
through different dimension of T and Y- pipes divided into 2 different oil properties
and viscosity model. The first work adopted the rheological properties of oil as used

by (Babakhani Dehkordi et al., 2018) with assumption of constant viscosity of oil.
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The second work was carried out by applying unprocessed crude oil as examined by

(Montes et al., 2018) and using Carreau viscosity model.

3.2 CFD Simulation Setup
3.2.1 Numerical Multiphase Model
Volume of Fluid (VOF)

The VOF method, which is a kind of Eulerian method, has been widely used in
predicting various two-phase fluid flows and is adopted in this analysis. The VOF
formulation relies on the fact that two or more fluids do not interpenetrate each
other. For each phase considered in the model a variable is introduced as the
volume fraction of the phase in the computational unit. In each of the control
volumes, all phases' volume fraction sum up to unity. In the CAF flow pattern, the
two-phases are immiscible and separated by an interface having a length scale
comparable to the pipe diameter (especially for the oil core, but also for the larger
oil drops). Such interface is continuously varying in terms of shape and extension,
due to the constant evolution of the flow structures. Thus, VOF model is considered
as the most suitable model for CAF case. The VOF method is relatively reliable
and versatile, and has been embedded into commercial codes. This model has been
shown to provide satisfactory calculations for oil-water flow with medium
viscosity ratio (Shi et al., 2017). For this study, VOF model was selected for this

study and simulations were conducted on 3D domains using the VOF model.

Mathematical Equations
A single set of conservation equations is shared by the two phases, according to

the VOF model. The partial differential equations for mass and momentum
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equations are discretized and solved across the domain under the assumption that
there is no mass transfer between phases for incompressible flow:

Mass equation:

a(p) _ (3.1
7 + V. (pu) =0

Momentum Equation:

a(gf) + V.(pu.u) = =VP + V.[u(Vu + Vul)] + pg + F (3-2)
where

F : External body force per volume (kg m™2 s72)

u ; Average velocity (m s ™)

P . Turbulent dissipation rate (m? s%)

u’ ; Average turbulence velocity (m s™)

The volume fraction of each fluid or phase in the computational cell is able
to be tracked using the VOF formulation. The volume fractions of all phases are
estimated as a unity in each cell or can be written as Eg. 3.3 where «, and «,,

represent volume fraction of oil and water, respectively.

a, +a, =1 (3.3)

Thus, the density (p) and viscosity (u) of the system can be formulated as Eq.

3.4 and Eq. 3.5 respectively.

Mixture density and viscosity:

P =po,+ (1—a,)py (3.4)

K=oty + (1 — ap)phy (3.5)
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Interface Tracking

In the CAF system of this study, the interface cells are indicated by the value of
oil fraction «, is between 0 and 1. There are two schemes are usually suggested
for reconstruction of sharp contours in order to properly capture the interface i.e.,
Geo-Reconstruct scheme and CICSAM (Compressive Interface Capturing Scheme
for Arbitrary Meshes) scheme. Even though CICSAM scheme is recommended for
flows with high viscosity fluid but a work by Shi et al. (2021) and Babakhani
(2017) showed a smooth interface for oil-water CAF system when applying this
scheme. On the other hand, these works successfully captured the wavy interface
after applying Geo-Reconstruct scheme. This wavy interface was also observed in
the experimental results. Thus, current simulation work adopted this scheme for
appropriately capturing the phenomenon in the interface.
Surface Tension

Surface tension, which reduces the area at the interface between two different
fluids, is a significant factor in the minimizing of free energy. The CSF model's
validity has been demonstrated by its ability to deliver precise surface force fluid
flow without modeling limitations on the number, technical difficulty, or dynamic
evolution of fluid interfaces with surface tension, as well as by eliminating the need
for interface reconstruction and optimizing surface tension calculation (Brackbill
et al., 1992). The well-known Laplace-Young equation is valid when there is a
constant surface tension along the interface, and the source term is defined as:

pVa, (3.6)
F=0k———
0.5(po + pw)

where,
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o : Surface tension coefficient (N m™)
K : Interface curvature (m—1)
£ ; Turbulent dissipation rate (m? s3)

with gradient volume fraction:

n=Va, (3.7)
k=V.A (3.8)
where,
= S (3.9)
In|

A is unit surface normal vector (m 1) and n is normal vector of surface (M™1)

The estimation of the impact of wall adhesion on fluid interfaces associated with
this surface model can be determined by evaluating the equilibrium contact angle
(6w) between the fluid and the wall.

The condition of dynamic boundary is calculated as below:

A = A,, cosb,, +t, sinb, (3.10)

where £,, is unit vector tangential to the pipe wall (m™).

Realizable k-¢ (RKE) Model

The employed model to capture turbulence condition in this study was the
realizable k-epsilon (RKE) model. The realizable model was introduced as an
alternative to the conventional model, which addresses the limitations by including
a new eddy-viscosity formula involving the viscosity variable (C,) and dissipation
(¢) model equation based on the dynamic equation of the mean square vorticity

fluctuation (Shih et al., 1995).
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Babakhani's (2017) research intended to compare the experimentally measured
two-phase pressure drop with the pressure drop that was estimated using the
RKE and SST k-o turbulence models. Because of this, the RKE turbulence
showed enhanced predicting capacities. Additionally, RKE provides more precise
calculation, especially for flows including rotation, boundary layers, separation,
and recirculation. For flows that experience rotation, boundary layer, separation,
and recirculation, the RKE model performs better. Following is a model of the
RKE transport equations:

Turbulent kinetic energy:

0 0 (3.11)
T (pk) + % (pkw;)
d ( He akl
=— y+—>— +G,+G,—pe—Yy+S
dx; o) 0%; k b — P M k
Turbulent dissipation rate:
0 d
T (pe) + a_x, (pey))
0 ,ut) agl g2
AT vardoon 8 BGiveneoi
ax] (H O¢ axj LR p2k+\/ﬁ
&
+ CleEC3£Gb + S (3.12)
where:
n k
Cl = max [043,m] N = SE ,S = ZSUSU
Eddy viscosity:
_ k? (3.13)
He = ,DCH?

where,
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Kinetic energy in turbulance (m? s72)
Turbulent Prandtl number for dissipation rate (—)
Radial average velocity (m s™1)
Location at radial direction (m)
Turbulent viscosity (Pa s)
Kinetic energy of turbulence that generated as a result of the mean
velocity gradients (kg m s73)
Kinetic energy of turbulence that generated as a result of the buoyancy
(kgms®
Compressible turbulence's changing dilatation's contribution (kg m™s73)
Source term specified by user (kg m™s™)
Source term specified by user (kg m™s73)
Model coefficient (in associated to mean velocities) (m s™1)
Coefficient (depending on the mean velocities and turbulence field) (-)
Model constant (—)
Model constant (—)
Model constant (—)
Turbulence viscosity computation coefficient (—)
Model coefficient (m)

Kinematic viscosity (m? s—1)

Initial and Boundary Conditions
According to (Babakhani Dehkordi et al., 2018), pressure gradient

overprediction was prevented by using the water initialization approach. Water
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was pumped into the annulus at a constant, uniform velocity while oil was
launched into the core area. Both fluids flowed at the inlet surface at a steady,
uniform velocity and filled the same proportion of the pipe's radius. In order to
verify that water adhered to the pipe's inner wall and prevent oil fouling, the angle
of wall contact was confirmed at 20°. In order to prevent a negative pressure
outcome, the pipe outlet was set to atmospheric or zero-gauge pressure at the wall
boundary conditions. Table 1 gives an overview of the simulation's parameters.
3.2.3 Computational Domain
Three-dimensional transient simulations were used in this research because
They may depict the main flow parameters in the pipe and are more accurate than
two-dimensional simulations. To solve generic scalar transport problems, the finite
volume technique was used. To improve the precision and convergence of the VOF
solution, the PRESTO and PISO algorithms were utilized. These methods were

used to resolve the pressure velocity coupling and continuity equation.

The time step was set to 1 x 10**s and the modelling was aimed for 4s of
simulation time. To achieve the best result while minimizing the amount of mesh
elements, the computational domain was generated using hexahedral elements. The
computational cells were designed yo be denser for area near pipe wall to increase

the precision of flow field computation in the border regions.

The assumption of numerical convergence was made when the momentum,
turbulence, and volume fraction equations' residuals were less than 1 x 107,
GAMBIT 2.4.6 was used to create the computational domain, which was then

exported to the CFD simulation application ANSYS FLUENT. Eight four-core
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processors (each thread contains two four-core, 2.93 GHz Intel ® core TM i7
processors, and eight gigabytes of RAM) were used to execute each simulation.

Each scenario requires around one week to compute.

3.2.4 Selected Response Variables

This work used 2* factorial experimental design to evaluate the impact of design
parameters (factors) on a response. Thus, the response parameters for monitoring the
heavy oil-water flow were the value of pressure gradient (calculated as an average
value), the value of pressure deviation, and the total value of resulted oil hold up
(calculated as the average value). These parameters were obtained as a single final
value from inlet to outlet. The difference in pressure between the inletand
outlet position with respect to the length of a pipe segment is known as a pressure
gradient. The pressure value data was collected at various pipe length points for inlet

and outlet (2 output branches).

The average of pressure gradient average was calculated by averaging the
pressure drop per length for the upstream and downstream sections. The length of
upstream region was 500 mm from the first injection point, and the length of
downstream was 800 mm long from the junction coordinate. The average of the
upstream and downstream pressure gradients was used to determine the overall value

of pressure gradient for various pipe configurations.

The pressure in the system should be consistent for the best conditions. The
fluids cannot, however, flow without changing the pressure level. The degree of
variance or dispersion in a group of pressure measurements was therefore measured

using standard deviation. Three pressure standard deviation values were derived using



27

the pressure values at each zone to depict the pressure values at an intake area and two
outflow areas. By averaging the final pressure standard deviation for each geometry

alteration, the three pressure standard deviation numbers were derived.

Furthermore, for economic reasons, the highest possible amount of oil (oil
holdup) is required to be accomplished when delivering crude oil. Previous studies
used hold-up ratios and pressure gradients as flow efficiency factors to calculate
idealized CAF and CAF pattern stability. (A. C. Bannwart et al., 2004; Churchill,

1988; Rodriguez et al., 2006). The volumetric portion of oil that is present at the time

was called the oil holdup parameter. The volume percentage of in-situ oil from the
intake to both sides of the outflow zone was averaged to get the final oil holdup.
Reduced average pressure gradient and standard variation of pressure with high final
value of oil hold up suggest a more effective heavy oil-water transportation system

within the pipe.

Additionally, the contour of each pipe configuration defined the expected flow
regime inside the pipe, ensuring the presence of CAF and studying The findings of
response variables were linked to the contour of each geometry in order to better
analyze flow performance and to detect the existence of CAF throughout the whole

geometry.

Regarding the simulation work for assessing the CAF recovery strategy, the
required data were oil holdup, oil volume fraction contour, and pressure contour.
These results were extracted to further evaluation if the flow improvement could be

achieved and to compare the flow performance with the initial design.
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Table 1 — Simulation parameters used in this work

Parameter

Input

Model

Solver

Volume of Fluid (VOF)

Phase interaction (Surface tension coefficient = 0.02
N/m)

Multiphase (Primary = water; Second = oil)

Viscous

RKE (constant oil viscosity)

Carreau Model

Material

Water

p =999 kg/m?

pn=0.001 Pa.s

Oil (constant
viscosity)

p =890 kg/m3 (medium oil)

p =10.838 Pa.s

Oil (Carreau fluid)

Po = 976 kg/m’ (heavy oil)

A=0.07/s

N=0.61

iy, = 170.811 Pas

n,.=17.414 Pas

Boundary Conditions

Water velocity
inlet

4.355 m/s

Oil velocity inlet

6.349 m/s

Outlet

1.01325 x 10° Pa

Wall No slip condition
Pressure = Presto
Pressure-Velocity Coupling = PISO

i Volume fraction = Geo-reconstruct

Solution \ER -
Turbulent kinetic energy = Second order upwind
Momentum = Second order upwind
Transient formulation = Second order

Controls Turbulent dissipation rate = Second order upwind

Initialize Oil volume fraction =0
Absolute criteria
Continuity = 0.001

Residual X velocity = 0.001

Y velocity = 0.001

Z velocity = 0.001
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As one of the simulation works was to scale up the pipe dimension to industrial
size, it was also important to select the oil volume fraction as well as the pressure and
velocity data for assessing if the scale up result was in line with smaller pipe

dimension flow parameters.

For energy evaluation, the oil volume fraction contour was also important for
qualitatively predicting the possible energy savings that could be obtained. For
quantitative evaluation, the pressure variable was the important response for further

calculation of potential energy reduction.

3.3  Re-simulation of The Referenced Work
As stated in the Section 3.1, this work referred to the previous CFD simulation
work (Babakhani Dehkordi et al., 2018) that had been validated to experimental
work (Babakhani, 2017) with pipe geometry as illustrated by Fig. 6. The pipe
consists of two main regions i.e., upstream (0.5 m of length) and downstream
sections (0.8 m of length) separated by intersection point. The total length of the pipe
was 1.3 m and this length value was selected to reduce the computational time but

at the same time was able to facilitate the flow development.

As the initial step, the re-simulation work was completed for the same flow
condition and geometry as the referenced work. Once the result of the re-simulation
work was similar or close to the experimental works and fulfilled the mesh and grid

independence study, this work continued with the modified pipe geometries.
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Di=21 mm

Fig. 6 —The illustration of a horizontal straight pipe with configuration of sudden
expansion for re-simulation work (Babakhani Dehkordi et al., 2018)

A grid independence test is performed in every CFD simulation to determine
the ideal mesh quantity that has the fewest grids without drastically affecting the
numerical outcomes. Using four distinct computational cells—54,254, 182,347,
328,700, and 509,212—to simulate the reference scenario, a grid independence test
was carried out in this study (Fig. 7). The numerical results that would be assessed

were pressure drop per unit length, pressure distribution, and velocity profile.

3.3.1 Grid Independence Study
The numerical results for pressure gradients for four distinct computational
cells are displayed in Table 2. The results showed that the variations in pressure
gradient values were quite minor, both upstream and downstream, starting with
328,700 cells. The run with quantity of 509,212 cells caused a 1% change in the

upstream pressure gradient as compared to the result with 328,700 cells. When the
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cells were changed from 328,700 to 509,212, and this resulted in a 3% increase in

the downstream pressure gradient.

Radial Mesh

54,254 cells 182,347 cells 328,700 cells 509,212 cells

Axial Mesh

54,254 cells 182,347 cells

328,700 cells 509,212 cells

Fig. 7— Schematic of meshed geometry of the horizontal case with (a) 54,254 cells,
(b) 182,347 cells, (c) 328,700 cells, and (d) 509,212 cells

The distribution of resulted pressure along the pipe is depicted in Fig. 8.
The top three computational cells consistently displayed nearly identical projected
pressure levels since entering the inlet until reaching the outlet of the pipe. A
comparable finding that obtained for the velocity profile at various values of Z (from
0.5 m to 1 m) is summarized in Fig. 9. When the value of Z = 1.25 m, a slightly
different result is obtained. The distribution of resulted pressure for Z = 1.25 m

reveals that there are 2 variants of the mesh number (328,700 and 509,212) still
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exhibit a considerably identical line for the resulted pressure distribution. The

singularity length is 0.5 m and the maximum axial distance from the singularity is

1.25 m, measured from inlet. A denser mesh is generally preferred because it can

provide a better capture of flow conditions. Mesh with higher density number, must

involve more computational resources and time. The mesh with a moderate number

of cells was chosen since there was little difference in the computational results

between the moderate and coarse meshes (Zhao et al., 2019). In this current case, the

mesh of 328,700 cells was chosen as the final computational mesh in the next

simulation works.

Table 2 — Upstream and downstream pressure gradients for re-simulation case using
different computational cells

Relative Error

Mesh Pressure at inlet Pressure at outlet Pressure Pressure gradient

to experiment

number (kPa) (kPa) reduction (kPa) (kPa/m)
(%)
| I I Il I I | I | 1

54,254 104.182  104.167 99.748  101.328 4.431 2.840 8.870 3.55 5% 131%
182,347  102.371  102.879 97.587  101.328 4.778 1552  9.561 1.942 3% 26%
328,700  102.161  102.663 97.458 101.328 4.702 1.341  9.390 1.671 1% 9%
509,212 101.951 102.703 97.201 101.328 4.751 1.381 9.501 1.722 2% 12%

*1: upstream, Il : downstream
Pressure gradient results from experiments : 9.29 kPa/m (for upstream), 1.54 kPa/m (for downstream) (the
applied experimental condition is listed in Table 3)

The initialization setup for the water, initial oil and water superficial

velocities , fluid characteristics (oil and water) as shown in Fig. 6 were all properly

executed in this grid independence investigation. These conditions were taken from
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Babakhani's experimental work. (Babakhani, 2017). In this flow system, oil

occupied the core region with core diameter of 10.5 mm.

Table 3 — Summary of test conditions and observed results for model validation

| I Il v
Test conditions:
Oil'inlet 1.67 m/s 1.67 m/s 167ms  0.14-1.16m/s
velocity
Water inlet 3.21 m/s 3.21 m/s 3.21 m/s 0.06-0.65 m/s
velocity
Pine horizontal straight horizontal straight  horizontal straight str; ginﬁct)r\];/?:h
pe . with sudden with sudden with sudden g
configuration . y . uniform
expansion expansion expansion diameter
Pipe Diameter 21/30 mm 21/30 mm 21/30 mm 15.9 mm
. 0.5 m (upstream) 0.5 m (upstream) 0.5 m (upstream)
Pipe length 0.8 (downstream) 0.8 m (downstream) 0.8 m (downstream) 6.35m
200-900 Pa s
(waxy crude
Oil viscosity 0.838 Pas 0.838 Pas 0.838 Pas oil)
2.7 Pas (fuel
oil)
Initialization water initialization - water initialization -
method
Observed results:
il holdup 0.275 - 0.307 0.263
Upstream 9.39 9.29 6.3 -
pressure
gradient
(kPa/m)
Downstream 1.67 154 1.45 -
pressure
gradient
(kPa/m)
* |: convergence test case, Il: experimental work (Babakhani, 2017), 11l: CFD simulation

(Babakhani Dehkordi et al., 2018), 1V: semi-empirical correlation based on large database
(Arney et al., 1993)
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Pressure distribution for different cells
Mesh 54254 Mesh 182347 —+—Mesh 328700 —<Mesh 509212
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Fig. 8 — Cross-sectional time-average pressure predictions along the pipe's axis for
both the downstream and upstream regions for re-simulation work using various
computational cells

As a comparison to the result of experiment, the deviation or error of re-
simulation work ranged from 1% (328,700 cells) to 5% (54,254 cells) for
upstream pressure gradient as illustrated by Fig. 10. With relative errors of 9%
and 12%, respectively, the cells 328,700 and 509,212 produced excellent
findings for the downstream pressure gradient when compared to experimental
data. This successfully verifies the model utilized and verifies the simulation
results' correctness. The quantitative computational outputs of the re-simulation
work were closer to experimental result compared to the simulation finding
given by Babakhani Dehkordi et al. (2018) for the identical experimental study
by (Babakhani, 2017), mainly for upstream pressure gradient. The pressure

gradient results from the work completed by (Babakhani Dehkordi et al., 2018)

were 6.30 kPa/m (for upstream region) and 1.45 kPa/m (for downstream region)
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around 32% and 6% below experimental results, respectively. Additionally,
according to the results of this simulation, the straight sudden expansion pipe's
oil holdup forecast was roughly 4.2% higher than the figure determined by
(Arney et al., 1993) correlation. This correlation was developed using a large
database derived from high viscosity oil-water tests. With superficial velocities
ranging from 0.14 to 1.16 m/s for oil and 0.06-0.65 m/s for water, waxy crude
oil (viscosity 200-900 Pa.s) and fuel oil (viscosity 2.7 Pa.s) were utilized. The
very thick oil and water mixture was carried via a 15.9 mm internal diameter,

6.35 m of length.

In addition, the oil holdup prediction of the straight sudden expansion
pipe of this current simulation result was about 4.2% higher than the value
calculated by (Arney et al., 1993) correlation. This semi-empirical correlation
was generated by (Arney et al., 1993) by utilizing a big database derived from
high viscous oil-water experiments. Waxy crude oil (viscosity 200-900 Pa s)
and fuel oil (viscosity 2.7 Pa s) were used, with superficial velocity varying
from 0.14-1.16 m/s for oil and 0.06-0.65 m/s for water. The very viscous oil-
water system passed through a 6.35 m long pipe with an internal diameter of

15.9 mm.
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Velocity Profile at Z=0.25 m

Velocity Profile at Z=0.5 m
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Fig. 9 — Velocity profiles of the upstream and downstream due to sudden expansion
for re-simulation work using various computational cells
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Pressure gradient re-simulation result compared to experiment

¥ Pressure gradient upstream simulation (kPa/m) M Pressure gradient upstream experiment (kPa/m)

Pressure gradient downstream simulation (kPa/m) ®Pressure gradient downstream experiment (kPa/m)

Pressure gradient (kPa/m)

54,254

182,347

328,700
509,212

* = Experimental result Mesh El ¢
€S ements

(@)

Relative error re-simulation result compared to experiment

® Relative error resimulation-upstream to experiment(%6)

u Relative error resimulation-downstream to experiment(%)

140%

120%

100%
80%
60%
40%

Relative Error (%)

20%
0%

182.347
328.700

Mesh Elements

509.212

(b)

Fig. 10 — Pressure gradients for re-simulation result with various mesh number (a)

Pressure gradients of re-simulation result compared to experimental data (b)
Deviation of re-simulation result compared to experimental data.
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3.3.2 Time Independence Study

3.4

The velocity profile of the final mesh elements was generated for a certain
time interval as part of the model validation process to perform a time
independence test. The criteria for temporal independence was met once the
value of velocity started to become stable. Time independence was examined for
both the shaped pipes and referred horizontal sudden expansion pipe. While the
velocity data for T-shaped junction pipes and Y-shaped junction pipes were
retrieved at the intersection area and the downstream points close to the pipe
outlet, the velocity data for the reference case was gathered at the downstream
site. Att = 0.4 s, the velocity value in this investigation had stabilized or reached
a constant value. Using the same interval, the profile of velocity inside the T- and
Y-shaped connection pipes was also assessed and show constant result att = 0.5
s. Therefore, this study selected 4.0 s asthe simulation time by using the

parameter simulation of the cited work.

Core Annular Flow in T-Junction and Y-Junction for Oil-Water System:
Constant Viscosity of Oil

In the current work, the pipe with configuration of straight horizontal with

sudden expansion in the research carried out by Babakhani Dehkordi et al. (2018)

and Babakhani (2017) was adopted as the basis to develop the simulation. One of

the conclusion that can be highlighted from Babakhani (2017) experimental work is

that modify the pipe section's diameter impacted the behavior of the flow. As a result,

changes in the flow hydrodynamics from the previous condition as well as shifting

velocity and pressure profiles were observed. In this research, the flow "disturbance”

caused by changing diameter, as shown in Fig. 6, was assumed to be similar to the
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presence of intersection in T and Y-junction, as shown in Fig. 11. As stated in
Section 3.3, the grid independence study results indicate that 328,700 mesh elements
are the optimal number to be chosen as the selected mesh number for the next

computational work.

3.4.1 Computational Geometry

The factorial designs method was used in this research to determine the
impact of configuration of pipe on flow and hydrodynamics behavior within
various pipe geometries. When many factors are expected to be investigated, the
method of 2% factorial design is especially useful in the initial stages of
experimentsThis experimental design provides the minimum number of runs
necessary to study k factors in a complete factorial design. The value of k in this
study is set to 3, as three specific design factors, namely junction angle, inlet
diameter, and outlet diameter, were selected. Consequently, a total of 8 distinct
pipe geometries were generated, encompassing two primary pipe configurations,
namely T-shaped and Y-shaped pipes. All potential combinations of the levels of
the factors were investigated using the factorial designs technique. This
technique is additionally useful in determining the primary effects of each
independent factor as well as the interaction effects of the factors on the
parameters being assessed. Table 4 summarizes the structure of the 22 factorial
statistical experimental design analysis. As shown in Fig. 11, the length of the
upstream section is 500 mm before hitting the intersection point and entering the

downstream section, which is 800 mm long.
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Table 4— The parameters governing the 23 statistical experimental design
Inlet Diameter

Bend Diameter  Ratio
Case Geometry Angle
o@) @ mm
(B) ©)
1 T20-20 90 20 20
2 T50-20 90 50 20
3 T20-50 90 20 50
4 T50-50 90 50 50
5 Y20-20 45 20 20
6 Y50-20 45 50 20
7 Y20-50 45 20 50
8 Y50-50 45 50 50

The factors' levels were chosen to be between low (-1) and high (+1). The angle
at the junction, denoted as variable (A), was modified to 45 degrees (represented as "-
1") and 90 degrees (represented as "+1") in order to create the T and Y-shaped junction
pipes. The computation of the junction angle involves the utilisation of the angle formed
between the branch and the point of intersection in a bifurcation. Based on the data
presented in Table 5, it was observed that in specific experimental investigations
pertaining to oil-water flow, the dimensions of the inlet and outlet diameters were
appropriately modified to accommodate the various pipe sizes under consideration. The
parameters for the intake diameter (factor B) and outflow diameter (factor C) in the
present study were subsequently modified to 20 mm (-1) and 50 mm (+1), respectively.
However, the effects of these diameter factors were not considered as separated
variables. For analysis purpose, both inlet and outlet diameter were used as unity to
represent the diameter ratio effect on the flow performance. The detail of how the

diameter effect was interpreted as unseparated variables is presented in Section 3.4.
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Table 5 — Previous experiments on oil-water system with various pipe design and
viscosity of oil

No Author Inlet Viscosity of Pipe Design
diameter oil (Pa.s)
(mm)
1 (Charles et al., 1961) 26 0.00629 Straight
0.0168
0.065
2 (Oliemans et al., 1987) 50 3 Straight
3 (Hwang et al., 1997) 20.37/41.24 0.3 Sudden
expansion &
0.0027 contraction
4 (A. C. Bannwart et al., 41.24/20.37 2.7 Straight
2004)
0.488
5 (Grassi et al., 2008) 28.4 0.8 Straight
6 (Sotgia et al., 2008) 21 0.9 Straight
7 (Strazza et al., 2011) 21-40 0.9 Slightly inclined
8 (Chenetal., 2012) 21 0.0284 Combined T-
junction
9 (Colombo et al., 2015) 40 0.2 Sudden
expansion &
0.838 contraction
10 (Shietal., 2017) 50/30 3.3-16.0 Straight
11 (Loh et al., 2016) 50/40 0.03 Straight
12  (Ingen Housz et al., 2017) 25.4 2.2-2.7 Straight
13  (Babakhani Dehkordi et 27.86 0.838 Sudden
al., 2018) expansion
14 (van Duin et al., 2019) 21 0.36-2.74 Straight
15  (Garmroodi et al., 2020) 21/30 0.12-0.85 Sudden
expansion &
contraction
(inclined)

3.4.2 Model Validation

The setting of simulations parameters was checked to ensure the quality of

model. In this simulation, the mesh quality showed the values with category
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of good quality mesh, primarily from the parameter of skewness, aspect ratio,
and orthogonality. This work also confirmed the boundary layers occurred
near the wall. The turbulent boundary layer has various layers depending on
the value of y+. In CFD, y+ is represented by the distance between the wall
and the first cell center of the mesh. Theoretically, the closer to the wall, the
more accurate the calculation will be. As the best practice, the model of
enhanced wall treatment is suggested to show y+ value less than 5 or in the
sub layer region to avoid floating point problem that can lead to error or
unaccurate results. In this simulation, the y+ value was recorded under 5
Additionally, employing both wall functions and the near-wall model in the
buffer region leads to inaccurate computations, hence it is advised to avoid it

(Salim et al., 2009).

3.4.3 Results and Discussion

A. 2% Factorial Statistical Experimental Design Analysis

One of the reasons for using CAF in heavy oil transport is to minimize
total pressure reduction. All flow efficiency parameters, such as hold-up ratio,
maximum volumetric flow rate, and lowest pressure gradient at specified flow
capacity, can be predicted for this idealized CAF (Churchill, 1988).

Hold-up value are described as the fluids' in-situ volumetric fractions.
As reported by (A. C. Bannwart et al., 2004), oil holdups greater than 0.5 were
required for the presence of CAF. (Rodriguez et al., 2006) observed the
tendency of lower drag level for two-phase system in vertical pipe with core
flow using 500-cP oil in a glass tube with an internal diameter of 2.84 cm.

When the value of oil holdup was 0.92, the author noticed a stable core flow
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pattern, confirming a small quantity of water needed. The performance of
heavy oil transportation through the pipe was evaluated in the current work
using the important findings of earlier studies and the results of numerical
pressure drop and oil hold up. The goal of oil transportation is to get the
highest oil fraction at the end point of the pipeline with the lowest pressure
gradient in order to reduce pumping costs. As a result, the lower pressure
gradient and deviation of pressure, as well as the higher value of oil hold up,
represent a more effective technique in oil transportation. Table 6 shows an

outline of the collected data, while Fig. 12 shows the areas of data extraction.

Table 6 — Derived CFD simulation results for the 23 factorial statistical

experimental design analysis

Pressure gradient,  SDof  Oil holdup, ~ OPtained flow

Case Geometry  average value  pressure average value regime
(kPa/m) Q) )
1 T20-20 66.674 16.451 0.440 stratified
2 T50-20 535.374 85.876 0.421 stratified
3 T20-50 4.824 0.743 0.600 slug
4 T50-50 18.179 3.658 0.502 stratified
5 Y20-20 45.302 10.486 0.463 stratified
6 Y50-20 661.774 120.580 0.394 stratified
7 Y20-50 5.590 0.760 0.552 slug
8 Y50-50 12.988 3.106 0.521 stratified

(") visually captured by oil volume fraction contours in Fig. 16
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(b)

Fig. 12 — Coordinates of data retrieval for the values of pressure and oil holdup (a)
T-shaped pipe and (b) Y-shaped pipe
Present work used a statistical technique to perform the analysis of
variance (ANOVA). The ANOVA method was implemented to identify the
significant variables. The change in defined response caused by the adjustment

of the level of a factor is described as the main effect or effect of that factor.
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Meanwhile, it is strongly necessary to assess all significant interactions (Myers
etal., 2011).

The ANOVA results from the 22 factorial experimental design analyses
are listed in Table 7. The deviation level from the resulting mean is determined
for the sum of squares. The total sum of squares in an analysis of variance
(ANOVA) serves the purpose of identifying the overall variation that may be
attributed to different factors. Variance, a statistical measure, is obtained by
dividing the sum of squares by the degrees of freedom. The utilisation of mean
squares in analysis of variance (ANOVA) is employed to determine the
statistical significance of various factors. The concept of degrees of freedom
pertains to the quantity of information derived from data, enabling the
estimation and calculation of undetermined population characteristics.

The modelling statistics were used to compare the predicted R squares
and modified R squares for the three response variables. The difference between
the two measures was found to be less than or equal to 0.2.In the event that the
gap value surpasses 0.2, it is imperative to investigate potential anomalies
within the data or model. This may involve identifying outliers, considering data
transformations, or exploring alternative polynomial orders. The statistical
method known as R-squared is employed to assess the extent to which an
independent variable or variables within a regression model contribute to the
variability observed in a dependent variable.Consequently, it is possible to
ascertain the proximity of the data points to the regression line. The adjustment
of R-squares in relation to the number of components in the model is done to

account for the number of points in the design. When the inclusion of an
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additional predictor variable is advantageous to the model, it will result in an
increase in the adjusted R-squared value. The adjusted R-squared values will
exhibit an increase when the additional predictor variable plays a significant role
in the model. The experiment also included testing the sufficient accuracy
(signal to noise ratio) with a value ratio greater than 4. The determination of the
necessary precision was made by comparing the range of predicted values at the
design points to the average prediction error. Model discrimination is
considered acceptable when the ratio exceeds 4.

The variables in Table 7 with significant impacts, as shown by a p-value
less than 0.05, were the ones used to choose the source variationsThe effects of
the factors were classified into two distinct categories: major effect and
interaction effect. The primary impact, also known as the singular factor
impact, demonstrates the linear influence of modifying the quantity of an
independent factor. The process involves predicting the outcomes for the
negative (-1) and positive (+1) magnitudes or levels of a variable. The junction
angle (A) is represented by the low level (-1) and high level (+1) on the x-axis,
corresponding to 45 degrees (for Y-pipes) and 90 degrees (for T-pipes),
respectively. The smaller (20 mm) and bigger (50 mm) diameter (C) inlet and
outlet diameters, respectively, are denoted by the labels (-1) and (+1) on the x-
axis. On the other hand, interaction effects are designed to identify how the
behavior of one variable is affected by the value of another. Interaction effects
occur when two non-parallel lines intersect. The intensity of the interaction
increases as the lines of interaction effect chart become more nonparallel. The

anticipated outcomes (responses) of statistical study might be influenced by a
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variety of circumstances. As a result, adjusting these variables can have a direct
impact on the outcomes.

The statistical analysis revealed that the intake diameter (B) and outlet
diameter (C) were the primary factors that exerted a substantial influence on the
pressure gradient of the flow system in the T and Y-shaped junction pipes. The
statistical analysis indicates that the p-values provide evidence of a significant
influence of the interaction between input diameter B and outlet diameter C on
the flow system. The outlet diameter (C), intake diameter (B), and BC
interaction revealed the most remarkable effects when the same procedure was
also used to determine the major parameters that influenced the pressure
parameters. Table 7 also includes the ANOVA findings for the average oil hold
up from pipe input to outflow. The p-value indicated that B and C were
significant model terms. Despite the fact that the p-value for the main effect of
junction angle (A) exceeds the threshold of 0.05, indicating a lack of statistical
significance, it should be noted that the interaction between junction angle (A),
inlet diameter (B), and outlet diameter (C), denoted as ABC, exhibits a
significant and meaningful impact. According to Montgomery (2006), however,
even though the first order effects of the variables (A, B, and C in this example)
had p-values higher than 0.05, they should still be taken into account if the
interaction (ABC in this case) produced a significant impact. According to the
oil holdup response variable results reported in Table 7, parameter C had the

most influence, followed by B and ABC.
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The average pressure gradient, the standard deviation of pressure, and
the average oil hold up, respectively, were estimated using the Egs. 3.14, 3.15,

and 3.16 as given below.

dP/L = 168.84 + 138.24X; — 158.44X, — 133.05X3 X, (3.14)

SD dP = 30.21 + 23.10X, — 28.14X, — 21.78Xz X, (3.15)

H, = 0.4867 + 0.0041X, — 0.0272X, + 0.0571X, (3.16)
— 0.0148X, XX,

where the coded variables of Xa, Xg, Xc, XgXc, and XaXgXc represent the

factors A, B, C, BC interaction, and ABC interaction, respectively.

Equations 3.14 to 3.16 show how to anticipate the reaction for certain
amounts of each factor using equations in terms of those factors (Xa, Xs, and
Xc). As a result, these equations may be used to optimize a system or design.
The simulation results and projected reaction were also contrasted, as shown in

Fig. 13.

It is very important to be highlighted that when interpreting main and
interaction effect, any statistically significant interaction is the real result
because the interaction tells more about the levels of each independent variable
than any main effect can (Oja, 2023). Another literature also states that if there
is a significant interaction, the effect of simultaneous changes cannot be
determined by examining the main effects separately. If there is not a significant

interaction, then proceed to test the main effects (Kiernan, 2021).
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Table 7 — The ANOVA result for the response variables: the average of pressure
gradient, standard deviation of pressure, and average of oil holdup

Response  Source of Sumof  Degree of Mean

. . F-value -value
Variable variation squares freedom square P

B-B 1.529E+05 1 1.529E+05 74.30 0.0010

Average of C-C 2.008E+05 1 2.008E+05 97.60  0.0006
pressure BC 1.416E+05 1 1.416E+05 68.83 0.0012
gradient Error 8230.67 4 2057.67

Total 5.036E+05 7

B-B 4267.97 1 4267.97 27.53  0.0063
Standard C-C 6335.22 1 6335.22 40.86  0.0031
deviation BC 3795.68 1 3795.68 2448  0.0078

of pressure Error 620.12 4 155.03

Total 15018.98 7
Average of A-A 0.0001 1 0.0001 1.25 0.3453
oil holdup B-B 0.0059 1 0.0059 55.19  0.0050
C-C 0.0261 1 0.0261 244.01  0.0006
ABC 0.0018 1 0.0018 16.42 0.0271
Error 0.0003 3 0.0001
Total 0.0342 7
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Fig. 13 — Comparison of model predictions and simulation outcomes for (A) the
average pressure gradient, (B) the average pressure deviation, and (C) the average
oil holdup

The inlet and output diameters should be regarded as one variable when analyzing
the impact of diameter factors. The relationship between the two diameters is crucial
for illustrating how the diameter ratio affects the effectiveness of the flow. As seen in
Fig. 14(a), the optimum result was projected to be attained by a geometry with small
intake diameter and large exit diameter or greater diameter ratio as the average of the

pressure gradient should be as lower as possible. Pressure drops were found to be

greater for geometry with a diameter ratio less than one. According to some studies,

300
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one of the major geometrical parameters involved in flow distribution within junctions
is the diameter ratio of T-junction and Y-junction (Ejaz et al., 2021; Memon et al., 2020;
Saieed et al., 2018; Yang et al., 2019). The downstream section of the small diameter
ratio T-junction and Y-junction experienced a significant pressure drop due to the
Bernoulli effect. Moreover, it can be anticipated that the liquid, primarily composed of
water as the annular fluid, will encounter a narrower cross-sectional area as it reaches
the branches of the downstream region. This will lead to an increase in pressure drop
due to the reduction in diameter of the side branches at the junctions. However, the
critical interaction was also looked at in order to come to a more certain conclusion.
Based on the recorded average pressure measurements at different axial locations
within the flow system, it is deemed most advantageous to sustain a consistent pressure
magnitude from the upstream inlet to the downstream exit. The zero-pressure drop
cannot be sustained naturally, though. The pressure decrease in T-junctions and Y-
junctions is influenced by various factors, including the smoothness of the inner pipe
wall, flow direction, junction angle, and cross-sectional area. (Li et al., 2013). The
pressure loss was indicated by a change in the average pressure number, which was
computed as the pressure standard deviation. The data presented in Figure 14(b)
demonstrates the relationship between BC interaction and the standard deviation of
pressure. It is observed that the impact of outlet diameter on pressure deviation is
relatively insignificant when the inlet diameter is small. However, this effect becomes
more pronounced as the inlet diameter increases. Consequently, the attainment of the
minimum standard deviation in pressure can be facilitated by employing a smaller inlet
diameter in conjunction with a larger outlet diameter or a greater diameter ratio. The

effects of BC on the response variables of average pressure gradient and standard
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deviation of pressure were found to be in line with the findings presented in Table 6.
The table indicated that expansion geometries with a diameter ranging from 20 to 50
mm exhibited the lowest pressure gradients.

As mentioned earlier, the flow efficiency of T and Y-junctions was influenced by
various factors, such as the angle and cross-sectional area of the junction, which was
found to be associated with the diameter ratio. The influence of these parameters,
namely the junction angle and diameter ratio, exhibited variability contingent upon the
specific values assigned to the angle and pipe diameter. Based on the established
equations for determining friction loss resulting from junction structures, it can be
observed that the loss coefficient associated with the junction angle and pipe wall
friction is comparatively lower for a T-junction in comparison to a Y-junction (Li etal.,
2013). Another work also stated in their study that the smaller the branch angle of the
kerosene-water flow system in vertical T-junction, the more water enters the branch
(Puspitasari et al., 2014).

However, it has been observed that within a specific range of pipe diameters, the
resilience of oil flow may not be influenced by the diameter of the pipe (Hughmark et
al., 1961). Figure 14(c) illustrates the ABC interaction, presenting the observed effects
resulting from different outlet diameter values, specifically low and high values. The
results indicate that a decrease in outlet diameter resulted in advantageous outcomes at
high inlet diameter, while yielding unfavourable consequences at low inlet diameter.
When the outlet diameter is larger, an increase in the junction angle has an
advantageous impact on the flow at low inlet diameters, but negative consequences at

high inlet diameters.
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Figures 15(a) to 15(d) depict the response surface of the average pressure gradient,
pressure standard deviation, and average oil hold up, considering different significant
factors. The utilisation of three-dimensional plots facilitates the visual analysis of the
interdependent associations among the response variables. The utilisation of 3D surface
plots as a visual tool can contribute to the optimisation process by facilitating the
identification of the optimal region within the surface's curvature where the projected
results reach their maximum value. The present study identified optimal conditions as
those characterised by a low average pressure gradient, a low standard deviation of
pressure, and a high oil hold up. Consequently, it can be observed that the optimal
design configurations for T and Y-shaped junction pipes are achieved when the junction
angle and outlet diameter are increased, while the inlet diameter is decreased. In this
study, it was determined that the optimal junction angle for T-shaped pipes, with an

inlet diameter of 20 mm and an outlet diameter of 50 mm, is 90 degrees.

Average of pressure gradient
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Fig. 14 —The current research examines the interaction effects of various factors on
three key parameters: (a) the average pressure gradients, (b) the standard deviation
of pressure, and (c) the average oil holdup
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Fig. 15 — The response surface of (a) the average pressure gradient is visualised with
respect to the variation in inlet diameter and outlet diameter, while (b) the standard
deviation of pressure is visualised with respect to the variation in inlet diameter and

outlet diameter. (c) The study examines the relationship between the average oil
holdup and the variations in junction angle and inlet diameter, specifically focusing
on a high value (+1) of the outlet diameter. (d) The investigation explores the average
oil holdup in relation to the variations in junction angle and inlet diameter, with a
specific emphasis on a low value (-1) of the outlet diameter.
B. System Hydrodynamics

According to the data presented in Table 6, the average pressure
gradient, standard deviation of pressure, and average oil hold up values
exhibited a consistent trend across the eight modifications. The performance of
Y-shaped junction pipes was found to be superior to that of T-shaped junction
pipes in pipe designs characterised by consistent diameter sizes. Moreover,

when comparing cases with smaller diameters (Y20-20 and T20-20) to those
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with larger diameters (Y50-50 and T50-50), it was observed that the geometries
with greater diameters exhibited enhanced flow efficiency in the process of oil

transfer.

According to a prior study on vascular junctions (Mynard et al., 2015),
fluid behaves as though it will lose more pressure while crossing a Y junction.
This study presents a comprehensive analysis of the loss coefficients associated
with T- and Y-shaped junction pipes, encompassing various values. The
aforementioned loss coefficients exhibit a correlation with pressure losses in the
context of diverging flow, which varies depending on the Reynolds numbers
involved. For all selected Reynolds numbers, it was observed that the Y-shaped
junction pipes exhibited lower loss coefficients compared to the T-shaped
junction pipes. The numerical results presented in Table 6 indicate that T-
shaped junction pipes outperformed Y-shaped junction pipes in cases where
there were variations in diameters between the upstream and downstream areas.
This is evident from the observation of lower pressure gradients and higher oil
hold up values associated with T-shaped junction pipes. When comparing the
configurations of pipes with sudden expansion (20-50) and sudden contraction
(50-20), it was observed that the designs featuring sudden contraction exhibited
the highest pressure drop and the lowest oil hold up. Balakhrisna et al. (2010)
conducted an experimental study, while Wu et al. (2020) combined
computational fluid dynamics (CFD) modelling with experimental data. Both
studies demonstrated that annular flow within sudden contraction and 90° elbow
structures exhibits a greater pressure gradient when the geometry has a smaller

diameter. This phenomenon occurred due to the fluid's passage through a
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reduced cross-sectional area, resulting in an increase in velocity and a
corresponding decrease in internal pressure, or an increase in pressure drop. The
investigations of phase separation in T-junction and Y-junction involved the
declaration of lower diameter ratios in order to enhance the performance of
phase split and modify the flow pattern. The aforementioned ratios were
attained through the reduction of the diameter of the downstream or branching
components, while keeping the diameter of the main upstream component

constant (Azzopardi et al., 1999; Azzopardi et al., 1982; Ejaz et al., 2021).

Based on the findings presented in Table 6, it is observed that the
predicted oil holdup values exceed the input volume fraction of oil (g0 = 0.34).
This suggests that either the effective average water velocity surpasses the
velocity of oil, or the slip ratio is less than one. This particular scenario may
pose challenges in establishing the concept of CAF (continuous annular flow)
and transitioning the fluid dynamics to one of several plausible regimes, such
as stratified, slugs, bubble, or dispersed flows. Figure 16 displays the two-
dimensional representations of the flow patterns corresponding to eight distinct
geometries. The presence of CAF in the upstream region was evident based on
the observed contours, as the oil-water mixture moved from the inlet towards

the end of the junction region prior to branching.

Upon encountering the junction wall and subsequently dividing into two
outlet directions, it was observed that stratified flow patterns emerged for
variations 1, 2, 4, 5, 6, and 8. Andrade et al. (2013) also reported the almost

similar finding in their simulation work for CAF within T-junction for heavy
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oil-water flow (po = 989 kg/m3, pw= 997 kg/m3, po = 10.0 Pa s, uw = 8.89 x
10-4, o = 0.072 N/m) with diameter of inlet and outlet were 14 cm and 15 cm,
respectively. Their results showed that the pressure drop increased during the
flow and that the annular to stratified flow pattern altered starting at the bend
connection zone. In the downstream region (1,2,4,5,6,8), the flow
characteristics at the two branches of each geometry in this study exhibited a
general similarity in the case of stratified flow. A small oil layer close to the
wall and stratified flow downstream were consistently seen along the Y20-50
geometry contour (case 6). The Y50-20 geometry was found to have the thinnest
oil layer in relation to the other geometries, as well as the lowest oil holdup, as
shown in Table 6. The T50-50 pipe in case 4 exhibited a slightly undulating
interface in the upstream segment near the junction, while the Y20-20 pipe in
case 5 displayed a similar wavy interface in the vicinity of the pipe outlets.
These waves were generated as a result of the interaction between heavy oil and
water in the interface zone. A clear pattern was observed in the morphology of
T20-50 (example 3) and Y20-50 (case 7), both of which displayed slug flow
within their respective branches. The oil velocity exhibited a decrease in
magnitude as the flow pattern transitioned into slug flow. The utilisation of
three-dimensional contoured photographs allows for enhanced visualisation of
the slug flow phenomena in the aforementioned geometries, as depicted in
Figure 17. According to the 3D pictures, oil smashes the rear wall at the
junction before flowing incoherently into the sidewall. The 2D illustration did

not adequately depict the problem.
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Changing flow rates and volumetric flow ratios typically disrupt the
annular flow in a straight pipe system (Dessimoz et al., 2008). Nevertheless, the
presence of an intersection that separated the upstream and downstream sectors
had a detrimental effect on the stability of the previously built CAF in this study.
The contour representations illustrate that once the primary flow structure
reached the termination point of the upstream length and started to approach the
downstream region, it bifurcated into two distinct branches. At the point of
convergence, the velocity of oil was observed to be higher than that of water. It
is unlikely that water made contact with the intersection wall, as oil exhibited
greater velocity and ultimately collided with the wall at the termination point of
the intersection. The oil was distributed to each outlet direction within the
annulus, while the water was directed towards the nearest outlet side in the
downstream area. As a consequence of the sudden occurrence, the oil came into
contact with the inner surface of the pipe, leading to a significant increase in
pressure drop. However, the shape of examples 3 and 7 implied a specific type
of flow occurring downstream. The impact of geometry on the flow pattern was
evident, despite the similarity in velocity trends at the junction region to other

scenarios, where the velocity of oil exceeded that of water.

In the present study, the superficial velocities remained unaltered. On
the other hand, the experimental study examined the impact of varying surface
velocities on the pressure gradient, oil holdup, and flow pattern. In their
research, Babakhani Dehkordi et al. (2018) and Babakhani (2017) conducted
experiments and developed models to investigate the impact of their

interventions on the flow characteristics in a sudden expansion horizontal pipe.
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The pipe had an upstream diameter of 21 mm and a downstream diameter of 30
mm. The researchers were able to increase the Jo for CAF from 1.67 m/s to 3.35

m/s, as well as modify the Jw range from 3.21-3.24 m/s.

Based on the findings from experimental observations and
computational fluid dynamics (CFD) simulations, it can be inferred that higher
values of the dimensionless parameter Jo are associated with an increased
pressure gradient in both the upstream and downstream regions. Furthermore,
higher oil holdup values were observed for higher Jo values, based on both
simulation work and the Arney et al. (1993) correlation. A transition flow
pattern from core-annular flow (CAF) to dispersed flow was observed across all
surface velocity ranges, characterised by the presence of a thicker oil core at
higher values of the dimensionless flow rate (Jo). Jiang et al. (2021), Joseph et
al. (1997), and Sotgia et al. (2008) all discussed various oil and water superficial
velocities. In the aforementioned works, the development of the flow pattern
based on the oil and water superficial velocities was forecasted using the flow
pattern map that was created after studying the evolution of the flow pattern
according to the oil and water superficial velocities. In their study on flow
regimes and pressure drop reduction in horizontal pipes for oil-water mixtures,
Sotgia et al. (2008) observed that increasing the oil superficial velocities beyond
a critical value resulted in the transformation of flow patterns from various
water superficial velocities to core annular and wavy annular patterns. This

transformation occurred across a wide range of water superficial velocities.
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The present study revealed that certain variables, including the
superficial velocity of each phase, mixture flowrate, pipe dimension, and
structures, exerted an influence on the transition of flow pattern from upstream
to downstream regions. The stratified flow observed in this study can be
attributed to the gravitational separation of the fluid, leading to the formation of
distinct oil and water layers that exhibit a smooth interface. The slug flow
observed in geometry with sudden expansion, specifically cases 3 and 7,
exhibited an augmentation in the velocity of water within the system. The slug
flow phenomenon in oil transportation was investigated in an experimental
study, which found that at low mixture velocities, an intermittent phase
occurred. This phase was characterised by the presence of water slugs and was
observed to reduce the pressure gradient of heavy oil flow (McKibben et al.,
2000). The significance of water slugs in facilitating the transportation of a
substantial volume of oil through a pipeline characterised by a low pressure
gradient has been ascertained. This discovery indicates that the establishment
of counter-current air-water flow (CAF) may lead to a reduction in pressure
drop during the occurrence of slug flow in the oil-water system. Based on the
data presented in Table 6, it can be observed that cases 3 and 7, characterised
by slug flow patterns, exhibited comparatively lower pressure gradients in the
downstream region when compared to other geometries featuring stratified
flow. The observed low pressure gradient is indicative of the relatively low

velocity of the mixture.

High momentum transfer capacity, low buoyancy effects, low free

energy at the interface, fewer dispersed phase droplet sizes, wettability, and the
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volume fraction and droplet distribution of the dispersed phase due to the
density difference between the oil and water phases are the primary causes of
variations in liquid-liquid flow characteristics (Ismail et al., 2015). Shi (2017)
found that when flow system characteristics such viscosity, density, and pipe
diameter were quantitatively changed, the flow structure will fundamentally
change Nevertheless, previous studies conducted on flow systems in T-
junctions and Y-junctions have specifically examined stratified liquid-liquid
flow and gas-liquid flow. These investigations have revealed that both the
branch angle and flow direction significantly influence the flow performance,
encompassing flow pattern, holdup, and pressure drop. The modelling results of
this study revealed that phase separation and alterations in the flow pattern were
observed for all potential adjustments in pipe geometry. Therefore, it is not
recommended to utilise the geometries and conditions employed in this
simulation study to establish the CAF (core annular flow) for an oil-water
system with the intention of benefiting from water lubrication around the oil
core. The stability of the CAF (Cyclically-Assisted Filtration) was not sustained
upon traversing the junction, resulting in the core phase coming into contact

with the inner surface of the pipe.
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Fig. 16 — Two-dimensional visualisation of oil fraction contours for eight different
cases involving T and Y-shaped junction pipes.
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Fig. 17— The three-dimensional contour plot illustrates the distribution of the oil
phase fraction in the downstream region, specifically at two locations: (a) T20-50 and
(b) Y20-50.

3.4.4 Conclusion

The computational fluid dynamics (CFD) analysis was conducted to simulate
the flow of heavy oil and water in T and Y-shaped junction pipes. Various
combinations of junction angle, inlet diameter, and outlet diameter were considered
during the modelling process. Based on the outcomes of the simulation, it can be
observed that the establishment of CAF stability was not observed in the downstream
region subsequent to traversing the intersection area. Upon the introduction of fluids

into the downstream region, the flow system exhibited two discernible patterns of
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behaviour. Initially, the dense oil came into contact with the inner surface of the
conduit during its flow. Furthermore, the movement of the oil exhibited irregular
patterns, with the denser heavy oil being enveloped within the flow system composed
primarily of water. Consequently, the flow pattern underwent a transition from core
annular to stratified and slug flow. The present study observed that instances of abrupt
expansion exhibited a slug flow pattern characterised by the lowest pressure gradient
and the highest oil holdup in comparison to stratified flow. In contrast, the
suddencontraction configuration demonstrated resistance to an increase in pressure

gradient and a reduction in oil holdup.

Based on the factorial statistical experimental analysis, it was observed that the
average pressure gradient and the standard deviation of pressure were significantly
influenced by the parameters of inlet diameter, outlet diameter, and the interaction
between inlet and outlet diameter. However, it was determined that the outlet diameter
made a more significant contribution. The variation in junction angle did not yield any
discernible impact on the mean pressure gradient, standard deviation of pressure

decline, or average oil holdup.

The average oil holdup was significantly influenced by the interaction effect of
junction angle, inlet diameter, and outlet diameter, as well as the main effects of
junction angle, inlet diameter, and outlet diameter. The present study aimed to
establish the optimal condition, which was characterised by a low average pressure
gradient, a low standard deviation of pressure, and a high oil hold up. Hence, optimal
design configurations for T and Y-shaped junction pipes are attained by increasing

the junction angle and outlet diameter, while decreasing the inlet diameter. However,
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the combined effect of junction angle, inlet diameter, and outlet diameter, as well as
the individual effects of junction angle, inlet diameter, and outlet diameter, had a
statistically significant impact on the average oil holdup. This study aimed to establish
the optimal condition, which was characterised by a low average pressure gradient, a
low standard deviation of pressure, and a high oil hold up. Therefore, the optimal
design configurations for T and Y-shaped junction pipes are attained by increasing

the junction angle and outlet diameter while decreasing the inlet diameter.

3.5  Core Annular Flow In T-Junction And Y-Junction For Oil-Water

System: Oil As Non-Newtonian Fluid

This Sub-Chapter discusses the simulation results that was developed from
previous simulation work in Section 3.4. This section examines the occurrence of
crossflow amplification (CAF) in a non-Newtonian high viscous oil-water system,
specifically through horizontal T and Y-junctions with symmetrical dividing flow. The
Carreau viscosity model is utilised for this analysis. Previous experimental, theoretical,
and numerical CAF studies have been performed on highly viscous oil-water. The
primary focus of the research conducted is applicable to the behavior of Newtonian
fluids within a pipe. Infact, the heavy crude oil exhibits non-Newtonian
characterization. Heavy oil is classified as a non-Newtonian fluid due to its shear-
thinning rheological properties, wherein the effective viscosity decreases as the shear
rates increase. However, due to their non-Newtonian properties, heavy oils are difficult
to transport. CAF is the preferred method of non-Newtonian oil transportation (Jiang et
al., 2018). In particular, the rheology of non-Newtonian fluid affects the CAF

characteristics (Picchi et al., 2018).



67

Almost all investigations on CAF have been undertaken under the assumption
that the core fluid's viscosity is constant, despite the fact that there is an extensive
amount of literature on CAF involving very viscous oil or non-Newtonian liquid.
(Tripathi et al., 2015). Only a few CAF theoretical investigations have up till now taken
into account the presence of shear-thinning fluids (Jiang et al., 2016; Jiang et al., 2018;
Picchi et al., 2016; Picchi et al., 2018; X. Sun et al., 2010; X. W. Sun et al., 2012,
Tripathi et al., 2015). The rheological characteristics of non-Newtonian liquids were
expressed in these experiments using the Ostwald de Waele power law model.
However, this approach is only useful in a small number of operating circumstances
due to the limitless rise in viscosity value forecast at low shear rates. In order to better
understand the structure and flow characteristics of activated sludge, a prior study
assessed the predictive power of seven different models for the viscosity of Non-
Newtonian fluids (Power law, Bingham plastic, Herschel-Bulkley, Casson, Sisko,
Carreau, and Cross) (Khalili-Garakani et al., 2011). In terms of predicting viscosity
throughout the whole range of MLSS (mixed liquid suspended solids) concentrations,
the Cross model and the Carreau model came out on top. Despite their lower level of
precision, the Herschel-Bulkley and Casson models still proved to be appropriate for
the given context. Picchi et al. (2018) employed a shear-thinning Carreau fluid in their
prior research to present a comprehensive solution for laminar fully formed concentric
annular flow (CAF) in both horizontal and inclined pipes. The observed behavior of the
two-phase annular flow, characterized by a combination of non-Newtonian and
Newtonian properties, was found to persist across a range of operational conditions.
This behavior was observed even in the presence of complex rheological properties

exhibited by the liquid, as described by the Carreau fluid model.
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The simulation conducted in this section was an extension of the simulation
work discussed in Section 3.4. It employed comparable geometries, multiphase flow
simulation parameters, grid independence test outcomes, simulation duration,
convergence criterion, and flow system response variables. However, it is important to
note that the heavy oil studied in this particular section was categorized as a non-
Newtonian Carrreau fluid, exhibiting rheological properties comparable to an untreated
crude oil sample as described by Montes et al. (2018). The heavy oil had a viscosity
(1) of 170.811 Pa.s at zero shear rate and a density (po) of 976 kg/m3. The calculated

parameters of the Carreau rheological model for viscous oil are presented in Table 1.

3.5.1 Carreau Viscosity Model
.For this simulation part, the Carreau model was selected to facilitate the non-
Newtonian fluid's rheological behavior. The flow behavior number (N) describes the
fluid's behavior, and values less than one indicate that the fluid is pseudoplastic. This
equation explains the rheological behavior of a shear thinning fluid at low and high
shear rates, with zero shear rate viscosity (uo) and infinity shear rate viscosity (p).
Eq. 3.17 depicts the equation relating to the Carreau model.

Hoy—Hooy
(1+ (Acy)?)N (3.17)

u= .uoo,]'/ +

3.5.2  Model Validation
The calculation of oil holdup for straight sections of pipe involved the
utilization of the semi-empirical correlation developed by Arney et al. in 1993. The
correlation presented in this study is based on an experimental investigation

conducted using waxy crude oil with a viscosity range of 200 to 900 Pa.s, as

described in Section 2.9. The outcome of this study indicated a decrease in error of
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approximately 5 to 10% when comparing the model that incorporated variable
viscosity to the model that assumed constant viscosity. This difference was
observed specifically in the predicted oil holdup values for the upstream straight
segment (from the inlet to near the junction) and the downstream straight segment

(located 200 mm after the intersection to the pipe outlet).

The time step and simulation time utilized in this study were 1x10* s and 4
s, respectively, as indicated in the computational domain section. Furthermore, the
selection of these numbers was made with the intention of regulating the Courant
number. The duration of a particle's residence in a single mesh cell can be
quantified using a dimensionless parameter known as the Courant number. The
stability of the numerical method employed in the solver can be evaluated by
utilizing the Courant number, which is contingent upon the local flow velocity, the
mesh size, and the time increment. In order to precisely represent the alterations in
the flow variables, it is imperative that the Courant number remains below a value
of one. The Courant number for all geometries in this research ranged from 0.6 to
0.8. When the Courant number surpasses unity, the information propagates through
multiple grid cells within each time step. Certain integration schemes can lead to
inaccurate solutions and solution divergence. In instances where the simulation
failed to converge or when the Courant number exceeded unity, adjustments were
made to the under-relaxation factors (URF) setting to effectively control the
Courant number. The control of the iterative process is achieved by the utilization
of the Under-Relaxation Factor (URF), which effectively mitigates the impact of

numerical errors on the flow solutions, thereby preventing fluctuations in the flow.
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The evaluation of the mesh's quality involved the assessment of the
skewness ratio and orthogonal quality rate. In this particular instance, the
orthogonal quality rate ranged from 0.8 to 0.95, while the skewness ratio ranged
from 0 to 0.3. The numerical data presented in this study indicates that the mesh

quality employed in the research falls within the spectrum of very good to excellent.

To validate the differentiation between the mass entering and exiting the
system, an analysis of the mass balance within the system was conducted. In the
conducted simulation, it was observed that the mean disparity between the mass
flow rates upstream and downstream across all geometries amounted to a mere

3x1073. This suggests that the mass balance system's requirement has been fulfilled.

353 Results and Discussion

A. 23 factorial statistical experimental design analysis

The same input factors and response variables that were discussed in
Section 3.4 are used in this part. Table 8 provides a summary of the results collected
for the response variables. For the results, similar and different phenomenon were
observed compared to the first case in Section 3.4. The same phenomenon occurred
that for pipe with similar diameter ratio, pipes with smaller diameter (20-20) have
higher pressure drop and lower oil holdup than bigger pipes (50-50) . The same
phenomenon also occurred for geometries with sudden contraction (smaller
diameter ratio) that showed lower oil holdup. However, different trend was
observed for configurations with diameter combination of 50-50 that have
comparatively high oil holdup and low pressure drop compared to other diameter

ratios for the same junction angle.
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In order to identify variables that are statistically important, an analysis of
variance (ANOVA) was also performed as shown by Table 9. As previously
discussed in Section 3.4.3, the statistical value indicating the significant variables
should be interpreted not only referred to the p-values but also the indicated flow
phenomenon that might be occurred mainly because of the interaction between the

independent variables.

Table 8 — Derived CFD simulation results for the 23 factorial statistical experimental
design analysis (oil as Carreau fluid)

Average of SD of pressure Average of oil
Case Geometry pressure holdup
gradient (kPa/m) () ()
1 T20-20 369.83 96.802 0.657
2 T50-20 496.61 82.636 0.518
3 T20-50 857.12 130.481 0.605
4 T50-50 67.08 14.326 0.699
5 Y20-20 1336.68 379.717 0.575
6 Y50-20 1156.02 220.726 0.512
7 Y20-50 1000.24 268.408 0.522
8 Y50-50 76.61 18.151 0.603

According to Fig. 18(a), interactions between A and other factors is not considered
significant. The best result of oil holdup can be achieved for larger diameter value. This
prediction could come to accurate, especially in the context of the shape and flow
conditions discussed in this paper. The findings align with the conclusion drawn from
Table 8, indicating that T or Y-shaped pipe designs with 50 mm inlet and outlet
diameters exhibit superior oil hold up compared to alternative geometries, when
considering the same junction angle. The presented interaction chart indicates that there
is no significant difference in oil holdup between uniform smaller diameter (20-20)
geometries and uniform larger diameter geometries, even when the diameter ratio of

T50-50 and T20-20 or Y50-50 and T20-20 is approximately equal to 1. However, the
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data presented in Table 8 indicates that designs with a diameter ratio of 1 exhibit a
relatively higher oil holdup in comparison to designs with different diameter ratios,
while maintaining the same connection angle. The geometries exhibiting the highest
diameter ratio (D1/D2 = 2.5) demonstrate the lowest oil holdup values in both T and Y-

shaped pipe configurations.

According to the p-values associated with the various source changes, it was
anticipated that the interaction effect between variables B and C would exert the most
significant impact on the pressure gradient value, in comparison to the effect of variable
AC. This observation is particularly evident in Table 9, particularly with regard to the
average pressure gradient. In order to provide further elucidation on the interplay
between various components and their impact on the average pressure gradient, Figure
18(b) illustrates the interactions involving components AC and BC. According to the
AC interaction, it is anticipated that the impact of the outlet diameter will be more
pronounced when the junction angle is at a lower level (i.e., a smaller angle), while it
will be less significant when the junction angle is at a higher level (i.e., a larger angle).
The simulated flow system achieved the lowest pressure drop when both diameters
were increased to a high level or a larger diameter with a higher junction angle (A).
Furthermore, the study revealed a significant correlation between BC and setups
characterized by larger input diameters, while the impact was comparatively less
pronounced for designs featuring smaller exit diameters. If the diameters of both the
inlet and outflow are increased, the desired condition will be achieved regardless of the
junction angle. The potential reduction of fouling in lubricated oil-water systems due

to the impact of a larger diameter in the CAF through abrupt contraction and expansion
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has been suggested to have an effect on system pressure drop (Kaushik et al., 2012).
According to the study conducted by Li et al. (2013), it was observed that T-junctions
exhibited a lower loss coefficient compared to Y-junctions, with the variation being
dependent on the inclination of the junction and the friction of the pipe wall. The present
study observed the minimum pressure drops of T-shaped pipes, specifically T50-50,
resulting from the combined influences of variables on the mean pressure gradient, as

depicted in Figure 18(c).

Table 9 presents varying results pertaining to the standard deviation (SD) of
pressure. The standard deviation of fluid system pressure in the pipe was found to be
significantly influenced by three factors, namely A, B, and C. Among these factors, A
exhibited the most substantial impact, as evidenced by its lowest p-value of 0.0121,
while B and C had comparatively smaller effects. The standard deviation of pressure
was affected by modifications in the AB, AC, and BC interactions, which were in turn
influenced by the interaction of two components. Although the p-values of AB and AC

were nearly equivalent, the p-value of BC was comparatively higher.

The phenomenon of pressure loss was identified and quantified by calculating the
standard deviation of pressure measurements taken at different points along the length
of the pipe, where the average pressure value exhibited variation. The pressure standard
deviation is generally reduced when A, B, and C have higher values, as demonstrated
in Figure 18(c) and (d). The findings of this study indicate that it is feasible to achieve
a gradual pressure shift along the length of a pipe without experiencing a sudden drop
in pressure, by utilizing a larger pipe diameter and an appropriate junction angle as

implemented in the simulation. The interaction effects of AB (Fig. 18(c)) indicate that
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a larger junction angle, particularly when combined with a larger intake diameter, leads
to a decrease in the standard deviation of pressure. The impact of the smaller outlet
diameter (C) on the larger junction angle (A) is minimal, as depicted in Figure 18(d).
In order to optimize the outcome of the AC interaction, it may be advantageous to
consider modifying the design by increasing the junction angle and enlarging the outlet
diameter. Based on the findings of the BC interaction (Figure 18(d)), it can be inferred
that a design featuring a greater outlet diameter and a smaller inlet diameter, or a higher
diameter ratio, will result in an increase in the standard deviation of pressure. Optimal
flow performance, as indicated by the minimal standard deviation of pressure, can be
attained by selecting larger inlet and outlet sizes for any given junction angle. Optimal
flow performance, as indicated by the minimal standard deviation of pressure, can be
attained by selecting larger inlet and outlet sizes for any given junction angle. The
maximum attainable minimum pressure standard deviation (SD) can be achieved by

selecting a high junction angle, regardless of the intake diameter.



Table 9 — The ANOVA result for the defined response variables : the average of

pressure gradient, standard deviation of pressure, and average of oil holdup
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Response Source of Sum of Degree of Mean F-value p-value
variable variation squares freedom square
Average of A 0.0089 1 0.0089 13.64 0.0209
oil holdup C 0.0035 1 0.0035 5.40 0.0808
BC 0.0179 1 0.0179 27.40 0.0064
Error 0.0026 4 0.0007
Total 0.0330 7
Average of A 1.58E+08 1 1.58E+08 23.55 0.0337
SEZZSI‘;;? B 1.92E+08 1 1O2E+08 2862  0.0341
C 1.07E+08 1 1.07E+08 15.98 0.0559
AC 1.43E+08 1 1.43E+08 21.39 0.0480
BC 3.50E+08 1 3.50E+08 52.23 0.0385
Error 13405,09 2 6702.54
Total 9.64E+08 7
Standard A 39587.07 1 39587.07 2754.80 0.0121
g?‘gfets'gﬂre B 36391.92 1 36301.92 253245  0.0126
C 15182.86 1 15182.86 1056.55 0.0196
AB 9725.06 1 9725.06 676.75 0.0245
AC 9747.74 1 9747.74 678.33 0.0244
BC 4668.50 1 4668.50 324.87 0.0353
Error 14.37 1 14.37
Total 1.5E+08 7

The shape of the T and Y- shaped pipes was shown to have a significant impact on

the flow performance of the system under study, according to the overall findings of

the statistical experimental design analysis. In contrast, the line gradient depicted in

Figure 18 demonstrates that the impact of junction angle, inlet diameter, and outlet
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diameter as individual main effects was not as significant as the interaction effects
between these design factors in relation to the majority of correlations observed
between design factors and response variables. Of all the interaction effects deemed
statistically significant, the interaction involving the inlet and outlet diameter,
specifically the diameter ratio, emerged as a prominent factor consistently influencing
all the response variables. This discovery aligns with previous findings that have
indicated the significant role of the combined diameter ratio in governing the flow
distribution of a two-phase system as it passes through a T-junction (Ejaz et al., 2021;
Memon et al., 2020; Saieed et al., 2018). For variables related to pressure gradient, there
were more design parameters affecting pressure than oil holdup. Several factors
contribute to pressure losses in T and Y-pipes, such as the junction angle, pipe material,
direction of flow, inner pipe wall smoothness, and cross section area (Guangbin et al.,
2010; Lietal., 2013). As a result, in order to control the pressure gradient value, design
considerations should be more stringent in effort accommodate geometrical variables.

A quantitative relationship (equation) between the response and the primary
design parameters is generally highly beneficial for describing the findings of several
trials for the purpose of design selection. It should be noted, however, that statistical
approaches can only serve as guides for the trustworthiness and validity of the data;
they cannot prove causality. We can gauge the likelihood of a mistake in our
conclusions or the reliability of a claim by employing statistical procedures correctly
(Montgomery, 2012). The formulas written as Eqs.3.17, 3.18, and 3.19 are regression
models developed from the ANOVAs to forecast the values of pressure gradient,

pressure standard deviation, and oil hold up.
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dpP
= 67002 — 222.36X, — 220.94X; — 169.76X + 184.20X,Xc

(3.18)
—207.47XpX,
SD dP = 151.41 — 70.34 X, — 67.45X — 43.56X, + 34.87X, X5
+34.91X, X, — 24.16X3X,. (3.19)
H, = 0.5864 + 0.0334X, + 0.0209X, + 0.0471XzX, (3.20)

where coded variables of Xa, Xg, Xc, XaXsg, XaXc, and XgXc are presented the factors

of A, B, C, AB interaction, AC interaction, and BC interaction, respectively.

The accuracy of the regression model was evaluated by examining the residuals,
which represent the differences between the predicted values of the model and the
actual values obtained from the experimental data. (Fig. 19). The parity plot in Figure
19 illustrates the concordance between the simulation outcome, represented on the x-
axis, and the expected model, represented on the y-axis. In instances where the
outcomes of simulations precisely align with the predictions made by the model,
thereby accurately representing the actual targets, it can be inferred that the data and
model exhibit complete concordance, as visually demonstrated by the 45° line. The
model verification revealed no discoveries related to anomaly, outliers, variance
inequalities, or a pronounced trend with the projected values. The resulting regression

model might thus be acknowledged as a legitimate model.
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The 3D response surface of the average of the pressure gradient, the average of the
oil hold, and the standard deviation of the pressure are shown in Figs. 20(a) through
20(c), together with their significant variables. In this investigation, the best conditions
were attained when the oil hold up value was maximum and the average pressure
gradient value and standard deviation of pressure were at their lowest values. Therefore,
the configuration with high values of junction angle, inlet diameter, and outlet diameter
was the preferred design generally for the T and Y-pipes to provide the optimal
condition. Therefore, the arrangement with a 90° connection angle, 50 mm inlet and

outlet diameters, and T50-50 pipe geometry was suggested.

B. Comparison of ANOVA Results For 1% Simulation (Newtonian) and 2"¢

Simulation (Non-Newtonian)

As the ANOVA results for the 2 simulation cases have been discussed, then these
2 conditions can be compared as Table 10. From Table 10, for both cases, the interaction
between ID and OD has main role in impacting the value of oil holdup and pressure
parameters. However, for Newtonian case, the interaction of junction angle is absent
for oil holdup and pressure gradient, while for Non-Newtonian case, junction angle has
important effect for all variables. In addition, the 3 design factors should be interacted
to give significant effect to pressure deviation for Newtonian case. For Non-Newtonian
case, more interaction effects between 2 factors are involved that give big contribution
to the pressure variables.

It can be emphasized that in the case of Non-Newtonian fluid, the pipe geometry
plays an important role in the observed responses that were not observed for a
Newtonian fluid. This phenomenon occurred because the effect of shear rate is

significant for flow performance of Non-Newtonian fluid. Shear rate is determined by
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both the geometry and speed of the flow. The geometry of T and Y pipe with
intersection region can contribute to bigger shear rate and change the fluid properties
(viscosity of fluid). As described by Fig. 23 and Fig. 24, sudden change of viscosity is
captured when the flow passing the intersection because of remarkable change of shear

rate.

Table 10— Significant effects of design factors on flow performance for Newtonian and
Non-Newtonian cases

Response variable Significant effect
1% case 2" case
Average of oil holdup - A
B -
C C
BC BC
Average of pressure gradient - A
B B
C C
- AC
BC BC
Standard deviation of pressure A A
B B
C C
- AB
- AC
- BC

ABC

C. Hydrodynamics

For all geometries, CAFs were found across the upstream region, as seen in

Fig. 21. The CAF, however, was compelled to disperse when it passed through
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the roadblock and abrupt curve of the intersection. As a result, the flow pattern
and velocity in the downstream region changed. Furthermore, the phenomenon
of reverse flow and the generation of vortices due to the shift in velocity,
particularly at the junction, could potentially result in the confinement of fluid
within a specific region, as depicted in Figure 21. Consequently, the development
of the CAF may give rise to more complex flow patterns, potentially leading to a
significant decrease in pressure. Moreover, the escalating fluid dynamics pose a
difficulty in effectively directing the fluid flow towards the branches. The
occurrence of vortices and reverse flow was more prevalent for the Y20-20 and
Y50-20 geometries, leading to a higher pressure drop, as depicted in Figure 22

and summarized in Table 8.

As visualized by Fig. 21, the oil can be maintained in the center of the pipe
from inlet to near intersection. In all designs of the T and Y pipes, the flow
separation followed by recirculation at the junction region affects the oil-water
interface's stability. In classical hydrodynamics, recirculation zones are typically
attributed to the separation of boundary layers. This phenomenon can be observed
in various structures, such as angular walls, T junctions, L junctions, and pipes
with disturbances. The re-circulation zone occurs in the classical backward-
facing step situation, i.e., (i) flow separation occurs at the sharp upstream
intersection corner, (ii) a zone of re-circulation is produced where instabilities
develop, producing detached vortices, and (iii) the flow reattaches at the
downstream wall after a certain length. In the context of a stable core-annular
flow (CAF), the oil exhibits a central flow pattern within the pipe, while the water

forms a thin film along the inner wall of the pipe. This film is characterized by
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small amplitude waves and ripples at the interface between the oil and water
phases (Jiang et al., 2022). This condition could not be maintained when the flow
passed through the intersection because the sudden change of momentum affected
the water cut and the fluctuation of interface wave amplitude. It contributed to the
floating of the oil core above the pipeline with different interface wave amplitudes
between the upper and lower parts of the flow system. As a further effect, the oil
core will break through the water film in the case of large interface fluctuations,

causing wall adhesion.

In the case of inviscid flow within a straight pipe, a prediction according to
Bernoulli’s principle demonstrated a positive impact of sudden enlargement
design that resulting a reduction of the pressure gradient. However, in the
simulated scenarios in this section, this tendency was not seen. It was expected
that the additional total pressure drop in the fluid system would predominantly
arise from a combination of minor losses attributed to the configuration of the
pipes (T and Y shapes) and the frictional effects induced by the oil's elevated
viscosity. The T50-50 and Y50-50 combinations exhibited a comparatively
reduced pressure gradient when compared to the remaining combinations, as
indicated in Table 8. The investigation of volume fraction contours (Fig. 21)
revealed that the downstream sections of T50-50 and Y50-50 exhibited intricate
flow patterns. In contrast, the CAF pattern was observed in certain downstream
sections of T50-20 and Y50-20, despite the occurrence of thin oil fouling in
certain geometries within these sections. It is important to acknowledge that
enlarging the diameter of the downstream region (with a diameter ratio greater

than 1) has the potential to elevate the probabilities of an oil spill, despite the fact
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that the uniform and larger diameter geometry displayed a reduced pressure
gradient (Babakhani Dehkordi et al., 2018). The issue of oil fouling should be
mitigated due to the consequential increase in pressure gradient along the axis of
the pipe resulting from the accumulation of oil on the pipe wall. If the gradual
accumulation of oil fouling is not effectively managed, it can lead to disruptions
in the flow, as evidenced by the fouling observed in the San Tomé test loop when
exposed to Zuata crude oil. (p = 0.996 g/cm3, m = 115 Pa.s at 25°C. Qil fouling
might cause simulations to overestimate the pressure gradient, especially in the
downstream region.. (Shi et al., 2021) demonstrated significant pressure gradient
discrepancies between simulation and experimental findings due to poor
prediction of oil fouling on the pipe wall. When connecting the flow pattern and
pressure loss results, it needs to consider the limitations of 2D contour in
capturing the detail of the flow pattern, as shown in Fig. 22. For instance, the
pressure gradients of T50-50 and Y50-50 are lower than T50-20 and Y50-20,

despite the more complex flow pattern of T50-50 and Y'50-50.

The occurrence of CAF within upstream region shown by the oil volume
fraction visualization in Fig. 21. With the exception of a few T50-20 and Y50-20
outlet locations that captured the CAF area but were inconsistent, the situation for
downstream regions, however, usually indicated uneven or variable oil volume
fraction along pipe segments. Based on the viscosity contours displayed in Fig.
23, it was discovered that the oil's viscosity was practically constant from the
entrance to the vicinity of the junction. As the fluid traveled to the junction area
and subsequently downstream, its viscosity significantly changed. The viscosity

of Non-Newtonian shear thinning or pseudoplastic fluids tends to decrease
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primarily as the shear rate of flow increases. The behavior described in the text
was captured in a graphic (Fig. 24) that depicted the relationship between oil

viscosity, shear rate, and a steady-state T50-20 flow system.

Due of the multiple elements involved, the flow regime in fittings is
incredibly complex, which severely limits the ability of the current theory to
describe it. The flow structure was influenced by factors such as density,
viscosity, and pipe diameter. Moreover, previous studies examining the flow
behavior at T and Y-junctions have revealed that the flow direction and branch
angle significantly influence the formation of flow patterns, as well as the holdup
and pressure drop characteristics in stratified liquid-liquid and gas-liquid flows.
The simulation results of this section indicate that careful consideration should
be given to the use of CAF for transporting high viscosity oil through T and Y-
pipes. Following the traversal of an intersection, it was observed that the self-
sustaining stability of oil flow within the core and water flow within the annulus
was not achieved. Consequently, there was an occurrence of oil interacting with
the inner surface of the pipe, leading to the detection of oil fouling. Additionally,
this interaction resulted in the formation of an intricate flow pattern characterized

by the presence of vortices.
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It should be noted that there is still more to be done in terms of the procedure and
fix for recovering the CAF after deformation, particularly in T and Y-shaped pipes.
However, a lot of studies on phase separation for industrial applications also look at the
problem of flow pattern change in upstream to downstream zones at T and Y junctions
(Lu et al., 2018; Memon et al., 2020; Yang et al., 2019; B. Yang et al., 2020; L. Yang
et al.,, 2020). The phenomenon of phase separation has been demonstrated to be
significantly affected by factors such as mass rate, flow regime, operating conditions,
and the geometry and orientation of the test section (Azzopardi et al., 1982). When
simulating oil-water flow to examine separation behavior in combined T-junctions,
modifying the pipe length and branched pipe intervals can be considered to change the
flow pattern (Chen et al., 2012). The flow evolution of CAF in horizontal straight pipe

was noted by Joseph et al., 1997, Sotgia et al. (2008), and Jiang et al. (2021). Joseph et

al. (1997) and Sotgia et al. (2008) identified the boundary region of flow regimes and

made predictions regarding the evolution of flow patterns by considering the superficial
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velocities of oil and water. In their study, Jiang et al. (2021) determined the watercut
and mixture velocity thresholds at which the oil in the core flow would make contact
with the inner wall of the pipe. For a pipe diameter of 21 mm, these thresholds were
found to be 9.6% for the watercut and 1.1 m/s for the mixture velocity. On the other
hand, for a pipe diameter of 10.5 mm (with a viscosity ratio of 1040), the corresponding
thresholds were 14% for the watercut and 0.3 m/s for the mixture velocity. Additional
studies have also indicated the necessity of employing larger quantities of water to
maintain the integrity of the continuous aqueous phase (CAF) structure. However, this
approach proves to be unfeasible in situations where the oil content is exceptionally
high, surpassing 70% (Coelho et al., 2020; van Duin et al., 2019). According to Jing et
al. (2021), it is crucial to maintain the water input fraction at the critical threshold and
optimize the oil flow rate in order to achieve optimal efficiency in oil-water
coalescence-assisted flotation (CAF) within a horizontal pipe containing a 90-degree
elbow. However, further investigation is necessary for cases involving T and Y-shaped
pipes, as the existing studies are restricted to straight horizontal pipes and horizontal

pipes with 90° elbows.

When comparing the simulation results of the flow system applied in this Section
with the case in Section 3.4, both works showed that CAF could not be maintained after
passing the intersection. Furthermore, the analysis of 2% factorial experimental design
also showed the that geometry of pipe affected the flow performance of the both
systems. However, different oil rheological behavior showed different influence of all
experimental factors and their interaction effects on the response. In the case of
previous section (Newtonian oil, po = 0.838 Pa.s, po = 890 kg/m®The optimal design

configurations for T and Y-shaped junction pipes are typically achieved when the
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junction angle and outlet diameter are set to high values, while the inlet diameter is set
to a low value. This configuration can be denoted as T20-50. On the other hand, this
result of this section (Non-Newtonian oil, po=170.811 Pa.s, po = 976 kg/m®) showed
that optimum design will be achieved by for geometries with high values of junction
angle, inlet diameter, and outlet diameter, as represented by the geometry T50-50. The
case of oil as Non-Newtonian fluid also showed that geometry with sudden enlargement
did not contribute to the better flow performance as indicated in the previous simulated
case as recorded in Section 3.4. This might show that the shearing force of very viscous
oil (non-Newtonian in this case) across the lateral surfaces of stream pipe should be
considered for this phenomenon. In Section 3.4, the Newton’s second law can be
simplified and derived to Bernoulli equation for inviscid flow case without significant
viscous force. In flow of a real fluid, sometimes the viscous forces are small enough
outside the boundary layer that the Bernoulli equation is a good approximation.
However, the advantage of sudden enlargement according to Bernoulli equation could

not be obtained for current case with Non-Newtonian oil.

3.5.4 Conclusion

This section presents a study on the flow of Carreau model viscosity fluids in T and
Y-shaped pipes, specifically focusing on the effects of varying junction angles, inlet
diameters, and outlet diameters. The occurrence of the cross-sectional area flow (CAF)
was observed in the upstream region for all geometries simulated in this study.
However, the stability of the CAF could not be sustained beyond the intersection area.
Upon traversing the intersection area, a multifaceted flow pattern characterized by the
presence of vortices and reverse flow materialized. While the presence of CAF was

observed in specific downstream regions of T50-20 and Y50-20, its occurrence was not



93

found to be consistently present. Consequently, under the specific geometries and
conditions examined in this section, the efficacy of water as a lubricant for oil in the

core region was not sustained.

A 2K factorial statistical experimental design was employed to investigate the impact
of design parameters, specifically junction angle and pipe diameter (diameter ratio),
and their interactions on flow performance. As a result, it was determined that the most
favorable configuration for simulated pipe geometries would be attained by employing
geometries characterized by elevated values of junction angle, inlet diameter, and outlet
diameter, exemplified by the T50-50 geometry. The anticipated primary factors
impacting the intricate flow patterns and overall pressure drop in the system were the
pipe designs and the friction associated with high viscosity oil. The simulation results
indicated that there were additional design factors that influenced the flow performance
parameter in the Non-Newtonian case, which were not observed in the Newtonian case.
The influence of shear rate is a significant factor in the flow behavior of Non-Newtonian

fluids, as it is primarily influenced by the flow's geometry and velocity.
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CHAPTER IV RECOVERY OF CORE ANNULAR FLOW STRUCTURE

IN A HORIZONTAL T-PIPE USING CFD APPROACH

4.1 Pipe Geometry Modification for CAF Recovery

One of the important issues that still being an attention in CAF research is how to
maintain the stability of CAF formation along the pipe. The CAF stability is defined as
an uninterrupted steady and continuous CAF regime. However, the oil fouling
phenomenon frequently occurs in the middle of flow process initiated by some oil
droplet attach on the pipe inner wall and it may continue to prevail, creating thick layer
of oil at the wall followed by sharp increase in the pressure drop. The fouling condition

may reach more severe condition and eventually blocks the pipeline.

Several experimental and theoretical studies have been carried out to propose
strategies to maintain the CAF stability in pipe. Joseph et al. (1997) determined the
particular velocity range where CAF regime could be stable. Another work also applied
cement-lined pipes as a promising strategy to reduce oil fouling (Arney et al., 1996). In
their work, the oleophobic properties of the cement materials was considered as a
practical solution to the problem of fouling. Some other works also emphasized that
water fraction, mixture velocity, and oil flow rate should be adjusted to certain values
to maintain the CAF stability. Jiang et al. (2021) dealt with a simulation work
concerning on the oil-water CAF system in a horizontal pipe, generated the wall-
touching line to describe the value of critical water cut below which the oil in the core

flow can reach the pipe wall, as a function of the mixture velocity. In addition, an
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experimental work provided evidence of more stable CAF structure by supplying higher
amount of water in a system of three consecutive test sections (horizontal vertical
horizontal) connected by several hydraulic fitting (Coelho et al., 2020). However, the
feasibility of this condition was need to be reviewed for flows with oil cuts more than
70%. Another experimental work by Jing et al. (2021) was also completed to evaluate
the stability in CAF evolution by the influence of the elbow in a horizontal
pipeConsequently, it is essential to maintain the water input fraction at a specific critical
level and optimize the oil flow rate in order to achieve optimal efficiency in oil-water
transportation using the CAF technique. Two simulation works by Kaushik et al. (2012)
and Babakhani Dehkordi et al. (2018), both involving pipe geometry with sudden
diameter change, showed how geometry variation with larger diameter pipe could

reduce the fouling tendency.

Regarding the pipe geometry effect on the stability of CAF structure, some
experimental and theoretical studies have been carried out. Joseph et al. (1997) reported
that the experiments in VVenezuela showed the increase of oil fouling and the decrease
of CAF stability at certain areas i.e., near pumping stations (where the pressure is
highest) and around line irregularities (union, bends, flanges, and curves). Coelho et al.
(2020) also monitored the appearance of oil fouling zones near the hydraulic
accessories from the experimental works involving pipe with several pipe fittings as
valves, unions, elbows, 90° long bends, nipples, and couplings. CFD simulation works
performed by Andrade et al. (2013) concluded that the CAF structure could not be
maintained after the oil-water flow hitting the bend connection and oil fouling started

to grow at the wall with huge pressure drop detected. However, the strategy on how to
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prevent the CAF deformation or how to recover the breaking CAF has not been

explained yet.

Principally this section was a further development of previous simulation in
Chapter III to solve the problem of CAF deformation that occurred after passing
intersection. Many studies concerned about stop (shutdown) and restart methods when
CAF regime cannot be maintained as the solution to get back the CAF in the system
(Arney et al., 1996; Livinus et al., 2017; Peysson et al., 2007; Strazza et al., 2012).
However, current study was expected to propose a strategy to recover the stability of
CAF particularly after passing the intersection area of the T-pipe without interrupting

or stopping the flow process.

The system simulated in this study referred to the flow system and geometry of
a horizontal T-pipe with similar diameter of 50 mm (T50-50) which was concluded as
the most desired design as reported in Section 3.5. In this part of simulation work, an
additional water insertion was introduced at the intersection point that considered as
critical region for CAF stability to support the recovery of CAF structure by suppressing
fouling. Two main geometry candidates of additional water insertion with variation of

water velocity were simulated as a part of this work.

4.1.1 System Description

The basic geometry was T-shaped pipe with horizontal orientation and diameter of
50 mm (both for inlet and outlet) with detail geometry and flow condition as described
in Section 3.5. Since the goal of this simulation was to assess the possibility of
recovering the CAF after passing through the intersection, an extra water tapping point

was added at the intersection area in the reverse direction of the upstream section
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coming flow. According to the results of the previous simulation in Chapter 111, the
intersection point of T50-50 was a crucial area where the stability of CAF could not be
naturally retained, resulting in oil fouling spread at the intersection pipe inner wall and
the generation of a flow pattern with vortices. Thus, installing water insertion at this
location was meant to remove the attached oil at the intersection inner pipe wall while
also increasing water fraction to provide enough additional force to push the oil to the
core. As shown in Fig. 25, the additional water insertion was divided into two
geometries: V-insertion and ducting insertion. The CAF system with V and ducting
geometry of additional water insertion are coded as VI and DI, respectively.

Some candidates for additional water velocity value (u,, ;) were considered in the
first stage of simulation work. The trials were finished by using a smaller u,, , than the
inlet water introduced into the annulus at a velocity of w,,, ;,;... A small amount of extra
water was preferred to save energy and cost during the pumping and dewatering
procedure. Only certain values of additional water velocity and simulation time
demonstrated the probability of stable CAF structure formation in the trial results,
which are summarized in Table 11.

4.1.2 Simulation Setup

As shown in Fig. 26, the present study used polyhedral cells for the outer
area and hexahedral cells for the inner area of pipe. The choice to use both types of
cells was made specifically to decrease computational time. Polyhedral cases are
more precise than tetrahedral cases but are comparable to hexahedral cases.

However, because the cell counts in polyhedral cases are less than half of those in

hexahedral cases and less than a quarter of those in tetrahedral cases, the polyhedral

mesh requires the fewest computational resources (Wang et al., 2021).
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After creating the T50-50 geometry with polyhedral and hexahedral cells,
testing was performed to ensure that the outcome would be the same as obtained
when using hexahedral cells as simulated in Section 3.5. As a consequence, the
pressure drop and volume fraction contour were nearly identical. Mesh quality was
evaluated using the skewness ratio and orthogonal quality rate, with very good to

excellent category findings.

To avoid pressure overprediction, the CFD simulation used water
initialization, as recommended by Babakhani Dehkordi et al. (2018). Water entered
the system through two points: the inlet section and the intersection via extra water
insertion (V-insertion or ducting insertion). As captured in the upstream region, oil
flowed to the core area to create CAF. After establishing a steady CAF pattern along
the upstream section and finally transitioning to a more complex flow regime
directly after passing the intersection, the additional installed water insertion was
intended to immediately get back the CAF pattern. Thus, data extraction from 3
separate locations in the downstream region was required to ensure that the irregular
flow pattern had returned to the CAF structure. The flow had been steady for most
velocity values at t = 2 s for all types of water insertion geometry mentioned in
Table 4.1, except for ducting insertion geometry with uwa = 2 m/s, which took
longer time to be steady, i.e., 8 s. This simulation work ensured that the applied
simulation time was appropriate for allowing the Courant number to be less than 1.
The Courant number is a dimensionless value representing the number of mesh cells
traveled at a given timestep. When Courant number is less than unity, fluid particles
move from one cell to another within one time step. High Courant number (more

than 1) can lead to a decrease in accuracy.
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Fig. 26 — Schematic of meshed geometry used in the model simulations

Table 11— Variation of simulation runs for water insertion geometry, additional
water velocity, and simulation time

Type of water  Angle Tube Additional Simulation  Code
insertion © geometry  water velocity  time-—t
& uw,a (S)
(m/s)
30°  Smaller tube VI-30-S
0 H - -

V-insertion 30 Bigger tube 2 5 VI-30-B
45°  Smaller tube V1-45-S

45°  Bigger tube VI-45-B
5.35 DI-5.35-
4.35 2 DI-4.35-
Ducting insertion - - 235 DI-2.35-

5 4 Dl-2-4

e

Di-2-8
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4.1.3 Results and Discussion

As concluded by previous simulation results in Chapter 11, using CAF to
transport high viscosity oil through T and Y-pipes should be reconsidered because the
intersection area appeared as an obstruction, interrupting the CAF into a more
complicated flow pattern. As shown in Table 10, the current CFD simulation was
performed to modify the previous geometry with four variations of V-insertion type
and five variations of ducting insertion type at intersection. Figures 27 and 28 show the
phase configurations at cross-section for the region near the pipe outlet, with red

representing the oil fraction and blue representing the presence of water.

The additional water velocity, u,, o, was set to 2 m/s for all proposed designs
with V-insertion. This velocity value (2 m/s) was chosen based on simulation findings
that demonstrated the tendency of CAF formation after several trials with different
values of additional water velocity (1 m/s, 3 m/s, 4 m/s, and 5 m/s with simulation times
of 2and 4 s). When this number (u,, ,= 2 m/s) is used, the flow pattern tends to reshape
to the eccentric core-annular, as illustrated in Fig. 27. It is necessary to emphasize that
in the absence of additional levitation force, the eccentricity of CAF can be increased
and the tendency of oil fouling is estimated to be greater, as illustrated in Figs. 27(a)
and 27(b) for V-insertion with an angle of 30° (VI-30-S and VI1-30-B). When the
superficial velocity of the oil is low, the probability of eccentric CAF formation is high.
The density difference between oil and water creates buoyancy in this situation (Ooms
etal., 2007). The degree of oil core eccentricity can be calculated using a dimensionless

number, the Froude number, by calculating the ratio of inertial force to buoyancy force.
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Figures 27(c) and 27(d) demonstrate a strategy to increase the angle of V-
insertion. The CAF structure in Fig. 27(c) or VI-45-S is still eccentric, but the tendency
of oil to touch the wall has been reduced when compared to VI-30-B. When a wider
angle is applied, the difference in CAF structure for V-insertion with a smaller tube is
not significant. The core irregularity of VI-45-B is captured to be reduced (Figs. 27(d)
and 28(b)). Experiment results show that under typical conditions, a steady eccentric
core-annular state is possible because gravity pushes the core (oil) off-center. The
pressure distribution of the liquid would intensify in the narrow portion of the annulus
while relaxing in the wide part. The core would rise as a result of the higher positive

pressure produced in the narrow annulus (Ooms et al., 2003).

In this simulation method, the simulation time for VVI-45-B was increased from
2s to 4s, but the contour of volume fraction was not drastically changed. The geometry
with 45° and larger tube (VI1-45-B) was estimated to enable a better recovery flow
regime of CAF after passing the intersection among all simulated geometries with V-
insertion. When u,, , was set at 5.35 m/s and 2.35 m/s, the oil fouling condition almost
occurred for the geometries with ducting insertion (DI-2.35-2) shown in Fig. 28(a) and
Fig. 28(c). A decrease in oil fouling tendency is indicated when u,, , was set at 4.35
m/s for DI-4.35-2 as shown by Fig. 28(b). However, as demonstrated by the volume
fraction contour, eccentric CAF is still observed in DI-4.35-2. The additional water
velocity was then reduced to 2 m/s by considering the velocity condition of VI-45-B,
which could provide more concentric CAF. The phase configuration at pipe outlet for
variant DI-2-4 (Fig. 28(d)) still shows eccentric CAF structure when u,, , =2 m/s and

t = 4s. Further trial was arranged to expand the time simulation to 8s with the same
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additional water velocity as the previous run (u,, , = 2 m/s). As a result of this, the CAF
structure of DI-2-8 was significantly improved. The phase configuration, as shown in

Fig. 28(e), exhibits significant concentric CAF.

Some studies stated that when the inertial force dominates, the oil in the water
is more likely to be concentric (Hu et al., 2019; Macias-Hernandez et al., 2016; Ooms
et al., 2007). When the oil superficial velocity rises further, the proportion of oil phase
in the pipes rises, leaving only a thin coating of water films between the oil core and
the upper-layer pipe walls. The increased inertia force at that stage causes the oil core
to become more concentrically shaped. Higher core inertia can prevent the core from
rising because of buoyancy and makes it easier for the core to stabilize (J. Sun et al.,

2022).

0.00 0.20 0.40 0.60 0.80 1.00

S>30 JO X0

|
(a) (b) (c)
30° smaller tube  30° bigger tube 45° smaller tube 45° bigger tube
(V1-30-S) (V1-30-B) (V1-45-S) (VI1-45-B)

Fig. 27 — The cross-sectional phase configuration at near outlet location for CAF
simulation with additional water insertion using various angle of V-insertion type at
water velocity = 2 m/s.
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Fig. 28 — The cross-sectional phase configuration at area near to pipe outlet for CAF
simulation with additional water insertion using ducting-insertion type at different
water injection velocity and simulation time

The contours showing the flow pattern along the pipe's length are collected in
Fig. 29. For geometry of T50-50 without additional water insertion, as shown in Fig.
29(a), the oil can be maintained within the center of the pipe from the inlet to the area
near intersection before entering downstream. When the CAF structure cannot be kept
after passing the intersection, oil strikes the pipe wall, penetrates the water layer, and
distributes to the pipe wall. According to Fig. 29(c), different conditions were observed
for VI-45-B and DI-2-8. The addition of water injection through VI-45-B (45° bigger
tube V-insertion at u,, , =2 m/s and t = 2 s) and DI-2-8 (ducting insertion w,, ,= 2 m/s
and t = 8 s) could support the presence of CAF based on the cross-sectional phase
configuration at area near pipe outlet. However, the consistency of the CAF structure
after passing the intersection point had to be taken into account in order to select the
most stable CAF regime. From the cross-sectional phase configuration at three axial
positions of the downstream region, as shown in Fig. 29(b) and Fig. 29(c), the

difference between phase configurations of the three positions of the ducting insertion
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DI-2-8 run is not significant. On the other hand, for all axial locations, the oil core tends
to be more eccentric for V insertion (V1-45-B) than for ducting insertion DI-2-8. The
degree of oil core eccentricity for VI-45-B is found to be greater than that of DI-2-8.
Even when the pressure gradient over the pipe was big enough, a balance between the
buoyancy force and the hydrodynamic force led to the formation of steady eccentric
core-annular flow in the instance of V1-45-B eccentricity (Ooms et al., 2007). However,
it should be noticed that as the pressure gradient decreases or the buoyancy force
increases, the eccentricity of the core may increase. The current work only considered
the situation where the pipe diameter did not change, represented by T50-50 pipe. At
Uy o= 2 m/sandt =8 s, the geometry of T50-50 with ducting insertion of the additional

water inlet was considered to enable a more stable and concentric oil core flow.

Fig. 30 depicts the averaged local oil holdup for both sides of downstream region
at various pipe axis for comparing the consistency of CAF in T50-50 after modification
as geometry of DI-2-8 to the original geometry of T50-50. According to Figs. 4.6(a)
and 4.6(b), the value of oil fraction is one or close to unity at the center region and near
the pipe wall, with a fluctuating pattern. The ideal condition of CAF is represented by
the unity value of oil holdup for core region of pipe (at smaller value of R/r) and almost
zero for area near to pipe wall (at bigger value of R/r), which means that no oil fouling
is occurred and CAF at core region has been established. Fig. 30(c) and 30(d) capture
the desired condition with the trend of oil holdup is high (equals to 1) at central region
and going smaller for locations near to pipe wall. These charts clearly emphasize that
the geometry of CAF-2 can facilitate a more stable lubricated flow in an oil core after

the deformation at intersection
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for CAF simulation.
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Fig. 30— Time-averaged local oil holdup for both sides of downstream region at
various pipe axis (a) Downstream 1 of T50-50 without additional water; (b)
Downstream 2 of T50-50 without additional water; (c) Downstream 1 of DI-2-8 (d)
Downstream 2 of DI-2-8.

Fig. 31 shows the pathlines as a tool to visualise the complex 3D flows for the
area near the junction for the proposed design of DI-2-8. From this figure, a re-
circulation flow phenomenon was observed for the downstream area near the
intersection. As illustrated by Fig. 31, the re-circulation zone of DI-2-8 occurs near the
junction, and the length of the re-circulation zone is about 200 mm from the
intersection. The vortices produced reduce the flow momentum and fluid particle
velocity. As a further effect of the vortices, the interfacial tension increased, causing an
increase in the interfacial wave instability of oil and water. However, after 200 mm
measured from the intersection point, the flow stability is recovered. The addition of

water allowed the generation of sufficient hydrodynamic lifting force to facilitate the
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levitation while at the same time resisting interfacial deformation. As reported by Ooms
et al. (2007), the levitation could not take place without hydrodynamic lifting action
due to the fluctuation at the oil-water interface. The re-circulation phenomenon is also
observed for the flow from the additional water inlet to the downstream region of the
main pipe. However, this zone is very short and almost disappears when entering the
downstream region. The width and length of the recirculation zone increase as the
momentum ratio and discharge ratio rise, and the recirculation zone range is affected
by junction angle changes. The momentum ratio and discharge ratio are computed
based on the flow rate ratio of the main pipe (upstream section or additional water inlet)
to the branch pipe (downstream section right after intersection) and represented by the

contour of flow velocity, as shown in Fig. 32.
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Fig. 31 — Streamlines of the flow capturing the re-circulation zone at area near
junction
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Fig. 32 — Velocity contour of the flow system in a modified T50-50 pipe with
additional water injection through ducting insertion DI-2-8

Table 12 — Fluid velocity at inlet, intersection, and outlet of DI-2-8

Position Oil (m/s) Main Add water (m/s)
water
(m/s)
Inlet 6.3 4.3 0
Intersection 2.1 0.9 2
Outlet 2.5 0.9 3.6
R RSN B igge iiding
o S . L
ﬁl’.‘";
(@) through V-type insertion VI-45-B (b) through ducting insertion DI-2-8

Fig. 33 — Pressure contour of the flow system in a modified T50-50 pipe with
additional water injection
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From pipe manufacturing side, unlike the ducting shaped pipe, the V-type
application is uncommon in the pipeline transportation unless it is as a custom product.
To obtain the most appropriate geometry design of additional water insertion, the design
should be capable of allowing the water to consistently push the attached oil on the wall
surface to the center area of the pipe at a specific water flowrate without getting in to
oil flow system. The geometry of ducting insertion allows for more extensive pressure
distribution to all areas of the pipe junction than V-type insertion. Furthermore, as
shown by the pressure contours in Fig. 33, the overall pressure loss of the flow system

through DI-2-8 was found to be lower than that of VI-45-B.

From Table 12, the sudden drop of velocity values is observed for oil and water
at intersection region because fluid hits the junction obstruction. The decrease in the
velocity of fluid causes a decrease in the fluid’s kinetic energy, and finally decrease the
fluid’s pressure as shown by Fig. 33. The decrease in pressure is generally calculated
as the head loss. The addition of water at intersection was predicted to recover the
velocity of fluid system. The velocity of additional water at outlet was higher than
intersection because additional water flowed from the constricted area created by the
viscous oil (assumed as solid body) at area near intersection directed to downstream
region. The velocity of the fluid system after additional of water changed the ratio of
inertial force to buoyancy force. After passing intersection until outlet, higher velocity
of water was needed to facilitate the lifting force to prevent oil — wall contact.
Regarding the ratio of water that should be applied to the flow system, Coelho et al.
(2020) revealed the need to apply higher amount of water to keep CAF structure in flow
through hydraulic fittings. With this, flows with very high oil cuts (above 70%) were

unfeasible. However, condition with minimum water cuts would be commercially more
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interesting because it can reduce the energy consumption by volume of transported oil
and required costs for the separation of fluids. In this study, the initial water cut was

40% and after additional water injection, the ratio of water at outlet was 44%.

The effect of pipe modification by installing additional water insertion to solve
a huge pressure drop is also summarized by Fig. 34 illustrating the predicted cross-
sectional time-average pressure along pipe axis. Three distinct areas can be identified:
() the upstream section, (11) the transitional region, and (I11) the downstream section.
According to Fig. 34(a), the pressure of the flow system constantly declines with
fluctuating pressure at one side of downstream sections after intersection. On the other
hand, different result is presented by Fig. 34(b). Initially, it shows a pressure reduction
because the CAF structure is still developed. When the CAF has been developed, a
stable pressure trend is detected at almost all area of upstream. The CAF structure can
be maintained until the flow reaches the area near intersection (I1). An indication of
sharp pressure reduction is shown when the flow reached the area near the intersection
until passing the intersection and continue entering downstream sections (transitional
zone). The injected additional water has a role to progressively force the oil to core.
The positive effect of additional water injection is documented by the area 11l with
gradual rise of pressure and then the pressure is relatively constant until pipe outlet. The
typical pressure profile is also reported by Babakhani Dehkordi et al. (2018) with the
transitional zone was the expanded pipe section that promoted thicker core flow.
Andrade et al. (2013) conducted a simulation for CAF in T-junction with 1 injection
flow inlet and 2 outlet directions (one of the outlet flows had same direction as inlet.
The pressure difference as a function of time for the T-junction of that work was

generated with similar trend as resulted by this study specifically for proposed modified
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design DI-2-8. This outcome emphasizes how the presence of pipe intersection can be
considered as barrier for stable CAF and the strategy to use the modified T50-50 with
DI-2-8 ducting insertion to inject additional water at intersection can be a strategy to

recover the CAF structure.
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Fig. 34 — Predicted cross-sectional time-average pressure along pipe axis for (a)
T50-50 without additional water and (b) T50-50 with additional water insertion
(proposed design coded as DI-2-8)
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4.1.4 Conclusion

A simulation work to propose strategy to recover the CAF through horizontal T50-
50 pipe has been completed. The result confirms that the effectiveness of CAF can be
maintained by installing water insertion at intersection to inject additional water. From
some variants of water insertion geometry and velocity of additional water, the ducting
insertion with water velocity of 2 m/s (DI-2-8) was selected to promote a more stable
condition of CAF recovery started at about 200 mm from intersection point to final
downstream exits. The predicted cross-sectional time-average pressure along pipe axis
was also generated for T50-50 without additional water injection and proposed design
of T50-50. The positive effect of additional water injection was observed at
downstream region with gradual rise of pressure before relatively steady until reached
the pipe outlet. The re-circulation zone was observed at the near junction area, where
vortices phenomena occurred. However, the additional water at the junction allowed
the generation of sufficient hydrodynamic lifting force to facilitate the levitation while

at the same time resisting interfacial deformation.

4.2 Simulation of CAF with Scaled-Up Pipe Size

Commercial establishing for CAF systems involves not only technical questions
but also operational methodologies to increase their feasibility and flexibility. The
effectiveness of the commercial implementation of CAF is related to its adaptability to
existing pipeline systems. The parameter which is of greatest practical interest is
undoubtedly the pipe diameter, the effect of which refers to the problem of scale-up.
Limited works are available for the issue of scaled-up pipe sizes. Previous work had
developed predictive tool in the basis of experimental works to evaluate the correlation

of pressure drop ratio and pipe diameter for case of slightly inclined horizontal pipe
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(Brauner, 1991). This work also presented the maximum pressure drop reduction and
the corresponding input water fraction as the function of the tube diameter. For pipes
with a D > 5 cm, the required fraction of water for achieving the maximum pressure
decrease varies slightly with tube diameter and, on average, is between 8 and 9 cm,

which were nearly identical as reported by Oliemans (1987).

In this section, a CFD simulation is reported in order to obtain the prediction of
CAF formation after scaling up to larger diameter. The selected diameter refers to the
common range of crude oil pipeline dimension.

4.2.1 System Description

The scaled-up pipe size simulations were dedicated for T50-50 geometry without
additional water inlet (as proposed in Section 4.1) and T50-50 with ducting additional
water insertion or coded as DI-2-8 (as proposed in Section 4.1). Both geometries of
pipes have same diameter i.e., 50 mm and for scaling up purpose, the diameter was set
to be larger i.e., 50 cm. According to the U.S. Department of Transportation's Pipeline
and Hazardous Materials Safety Administration (PHMSA), the pipe used in oil pipeline
systems generally range in size from 2 inches (5.08 cm) to 42 inches (106.68 cm) in
diameter. As the consequence of larger pipe diameter application, the length was also

adjusted to get the same dimensionless distance L/D as previous dimension.

There were two conditions of fluid velocities that applied for the systems. First,
Reynolds number was set as fix variable and the fluid velocities were calculated using
the new diameter value. As the result, lower fluid velocities were obtained i.e., 0.6349
m/s for oil and 0.4355 m/s for water. The second condition was fluid velocities were

maintained to be the same as the condition for smaller pipe diameter i.e., 6.349 m/s and
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4.355 m/s for oil and water, respectively. Except for the simulation time, all the
simulation parameters were set to be identical to the previous simulation in Section 3.5

and Section 4.1.

4.2.2 Results and Discussion

The Reynolds Number (Re) is a ratio between the mass of a fluid stream and the
inertia possessed by the material in the flowing fluid. Re is used to determine whether
the flow in a system is in a laminar or turbulent flow regime. Furthermore, many
phenomena that occur in the internal flow are also heavily influenced by Re. However,
the similar Re showed unsatisfying result of current scale up simulation for both
geometries. It was observed that by setting certain values of fluid velocities for
generating same Re value was not able to provide sufficient velocities to facilitate CAF

formation as depicted by Fig. 35.

Different results were obtained when applying the similar fluid velocities as
previous smaller diameter case. From Fig. 36(b) and 36(d), the contours were
considered to be similar to the condition before scaling up at t = 6s. Simulation time at
t = 6s was selected because it has reached stable condition after applying longer

simulation time (t = 13s).
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Fig. 35— Contours of oil fraction after scaling up with Uointlet = 0.6349 m/s and Uw,inlet
= 0.4355 m/s for (a) T50-50 (b) DI-2-8
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Fig. 36 — Contours of oil fraction before and scaling up with uo,inlet = 6.349 m/s and
Uw,intet = 4.355 m/s for T50-50 without additional water inlet (a and b) and T50-50
with additional water inlet DI-2-8 (c and d)
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Fig. 37 — The averaged local oil holdup for downstream region at various pipe axis

(a) T50-50 before scaling up, (b) T50-50 after scaling up, (c) DI-2-8 before scaling
up, (d) DI-2-8 after scaling up

From Figs. 36(a), 36(b), 37(a), and 37(b), although the CAF is detected to be
formed at downstream near junction but at the end, the condition is similar to smaller
dimension that CAF stability cannot be maintained and oil fouling occurred in the area
near the outlet. The oil volume fraction profile on the right side also explains the oil
fouling occurred near wall or when the ratio of R/r is almost -1. However, from the oil
volume fraction contour, it can be observed that in this geometry case, bigger diameter
affects the flow pattern as the bigger pipe size show less complex flow pattern compared
to the smaller pipe size. It should be noted that in the oil-water flow system, CAF does

not always appear. It exists under certain circumstances, affected by the flow rate,
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density, viscosity ratio, and interfacial tension between fluids. Some literature state
about Eotvos number that also might be considered. This number shows that the
existing boundaries of CAF are affected by the density difference between oil and water,

pipe diameter, and the interfacial tension between oil and water.

An experimental study about liquid-liquid flow pattern prediction, using pipe
diameter of 10-100 mm states that the multiphase flow behaviors in small diameter
pipes are significantly different from that in the pipes of conventional or industrial
scales, as the Eotvos numbers in the small pipes are small hence the interfacial tension
is critically significant (Osundare et al., 2020). Previous study also reported that
behaviors of multiphase flows in large diameter pipes (or measured as diameter bigger
than 100 mm) pipes could be substantially different from that in smaller pipes (Cheng
et al., 1998). In the case of CAF through smaller pipes, there is certain interfacial
tension needed to prevent the core layer from splitting into smaller pieces, but its

importance decreases in larger pipes.

From the visual of oil fraction contours as shown by Figs. 36(c), 36(d), 37(c),
and 37(d), CAF still occurs in DI-2-8 downstream even with more eccentric and thin
oil core result. As we can see from oil fraction contour, the oil fraction is almost 1 at
small R/r (pipe center) and O at big R/r (pipe wall). From this phenomenon, it can be
seen that CAF occurred after passing junction is changed dramatically until pipe outlet
for pipe with big diameter. In some literatures discussed about the hydrodynamic force
of CAF, the ratio of fluid velocity to diameter has important role in the formation of
concentric or eccentric CAF. The bigger diameter of pipe has tendency in resulting

larger buoyancy force.
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4.2.3 Conclusion

The scaled-up pipe size simulation was completed for T50-50 with ducting
additional water insertion (DI-2-8) and T50-50 geometry without additional water inlet
by setting the dimension to 10 times bigger according to real oil pipeline size. The first
simulation was run by keeping similar Reynold Number of the flow and second
simulation was set to use the same fluid velocities. As the result, the first simulation
indicated unsatisfying contours of CAF. On the other hand, the obtained CAF contours
are captured by applying similar fluid velocities as previous smaller diameter case.

It is very important to remark that the boundary layer in smaller pipe size is
more intensive than in the larger pipes. This fact also become a challenge to accurately
predict the behaviour of flow, particularly multiphase flow, in larger pipes. For the scale
up simulation, generally it needs to consider several similarities such as geometry
similarity, physical similarity, mechanical similarity, thermal similarity, and chemical
similarity. In addition to the Reynolds number, there are other dimensionless
parameters that must be satisfied in order to scale up the process. Because of this,
developing a process that is identical to the experimental one requires more than just
the Reynolds number. Further work to scale up the pipe dimension for CAF of heavy
oil-water system can also consider the application of Bingham number to facilitate the

shear force and viscosity factors.
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CHAPTER V ENERGY SAVINGS EVALUATION OF CAF IN A
HORIZONTAL T-PIPE

5.1 Introduction

Several studies have reported that the utilization of water (annulus fluid) as a
lubricant for oil (core fluid) can result in a significant reduction in energy consumption
during oil transportation (Bensakhria et al., 2004; Coelho et al., 2020; Jing et al., 2021,
McKibben et al., 2000; Peysson et al., 2007; Silva et al., 2020; Strazza et al., 2011).
Prior research recommended for the utilization of the CAF methodology in order to
attain a pressure gradient reduction of at least 80% through appropriate operational
parameters. The attainment of substantial drag reduction necessitates the presence of a
stable water lubrication surrounding an oil core. The formation of CAF necessitates
specific requirements, including fluid properties, superficial velocities of fluids, volume
fraction of water, pipe roughness, wettability, and geometry of the pipe (J. Sun et al.,
2022). Despite the existence of prior research on the lubricated flow technique, the
analysis and reporting of the CAF effect in energy reduction for heavy oil-water systems
in T-shaped pipes remains limited.

A CFD simulation work in previous chapters stated that the geometry of the T-
pipes contributes in the difficulties to maintain the flow pattern of multiphase flow
mainly after passing the junction region. In this chapter, the energy saving of CAF of
heavy oil-water system through similar diameter (D = 50 mm) of a horizontal T-pipe
was investigated. Principally, this study was the development of previous result from
Section 3.5 and Section 4.1. In these two sections, the most optimum designs for CAF

were proposed. In order to obtain more comprehensive conclusion about the advantage
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of CAF, this chapter will focus on the quantitative energy evaluation of studied flow
system by using the power consumption and pressure drop parameters. The energy
savings discussed in this section has considered the power to pump additional water.
However, this discussion set the boundary to exclude the energy consumption for

dewatering process in the calculation

5.2 System Description

For energy savings evaluation, there were 2 geometries that was being evaluated.
The first system was CAF through T50-50 pipe, coded as CAF-1 (as previously
proposed in Section 3.5), and the other geometry was T50-50 pipe modified with
additional ducting water insertion, coded as DI-2-8 (the preferable geometry to recover

the CAF as concluded in Chapter 1V).

As described in previous chapters, oil as core fluid was injected with Uo,intet = 4.36
m/s while water flowed circumferentially with uw,inlet = 6.35 m/s as annulus fluid. For
the simulation with the single phase oil condition, the inlet mass flow rate data was
extracted and set to mineto = 2.763 kg/s as the input for the amount of transported oil.
Untreated sample of crude oil observed by Montes et al. (2018) was still used as the
input for core fluid with viscosity (po) of 170.811 Pa.s at zero shear rate and density

(po) of 976 kg/m?>. The oil was surrounded by water with viscosity (pw) of 0.001 Pa.s

and density (pw) of 999 kg/m?.

5.3 Computational Domain
The computational domain was similar to the previously applied for work in

Chapter 111 and IV. In order to assess the energy conservation, it was necessary to
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compare the result with the scenario where entirely oil flow was present within the pipe.
A flow simulation was performed using the same geometry as CAF, with an equivalent
amount of oil as a single-phase flow. According to the simulation results, the upstream
pressure gradient of single phase oil was approximately 23% greater than the value

predicted by the formula proposed by (Dosunmu et al., 2015).

5.4 Qualitative Evaluation of Energy Savings

As stated in Chapter 1V, it is possible to evaluate the efficacy of the lubricated
flow through the CAF-1 and DI-2-8 systems qualitatively using the contours describing
the flow pattern occurred along the pipe length. As depicted in Fig. 29(a) and 29(c), it
is evident that the flow of oil (represented in red) occurs consistently in the central
region of the pipe, with water (represented in blue) surrounding it, from the point of
inlet to the intersection, for both geometries. However, this flow trend ceased to occur
as the oil made contact with the pipe wall prior to dividing into downstream regions.
The oil core of DI-2-8 was effectively recovered through the implementation of
additional water insertion. When oil did not constantly make touch with the pipe wall
(as shown in Fig. 29(c)), pressure drop and energy loss were reduced. The energy
savings derived from the use of CAF technique are primarily attributed to the reduction
in friction between heavy oil and pipe wall. Despite the initial prediction that CAF
simulation via T50-50 would result in lower energy loss compared to single phase oil
transportation, the modified geometry of T50-50 (DI-2-8) was found to offer greater
energy savings potential compared to the geometry without additional water. In terms
of energy consumption, the CAF structure observed throughout the majority of the pipe
length during the DI-2-8 simulation run may be defined as a means of conserving

energy when compared to the initial T50-50 design. In the CAF condition or when
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water was primarily attached to the pipe wall (Fig. 41(a) to 41(c)), the wall shear stress
value was very low (almost zero), whereas the larger wall shear stress was revealed in
the previous condition without additional water with some areas of the inner pipe wall
being wetted by oil (Fig. 41(d) to 41(f)). The significant variation in wall shear stress
observed between the two aforementioned flow conditions can be attributed to the
substantial discrepancy in viscosity ratio between water and heavy oil. An increase in
the viscosity of oil results in a corresponding increase in the magnitude of wall shear
stress, which in turn influences the value of the friction factor. The friction factor is
defined as the ratio of wall shear stress to flow inertial force. As a result, it can be
observed that, under equivalent conditions of fluid velocity, pipe length, and diameter,
the pressure gradient associated with CAF is significantly lower compared to that of

single-phase oil flow or instances where oil fouling has taken place.
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Fig. 38 —Wall shear stress contour on the pipe wall of T50-50 without additional
water insertion (a to c) and with DI-2-8 additional water insertion (d to f)

5.5 Quantitative Evaluation of Energy Savings

The quantification of energy savings is achieved through the utilization of
parameters such as power consumption and pressure drop. Prior research has employed
the power consumption reduction factor (fy), the reduction in pressure gradient (AP"),
and the reduction factor in pressure drop (fap) as indicators for assessing the energy
efficiency of the CAF system (Coelho et al., 2020; Peysson et al., 2007; Silva et al.,
2020; J. Sun et al., 2022). The present study utilized identical energy savings indicators

to assess the energy usage of the proposed DI-2-8 model. The indicators were primarily
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derived through a comparison of power consumption and pressure drop between
biphasic oil-water transport systems (DI-2-8 and the original T50-50 design without
additional water injection) and a single-phase flow system that conveyed the same
quantity and type of oil. The formulas of those energy savings indicators are referred
to Eg. 2.8 — 2.10 as explained in Section 2.8.

In this calculation, the biphasic oil-water system included both oil and water
that were injected into the intake in the upstream region. Additional water that was
injected at the intersection was part of the biphasic flow system for the DI-2-8 suggested

model.

Table 13 —Results of power reduction factor, pressure drop reduction, and pressure
gradient reduction factor from current study

Uo,inlet OF Minlet AP AP*
Case Phase fv fap
Uw,inlet (M/s)  (kg/s) (kPa) (%)
Single oil oil 1.62 2.763 1511 -
water 4.36 6.382 76.16
T50-50 5.9 9 17
oil 6.35 2.763 103.84
water-1 4.36 6.382 11.18
T50-50 98 54
water-2 2 0.96 2453 30.3
with DI-2-8
oil 6.35 2.763 20.33

The findings in Table 11 demonstrate that when transporting heavy oil of
identical type and mass flow rate, conventional single-phase oil pipelines create greater
energy consumption and cost due to increased pressure drop. The utilization of the

CAF in the design of pipes, specifically in the context of T50-50 shaped pipes, was
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projected to yield a substantial reduction in both energy consumption and pressure drop.

Table 13 demonstrates that the power consumption reduction factor (f,,) is greater than

1 for both T50-50 without additional water insertion and the modified geometry of T50-
50 with ducting water insertion. The flow system design of T50-50, as presented in
Chapter 1V, was capable of preserving the CAF structure along the upstream line, as
evidenced by the phase configurations depicted in Fig. 29(a). Although the structure of
the CAF was deformed upon passing the intersection, the reduction in friction caused
by water lubrication along the upstream section facilitated a decrease in the final
pressure drop value. The consumption reduction factor (f;) demonstrates that the
proposed design maintains consistency in the CAF even after passing the intersection,
resulting in noteworthy energy savings when pumping viscous heavy oil compared to
the original T50-50 design. The proposed design showed an overall energy savings
ratio of 30.3, which translates to a cost reduction of 97% for transporting the same
amount of oil and a cost efficiency of around 14% higher than T50-50 lubrication flow

without additional water.

The present design proposal takes into account the energy consumed during
the pumping of additional water into the flow system, as this factor has a significant
impact on the overall energy consumption. However, the magnitude of power necessary
to facilitate the pumping of the supplementary water was deemed negligible in relation
to the impact of the resultant CAF configuration. The pressure drop resulting from the
introduction of additional water was found to be greater than that of the main inlet of
the pipe. This can be attributed to the fact that the additional water entered the complex
flow at an intersection, from a direction opposite to that of the water insertion. As a

result, it had to overcome the presence of oil that obstructed the entrance point of the



127

additional water. The proposed design exhibited a higher percentage reduction (98%)
in overall pressure drop and pressure gradient of the flow system compared to the
previous T50-50 design that lacked additional water at the intersection (94%). One of
the features that makes CAF attractive is its ability to reduce pressure drop by more
than 90%. The findings obtained in this study are comparable to those reported in
previous works conducted by Peysson et al. (2007), Silva et al. (2020), and Bensakhria
et al. (2004), wherein pressure drop reduction of over 95% was observed as the most

favourable outcome.

The proposed design for CAF involved utilizing injected water at the upstream
section to generate lubricating forces. In theory, the force of lubrication has a tendency
to push the core towards the center of the pipe, while the force of buoyancy has a
tendency to elevate the core towards the uppermost portion of the pipe (Bensakhria et
al., 2004). However, once the intersection was passed, the pipe geometry affected the
flow's stability. The interaction between the two forces was insufficient in achieving
complete centralization of the core fluid. Because of this, the oil's position was
unpredictable and occasionally touched the pipe wall. The additional injection of water
served for increasing the lubrication force, thereby facilitating the displacement of the
core fluid towards the central region. Several experimental studies have demonstrated
that an increase in water flow rate can result in a greater reduction in pressure drop.
Additionally, it has been observed that the use of a small amount of water is more likely
to cause oil fouling on the pipe wall (Bensakhria et al., 2004; Coelho et al., 2020; Joseph
et al., 1997). It is generally recommended to establish an ideal lubrication rate that
corresponds to the least possible consumption of lubricant, which may vary depending

on the specific geometry or flow circumstances. Moreover, the issue of dewatering is a
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factor to be taken into account when determining the quantity of water utilized as a

lubricant.

5.6 Conclusion

Both a qualitative and quantitative assessment of a horizontal T-pipe's energy
savings has been conducted. In comparison to the same product and volume of oil
without lubrication, the results show that CAF can transport heavy oil more effectively
by minimizing the pressure drop to more than 90%. Oil fouling developed after
reaching the intersection in the case of lubricated flow through a T-pipe without
additional water injection. Nevertheless, a decrease in energy was still observed with
this kind of geometry in comparison to the transportation of oil as a single-phase fluid,
resulting in a 94% reduction in pressure drop. On the other hand, the suggested method
of installing additional water injection at the intersection demonstrated relatively stable
CAF formation after passing the intersection. The result of this modified design can
repair the CAF after breaking at the intersection while improving energy savings by up
to 4% more than the previous original geometry. In addition, the computation of the
CAF yielded high power reduction factor values (greater than 1) for both simulated
scenarios. The specific value of the CAF was found to be equivalent to over 80% of the

transportation costs associated with single-phase oil transportation.
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CHAPTER VI CONCLUSION

In the present research study, the computational fluid dynamics (CFD) of oil-water
transportation using Core Annular Flow (CAF) technique in horizontal T and Y-pipes
was investigated. A series of simulation studies has been completed to answer the main
objectives of this work as listed in Section 1.2. To summarize the investigation results,

this conclusion section divides into 3 parts:

Part 1 : CFD model of CAF for oil pipeline transportation in horizontal T and Y-

junctions and the occurrence of CAF in the studied systems

Part 2 : The strategy for CAF recovery for oil pipeline transportation in horizontal T-

junction

Part 3 : Evaluation of CAF energy saving for oil pipeline transportation in horizontal

T-junction

6.1 Part 1: CFD Model and Occurrence of CAF for Oil Pipeline

Transportation in Horizontal T and Y- Junctions

This part represents the works reported in Chapter Ill. This study used 3D
simulations with volume of fluid (VOF) multiphase model. This work initiated with a
grid independence test to obtain the optimum grid size. Different combinations of
junction pipe configurations were tested in eight scenarios. Current simulation works
divided into 2 different oil properties. First simulation was dedicated for oil as
Newtonian fluid and second work was for oil as non-Newtonian Carreau fluid. In every
simulation, the CAF occurred along the upstream region, however it was not possible

to keep the CAF stable after it passed the junction area until it reached the pipe outlet.
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From the analysis of 2 factorial statistical experimental design, the optimum design of
simulated pipe geometries was predicted to be achieved for T-shaped pipe specifically
T20-50 (for first simulation work) and T50-50 (for second simulation work). From
these two cases, it can be concluded the CAF is strongly affected by the geometry of
pipe and the properties of oil. However, more design factors were involved for affecting
the flow performance of Non-Newtonian fluid as the effect of share rate in the geometry

of the T and Y-pipes.

Part 2: The CAF Recovery Strategy for Oil Pipeline Transportation in

Horizontal T-Junction

This part summarizes the work reported in Chapter IV. An additional water
tapping point was inserted at the intersection area on the opposite direction of upstream
section to clean the attached oil at the intersection inner pipe wall and to increase water
fraction to provide sufficient additional force to push the oil to the core. Variations were
made for the insertion shape (V-insertion and ducting insertion) and additional water
velocity. It was observed that ducting insertion with water velocity of 2 m/s (DI-2-8)
was predicted to provide a better performance of CAF referring to the result of cross-
sectional phase configuration at downstream region, time-averaged local oil holdup for
both sides of downstream region at various pipe axis, and predicted cross-sectional

time-average pressure along pipe axis.

Further simulation work dedicated for the second simulation by scaling the T50-
50 pipe up to 10 times bigger dimension. The used of Reynolds number as similarity
parameter for scaling up did not show the occurrence of CAF even at the upstream.

However, the scaled up has been completed using similar fluid velocities to previous
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smaller size of pipe. As a result, CAF still occurred at upstream region. For bigger
dimension of T50-50, CAF formation is shown at downstream region near junction but
then oil fouling is observed near the outlet. For, DI-2-8, CAF still occurred in

downstream with more eccentric and thin oil core result.

6.2 Part 3: Evaluation of CAF Energy Saving for Oil Pipeline Transportation in

Horizontal T-Junction

The evaluation of attainable energy savings by applying CAF was presented in
Chapter V. The results confirm that effectiveness of CAF to transport the heavy oil by
reducing the pressure drop to more than 90%. The additional water insertion at the
junction or coded as geometry DI-2-8 showed energy savings improvement to 4%
higher than the previous original geometry. The CAF application in the T pipe was
estimated to reduce the power consumption that can save 80% of transportation costs

compared to single-phase oil transportation.

6.3 Research Outcome and Novel Contribution

The research outcome and novel contribution of current study are:

e The 3D model of CAF in horizontal T-pipe with the estimation of scaled-up
results to predict the CAF formation tendency that is very useful to be
applied in petroleum industry for transporting heavy oil.

e Geometry factors that can affect the CAF formation in horizontal T and Y
shaped pipes for preliminary design consideration of oil pipeline.

e A strategy to recover CAF in horizontal T-pipe to obtain maximum

advantage of CAF in transporting viscous fluid.
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e Energy savings prediction that might be obtained when transporting heavy
oil through horizontal T-pipe that can support the feasibility study of liquid-

liquid CAF application in T-pipe.

6.4 Recommendations for Future Studies

The implications of various fluid flow directions, surface velocities, heat
characteristics, and fluid physical parameters should be considered for future study with
CAF inside T and Y-shaped pipes. Since the diameter variables in this study shown
significant influence on the flow performance parameter, variation of the diameter ratio
was also intriguing to be examined. In addition, as the CAF technique needs water as
lubricant, it would be useful to consider the post treatment process in computing overall
energy savings as the effect of adding more water to lubricate oil. Furthermore, the
further work intended to obtain an optimal lubricate rate would assist to provide
reference about the minimal use of the lubrication fluid needed. Further work to scale
up the pipe dimension of CAF case is strongly suggested to consider not only Reynolds
number but also other dimensionless parameters that able to facilitate the shear and

viscosity factors.
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