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Core-annular flow is an efficient way of transporting viscous oil through a pipeline. A sharp increase in the
pressure drop will occur when the oil waves at the water-oil interface touch the pipe wall. Depending on the oil
and pipe material physical properties, the oil may adhere to the wall leading to fouling. Therefore, a necessary
requirement for the onset of oil fouling of the pipe wall is that the flow hydrodynamics allow the oil to reach and
touch the wall. With respect to the problem statement, this study deals with finding the hydrodynamic conditions
under which core-annular flow becomes unstable and the oil waves touch the pipe wall. The method that is
followed is to resolve the first-principle set of equations that describe the hydrodynamics: the Reynolds-Averaged
Navier-Stokes (RANS) equations are solved using Computational Fluid Dynamics (CFD) in the opensource
package OpenFOAM. Simulations were carried out for the horizontal pipe with two diameters (10.5 and 21 mm),
at a range of imposed pressure drops and water holdup fractions (giving the mixture velocity and watercut as
output). Most simulations were carried out for an oil to water viscosity ratio of 1040 (but also a variation of this
was considered). For each value of the pressure drop (or mixture velocity) there is a critical value of the watercut
below which the oil reaches the pipe wall. This critical value of the watercut is lower for the larger pipe diameter
of 21 mm, namely about 9.6%, than for the smaller pipe diameter of 10.5 mm, namely about 14% (for a viscosity
ratio m = 1040). Wall touching occurs when the mixture velocity is too low, but this lower limit is significantly
higher for the larger pipe diameter of 21 mm, namely about 1.1 m/s, than for the smaller pipe diameter, namely
about 0.3 m/s (for a viscosity ratio m = 1040). The main conclusion is that a state-of-art CFD approach is capable
of simulating the growth of waves at the oil-water interface until they touch the pipe wall, which is a necessary
condition for the onset of fouling.

1. Introduction

Oil-water core-annular flow can lead to energy saving for trans-
porting viscous oil (also referred to as heavy oil) through a pipeline. In
this flow regime a water layer lubricates the full perimeter of the pipe
wall, which sharply reduces the pressure drop and herewith the required
pump capacity. Because of its practical application and because of the
remarkable underlying fluid mechanics, this technology of water-
lubricated transport of crude oil has been studied extensively for de-
cades (Ooms, 1972; Arney et al., 1996).

For example, Oliemans and Ooms (1986) reviewed the theoretical
models and correlation methods of oil-water core-annular flow in a
pipeline. Joseph et al. (1997) gave an overview of oil-water core-annular
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flow, which included stability, industrial experience, measures of energy
efficiency, and models of levitation. Ghosh et al. (2009) also provided a
review on oil-water core-annular flows, which included pressure drop
reduction, stability, and wettability. Also experimental studies have
been reported for oil-water core-annular flow. For instance, Rodriguez
and Bannwart (2006) conducted an experimental study on interfacial
waves and the holdup in oil-water core-annular flow and provided a
flow pattern map for the appropriate design of the heavy oils trans-
portation system. Also Sotgia et al. (2008) performed an experimental
analysis for the flow regime and pressure drop in oil-water flow, and the
results were used to determine the required operational conditions for
core-annular flow. Jing et al. (2016) experimentally studied the heavy
oil and water flow behaviour for different temperatures (giving different
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oil viscosities). Van Duin et al. (2019) conducted an experimental
investigation of oil-water core-annular flow in a horizontal pipe, and
discussed the influence of the oil viscosity on the pressure drop.

Meanwhile, several theories have been proposed. Ooms et al. (1984)
applied the lubrication theory to study core-annular flow in a horizontal
pipe. Huang and Joseph (1995) investigated the linear stability of
core-annular flow using the finite element method to solve the govern-
ing fluid dynamics equations. Bannwart (2001) developed phenome-
nological models for predicting the holdup and pressure drop for
horizontal and vertical core-annular flow. Ooms et al. (2013) analysed
the counter-balance behaviour of the buoyancy force on the oil core
under different wave forms.

Many simulation studies have been performed as well. Ooms et al.
(2013) made a numerical study to investigate the buoyancy force on the
oil core in horizontal core-annular flow. Beerens et al. (2014) used the
volume of fluid method to simulate core-annular flow, and the simula-
tion results showed a satisfactory agreement with theoretical results and
experimental data. Ingen Housz et al. (2017) performed an experimental
and numerical study for horizontal oil-water core-annular flow. They
analysed the effect of the presence of turbulence in the water annulus,
and the simulated results agreed well with the experimental data.

It is evident that oil-water core-annular flow can be an attractive
industrial approach, as it significantly reduces the frictional pressure
drop. However, as soon as the oil wets the pipe wall a sharp increase in
pressure drop occurs and this will prohibit the proper oil transport.
Arney et al. (1996) experimentally observed that the oil would easily
foul a carbon steel pipe wall, whereas the use of a cement-lined pipe
could prevent fouling. Joseph et al. (1999) found that the oil will easily
foul the pipe wall when a too small volume of water is used. Bannwart
(2001) observed the oil fouling process in a steel tube, and found an
increase in the pressure drop with fouling. McKibben et al. (2000) re-
ported the same. Also Vuong et al. (2009) detected how the oil core was
sticking to the pipe wall in their experiment. Sridhar et al. (2011) found
in their experiments that the oil fouling of the wall is probably related to
the wettability of the pipe wall. Ghosh et al. (2011) reported simulations
of core-annular flow through a bend, and they formulated operating
conditions to avoid the fouling. Kaushik et al. (2012) observed that
fouling occurred downstream of the expansion in both the experiments
and simulations of core-annular flow through such an expansion, and
operating conditions were found to avoid the fouling. Ooms et al. (2013)
simulated the core-annular flow in a horizontal pipe without inertial
terms in the motion equations, and found how the oil core continued to
move upward until it touched the pipe wall. Jiang et al. (2014) simu-
lated the oil-water core-annular flow through a return bend, and dis-
cussed the fouling behaviour. Shi et al. (2017a,b) simulated the water
holdup and the pressure gradient of core-annular flow in horizontal
pipes, and considered the impact of oil fouling on the pressure gradient.

In their overview of core-annular flow, Joseph et al. (1997) distin-
guish four flow regimes of water-lubricated oil flow: (i) perfect
core-annular flow, (ii) wavy core-annular flow, (iii) slugs of oil in water,
and (iv) drops of oil in water. Depending on the conditions, these states
can be hydrodynamically stable. However, lubrication may fail due to:
(i) fouling, (ii) transition to stratification under gravity when the density
difference is large (and the core velocity is too low to levitate the core off
the wall), and (iii) inversion to water in oil emulsions. Furthermore,
Joseph et al. (1997) mention that failure due to stratification at low
speeds is characteristic for large diameter pipes in which capillary forces
are not important. In small pipes, slugs of oil separated by water will
stratify in the pipe.

More recently, a few studies that use Computational Fluid Dynamics
(CFD) for core-annular flow with a turbulent water annulus have
appeared. These include the Reynolds-Averaged Navier Stokes (RANS)
results for a horizontal pipe by Archibong-Eso et al. (2019) and Direct
Numerical Simulations (DNS) for a vertical pipe by Kim and Choi
(2018).

In an effort to expand the knowledge on the onset of wall fouling by
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the oil core in core-annular flow, detailed simulations were carried out
in the present study. Here the focus is fully on the hydrodynamics that
can lead to the case that the oil touches the pipe wall. This is a necessary
requirement for the onset of fouling. Thereto the Navier-Stokes equa-
tions were solved using the open-source CFD package OpenFOAM, using
a low-Reynolds number k-¢ model for the turbulent water annulus. The
wave formation at the oil-water interface is monitored. In a systematic
way, the onset is determined for a horizontal pipe with two different
diameters. The simulation results are used to construct the wall-
touching line, which describes the critical watercut below which the
oil can reach the pipe wall, as a function of the mixture velocity.

We have used the state-of-the art OpenFOAM tool in this study. This
is an open-source general-purpose package for single phase and multi-
phase Computational Fluid Dynamics. As far as the authors know this is
the first time that a CFD method is used to get some systematic insight in
the fluid flow aspects of the unstable growth of waves at the oil-water
interface in horizontal core-annular flow to the extent that the oil
waves grow to touch the pipe wall. Whether the oil sticks and fouls the
wall depends on the precise constituents of the oil and its physical
properties as well as of the material properties of the pipe wall. For the
fouling different correlations exist in the literature. However, the fluid
dynamics need to allow the oil to reach the wall before fouling can
occur. The novelty of our study lies in the application of a first-principles
prediction method for the flow structure of core-annular flow (with a
viscous oil core and a turbulent water annulus) and the possible ten-
dency of the oil to touch the pipe wall. This can be combined with a
fouling correlation to determine whether the oil that has touched upon
the wall will stick to it to give fouling.

2. Mathematical model
2.1. Governing equations
The governing equations of the incompressible, isothermal flow are

the conservation laws of mass and momentum, which can be written as
follows:

V-u=0 (€))
opw r —
(Slu)+v~(p77):7Vp+V‘,u(V7+V71)+p?+ F, )

Where U is the velocity vector, p is the fluid density, u is the fluid vis-

cosity, g is the gravitational acceleration, p is the pressure and F, is the
interfacial tension force.

2.2. VOF (Volume of fluid) method

The VOF method uses a marker function a which satisfies the
following conservation equation (Yamamoto et al., 2017):
oa
Z4+W-Va=0 3
ot

Here the marker function «a is described as the volume fraction of oil
and water as

0 water
a=<1 oil @
0 <a<1 interface

The density p and viscosity u in eq. (2) are described by using the oil
volume fraction a, and the water volume fraction «,, as

P=ap, +aup, (5)

U=, + A, (6)

Here p, is the water density, p, is oil density, g, is the water
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viscosity, and y, is the oil viscosity. Furthermore, a, = « is the volume
fraction of oil, while a,, = (1 —a) is the volume fraction of water.

In eq. (2), the external force is the surface tension force, which is
described by the continuum surface force (CSF) model.

2.3. Coupled VOF and Level Set method

In the Level Set method, the level function (¢) is related to the VOF
() field in the following way (Yamamoto et al., 2017):

Py= (211 - I)F @
op .

a:s1gn(qao)(1 — Vo) ®
@(x,0) = go(x) ©

Here I is a non-dimensional number with I = 0.75Ax, Ax is the grid
spacing; Ar is the artificial time step with Az = 0.1Ax.

In the CLSVOF method, the CSF model based on the LS function can
be described as

Fop=00vky0,V ¢ (10)

in which the delta function §, is expressed as

5 é(l—é—cos(%ﬂ)) lp| < e an

(7
0 elsewhere

Where e is the interface thickness with e = 1.5Ax.

3. Numerical solution
3.1. Geometry

The flow domain is a pipe section with radius Rz = D/2, which is the
same as in the experimental pipe used by our group. The diameter is set
to 21 mm (same as in the experimental pipe used by our group) or to half
that value. The length L of the pipe section in the simulations is 25.6
mm, which is about double the length of the fastest growing interface
waves (as found in the lab experiments).

3.2. Meshing of the flow domain

The geometry is meshed by a combination of block-structured and
unstructured grids with 125, 80, and 60 cells in radial, circumferential
and axial flow direction, respectively. This gives a total of about 230,000
grid cells. As shown in Fig. 1, the grid is finer near the pipe wall than at
the pipe centre in order to properly capture the wall approach process.

—
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3.3. Solution strategy

The CFD package OpenFOAM version 2.1.1 was used for these sim-
ulations. The numerical discretisation scheme is: backward Euler in
time, the limited linear scheme for the advection of the interface, the
Van Leer scheme for the advection of the velocity, and the first-order
upwind scheme for the advection of the turbulent properties k and e.
The algorithm employed the CLSVOF model of Yamamoto et al. (2017)
to obtain a sharp interface. The pressure-velocity coupling was con-
ducted by the PISO scheme. The following linear solvers have been used:
Geometric Agglomerated Algebraic Multigrid for the pressure and Pre-
conditioned Bi-Conjugate Gradient for velocity components. The tur-
bulence of the water annulus was covered by the Launder-Sharma
low-Reynolds number k-e model (Reynolds-Averaged Navier-Stokes
approach, RANS). The Courant number was set to 0.01.

3.4. Fluid properties and boundary conditions

The thermodynamic properties of water and oil in field applications
will depend on the temperature (and to a lesser degree also on the on the
pressure). In particular, a decrease/increase in temperature will in-
crease/decrease the oil viscosity. In this simulation study we have
assumed isothermal conditions (i.e. the energy equation, with heat
transfer was not included). However, we did consider the effect of a
variation in oil viscosity. In each simulation the value of the oil viscosity
was imposed (whereas in field operation such a variation could be
caused by the temperature change). Only the viscosity, density, and
surface tension were considered; other specific features of the water and
oil combination, such as emulsion tendency, were not considered.

The dynamic viscosities of the liquids in the core and annulus are set
to yo = 0.697 Pa s and u,, = 0.00067 Pa s, the densities are p, = 902 kg/
m® and p,, = 993 kg/m?, and the interfacial tension is ¢ = 0.016 N/m.

Periodic boundary conditions were applied in axial direction. The
pressure drop was imposed as a body force, which remained the same
during a simulation. In addition the water holdup fraction was imposed
at the start of a simulation, which was conserved during the simulation,
thanks to the VoF method. At the pipe wall, the no-slip, no penetration
boundary condition was prescribed (Beerens et al., 2014; Ingen Housz
et al., 2017).

The time dependent, three dimensional CFD model only considers a
local short pipe section (of 26 mm in length) with a constant pressure
gradient. As mentioned, periodic boundary conditions are applied at the
inlet and outlet of a pipe section. By doing this, a local fully developed
flow has been assumed, which means that the flow is not dependent on
the pipe inflow or on the upstream pipe flow development. Note that this
local approach has an analogy with engineering 1D pipeline simulations,
in which usually local flow equilibrium is assumed which can be solved
by a single-point model. In the present study such a single-point model
thus consists of a time-dependent 3D CFD model.

As the initial condition, perfect laminar core-annular flow was

R .
\ \‘\“‘ \\\\\\‘\\\\\\\\\\\\\\‘\ ¥

\“\\\\\\\\\\\\\\\\\\\ \‘\\ \\\\\\\
b \

N \\\\\\\ N
k\&t‘k““““\“‘ \\\\%\\\\\\\\\\\\\e‘\x}‘\Q“,‘\\‘{}“.\“
Tt “““\“m\\\\\\ .
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Fig. 1. Configuration with numerical grid.
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assumed, for which an analytical solution exists for the streamwise ve-
locity:

1. .
Uc(lffr"z/A> 0<r <1
U.= m 12)

U.(a*—r?)/A r>1

Where U, is initial centre line velocity, which was set to 1.245 m/s. In
this expression A =1+ a? — 1;r" = r/R; (in which r is the local radius, i.
e.r = /X2 +y2;a=Ry/R;, (with R; being the pipe radius and R, being
the radius of the oil core), and m = p,/u,,.

In dimensionless form the oil flow rate Q, and the water flow rate Q,,
can be represented by the watercut ¢,, and the mixture Reynolds number
Re,,. These are defined as:

&y = QW/QT (13)
and
Re,, =p,U.D/u,, 14)

respectively. Here Qr = Q, + Qy is the total volumetric flow rate and
Un = Qr/A is the mixture velocity, in which A is the cross-sectional area
of the pipe. Furthermore, p,, and y,, are the mixture density and the
mixture dynamic viscosity, which are defined as:

Pu=8upy + (1 —&4)p, s
P = Euft, + (1 — €01, (16)
4. Results

In order to validate the simulations, experimental results obtained in
our team for the horizontal pipe with 21 mm diameter were used. Both
conditions without and with wall touch of the oil were measured; see the
pictures from the experiments in Fig. 2 (Van Duin, 2017; Radhakrishnan,
2016). The simulation results for the oil-water interface for the two
experimental conditions are shown in Fig. 3. Comparing Figs. 2 and 3,
there is good agreement between the simulations and the experiments.

4.1. The wall touch line

To study the near wall flow dynamics of core-annular flow in hori-
zontal pipes, the movement of the oil-water interface over time is
monitored in the simulations, starting from the condition with concen-
tric core-annular flow. Fig. 4 shows the simulation results for a case in
which the oil core continues to rise until it touches the upper pipe wall.
As shown in Fig. 5, as soon as the oil touches the wall, the oil flow rate
for the given pressure drop sharply decreases. As depicted in Fig. 6, the
amplitude of the interface wave and the thickness of the water annulus
are different for the cases without and with the oil touching the wall.
When the oil reaches the wall, the thickness of the water annulus at the
top sharply drops to zero, while the amplitude of the interface wave at
the top increases.

Journal of Petroleum Science and Engineering 207 (2021) 109084

To summarize, the near wall characteristics of unstable core-annular
flow are as follows: 1) the oil core touches the pipe wall, 2) the oil flow
rate decreases rapidly; 3) the water annulus at the top becomes thinner
and the amplitude of the interface wave increases.

In the present work, the focus is on constructing the wall-touch line;
that line marks the transition from conditions without and with oil
reaching the pipe wall. By doing repeated simulations for different
conditions, the wall-touch line can be found as follows. In a single
simulation the pressure drop and the water holdup fraction are imposed.
For a certain pressure drop repeated simulations are made for succes-
sively increased water holdup fractions. As a result we find the total flow
rate (or the mixture velocity Uniy) and the watercut. The critical value of
the watercut above which oil remains away from the wall and below
which the oil reaches the wall gives a point on the wall-touch line. This is
shown in Fig. 7. By repeating this for the different values of the pressure
drop, the full wall-touch line (curve) can be constructed.

4.2. Dependence of the wall-touch line on different parameters

For the horizontal pipe with a diameter of 21 mm the pressure drop
was varied between 900 Pa/m and 1500 Pa/m and the watercut was
varied between 0.083 and 0.109. The results, with the interpolated wall-
touch line, are depicted Fig. 8. It may be noted that the value of the
watercut at the wall-touch line is almost independent of the pressure
drop, and equal to about 0.092; however, a weak minimum seems to
occur at a pressure drop of about 1200 Pa/m.

Fig. 9 shows the wall-touch line as function of the mixture velocity
and the watercut. Thus for each value of the mixture velocity a point on
the wall-touch line can be found, which is the critical value of the
watercut below which the oil will touch the wall. Like for the depen-
dence on the pressure drop, also for the mixture velocity a weak mini-
mum for the watercut at the wall-touch line is found.

The oil viscosity is varied from 0.697 to 10 Pa s (as the water vis-
cosity is kept the same, this corresponds to changing the viscosity ratio m
is from about 1000 to 15,000). For a fixed pressure drop of 1100 Pa/m,
the watercut was varied from 0.065 to 0.094, and the wall-touch line is
shown in Fig. 10. The watercut at the wall-touch line shows a minimum
at about m = 7500. Thus when the viscosity ratio is below 7500, the
watercut at the wall-touch line increases with decreasing viscosity ratio.
When the viscosity ratio is above 7500, the watercut at the wall-touch
line slightly increases with increasing viscosity ratio.

In addition to the horizontal pipe with the diameter D = 21 mm,
simulations were also carried out with a smaller pipe diameter of 10.5
mm, whereas all other conditions were kept the same (e.g. the oil vis-
cosity was kept at 0.697 Pa s). Fig. 11 shows the relation between the
critical watercut for the onset of oil reaching the pipe wall as function of
the mixture velocity; the wall-touch line is compared for the two pipe
diameters. This shows that a decrease of the pipe diameter moves the
required watercut to prevent the oil from reaching the pipe wall (and
thus to maintain core-annular flow) to a higher value. In addition a
smaller pipe diameter also allows to prevent oil from reaching the pipe
wall up to a lower value of the mixture velocity.

Fig. 12 gives two examples of the time evolution of the occurrence of

Fig. 2. Pictures from the flow experiments; (left) oil remains free from the wall (oil flow rate of 0.35 1/s and a watercut of 12%, oil density of 913 kg/m? and viscosity
of 0.716 , Pa s Van Duin, 2017); (right) oil has reached the wall (oil flow rate of 0.146 1/s and a watercut of 12.5%, oil density of 857 kg/m> and a viscosity of 0.411,
Pa s Radhakrishnan, 2016). Note that the oil is black in the left graph and grey in the right graph.
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Fig. 3. The interface in the simulation results (dashed line is the wall, solid line is the interface).
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Fig. 4. Temporal development of the interface at the bottom (left graph) and at the top (right graph) (D = 0.21 m, pressure drop is 1500 Pa/m, ¢, = 0.0947, m =

1040); dashed line denotes the wall location.
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Fig. 5. Variation of the flow rates for the case with fouling (D = 0.21 m,
pressure drop is 1500 Pa/m, &, = 0.0947, m = 1040).

oil reaching the pipe wall: one set of conditions for the 21 mm diameter
pipe and one set of conditions for the 10.5 mm diameter pipe. Shown are
the thickness of water annulus and the amplitude of the interface wave.
The trends for the two cases are very similar. It can be noted that despite
the difference in diameter by a factor 2, the thickness of the water

annulus and the size of the amplitude of the interface waves is about the
same for the two diameters. This shows that the absolute value of the
water annulus and of the waves determine whether the oil can prevented
or not to reach the pipe wall (and not their relative value with respect to
the pipe diameter).

5. Discussion

In principle the water-oil flow through a horizontal pipe depends on
the following 9 parameters: pipe diameter, oil and water flow rates,
water and oil densities, water and oil viscosities, interfacial tension, and
the gravitational acceleration. Using the Buckingham IT Theorem, the
number of independent parameters can be reduced by three to give 6
dimensionless numbers. Clearly the dependence on these 6 dimension-
less numbers of the flow regimes in a flow pattern map (and the proof of
the stability of each flow regime) is very complex. Indeed it is quite
ambitious to try solving the flow equations and draw conclusions on the
occurrence and stability of the water lubricated flow regime. Never-
theless, in the present paper we have tried to demonstrate what can be
achieved in this respect with a state of the art numerical flow solver.

In our transient simulations we started with perfect core-annular
flow, and we monitored the interfacial wave formation and the up-
ward movement of the oil core. When the oil touches the upper pipe
wall, this can either be because core-annular flow cannot stably exist
and there is transition to stratified flow (with water in the bottom layer
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Fig. 6. The amplitude of the interface wave and the thickness of the water annulus for cases with and without the oil reaching the wall. D = 0.21 m and m = 1040; (a)
pressure drop is 1200 Pa/m, ¢, = 0.0896, (b) pressure drop is 1100 Pa/m, €, = 0.0965.
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Fig. 8. The effect of the pressure drop on the wall-touch line (D = 21 mm, m
= 1040).

and oil the top layer) or the waves grow such large that they (tempo-
rarily or permanently) touch the wall. In actual reality for the latter
condition, it depends on the adhesive properties between the oil and the
pipe wall material whether the oil indeed remains stuck to the wall, and
really fouls the wall. In the CFD simulations this adhesive behaviour is

O No oil at wall
0.12 ® Oil atwall
—Wall-touch line
—~ 0.11 -
:
E 0.10 A
]
= 0.09 -
0.08 . r . r
1.0 1.1 1.2 1.3 1.4 1.5
Umix (mls)

Fig. 9. The effect of the mixture velocity on the wall-touch line (D = 21 mm, m
= 1040).
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Viscocity ratio m

Fig. 10. The effect of the viscosity ratio on the wall-touch line for fixed pres-
sure drop of 1100 Pa/m (D = 21 mm).

not explicitly modelled (in fact a default contact angle of 90 deg is used),
and the simulation was stopped when the oil touched the pipe wall.
To further sketch the complexity of obtaining a full simulation-based
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Fig. 11. The effect of the pipe diameter on the wall-touch line (m = 1040).

overview of the dependence of the wall touching process of the oil on the
range of possible physical parameters the following can be considered.
Each 3D simulation for a single set of conditions is very time consuming
on the computer; each simulation takes a few days simulation time on
the cluster computer that has been used in the present study. As
mentioned, there are 6 dimensionless numbers that can play a role in the
physics of the problem (and thus on the location of the wall-touch line).
If each dimensionless number would be covered by say 10 values, a total
of one million (10%) conditions should be covered. In the present study
we have only considered (for a relatively small selection of values) the
dependence of fouling on the pipe diameter, on the mixture viscosity,
and on the viscosity. In a future study it would of interest to also include
the fouling dependence on the oi/water density ratio.

5.1. Transition from core-annular flow to stratified flow

Bannwart (2001) and Sotgia et al. (2008) have carried out experi-
ments for various pipe diameters to determine the transition criteria for
core-annular flow to stratified flow. The first criterion, as proposed by
Sotgia et al. (2008), is that the transition is marked by a value of the
so-called equivalent velocity that is independent of the pipe diameter
(but instead only depends on the fluid properties). The equivalent ve-

locity is defined as @ = 1/p,,U2/Ap. For the fluid properties considered
by Sotgia et al. (which are somewhat comparable to those in the present

study) the transitional value is w; = 2.3 m/s. This means that (for given
fluid properties) the existence of core-annular flow requires a
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sufficiently high mixture velocity (with sufficiently small density dif-
ference). Fig. 13 compares the present simulations with this criterion.
Following Sotgia et al. the equivalent velocity is shown as function of the
effective Reynolds number introduced by Arney et al. (1996): Rea =

el {1 + i1“<’,‘7: - lﬂ pe = (1= nP)py+ 1p,,  withy = VT —ay.

toy
The figure shows that the simulated wall-touch line does not coincide
with the w; = 2.3 criterion. In particular for the low-diameter simula-
tions (D = 10.5 mm) the simulations predict that stable core-annular
flow is possible at low values of the equivalent velocity (i.e. below w,
= 2.3 m/s).

A second criterion, as mentioned by Bannwart (2001), is that
core-annular flow requires that a significant amount of oil needs to be
present, namely a,, < 0.5. As shown in Fig. 14, this condition is indeed
satisfied in the considered simulation conditions.

A third condition, as proposed by Bannwart (2001), says that the
existence of core-annular flow requires that the interfacial tension be-
tween the oil and water is sufficiently high. Or more precisely: E, > 8, in

which the effective E5tvos number is defined as E, = /2 &,y For lower
values stratified flow will be found. This criterion was not confirmed by
the experiments of Sotgia et al. (2008). As shown in Fig. 15, also the
present simulations for the larger pipe diameter of D = 21 mm do not
satisfy the Eotvos criterion.

Based on the above it seems that the condition of oil reaching the
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Fig. 13. Equivalent velocity as a function of the Arney formulation of the
Reynolds number (m = 1040).
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Fig. 12. The effect of the pipe diameter on the amplitude and the water annulus at the top.
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Fig. 15. The effective E6tvos number in the considered cases (m = 1040).

pipe wall in the present simulations is not related to the transition from
core-annular flow to stratified flow.

5.2. Wave amplitude growth

For the simulation results shown in Fig. 11, the critical values of the
watercut and of the mixture velocity are about those listed in Table 1
(for a viscosity ratio m = 1040). When fitted to the forms &y, crie = C;D?
and Upix, crie = C2D, filling in the values from Table 1 gives ¢ = —0.54
and r = 1.87. Note that the value of q is close to —0.5, and the value of r is
close to 2. Unfortunately these powers cannot directly be related to well-
known dimensionless numbers (like the Reynolds number, the Froude
number, or the E6tvos), which underpins again the complexity of the
scaling of core-annular flow.

At least the simulations show that for the small pipe diameter (D =
10.5 mm) stable core-annular flow exists up to significantly lower values
of the mixture velocity than for the larger pipe diameter (D = 21 mm).
The simulations also show that stable core-annular flow can no longer

Table 1
Approximation of the predicted critical values for Up;, or the watercut for the
onset of fouling (viscosity ratio is m = 1040).

D mm Ew,crit Unix, crit M/S
10.5 0.14 0.3
21 0.096 1.1
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exist if the watercut becomes too low. If there is insufficient water, the
wave amplitude grows to a large value causing the wave to cross the thin
water annulus and to touch the pipe wall.

The simulations in which oil reached the wall due to wave growth do
not prove that core-annular flow without oil reaching the wall under the
considered conditions is never possible. The occurrence of wall touching
by the oil might be dependent on the way in which the dynamic simu-
lations have been carried out. Here we started with perfect core-annular
flow and allowed the waves to develop and the oil core to move upward.
If the transient wave growth is too slow (e.g. due to the high viscosity of
the oil) the levitation force resulting from the waves (meant to push the
oil core off from the top wall) has not been timely established to stop the
upward movement of the oil core. This means that the oil has already
touched the top wall before stable core-annular flow could be
established.

6. Conclusions

The occurrence and stability of core-annular flow in a horizontal pipe
is complex and typically depends on 6 dimensionless numbers. There-
fore, it is an ambitious task to try to simulate this. Nevertheless, we have
tried to demonstrate what can obtained with respect to the flow dy-
namics of oil reaching the pipe wall using a state of the art numerical
flow solver (the OpenFoam package with the CLSVOF solver for the
RANS equations, applying the Launder-Sharma low-Reynolds number k-
e model for the turbulent water annulus). Each simulation did start with
perfect core-annular flow (i.e. centred oil core without interfacial
waves) and the wave formation and upward movement of the oil core
was monitored over time. The wave growth either saturated at a finite
value without touching the upper pipe wall or the wave did touch the
upper wall.

The findings can be summarized as follows:

e The event in which the oil reaches the pipe wall (with imposed
pressure drop) immediately leads to a sharp decrease in the flow rate
(or mixture velocity).

For each value of the pressure drop (or mixture velocity) there is a

critical value of the watercut below which the oil will touch the pipe

wall. This critical value of the watercut is lower for the larger pipe
diameter of 21 mm, namely about 9.6%, than for the smaller pipe
diameter of 10.5 mm, namely about 14% (for a viscosity ratio m =

1040).

The oil also reaches the pipe wall when the mixture velocity is too

low, but this lower limit is significantly higher for the larger pipe

diameter of 21 mm, namely about 1.1 m/s, than for the smaller pipe

diameter, namely about 0.3 m/s (for a viscosity ratio m = 1040).

e When the viscosity ratio is increased for the larger pipe diameter of
21 mm (starting at m = 1040), the critical watercut below which the
oil reaches the pipe wall is found to decrease from about 9.6% to a
minimum of about 7.2% at m = 7500. For even larger viscosity ratios
the critical watercut slightly increases again.

e The occurrence of oil reaching the pipe wall in the CFD simulations

cannot directly be related to well-known dimensionless numbers

(like the Reynolds number, the Froude number, or the Eotvos). This

underpins the complexity of the scaling of core-annular flow.

The wall-touch lines derived from the present simulations do not

confirm the relevance of all the criteria for the transition from core-

annular flow to stratified flow that were proposed by Bannwart

(2001) and Sotgia et al. (2008).

As the event of oil reaching the pipe wall in the present simulations

does not seem to be related to the transition to stratified flow, it is

very well possible that the growing waves only temporarily or
permanently touch the wall, while the core-annular flow is main-
tained. In actual reality for the latter condition, it depends on the
adhesive properties between the oil and the pipe wall material
whether the oil indeed remains stuck to the wall and fouls the pipe
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wall. In the CFD simulations this adhesive behaviour is not modelled,
and the simulation was stopped as soon as the oil touched the pipe
wall.

e The CFD simulations in which the oil reaches the pipe wall due to
wave growth do not prove that stable core-annular flow (i.e. the oil
does not touch the pipe wall) under the considered conditions is
never possible. Another choice of the initial conditions of the oil/
water in the simulations might exist that does not give a temporary
overshoot of the wave amplitude that gives wall touch. Additional
simulations are needed to further investigate this.
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