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Estimating the oil-water temperatures in flowlines is challenging especially in deepwater and ultra-
deepwater offshore applications where issues of flow assurance and dramatic heat transfer are likely
to occur due to the temperature difference between the fluids and the surroundings. Heat transfer
analysis is very important for the prediction and prevention of deposits in oil and water flowlines, which
could impede the flow and give rise to huge financial losses. Therefore, a 3D mathematical model of oil-
water Newtonian flow under non-isothermal conditions is established to explore the complex mecha-
nisms of the two-phase oil-water transportation and heat transfer in different flowline inclinations. In
this work, a non-isothermal two-phase flow model is first modified and then implemented in the
InterFoam solver by introducing the energy equation using OpenFOAM® code. The Low Reynolds
Number (LRN) k-¢ turbulence model is utilized to resolve the turbulence phenomena within the oil and
water mixtures. The flow patterns and the local heat transfer coefficients (HTC) for two-phase oil-water
flow at different flowlines inclinations (0°, +4°, +7°) are validated by the experimental literature results
and the relative errors are also compared. Global sensitivity analysis is then conducted to determine the
effect of the different parameters on the performance of the produced two-phase hydrocarbon systems
for effective subsea fluid transportation. Thereafter, HTC and flow patterns for oil-water flows at
downward inclinations of 4°, and 7° can be predicted by the models. The velocity distribution, pressure
gradient, liquid holdup, and temperature variation at the flowline cross-sections are simulated and
analyzed in detail. Consequently, the numerical model can be generally applied to compute the global
properties of the fluid and other operating parameters that are beneficial in the management of two-
phase oil-water transportation.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

2021; Jia et al., 2019). Transportation of this two-phase hydrocar-
bon through such environments (about 4—5 °C) which creates

The exploitation of hydrocarbon resources in hostile and subsea
deepwater surroundings has been driven by the continual increase
in energy demand and depletion of already existing conventional
oil-gas reserves (Oddie et al., 2003; Shahdi and Panacharoensawad,
2019; Sozbir, 2006). Two-phase flow in pipelines is usually expe-
rienced in the nuclear, chemical, and petroleum industries, mostly
in the power generation, combustion systems, and crude oil
transportation through inclined and horizontal pipelines (Bell et al.,
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many flow assurance issues usually requires long flowlines (Guo
et al,, 2006; Shahdi and Panacharoensawad, 2019; Singh et al.,,
2017) as shown in Fig. 1. Flow assurance in the petroleum in-
dustry is one of the biggest problems bedeviling hydrocarbon
production and this can cause serious challenges to subsea deep-
water and ultra-deepwater field developments (Sunday et al., 2021;
F. L. V. Vianna et al., 2009a). This type of surroundings is charac-
terized by low seabed temperature and high hydrostatic pressures,
which may affect the flow of the produced two-phase hydrocarbon
fluids (oil, gas, and water) along the flowlines up to the processing
facilities (Sunday et al., 2021; F. L. V. Vianna et al., 2009a). Also, the
flowline has sections with different inclinations, usually
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Nomenclature

k turbulence kinetic energy, m?/s?

Fs body force in the axial direction, kg. m/s?
g gravity, m/s?

p pressure, kg/ms?

U velocity, m/s

T temperature, K

Cp specific heat capacity, J/(kg. K)

q" heat flux, w/(m?. K)

Pr prandtl number, dimensionless

Res, superficial oil-phase Reynolds number
Regy, superficial water-phase Reynolds number
yr dimensionless distance to the pipe wall
Gk, Gp productions of turbulent kinetic energy
Ym fluctuation dilation turbulence

Sk» Se source terms

E,D additional terms for dissipation stability
Uso, Usw  superficial oil and water velocities, m/s
Greek letters

A thermal conductivity, w/(m. K)

p density of the fluid, kg/m>

a volume fraction

u dynamic viscosity, m?/s

e turbulence viscosity, m?/s

0 flowline inclination, deg

€ turbulence dissipation rate, m?/s>

VPpressure gradient in streams direction, kg/m?s’Teffective
diffusivity of k, m?/s*I'.effective diffusivity of e, m?/
soy, 0, pressure gradient in streams direction, kg/

m?s?T effective diffusivity of k, m?/
s’I'.effective diffusivity of e, m?/s>oy,
c.empirical turbulence model constant

A altered range around the nominal value
Subscripts

o oil-phase

w water-phase

m mean value

inlet flowline inlet

outlet flowline outlet

wall flowline wall
Abbreviations

ANN artificial neural network
HTC heat transfer coefficient
LRN low reynolds number
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Oil and water
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Fig. 1. Schematic representation of oil-water two-phase subsea production.

between —10° and +10° due to uneven seabed which affects the
flow regimes (Amundsen, 2011) (Fig. 1). Therefore, a good grasp of
the behavior of hydrocarbon fluids is important in oil production
and field development.

The subsea heat management technique is a crucial ingredient
to the successful operations of flow assurance in deepwater pe-
troleum fields (Farshad et al., 2000; Sagar et al., 1991; Sunday et al.,
2021; F. L. V. Vianna et al., 2009b). It is required during design to
maintain the temperature of the fluid inside the flowlines well
above the surrounding temperature. The accurate prediction of
temperature and pressure is all-important for the prevention and
remediation of flow assurance issues (Charles and Igbokoyi, 2012; Ji
and Homan, 2007; Shang and Sarica, 2013; Sunday et al., 2021). One
of the most significant measures in the design of subsea facility
layout is the heat analysis of a subsea production system, which

predicts the flowlines' temperature profile (Sunday et al., 2021;
Toma et al., 2006; F. L. V. Vianna et al., 2009b). Heat analysis en-
compasses both steady-state and transient studies during different
stages of the field's life and must serve as a standard design tool for
heating systems or thermal insulation selection to avoid the for-
mation of hydrate and wax (Ekweribe and Civan, 2011; Sozbir,
2006; Sunday et al., 2021; F. L. V. Vianna et al., 2009b).

The two-phase heat transfer process which changes with flow
patterns, pressure drops, pipe orientations, and flow rates has long
been of engineering interest (Adesina et al., 2011; Ekweribe and
Civan, 2011; Sunday et al., 2022a). The oil-water flow structure is
completely distinct from that of gas-oil flow and this distinction is
ascribed to the small buoyancy effect and large momentum transfer
capacity in the oil-water flows (Mehrotra et al., 2020; Trallero,
1995). Therefore, it is very important to develop new models for
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the correct prediction of heat transfer and the different factors
affecting oil-water two-phase flow phenomena during flowlines
design, safety, and optimized operations.

Several technical and scientific research efforts have been
established in the studies of heat transfer in pipelines. In the last
five decades, most of the published two-phase heat transfer studies
focused on gas-liquid in horizontal and vertical pipes (Amundsen,
2011; Moran et al., 2021; Shang and Sarica, 2013). Some were nu-
merical investigations (Choi et al., 2013; Duan et al., 2013, 2015,
2014; Hetsroni et al.,, 1998; Kim and Ghajar, 2006) while many
others carried out experimental studies on the effect of flow rates,
flow patterns, and pipe orientations on the gas-liquid heat transfer
process (Ghajar and Tang, 2010, 2007; Hetsroni et al., 2003; Kim
and Ghajar, 2006; Trimble et al., 2002). The two-phase gas-oil
flow structure is completely distinct from that of oil-water flow and
this distinction is ascribed to the small buoyancy effect and large
momentum transfer capacity in the oil-water flows (Adesina et al.,
2011; Ekweribe and Civan, 2011; Mehrotra et al., 2020; Trallero,
1995). Therefore, it is very important to develop new models that
correctly predict heat transfer and the different factors affecting oil-
water two-phase flow phenomena during flowlines design, safety,
and optimized operations.

Some theoretical models, empirical correlations, and experi-
mental studies are reported for estimating the heat transfer of two-
phase oil-water flow in pipelines (Legan and Knudsen, 1966; Leib
et al., 1977; Shang and Sarica, 2013; Somer et al., 1973; Stockman
and Epstein, 2001) which is limited when compared to gas-liquid
heat transfer. Legan and Knudsen (1966) studied the turbulent
heat and momentum transfer characteristics of unstable dispersion
of oil droplets in water. But the authors' results were considered
only applicable to water-oil dispersions within specified drop sizes,
concentrations, and temperature ranges. Also, Legan and Knudsen
were only able to predict the heat transfer coefficients and viscosity
of a well-mixed oil in water dispersion by equation. The authors
couldn't explain why the relative fluidity of both light oil and heavy
dispersions decreases with temperature. Shang and Sarica (2013)
developed a mathematical model that predicts the temperature
profiles for two-phase oil-water stratified flows. The analytical
model was verified by a single-phase heat transfer model and
validated against experimental data. The authors reported that the
simulated result from the analytical model was only validated for
the water cut of 50% and verified for the water cuts of 0 and 100%.
Generally, authors concluded the difficulty in predicting the heat
transfer rate to the complexity of two-phase oil-water flow
(Boostani et al., 2017; Li et al., 2018).

Flowline inclinations have become an area of concern during the
development of fields and oil production due to the topography of
the subsea seabed and this has prompted several researchers to
investigate the relevance of pipeline inclinations on the hydrody-
namic and thermal flow behavior. several authors have reported
the effect of pipe inclination angles on flow patterns (Abduvayt
et al., 2004; Lum et al., 2006; Oddie et al., 2003; Rodriguez and
Oliemans, 2006), pressure drop (Kumara et al., 2010; Mukherjee
et al, 1981; Rodriguez and Oliemans, 2006), liquid holdup
(Abduvayt et al., 2004; Hamad et al., 2014; Kumara et al., 2010;
Mukherjee et al., 1981; Rodriguez and Baldani, 2012; Rodriguez and
Oliemans, 2006), drop velocity (Hamad et al., 2014), drag-reducing
polymers (Abubakar et al., 2015), and HTCs (Boostani et al., 2017;
Sunday et al., 2022b) in two-phase oil-water flows. Boostani et al.
(2017) carried out an experimental investigation and artificial
neural network (ANN) model to resolve the HTC, and flow pattern
for oil-water flows in inclined and horizontal pipes. Due to the
intrinsic complexity of multiphase flows, it has become arduous to
develop a model that can accurately predict the HTC in oil-water
flows (Boostani et al., 2017). To this end, no reported numerical
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model yet in the open literature has been employed to compute
numerically the effect of different flowline inclinations and flow
patterns on HTC for two-phase oil-water flow.

With the preceding review, the foremost contributions of our
model relative to literature works are: (i) Providing detailed in-
formation about the complex two-phase oil-water flow field using
an established non-isothermal mathematical model of oil-water
flow. The model is capable of calculating velocity distribution,
pressure gradient, liquid holdup, and temperature variation at the
flowline cross-sections (ii) Evaluate the heat transfer coefficient
and flow patterns for oil-water flows at downward inclinations of
4°, and 7° due to limited works focusing on downward flowline
inclinations. (iii) Conduct a global sensitivity analysis to ascertain
the impact of the different parameters on the performance of the
produced two-phase hydrocarbon systems.

The overall objective of this paper is to study the intricate
mechanisms of the two-phase oil-water transportation and heat
transfer in the horizontal and inclined flowlines. Therefore, a non-
isothermal two-phase heat transfer flow model that is vigorous
enough to span the fluid combinations, flow patterns, flowline
orientations, and flow rates is established to explore the effect of
these issues. The LRN k-¢ model is utilized to simulate the turbu-
lence flow and to account for the near-wall treatment. This model
takes into consideration the energy and LRN k-¢ turbulence equa-
tions which are regarded as a more appropriate approach to the
heat transfer phenomena and the Low Reynolds input. The model is
validated by the experimental data found in the literature (Boostani
et al., 2017). Subsequently, a global sensitivity analysis is conducted
to determine the effect of the different parameters on the perfor-
mance of the produced two-phase hydrocarbon systems for effi-
cient fluid transportation. HTC and flow patterns for oil-water flows
at different inclinations, velocity distribution, pressure gradient,
liquid holdup, and temperature variation at the flowline cross-
sections are simulated and analyzed in detail. This numerical
model can become a reference for flow assurance in subsea deep-
water and ultra-deepwater two-phase oil-water transportation,
corrosion assessment, wax deposition, and pipeline optimization.

2. Mathematical model

Several studies on the hydrodynamics and thermal modeling of
different flow behavior and flowline inclinations are performed,
centering on computing the HTC, velocity and temperature distri-
bution, pressure drop, liquid holdup, and flow patterns.

2.1. Governing equations

A supposedly non-isothermal two-phase Newtonian flow model
has been established in this section. The governing equations
comprise mass conservation, momentum conservation, and energy
conservation equation.

From the preceding analysis, the mathematical models of non-
isothermal two-phase Newtonian flow are detailed below:

2.1.1. Mass conservation equation

At the flowline cross-section in the axial direction, the total
mass of the oil-water/gas-oil phases is constant. The conservation
equation is shown as follows:

ap _
&Jrv.(pU)_O (1)

where p and U are the density of the velocity of the two-phase fluid.
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2.1.2. Momentum conservation equation

Assuming an incompressible two-phase fluid flow, the Navier-
Stokes equation in the axial direction of a fully developed flow is
expressed as

opU .
3F+V@wn:wuwwmﬂﬁu+wﬂﬂ+@gmm+&

(2)
oo
St (aU)+V.(lfa)ozUr> —0 (3)

where U is the velocity in the axial direction, VP is the pressure
gradients in the stream's direction, g is the acceleration due to
gravity, 6 is the inclination angle, uef is the effective dynamic vis-
cosity which is the summation of the molecular and turbulent
viscosity (u + ue), Ur is the relative velocity between phases, « is the
fluid volume fraction, and F; is the body force in the axial direction.

The density and viscosity for two-phase oil-water flow are
described in each cell by the volume fraction of the oil phase («) as
follows:

p=wpy + (1= aw)po (4)

o= wpty, + (1= aw)y (5)

where subscripts o and w represent the oil and water phases, p and
u are the density and dynamic viscosity. The indicator function « is
represented as:

1 water
a{ 0 <a<1 two — phase flow (6)
0 oil

2.1.3. Turbulence model

Because of the characteristics of turbulence in two-phase fluid
flow, the turbulent fluctuation imposes additional momentum and
energy transfer. Therefore, turbulent models are deployed to
simulate momentum and energy transfer phenomena. The widely
used turbulence model is the standard k- model by Launder and
Spalding (1972). However, the model does not give accurate re-
sults close to the pipe wall for the high-Re approach. Thus the LRN
k-¢ model, by Launder and Sharma (1974) is introduced to account
for the near-wall treatment by the addition of damping functions
into the turbulent viscosity. The turbulent kinetic energy and
dissipation are defined by:

o(pk 0 ok
%4’ V.(pkU;) = a—xj [Fk (&) } + G+ Gp — pe — Ym + S
(7)
0(pe) N Oe € &2
ar T V-(peli) = ax; I. (a_x]> } Cifig (G +Gp) = G fap
+E+D+S,

(8)

where k is the turbulent kinetic energy, ¢ is the turbulent dissipa-
tion rate, C; =1.92, and C; = 1.3 are the model constants for the LRN
k-¢ model, f;, and f, are the functions specially employed for the
near-wall treatment, Gy and Gy, are the productions of turbulent
kinetic energy, and Yy, is the fluctuation dilation incompressible
turbulence. y; is the turbulent viscosity, I'y and I, are effective
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diffusivities of k and e. E and D are additional terms to further
stabilize dissipation and diffusion in the area of the walls, S, and S,
are the source terms.

— He
Tie= (um+55) 9
where [y is the effective diffusivity of k, and oy is the empirical
turbulence model constant. gy = 1 for the LRN k ~ ¢ model and i is
the turbulent viscosity.

Io= (i +51) (10)

where I, is the effective diffusivity of ¢, g, is the empirical turbu-
lence model constant. For the LRN k ~ ¢ model ¢, = 1.3.

C. pl2
iy =G PR (1)

&€

where p is the density of the fluid, and C;, = 0.09 is the model
constant. f, is the function utilized for the near-wall treatment.

2.14. Energy conservation equation

The heat-transfer process especially with the turbulent flow is
valuable for both engineering and due to its occurrence in
numerous industrial applications. Thus energy equation is added to
the governing equations. Assuming a quasi-transient state in which
axial heat conductive heat effect is neglected, no added source term
in the energy equation. The energy equation is shown as:

Mq c,

o A T)} +Vy.{ Ma c,

oT
&+V2.(pCpUT) =Vy. {

G ey
where T is the temperature of the two-phase fluid, Cp is the specific
heat capacity of the two-phase fluid, and Pr is the Prandtl number.

Pr=Gp e (13)
where Pr is the Prandtl number, 4 and p, are the thermal conduc-
tivity and kinematic viscosity of the two-phase fluid respectively.

2.2. Boundary conditions

Fig. 2 describes the computational domain of the two-phase oil-
water flow employed for the current study. The flowline is initially
deemed to be filled with water. At the onset of the simulation
(time = 0), an equal volume fraction of oil-water was infused at the
inlet domain of the flowline with different superficial inlet veloc-
ities, the outlet permits the mixed flowing fluids to come out of the
domain with a pressure of zero, the fluids at the wall was assumed

Fig. 2. A simplified domain of the two-phase oil-water flow.
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as a no-slip condition with zero velocity, and the symmetry-plane
boundary condition was used in the longitudinal pipe section (X-
Z plane). A uniform wall heat flux value ranges from
15,100—24,800 W/m? and at atmospheric pressure (room temper-
ature of about 25 °C). Table 1 gives the boundary conditions for all
simulations.

3. Numerical method and parametric sensitivity analysis

OpenFOAM v.7 was used to simulate different two-phase flow
cases. The two-phase flow is calculated by using the new solver
based on the VOF approach (Hirt and Nichols, 1981). Turbulence
effects and their influence on the flow were performed for all
simulations using different RANS models. The LRN k-¢ turbulence
model supporting the low y + approach was used for the grid-
sensitive studies for accurate near-wall treatment with an auto-
matic switch from a wall function to LRN formulation by grid
spacing (Wilcox, 2006).

3.1. Model geometry and mesh

A 3D flowline was constructed with a diameter and length of
0.011m and 1.8 m respectively, symmetry boundary condition's
domain was chosen aimed at reducing the computational cost. The
mesh consisting of structured hexahedral cells is bounded by three
types of boundary faces (inlet, outlet, and wall), as seen in Fig. 3.
Both geometry and the structured mesh were created by the
blockMesh utility in OpenFOAM.

3.2. Discretization methods

Discretization of the transport equation is executed using the
Finite Volume Method. The Euler scheme is used for temporal and
time discretization and spatial discretization is a standard second-
order scheme. The convective term is discretized with a second-
order upwind scheme. As for the diffusion term, a second-order
corrected scheme is applied.

3.3. Solutions procedure

Two-phase fluid flow is a complex flow system with hydrody-
namic and thermal coupling, where the numerical solution of
governing equations is conducted individually for each phase. The
velocity, temperature, viscosity, pressure gradient, and shear rate
calculation of the fluid need to be iterated until all converges. A
computer code is established for the computation of the governing
equations and a flow chart algorithm is described in Fig. 4. The
solution is explained in the following steps below:
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Fig. 3. A mesh inlet section for two-phase oil (blue) and water (red) flow.
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fluid physical properties
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Fig. 4. The flow chart of the program.

Table 1
Boundary conditions.
Variables Inlet Outlet Wall
U Uw,o = Uw.&o,inlet aUWVO -0 Uw,&a.wull =0
0x
T Tw =T, =T; oT oT
w o inlet o 0 h = (Tyar — Tm) = Aﬁ
p— pgh o _ 0 Py outter =0 P
0x 0z
k kwo =k w,&o,inlet ok w.o —0 kw.D,g =K wail
x
He Kt cal = 0 Kt cal = 0 Kt kwallfunc = Ht,wall
e Ewo = € inlet Oew,0 -0 Ewallfunc = €wall

0x
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(1) Flowline operations conditions are set such as flowlines
length and diameter, inlet and surrounding temperature,
heat flux, and two-phase fluid flow rates.

(2) Estimate the two-phase physical properties. The liquid
physical properties are calculated.

(3) The velocity, kinetic energy, and dissipation rate are acquired
from the momentum conservation equation and turbulence
model resolved for each phase by iteration until the
convergence criterion is achieved. If it is converged, then
proceed to step (4); otherwise, go back to step (2).

(4) The temperature field is got from the heat-transfer equation,
and updates from the physical properties. If it is converged,
then proceed to output the result, the calculation terminates,
otherwise, return to step (2).

3.4. Grid independence study

To assess mesh fineness on the solution to obtain minimum
mesh density with good accuracy. Five meshes were created with
the blockMesh tool for the mesh sensitivity analyses. The mesh data
are summarized in Table 2, and the outcome of the comparisons of
the HTCs values at different flow patterns between the experi-
mental data and the different mesh sizes is shown in Fig. 5.

The relative error between the experimental and numerical
HTCs decreases as the cell numbers increase both normal to the
pipe wall and flow direction until obtained results give an accept-
able margin. The relative error and calculation time range from
39.75% to 1.80% and 258 h—558 h for plugs of water in oil (Fig. 5a),
45.58.75%—1.76% with 205 h—425 h for stratified flow with a mixed
interface (Fig. 5b), 50.29%—2.42% and 190 h—323 h for dispersion of
water in oil & oil in water (Fig. 5c¢), and 48.13%—2.13% and
65 h—208 h for dispersion of oil in water (Fig. 5d). It is observed that
there is no noticeable difference between mesh 4 and mesh 5 with
regard to the relative error which yields satisfactory HTCs results
but there is a substantial difference in computational time. The
relative errors for meshes 4 and 5 are from 3.01% to 1.81% while the
computational time is from 449 h to 558 h for plugs of water in oil,
2.72%—1.77% with a calculation time of 360 h—425 h for stratified
flow with a mixed interface, 3.58%—2.42% and 252 h—323 h for
dispersion of water in oil & oil in water, 2.67%—2.13% and
167 h—208 h for dispersion of oil in water. Therefore, Mesh 4 is
chosen for further investigation as a compromise between
computational cost and accuracy.

3.5. Models validation

The proposed model is validated by the experimental investi-
gation of Boostani et al. (2017). In this work, the authors studied the
heat transfer coefficient of oil-water flow in horizontal and inclined
(+4°, +7°) pipes. The superficial Reynolds number of the water-
phase, Res, was maintained at 6772, while the superficial Rey-
nolds numbers of the oil-phase Reg, varied at intervals. To validate
the studied results, the numerical results of flow patterns and HTCs
for oil-water two-phase flow at different flowline inclinations are
compared with experimental data. Therefore, the thermohydraulic
calculations are both tested and established.

Fig. 6 gives the oil-water flow pattern maps for different

Table 2
Mesh statistics for the grid independence study.

Geometry Mesh configuration Mesh1l Mesh2 Mesh3 Mesh4 Mesh5

90000 150000 250000 390000 570000

3D case Cells
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flowline orientations (-7°, -4°, 0°, +4°, +7°), classified in line with
the definitions of Boostani et al. (2017) and Oddie et al. (2003). The
observed flow patterns are stratified flow (ST), stratified flow with a
mixed interface (ST & MI), plugs of oil in water (Po/w), plugs of
water in oil (Pw/o), dispersion of water in oil & oil in water (Dw/o &
o/w), and dispersion of oil in water (Dw/o), annular (AN) flows. The
oil-water physical properties are described in Table 3.

To verify the ability of the calculation code to reproduce the
experimental measurements of Boostani et al. (2017), the high-
lighted cases (dashed lines) in Fig. 6 are simulated. Table 4 illus-
trates a results comparison between numerical and measured flow
patterns visualized at different Reg, (=450—3750) and Resy, kept at
6772. The non-isothermal two-phase flow model predicted the
observed flow patterns of oil-water flow very reliably. For instance,
in horizontal flow, the performance of the model was remarkably
good for all Po/w, ST & MI, Dw/o & o/w, and Dw/o are predicted
correctly by the 3D model.

Fig. 7 describes the comparison between the numerical and
measured HTC values under various Res, of about 450—3750 when
the Resy is 6772 at different flow inclinations (0°, +4°, +7°). The
numerical HTC results are slightly different from the experimental
values as the flow patterns changes from Po/w to Dw/o. The relative
errors between the calculated HTC and experimental results at Res,
of approximately 450, where there is a decrease of HTC due to flow
pattern change from Po/w to ST & MI is roughly 1% for the 3-D
model. At a Res, of around 1280, the relative error for the hori-
zontal flow where the HTC value is higher than the inclined flow
is = 2% for the 3-D model. Also at a Reg, of around 3300, Dw/o is
only observed within this region because of higher turbulence
forces and the relative error is around 3%. In summary, the results of
the relative errors obtained between Boostani's experimental data
and the numerical model are within 3%, which demonstrates the
model's accuracy as shown in Fig. 8.

3.6. Parametric sensitivity analysis technique

3.6.1. Sensitivity analysis theory

A good understanding of the behavior of two-phase hydrocar-
bon fluids is key during field development and production. Hence,
the performance of the hydrocarbon transportation system
through surroundings with low seabed temperature and high hy-
drostatic pressures depends on parameters such as (1) Flowline
geometry-Inclination, diameter, roughness; (2) Hydrodynamic
fluid behavior-velocity, slip ratio, pressures, flow pattern, holdup;
(3) Thermophysical properties- Temperature, density, viscosity,
specific heat capacities, thermal conductivities, heat flux, etc. It has
become difficult to study these parameters knowing well that most
of them can be arduous to accurately measure or predict. Conse-
quently, sensitivity analysis is essential to determine beforehand
the importance of the input parameters acting individually or in
combination and must be factored in during field and laboratory
studies.

Sensitivity analysis is widely embraced as a necessary aspect of
good modeling practice, and amongst the reason for using sensi-
tivity analysis are: to identify factors that are unimportant to model
output and can be removed from further analysis; to identify the
factors that have the most impact on model output; to determine if
a model reproduces know effects upon the processes it is simu-
lating; to identify factors that may require more research to
enhance confidence in model output; to discover the optimal re-
gions within the parameter space for use in calibration studies; to
determine which, if any, factors or groups of factors interact with
each other; to establish regions in the space of inputs where the
variation in model output is maximum; finally to demonstrate if
model predictions are robust to plausible variations in input factors.
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Fig. 5. Graphical description of the mesh sensitivity analysis for different flow patterns (a) Po/w, (b) SI & MI, (¢) Dw/o & ow, and (d) Dw/o flows.

Table 3

Physical properties of oil and water.
Parameter Value Unit
0il density 798 kg/m>
Water density 1000 kg/m>
0il kinematic viscosity 3.1203 x 107> m?/s
Water kinematic viscosity 1x10°¢ m?/s
Oil-specific heat 2050 m?/s% K
Water-specific heat 4184 m?/s? K
Qil Prandtl number 37.811
Water Prandtl number 6.90
Oil-water Interfacial tension 3.7 x 1072 N/m

Different sensitivity analysis techniques exist in a wider range of
scientific investigations (Hall et al.,, 2009). Saltelli et al. (2004) re-
ported three major groups:

e Screening: a qualitative sensitivity analysis method

e Global: quantitative analysis (variance-based) methods that
vary all parameters examined in their variation ranges.

e Local: a quantitative analysis (factorial design) method varies
parameters successively around nominal values.

For this study, the local sensitivity analysis is chosen as the most
appropriate technique due to:

e The number of input parameters,
e The computational cost of running the model,
o The settling for the analysis, and
e Analysis time available for sensitivity analysis.

Local sensitivity analysis of the two-phase flow in the flowline
using the thermohydraulic model is conducted using the factorial
design method. The local sensitivity analysis involves the uniform
distribution of input data by random sampling and it also allows for
the interaction between two or more input parameters to be
investigated. Decision makers who utilize thermohydraulic model
results can justly request thorough analysis results to reasonable
variations in the model inputs. This information can be employed to
target data acquisition and engineering design decisions effectively
by identifying key parameters that impose the greatest influence
on system performance.

3.6.2. Factorial design

The factorial design method explores small changes around
nominal value (s). The required total number of simulations is 2",
where n is the number of input parameters, and each input
parameter is altered in a range of 10% by +A and -A around the
nominal value (s) (Akridiss Abed et al., 2020). The response of the
system would depend on the results of the simulations. In our case,
six input parameters have been selected for the sensitivity analysis.
These parameters are flowline inclination (#), the minimum and
maximum superficial oil velocity (Us,), minimum and maximum
superficial water velocity (Usw), the thermal conductivity of oil (10),
the thermal conductivity of water (Aw), and the wall heat flux (q").
The linear regression model using the factorial design method is
expressed as:

n n n n
6=Co+ D CXi+ Y. > XX+ + iz [[% (14)
= i kS5 =1



N. Sunday, A. Settar, K. Chetehouna et al.

(a) Inclination = -7° (downward)
8000 4 ° L] X * * * L] L+l
70 2 _
’_\l’ X X x x * * -3
6000 B
5000 - e x x x X o o o
3
[} °
o 4000 - % ] x @ o o o
3000 4 | ST
n = A A A o o o & Pow
2000 4 X ST&MI
[ T | A A o o o o A Pwlo
1000 4 © Dwio
@ Dwio & olw
O AN
04

T T T T T T T T T

0 500 1000 1500 2000 2500 3000 3500 4000

Res,
(c) Inclination = 0° (Horizontal)
8000 - e o X o o * [+] [+]
7000 o T N ST
° x - . - . o o
6000 R =
5000 o x * - - . o o
5
<
o 4000 4 mox % X A o o o
3000 m ST
" x X A A A [+] [+] ® Polw
2000 4 X ST&MI
L | A A 4] o ] o A Pwlo
oo © Dwio
® Dw/o & olw
O AN
04

0 500 1000 1500 2000 2500 3000 3500 4000

Petroleum Science xxx (XXXX) XxX

(b) Inclination = -4° (downward)
8000 - [] L] X * * [+] L] [+]
7000 T e
Cm % x x x . 'S oo
6000 4 S R e s s R
5000 - ® X X X X [+] [+] [+]
2
o
o 400{ ©® % x A A ® ] o
3000 4 | ST
| I | A A A [+ o o ® Polw
2000 X ST&MI
LI | A A o o ] o A Pwio
1000 4 © Dwlo
4 Dw/o & o/w
O AN
04

T T T T T T T T T

0 500 1000 1500 2000 2500 3000 3500 4000

Res,
(d) Inclination = +4° (upward)
8000 - e o X * * [+] &} [+]
7000 e —
e x x * . * o )
6000 T T T
5000 - ® X X X X [+] [+] [+]
H
I
4000 4 e x x A A [ o o
3000 m ST
[ | A A A o o o STPGii
2000 X ST&MI
[ I A A [+ o o [ A Pwio
1000 4 © Dwio
* Dw/o & ow
O AN
o4

0 500 1000 1500 2000 2500 3000 3500 4000

Reg, Re,,
(e) Inclination =+7° (upward)
8000 o o x . . o o
7000 o S
/O\’ x x - * o o
6000 - o e
5000 - ® o X X 4] o [+]
=
o °
o 4000 X x A @ o o
3000 msT
LI A A < o o ® Polw
2000 X ST&MI
| | |} A A [+] [+ [+] A Pw/o
1000 4 < Dw/o
4 Dw/o & o/w
O AN
04

0 500 1000 1500 2000

2500 3000 3500 4000

Re,,

Fig. 6. Flow patterns map for oil-water two-phase flow inclinations system with highlighted simulation points.

where n is the number of input parameters, y; is the estimated
response by the model, Cis the coefficient of the polynomial, and x;
is the j™ input parameter.

Therefore, with six input parameters, Eq. (14) becomes:

6 6 6
Yo=Co+ D CXi+ D > GiXiXi + - + C123456X1X2X3X4X5Xg
=1 =1 K5

(15)

Each of the six input parameters of the model reported above is
estimated at 10% (+1) higher and 10% (—1) lower around each
nominal value (s). As a result, 64 (2° factorial) simulations must be

executed. y; can be written into the matrix form from Eq. (15) as
shown.

(16)

The coefficient of the matrix which determines the relevance of
each input parameter becomes

Yos=¢X

(17)

The established numerical model was utilized for the pre-
dictions by applying the sensitivity analysis technique.

c=X""y;
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Table 4
Comparison of present work and experimental oil-water flow patterns.

Petroleum Science xxx (XXXX) XxX

Flowline Inclinations

0° +4° +7°

Exp 3D Predict Exp 3D Predict Exp 3D Predict
Po/w Po/w Po/w Po/w Po/w Po/w

ST & MI ST & MI ST & MI ST & MI ST & MI ST & MI
Dw/o & o/w Dw/o & o/w ST & MI ST & MI ST & MI ST & MI
Dw/o & o/w Dw/o & o/w Dw/o & o/w Dw/o & o/w Dw/o & o/w Dw/o & o/w
Dw/o & o/w Dw/o & of/w Dw/o & o/w Dw/o & o/w Dw/o & o/w Dw/o & o/w
Dw/o & ofw Dw/o & ofw Dw/o & ofw Dw/o & ofw Dw/o & ofw Dw/o & ofw
Dw/o Dw/o Dw/o Dw/o Dw/o Dw/o

Dw/o Dw/o Dw/o Dw/o Dw/o Dw/o
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Fig. 7. The HTC variation at horizontal and inclined flowline as a function of Res,.
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Fig. 8. The plot of the predicted values with a numerical model versus experimental
values for all data and all studied inclined positions.

4. Results and discussion
4.1. Sensitivity analysis result

The global sensitivity analysis method discussed in the previous
section is then applied to the validated numerical model. The
minimum and maximum superficial liquid velocities were utilized
to determine the flow pattern boundaries. ST flow pattern is
selected for minimum U, and minimum Us,y, and the Dw/o flow

pattern is chosen for maximum Us, and maximum Usy. The results
are presented in decreasing order by using the Pareto chart to
describe the importance of each parameter and their interactions.
Table 5 shows the selected nominal values and their respective
variations from the input parameters of Boostani's experimental
work employed for the sensitivity analysis.

4.1.1. ST flow pattern

This flow pattern represents the region of the minimum possible
values for both superficial oil and water velocities in horizontal
flowlines as shown in Table 5. Fig. 9 describes the effect of each
parameter and its interactions with the outlet temperature. It is
observed that the outlet temperature (Toytet) is mostly affected by
the flowline inclination (#), afterward the superficial oil and water
velocities (Uso & Usw), the thermal conductivity of oil (4,), and wall
heat flux (q") for an ST flow pattern system. The effect of the
inclination angle, § on the variation of temperature is entrenched
because ¢ influences the flow regime and in turn determines the
heat transfer. Us, and Us,, have a great influence on the fluid tem-
perature positively since a slowly moving fluid retains heat. 4, and
the gq" are also positive on the outlet fluid temperature because they
enhance the thermal behavior of the fluid. On the parameters’
combination, #Us,, are the most influencing interactions on the
fluid temperature. Uy, has the most inverse influence on the outlet
fluid temperature.

4.1.2. Dw/o flow pattern

This region shows the maximum values feasible for both su-
perficial oil and water velocities in the horizontal flowline as
expressed in Table 5. The result of the effect of inputs parameters
and their interaction on the outlet temperature is expressed in
Fig.10. It is noticed that the two-phase oil-water outlet temperature
(Toutlet) is highly influenced by 6§, then Usy, 4o, and q". The effect of
the inclination angle, § on the outlet temperature of the fluid is
established since 0 affects the fluid flow regime which influences
the heat transfer. Usy, has an inverse influence on the fluid tem-
perature since dispersed water dissipates heat quickly as it flows.
Ao, and q" are also positive on the fluid temperature for the reason
that they enhance the thermal behavior of the fluid. For the pa-
rameters’ combination, #Us,, and U, interactions have little in-
fluence on the fluid temperature.

As a result of this analysis, the most important parameters
affecting the fluid temperature for the ST flow pattern are flowline
inclination (#), superficial oil and water velocities (Us, & Usw), the
thermal conductivity of oil (4,), and the wall heat flux (q"). For the
Dw/o flow pattern, the parameters are the flowline inclinations, the
thermal conductivity of oil (4,), wall heat flux (q"), and the super-
ficial oil and water velocities Usw. This reaffirms two-phase heat
transfer as dependent on the flowline inclinations, hydrodynamic,
and thermal behavior of the flow. As seen below, the model can
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Table 5
Input parameters of ST and Dw/o flow patterns for the sensitivity analysis.
Input Parmeter Flow Pattern Minimum (10% below nominal) Nominal value Minimum (10% above nominal) Unit
0 ST, Dw/o -10 0 +10 deg
Usw ST, Dw/o 0.09, 0.90 01,1 0.11,1.10 m/s
Uso ST, Dw/o 0.09, 0.90 0.1,1 0.11,1.10 m/s
w ST, Dw/o 0.538 0.598 0.658 wi/(m. K)
o ST, Dw/o 0.149 0.135 0.149 w/(m.K)
q" ST, Dw/o 165333.333 183703.704 202074.074 w/(m2K)
. : forces forcing droplets to spread all over the flowline. As seen in
Uso Table 6, for the horizontal situation the flow pattern of Dw/o & o/w
Usw was mostly noticed over a wider range of oil and water flow rates
pHSW than for the downward and upward flowline inclinations. When
20 . N . . . . .
0 the flowline was inclined from horizontal to upward inclinations of
0o 4° and 7°, the observed flow pattern was similar to horizontal flow
0q" except at Res, of around 1280 where the flow pattern is ST & MI.
W This is due to a reduction in turbulence forces in ST & MI created by
(_USOS'S“:: ””, the gravitational forces which hinder the denser water phase
UsoUsw leading to a high liquid holdup. As the flowline was inclined from
0Uso horizontal to downward inclined positions 4° and 7°, the flow
15 10 05 o 05 10 15 20 25 30 35 pattern is observed to be mostly ST & MI with Pojw and Dw/o & o/

Effect on Toutet

Fig. 9. Factor effect of the parameters affecting the fluid temperature for ST flow.
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Fig. 10. Factor effect of the parameters affecting the fluid temperature for DW flow.

provide reasonable predictions of the hydrodynamic behavior of
the oil-water flow, there is good accuracy for the prediction of flow
pattern, pressure drop, liquid hold, and velocity distribution. In the
following subsections, the effect of flowline inclinations on the
hydrodynamic and thermal behaviors will be investigated deeply in
order to determine the limitation range in terms of flowline in-
clinations to finally ensure efficient crude oil transportation.

4.2. Effect of flowline inclinations on the hydrodynamic behavior

4.2.1. Flow pattern and liquid fraction

4.2.1.1. Flow pattern. Table 6 recapitulates the obtained flow pat-
terns for different flowline inclinations (-4°, -7°, 0°, +4°, +7°). For
Reg, values of about 450—2750 and Res,, maintained at 6772, it is
observed that the change of flowline inclination angle leads to a
change in the flow pattern transition boundaries from Po/w, ST &
MI to Dw/o & o/w. Po/w is formed at low Reg, (=450) and high Resy
(6772) due to buoyant forces acting to settle the oil droplet,
increasing the Reg, forms ST & MI with droplets at one or both sides
of the interface observed, and a further increase in Res, (=2750)
gives rise to Dw/o & o/w flow regime by the turbulent interfacial

10

w only observed respectively at low and high Reg, Varying the
inclination angle downward reduces liquid holdup and the gravi-
tational forces, which are most pronounced at upward inclinations
and tend to decelerate the denser water phase in the upward di-
rection. Water is the fastest-moving phase during the downward
flow and it reduces the holdup.

4.2.1.2. Liquid holdup. The Liquid Holdup (HL) is the in-situ volume
fractions of the oil-water phases flowing in the flowline. The input
volume fractions may be different from the in-situ volume fractions
and this behavior describes holdup. HL is simply the fraction of a
particular fluid present in the interval of a pipe, and its accurate
determination is useful to calculate frictional pressure drop and
volumetric flow rates. The average HL contour at the flowline cross-
section is expressed in Fig. 11 and it shows improvement after
refining the mesh for flow having Rey, values of about 450—2750
and Resw = 6772. In Fig. 113, Po/w is observed at Res, of 450 with
higher water HL than oil in the continuous water phase. SI & MI is
noticed in Fig. 11b as Res, increases above 450 showing almost
equal HL of oil and water in the continuous oil-water phases. At Res,
lower than 2750 in Fig. 11c, Dw/o & o/w flow regime is observed as
the HL of water decreases during the transition which indicated
that the dispersed water continuous flow moved much faster than
the dispersed oil continuous phase. Additional increase in Reg, to
approximately 2750 results in Dw/o where HL of water further
reduces, which demonstrated that the dispersed water droplets
moved faster than the continuous oil phase (Fig. 11d). it can be seen
that the water droplet concentration increased towards the flow-
line midpoint where the velocity is highest. Lift forces were
responsible for the increased droplet concentration at the
midpoint.

Fig. 12a, b, and 12c describe the liquid holdup for horizontal and
inclined flowlines, it is observed as the superficial oil velocity in-
creases at constant water velocity during a transition from Po/w to
Dw/o, the in-situ water volume fraction decreases. The Po/w is seen
to have a higher water fraction than oil in the continuous water
phase with an HL ratio between oil and water to be 0.75 in hori-
zontal flow, 0.94 for upward flow, and 0.82 in a downward flow.
This is owing to the gravitational forces acting in the upward flow
hindering the denser water phase and increasing the heavy phase
HL. ST & MI is noticed at higher oil flow rates with both oil and
water having continuous phases, where the HL ratio between oil
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Table 6
Oil-water flow patterns at different inclinations.
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Flowline Inclinations

-7° -4° 0° +4° +7°
3D Predict 3D Predict 3D Predict 3D Predict 3D Predict
Po/w Po/w Po/w Po/w Po/w
ST & MI ST & MI ST & MI ST & MI ST & MI
ST & MI ST & MI Dw/o & o/w ST & MI ST & MI
ST & MI ST & MI Dw/o & o/w Dw/o & o/w Dw/o & o/w
Dw/o & ofw Dw/o & ojw Dw/o & ofw Dw/o & ojw Dw/o & ofw
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(a) Horizontal water fraction contour for Pow (0.9 m) (b) Horizontal water fraction contour for SI & Ml (0.9 m)
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(d) Horizontal water fraction contour for Dw/o (0.9 m)

Fig. 11. The liquid fraction variation contour at flowline cross-section maintained at Res,, = 6772 for different Res.

and water is 0.67 in horizontal flow, 0.73 for upward flow, and 0.62
in a downward flow. For high flow rates of dispersed oil flow, where
Dw/o & o/w flow is observed to occur. HL ratio between oil and
water continuous phases is 0.42 in horizontal flow, 0.51 for upward
flow, and 0.45 in a downward flow. Further increase in the
dispersed continuous oil flow phase leads to Dw/o being observed.
Dw/o has an HL ratio between oil and water of 0.35 in horizontal
flow, 0.46 for upward flow, and 0.38 in a downward flow.

Finally, in upward flow, the denser phase decelerates due to
gravity forces which increases the heavy phase holdup. Conversely,
the velocity of the denser phase in the downward flow increases

1

resulting in a decreased holdup.

4.2.2. Pressure along flowline length

The value of the pressure gradient along the flowline length was
investigated at different Reg, values (450—2750) while maintaining
Reg = 6772 as shown in Fig. 13. It is observed in horizontal flow
that the frictional pressure gradient increases in the transition from
Po/w to Dw/o flow due to increased turbulence forces (Fig. 13a).
Based on Po/w, when the inlet oil flow rate increases, the oil-water
flow pattern transition to ST & MI. The pressure variation rose as
the water continuous phase in Po/w was replaced with an oil-water
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(c) Liquid fraction at the downward inclined length of 0.9 m

Fig. 12. Time step liquid distribution at flowline cross-section for Res, = 6772 and
different values of Res.

continuous phase, which increases the wall friction and frictional
pressure drop. Increasing the oil flow rates, the oil-water flow
changes to Dw/o & o/w flow regime, and the pressure variation
increases because of the high inlet velocity and the amount of
continuous oil-water phases in the flowline. Based upon Dw/o & o/
w, a further increase in the inlet oil flow rates, the oil-water flow
changes to Dw/o. The pressure gradient further increases as the
continuous oi-water phases are substituted with an oil continuous
phase, which increases the frictional pressure drop. However, due
to the influence of the hilly-terrain flowline as seen in this study in
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(c) Pressure gradient at a downward inclined length of 1.8 m

Fig. 13. Time series pressure gradient along flowline at different Res, values and
Regy = 6772.

Fig. 13b and c. The frictional pressure gradients at the different flow
transitions from Po/w to Dw/o are in general noticed to be lower
than horizontal flow. This was ascribed to a higher in-situ water
fraction or holdup in the upward and reduced holdup in the
downward flows. In essence, confirms the investigations that flow
pattern has a big impact on the measured pressure gradient
(Trallero, 1995).

In summary, the frictional pressure drop in production flowlines
has a huge impact on the operational cost and design. It restricts the
maximum flow and hence a critical parameter, during production
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optimization and cost evaluation.

4.2.3. Velocity distribution

Fig. 14 shows the midpoint velocity contour of the oil-water
phase in a fully developed two-phase flow for different Res,
values while Res,, is maintained at 6772. It is observed that a pro-
nounced velocity distribution effect is noticed in the water phase
than in the oil phase. The velocity contour of the water phase is
higher at the interface and near the flowline wall, this implies that
the velocity gradient of the water phase is higher than the oil phase.
It is also discovered that the oil-water two-phase velocity de-
celerates while approaching either the oil-water interface or due to
impeding effects of fluid viscosity. The average velocities distribu-
tion of Po/w is 0.30 m/s in Fig. 14a, 0.33 m/s for SI & MI (Fig. 14b),
0.57m/s for Dw/o & o/w (Fig. 14c), and 0.75 m/s for Dw/o in Fig. 14d.

4.3. Effect of flowline inclinations on thermal behavior

4.3.1. Temperature variations

The temperature distribution at the midpoint of the flowline
cross-section for different inclinations is shown in Fig. 15. As can be
seen in the temperature contour, the temperature of both oil and
water phases increases because of the higher surrounding
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temperature through the constant wall heat flux and the convective
heat transfer effects. Therefore, as the superficial oil velocity in-
creases at constant water velocity during the transition from Po/w
to Dw/o in horizontal flow, the temperature of oil and water keeps
increasing from the flowline wall to the fluid interface, and the
temperature gradient in the radial direction of the water phase is
smaller than that of the oil phase gradient (Fig. 16a). This is because
oil has a lower specific heat transfer heat capacity (cp) than water
and the phenomenon entails heat is transferred from the wall to the
oil interface faster.

Fig. 16b and c describe the temperature variation along the
upward and downward flowline cross-section. The temperature
variation is observed to be higher than that of horizontal flow. This
was attributed to a higher liquid holdup by gravitational forces in
the upward flow and a reduced liquid holdup in the downward
flow. From the temperature distribution at the vertical midpoint of
the flowline cross-section in Fig. 17, it is obtained that the
maximum temperature at the flowline cross-section occurs at the
flowline wall and the minimum temperature at the oil-water
interface.

4.3.2. HTC
4.3.2.1. HTC Vs. Res,. The numerical HTC results at different Reg,
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Fig. 14. The midpoint velocity distribution at Res,, = 6772 and different Res, for (a) Po/w (b) SI & M], and (c) Dw/o & o/w (d) Dw/o.
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(a) Horizontal temperature contour for Pow (0.9 m)

(c¢) Horizontal temperature contour for Dw/o & o/w (0.9 m)

Petroleum Science xxx (XXXX) XxX

(b) Horizontal temperature contour for S| & MI (0.9 m)

(d) Horizontal temperature contour for Dw/o (0.9 m)

Fig. 15. The temperature variation at the flowline cross-section maintained at Res,, = 6772 for different Res,.

(about 450—2750), flow patterns, flowline inclinations (-7°, -4°,
0°, +4°, +7°), and Reg of 6772 are shown in Fig. 18. In downward
flows, the flow pattern transition from Po/w to ST & MI regime
causes a decrease in HTC values. Further increase in the oil flow
rates coupled with gravity forces working in the reverse direction
to the upward inclined flow enhances the interfacial mixing of the
oil-water flow, resulting in increased overall HTC from ST & MI to
Dw/o & ofw. Changing flowline inclination from horizontal to
downward flow increases the HTC during flow pattern transition.
However, the HTC for horizontal flow is higher than the downward
flow at Reg, values of about 1200—1800. This difference is traceable
to Dw/o & o/w flow pattern observed in horizontal flow and ST &
MI for the downward flow at this Res, range. HTC is higher at this
range for horizontal flow due to higher turbulence forces in Dw/o &
o/w than in ST & MI flow pattern.

4.3.2.2. Average HTC vs. flowline inclination. The comparison of the
increase in average HTC between four flow patterns for different
flowline inclinations is expressed in Fig. 19. The results were ob-
tained by averaging the HTC values for each flow pattern. From the
figure of all four flow patterns, the HTC is noticed to increase with
changing flowline inclination angle from 0 to -7° and 0° to +7°. The
increase in HTC is more for downward than upward flows due to

14

the gravitational forces. In addition, the increase in HTC for Dw/o &
o/w is higher than that for the other flow patterns.

Finally, the proposed numerical model was able to compute the
HTC results for two-phase oil-water flows and it is a function of the
flow pattern.

5. Conclusions

A quasi-transient state 3D non-isothermal two-phase oil-water
flow model is established to explore the complex mechanisms of
flow behavior and heat transfer in different flowline inclinations.
LRN k-¢ is utilized to simulate the turbulence viscosity based on the
solution of the momentum conservation and energy conservation
equations. The computed results were validated with experimental
data in the literature with a relative error of within 3%, which
demonstrates the high accuracy of the model. Afterward, a study of
non-isothermal oil-water simulations at different flow patterns and
flowline inclinations is carried out. Sensitivity analyses were
initially conducted using the factorial design method on the model
to determine the most relevant parameters of the hydrodynamic
and thermal behaviors. The flow patterns, HTC along the flowline at
different flow rates, Newtonian behavior, and flowline orientations
are predicted. Detailed flow information like liquid holdup,
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Fig. 16. Time-series temperature variation at flowline cross-section for Res, = 6772
and different values of Res.

pressure gradient, velocity distribution, and temperature on flow-
line cross-sections at different flowline inclinations and flow pat-
terns are investigated. Based on the data considered in this work,
the conclusions obtained are:

e The sensitivity analyses of ST and Dw/o flow respectively
describing the minimum and maximum flow boundary in the
flow pattern map show that flowline inclination, fluid velocity,
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the thermal conductivity of oil, and wall heat flux are the most
relevant parameters affecting the fluid temperature.

e In the horizontal flowline, the in-situ water volume fraction
decreases as the oil superficial velocity increases at constant
water superficial velocity during a transition from Po/w to Dw/o.
For upward flow, the in-situ water volume fraction increases
because the denser phase decelerates due to gravity forces.
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Conversely, a decreased holdup in the downward flow results
from a velocity increase of the denser phase.

e The frictional pressure gradient in the horizontal flowline in-
creases through the transition from Po/w to Dw/o flow. The
pressure drops rose as the water continuous phase was replaced
with an oil continuous phase, which increases the wall friction.
The frictional pressure gradients in upward and downward
flows decrease due to a higher in-situ water fraction or holdup.

e A pronounced velocity distribution effect is noticed in the water
phase than in the oil phase. The velocity contour of the water
phase is higher at the interface and near the flowline wall which
suggests that the velocity gradient of the water phase is higher
than the oil phase. Also, oil-water two-phase velocity slows
down while approaching either the oil-water interface or by the
hindering effects of fluid viscosity.

The average temperature of the two-phase oil-water horizontal

flowline increases from the wall to the fluid interface, and the

temperature gradient in the radial direction of the water phase
is smaller than that of the oil phase gradient. In upward flow, the

temperature is higher than that of horizontal flow due to a

higher liquid holdup by gravitational forces in the upward flow.

e Changing flowline inclination from horizontal to downward and
upward flows increases the HTC during flow pattern transition.
Nevertheless, the HTC for horizontal flow is higher than the
downward and upward flows at Res, values of about
1200—-1800. This is owing to higher turbulence forces in Dw/o &
o/w than in ST & MI flow patterns in upward and downward
flows.

Consequently, the numerical model we proposed could be
generally applied to compute the global fluid properties and other
operating variables in the two-phase oil-water flowlines trans-
portation system.
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