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Abstract

The transportation of high viscosity oil is an ongoing research topic for quite some years because of its impor-
tance in industrial applications and the increasing energy requirements of the world population. The water
lubricated oil core with a core-annular flow configuration is a viable option for the transport of high viscosity
oil. It was observed that there are significant differences between the predictions from the RANS simulations
and the experimental data for turbulent oil-water core-annular flow obtained in the flow loop in the lab at TU
Delft. Thus, this study is performed to understand the difference between the RANS simulations and the ex-
perimental data. 1D and 2D OpenFOAM simulations for turbulent vertical core-annular flow are performed
using the Launder-Sharma low-Re k-ε turbulence model. The pressure drop and the oil holdup are imposed
while the total flow rate and the water-cut is obtained as the output from the simulations. The results from
the OpenFOAM simulations are compared with the DNS data available in literature to understand the impact
of the turbulence characteristics and the interfacial waves. Both 1D and 2D simulations were carried out. The
1D model does not include the interface waves. The 2D axisymmetric model is able to capture the travelling
interface waves.

The 1D OpenFOAM simulations are carried out for five cases with different oil holdups and the results are
compared with the asymptotic wall laws. It is concluded that the turbulence is sufficiently resolved by the
1D simulations. The 2D simulations are also performed for five different oil holdups. The 2D simulations
are first validated by performing grid independence tests. The dependence of the simulation results on the
streamwise domain length, presence of gravity and oil viscosity is also analysed. It was found that the stream-
wise domain length and the oil viscosity used does not have a significant influence on the prediction of the
results. The comparison of the RANS simulations with the DNS data shows that the difference depends on
the turbulence levels inside the simulation domain. The difference for the total flow rate between the 2D
OpenFOAM simulations and the DNS data is found to be 10% for fully turbulent core-annular flow while the
difference increases to 29% for core-annular flow with no turbulence. The friction factor for the 2D Open-
FOAM simulations is found to be about 17% lower for fully turbulent flow while it is 39% lower than the DNS
predictions for the simulation with no turbulence. The difference for the holdup ratio (when comparing 2D
OpenFOAM simulations with respect to DNS) decreases first from 15% higher for the low oil holdup cases to
8% higher for simulation with oil holdup fraction 0.71 and then increases to 14% higher for the highest oil
holdup case. It is also observed from the comparison of the mean streamwise velocities and the mean shear
stresses that the turbulence level in the simulation domain impact the extent of the difference. The agree-
ment in the wave characteristics between the 2D OpenFOAM simulations and the DNS data depends on the
mixture of wavelengths present in the simulation domain. The RANS simulations predict a specific dominant
wavelength while the DNS data gives a mixture of wavelengths for lower oil holdups. The dominance of a
specific wavelength increases with increasing oil holdup for the DNS predictions.
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1
Introduction

Nowadays there is an increasing focus on the development of renewable energy resources due to their envi-
ronment friendliness and sustainability. But the scaling up of renewable resources to meet the overall energy
requirements will take up considerable amount of time (decades). Thus, conventional fossil resources (like
oil and gas) will continue to play a role in the energy mix in the next years, most likely with an increasing use
of Carbon Capture and Storage (CCS). Oil is also expected to remain important as feed stock for the chemical
industry (e.g. fabrication of plastics). On the longer term such products may also be generated fully synthet-
ically, that is by converting water and CO2 through electrical-chemical processes into hydrocarbon liquids
and products.

The present Master Thesis focuses on the pipeline transport of a viscous liquid, like heavy oil. As the availabil-
ity of light oil reservoirs will become less and less, the exploration of heavy oil reservoirs can be considered.
The technology used for the production and transport of conventional (light) oils is not adequate or suitable
for the production and transport of unconventional (heavy) oils. The major issue which arises when produc-
ing heavy oils is the larger pressure drop that occurs due to the oil flow. The pressure drop for flow in a pipe
is directly proportional to the viscosity of the fluid and since the viscosity of heavy oils is significantly higher
than that of conventional oils, the pumping cost is also higher. Thus, to reduce the pumping costs for the
transport of high viscosity oils, different ideas need to be explored.

The lubricated transport of oil with water is considered a highly promising option for the transport of high
viscosity oils. Joseph et al. [14] observed that, for a given pressure drop, this configuration transports oil
at almost the same throughput as obtained during the flow of water alone and thus the pumping costs can
be reduced to an economically viable level. As there are two phases present, oil and water, multiphase flow
physics has to be applied. There are many different flow configurations that occur when two immiscible liq-
uids flow together. The configuration of interest for the transport of heavy oil and for this thesis is known as
core-annular flow. In this configuration, the low viscosity fluid, water, flows in the region of high shear which
is along the wall, while the high viscosity fluid, oil, flows inside the core. This flow configuration is known as
Perfect Core-Annular Flow (PCAF) if the interface between the oil and the water is smooth (i.e. no waves) and
the oil core is concentric.

Joseph et al. [13] performed a linear stability analysis on a concentric interface between two fluids of differ-
ent viscosities. They show that the interface is always unstable when the more viscous fluid is in the annulus
while the interface can be stable when the more viscous fluid is in the core and the annulus is thin. Bai et al.
[3] performed experiments for a vertical pipe to identify different flow regimes for oil-water flow. They clas-
sified the flow regimes into seven different types, namely: oil bubbles in water, slugs of oil in water, bamboo
waves, corkscrew waves, disturbed core-annular flow, oil sticks to the wall and dispersions. The different flow
patterns are shown in Figure 1.1. Their experiments show that it is difficult to obtain perfect core-annular
flow in practice as there are waves present at the interface. These waves can grow in amplitude and the oil
can stick to the wall which gives a larger pressure drop and also fouling, which is not desired. The experi-
ments also suggest that there are certain flow conditions where the waves do not grow in amplitude and the
core-annular flow is stable.
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1. Introduction

Figure 1.1: Different flow patterns observed in vertical oil-water flow. Figure taken from Beerens [5].

For core-annular flow in horizontal pipes, the density difference between the oil and the water plays an im-
portant role. Since the density of water is usually larger than the density of oil, the water tends to drop down
due to gravity and there is an upward force on the oil core due to buoyancy. This could make the oil touch the
surface of the pipe and then fouling occurs. But it has been observed that there is a downward force on the
core due to the waves present at the interface which under certain conditions prevents the oil from touching
the upper pipe wall but the core becomes eccentric instead of remaining concentric like in perfect core-
annular flow. The throughput of core-annular flow with a wavy interface is lower than perfect core-annular
flow but the presence of the waves is a necessary condition to ensure a stable core-annular flow arrangement
in a horizontal pipe. There are two different theories which explain this phenomenon of downward force on
the core as shown in Figure 1.2. Ooms et al. [23] explain this phenomenon with what they call the lubrication
film model. They assumed the core to be solid since the oil is very viscous and hence the form of the interface
does not change with time. They observed in the experiments that there was a ripple present at the interface
so the core surface was assumed to be rippled in the shape of a sawtooth. They concluded that the down-
ward force is the result of the pressure variations in the water film above the core during the flow and that the
ripples are necessary for the downward counterbalancing force to be present. Joseph et al. [14] argued that
the sawtooth waves are unstable and the waves should be smooth where they are sharp and steep where they
are gentle. They mentioned that inertia is important to generate the counterbalancing force in this model,
known as flying core model, as opposed to the lubricating film model where viscous forces dominate. Thus,
the overall conclusion from both the theories was that there exists a downward counterbalancing force on the
core which stabilises core-annular flow and that the waves at the interface indeed play an important role.
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1. Introduction

Figure 1.2: Description of the lubricated film model and flying core model to explain the downward force on the core. Figure taken from
Joseph et al. [14].

Various efforts have been made to model core-annular flow and to study the conditions for which it is stable.
Bai et al. [4] assumed the liquids to have the same density for horizontal pipe flow which makes the flow
axisymmetric and they also assumed that the core was solid with standing waves at the interface. They found
that the waves at the interface are not symmetric. Li and Renardy [19] have relaxed those assumptions by
allowing for different densities for the two different liquids. They use the wave having the largest growth rate
as the initial condition for the interface. They obtained stable core-annular flow with bamboo waves in their
simulations. Experiments for vertical core-annular flows have been performed by Bai et al. [3]. They found
that the holdup ratio remains constant as 1.39 for all flow conditions. The experiments also showed that there
is a certain water flow rate for a given oil flow rate which gives minimum pressure drop and its value decreases
with increasing oil flow rate. Experiments for horizontal core-annular flow have been carried out by Oliemans
and Ooms [22]. They showed that the thickness of the water film in the pipe was not influenced by the water
fractions that were used in their experiments. Thus, it has been showed with the help of experiments and
theoretical models that core-annular flow can indeed be stable and it occurs for a wide range of oil properties
and flow rates.

There are different pressure drop models available in literature for core-annular flow such as the ones given
by Brauner [6] and Arney et al. [2] which can be used to predict the friction factor. A wide range of flow rates
covering all the possible configurations like laminar core and laminar annulus, turbulent core and turbulent
annulus and mixed flow regimes have been covered in the pressure drop model provided by Brauner [6]. A
fully rough surface model for the friction factor is also provided to successfully mimic the conditions encoun-
tered in practice. Arney et al. [2] provided a friction factor model by combining the velocity profile of perfect
core-annular flow and the Blasius friction factor. They take into account the skin friction caused by the lu-
bricant shearing against the wall. The model did not account for the effects of wavy or eccentric core since
it is based on perfect core-annular flow. Vanegas Prada and Bannwart [27] showed that perfect core-annular
flow solution is not appropriate to get the friction factor values and it is thus important to model the effects
of wavy core, turbulence in the annulus and the buoyancy on the friction factor. Ullmann and Brauner [26]
have used the two-fluid model to derive the exact solution for the holdup and the pressure drop for laminar
horizontal core-annular flow. This model was tested by them for laminar and turbulent core-annular flow
experimental data and a good agreement was found. Thus, it is a convenient model to predict the pressure-
drop for core-annular flows.

To understand the flow physics better and to make parametric studies, it is important to perform numer-
ical simulations of core-annular flow. Ooms et al. [24] performed simulations for core-annular flow in a
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1. Introduction

horizontal pipe with a partly analytical and partly numerical approach which assumed the core to be solid.
Beerens [5] has performed simulations for vertical and horizontal core-annular flow with a laminar annulus.
He performed simulations for flows with a Reynolds number in the water annulus (ρw Vw D

µw
) less than 2000

and compared the numerical predictions with the experiments of Li and Renardy [19]. The predictions for
the water hold up and the superficial oil velocities from the simulations are within 10 % of the data obtained
from the experiments of Li and Renardy [19]. Since in industrial applications, the pipelines and the velocities
are larger, the annulus is not always laminar. Thus, it is imperative to look at the turbulence characteristics in
the annulus and the interface waves to study core-annular flows obtained in practice.

Usually for a turbulent flow it is not possible to solve the Navier-Stokes equations analytically. Hence nu-
merical methods are employed which help in solving these equations. There are three major approaches for
numerically solving the Navier-Stokes equations when turbulence is present. DNS is an approach in which
all the scales of turbulence are resolved. This requires a very fine mesh and takes up a lot of computational
time and memory. Large Eddy Simulations (LES) form another approach which filters the smallest scales
and resolves it using different methods. This requires less computational effort than DNS but it is not yet
extensively used for multiphase flows. The most used and discussed approach is through Reynolds averag-
ing where the Navier-Stokes equations are time averaged to differentiate the mean and fluctuating quantities.
The Reynolds Averaged Navier Stokes (RANS) equations require the least computational effort since they only
take into account the mean quantities while averaging the fluctuating quantities to zero. The DNS approach
solves the Navier-Stokes equations without any averaging and hence can be considered closer to the flow in
practice though computational errors will always be present. But since it takes up a lot of computational
expense, it is not efficient to use DNS to perform each and every simulation. But the DNS approach can be
used as a standard to which the RANS approach can be compared and thus an understanding of the extent of
accuracy of the RANS approach for core-annular flow can be obtained.

The turbulent perfect core-annular flow with eccentric core has been studied by Huang et al. [11]. The effect
of eccentricity of the core on the friction factor and holdup were assessed. The numerical simulations were
performed by using the low-Re k-ε turbulence model to model the turbulence in the water annulus. They
observed that the friction factor increased with increase in eccentricity of the core. Ko et al. [16] used the
shear stress transport (SST) k-ω model to model axisymmetric turbulent core-annular flow. They observed
that the SST model gave more accurate results as compared to the original k-ω model. They also observed
that the wavelength of the interfacial waves decreases with increasing Reynolds number while the pressure
gradient increases with increasing Reynolds number. Ghosh et al. [8] performed time dependent 3D simula-
tions for core-annular down-flow. They used the k-ε turbulence model and observed good agreements with
the experiments. Shi et al. [25] used the SST k-ω model with turbulence damping to predict the flow struc-
tures inside horizontal core-annular flow. They used a medium viscosity ratio and found that the pressure
drop and holdup were reasonably accurate in their simulations. They also considered different flow patterns
for oil-water flows by changing the wall contact angle. They also examined the effects of using different tur-
bulence models and found that the wave structure changes with changing turbulence models and the waves
obtained in RANS simulations are smoother than those observed in the experiments.

Quite recently, Kim and Choi [15] have done Direct Numerical Simulations (DNS) for vertical turbulent core-
annular flow. They perform simulations of five cases for different oil holdups keeping the friction Reynolds
number constant. They have compared the predictions from the simulations with the data from the exper-
iments done by Vanegas Prada and Bannwart [27] as they incorporate the same fluid properties for their
simulations. The mean pressure gradients were measured by fixing the superficial oil and water velocities in
the experiments done by Vangas Parada and Bannwart [27] but Kim and Choi [15] have specified a constant
mean pressure gradient and oil holdup and they obtained the superficial oil and water velocities as the result
of their simulation. This is done so as to utilise the advantage of periodic boundary conditions which en-
able the computational domain to be shorter. Kouris and Tsamopoulos [17] show that when using periodic
boundary conditions it is not possible to prescribe both the volumes and the superficial velocities under a
constant mean pressure gradient. Thus, only the volumes are specified in terms of oil holdup and the super-
ficial velocities are obtained as the result.
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1.1. Thesis research objective and tasks 1. Introduction

1.1. Thesis research objective and tasks
Li et al. [18] have done 1D, 2D and 3D core-annular flow simulations using the Launder-Sharma low-Re k-ε
model and compared these with lab experiments. They observe that there are significant differences between
the simulation results and the lab experiments. The predicted pressure drop by the simulation is about 35%
lower than the pressure drop measured in the experiments (for the same flowrate). The purpose of this thesis
is to study the structure of the oil-water interfacial waves and the turbulence characteristics, through making
a comparison with the predictions from the RANS approach and the existing DNS results from Kim and Choi
[15] to help in understanding the difference observed by Li et al. [18]. The RANS simulations presented in
this thesis are carried out using the open-source flow solver OpenFOAM. As the core levitates and becomes
eccentric in horizontal core-annular flows, the flow does not remain axi-symmetric and it essentially becomes
a 3D problem. The vertical core-annular flow can be treated as a 2D problem since the core is concentric and
the flow can be assumed to be axi-symmetric. The advantage of carrying out simulations for the vertical pipe
flow instead of the horizontal pipe flow is that 2D axi-symmetric simulations lead to much shorter computer
times than the 3D simulations. The shorter computer time enables to carry out more parameter variations,
which can also be helpful in understanding horizontal pipe flow. The objective of this thesis is to assess the
accuracy of the RANS approach for core-annular flow, through making a detailed comparison of the RANS
predictions with the DNS data presented by Kim and Choi [15]. The specific tasks required to reach this
objective can be summarised below:

• Carry out 2D OpenFOAM simulations for one of the conditions for which DNS data from Kim and Choi
[15] are available. Verify the numerical accuracy through grid refinement.

• Carry out 2D OpenFOAM simulations for all the other conditions for which DNS results from Kim and
Choi [15] are available.

• Compare the 2D OpenFOAM and the DNS results from Kim and Choi [15] with 1D MATLAB results. The
MATLAB model solves the 1D equations for core-annular flow using the low-Re k-ε model for turbu-
lence. This MATLAB model has been demonstrated to accurately predict 1D core annular flows as also
shown by Li et al. [18] and hence can be considered as the standard for 1D cases.

• Postprocess the results to find the structure (e.g. scaling) of the turbulent water annulus and the wave
characteristics of the interfacial waves.

• Carry out a parameter study for 2D OpenFOAM simulations with the RANS approach (e.g. different
lengths of the computational domain, different oil viscosity simulations).

5



2
Numerical methods

The governing equations in fluid dynamics are based on the principles of conservation of mass, momentum
and energy. The energy will always be conserved for this particular problem of core-annular flow as it is
assumed that the flow is isothermal. This assumption is valid since the flow velocity is large and there is not
enough time for the heat to penetrate inside the pipe as observed from the experiments mentioned in [18].
The mass and momentum conservation equations, shown in equation 2.1 and 2.2 respectively, are known as
the Navier-Stokes equations.

∂ui

∂xi
= 0 (2.1)

∂ui

∂t
+u j

∂ui

∂x j
=− 1

ρ

∂p

∂xi
+ν∂

2ui

∂x2
j

+ gi (2.2)

The flow conditions are usually characterized by different dimensionless parameters obtained when the
Navier-Stokes equations are non-dimensionalised. The importance of various terms in the governing equa-
tions can be determined from these dimensionless parameters. They can be linked to the physical phenom-
ena taking place in the resulting flow. These dimensionless parameters frequently benefit the solution pro-
cess when assumptions and approximations are required. Multiphase flows are usually characterized by the
following dimensionless parameters:

• Reynolds number

Re = ρV D

µ
(2.3)

• Froude number

F r = V 2

g D
(2.4)

• Weber number

W e = ρV 2D

σ
(2.5)

• Eotvos number

Eo = ρg D2

σ
(2.6)

2.1. Interface tracking methods
There are two different liquids present in a core-annular flow whose densities and viscosities differ from each
other. Also, the surface tension cannot be neglected due to the presence of an interface. Thus, the interface
between the two liquids has to be tracked accurately. The interface tracking methods available in the litera-
ture and used in OpenFOAM are explained below.

Historically, two interface tracking methods have been used for multiphase flows. The Volume of Fluid (VOF)

6



2.1. Interface tracking methods 2. Numerical methods

method tracks the volume fraction in each cell to create the interface which ensures that the conservation of
mass is guaranteed for this method. The Level Set (LS) method solves the transport equation for the signed-
distance function to the interface. The advantage is that it resolves the interface sharply but the disadvantage
is that it is not mass conserving. The advantages of both these methods are combined and incorporated in
a method known as Coupled Volume of Fluid with Level Set (CLSVOF) method. These different methods are
further explained in the following subsections.

2.1.1. Volume of Fluid method
The VOF method tracks the volume fraction, ψ, of the dispersed phase as defined in equation 2.7. Each fluid
particle retains its phase value during its motion which makes the volume fraction,ψ, satisfy the conservation
equation 2.8. Here, u is defined as the flow velocity and Fluid 1 refers to the dispersed phase which is oil while
Fluid 2 refers to the carrier phase which is water for the specific problem of core-annular flow in this thesis.

ψ=


0 Fluid 2
1 Fluid 1

0 <ψ< 1 Interface
(2.7)

∂ψ

∂t
+∇· (uψ) = 0 (2.8)

The Navier-Stokes equations, 2.1 and 2.2, are solved simultaneously with the conservation equation 2.8. The
density and viscosity for a particular cell is calculated as shown in equations 2.9 and 2.10 respectively.

ρ = ρ1ψ+ρ2(1−ψ) (2.9)

µ=µ1ψ+µ2(1−ψ) (2.10)

The VOF method needs only one additional equation to be solved and thus is not computationally expensive.
The solver in OpenFOAM uses the surface compression technique which solves the equation 2.11, where
ur = u1 −u2 represents the velocity along the interface between the two fluids. The third term from the left
represents a mathematical contribution since the physical interface does not have a finite width. Hence, the
VOF method considers the interface as having finite width because it defines the interface as distributed over
the height of the cell which also results in the interface not remaining sharp. Thus, there is a need for local
grid refinements where the interface is present.

∂ψ

∂t
+∇· (ψu)+∇· ((1−ψ)ψur

)= 0 (2.11)

Since the geometric information about the interface is not directly calculated, the advection of the volume
fraction and the calculation of surface tension force should be handled carefully so that the simulations are
physically accurate. The advection of the volume fraction is done in two steps. The interface is reconstructed
in each cell followed by the calculation of the flux of each fluid phase through each cell boundary using the
reconstructed interface. The difficulty originates from the excessive diffusion while solving the advection
equation. Thus, the discretization scheme chosen heavily influences this method as numerical diffusion
depends on it. The Piecewise Linear Interface Reconstruction (PLIC) scheme is generally used to correctly
compute the fluxes across cell faces by reconstruction of the interface within grid cells.

2.1.2. Level Set method
The interface between the two fluids is a material quantity, φ, which can be defined as shown in equation
2.12. This material quantity is used by the Level Set method to track the interface. The Level Set equation as
shown in 2.13 is solved along with the Navier-Stokes equations, 2.1 and 2.2, The interface normal vector in
this method is calculated as shown in equation 2.14.

φ=


0 Interface
> 0 Fluid 1
< 0 Fluid 2

(2.12)

∂φ

∂t
+u ·∇φ= 0 (2.13)
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2.2. Turbulence models 2. Numerical methods

∇s ·n1→2 =∇·
( ∇φ
|∇φ|

)
(2.14)

The re-initialization of the level set is required after every time step since the level set method is not mass
conserving and also φ is not a material quantity outside the interface. The advantage of the Level Set method
is that there is a sharp interface representation.

2.1.3. Coupled Volume of Fluid with Level Set method
Albadawi et al. [1] combined the advantages of the VOF method and the LS method to get a new combined
method known as Coupled Volume of Fluid with Level Set method (CLSVOF). The volume fraction from the
VOF method is first utilised to solve the transport equation and then the level set function is used to calcu-
late the re-initialization equation shown in equation 2.15 to improve the calculation of the curvature of the
interface and the surface normal.

∂φ

∂τ
= Sign

(
φ0

)
(1−|∇φ|) (2.15)

φ(x,0) =φ0(x) (2.16)

where,

φ is the level set function,
τ is the artificial time, ∆τ= 0.1∆x,
Sign is the signum function,
φ0 is the intial value of the level set function, φ0 = (2ψ−1)Γ,
Γ= 0.75∆x.

The value of the interface thickness is defined as shown in equation 2.17 where εc is the coefficient of in-
terface thickness which is an arbitrary parameter and determines the width of the delta function. The re-
initialization equation is solved for 10εc (= ε/∆τ) iterations. Yamamoto et al. [28] observed that a continuous
distribution of the level set function is obtained when the re-initialization equation was solved in such a way.
It was also observed that this approach improves the calculation of the curvature of the interface and the sur-
face normal.

ε= εc∆x (2.17)

The CLSVOF method uses the level set function as shown in equation 2.18, where the delta function is calcu-
lated as shown in equation 2.19.

Fσ,φ =σkφδφ∇φ (2.18)

δφ =
{

1
2ε

(
1+cos

(
πφ
ε

))
|ψ| < ε

0 else.
(2.19)

Here σ is the surface tension and k represents the curvature of the interface.

Yamamoto et al. [28] compared the VOF method and the CLSVOF method for a static and dynamic case
of an isothermal liquid bubble and gas droplet. They examined different numerical grids and determined
that the spurious current velocity at the interface is always less for the CLSVOF method as compared to the
VOF method. The maximum and average spurious currents at the interface were less for the CLSVOF method
as compared to the VOF method. The relative errors in the calculation of Laplace pressure and the pressure
field are less when the CLSVOF method is used as compared to the VOF method. Thus, it is indicated that the
CLSVOF method improves the pressure and velocity predictions along the interface and is thus used in this
thesis as the interface tracking method.

2.2. Turbulence models
The Reynolds number based on the mean water height, as shown in equation 2.20, for the flow conditions
encountered in this thesis is in the range of 1150-3550 which makes the flow turbulent in the water annulus.

8



2.2. Turbulence models 2. Numerical methods

Hence it is necessary to understand how the turbulence models work and choose a suitable turbulence model
for the prescribed flow conditions.

Rec =
ucor e

(
R −Hav g

)
vw

(2.20)

Here ucor e is the velocity of the core and Hav g is the mean radial location of the phase interface.

It is important to resolve the flow near the wall and understand the physics inside the boundary layer since
the area near the wall is a high shear area. The available high-Re turbulence models when used with wall
functions do not resolve the viscous sublayer (y+ < 5) sufficiently. Thus, some modifications are done to
these high-Re turbulence models such that they can be used down to the wall. These modified turbulence
models are known as low-Re turbulence models.

2.2.1. Low-Re k −εmodels
When deriving low-Re turbulence models, the terms are modelled in such a way that the behaviour very near
to the walls can be studied and require that the exact equations also behave in the same way. The exact
k-equation near the wall is shown in equation 2.21 while the modelled equation is as shown in equation 2.22.

∂ρŪ k

∂x
+ ∂ρV̄ k

∂y
=−ρuv

∂Ū

∂y︸ ︷︷ ︸
O(y3)

−∂pv

∂y
− ∂

∂y

(
1

2
ρvui ui

)
︸ ︷︷ ︸

O(y3)

+µ∂
2k

∂y2 −µui , j ui , j︸ ︷︷ ︸
O(y0)

(2.21)

∂ρŪ k

∂x
+ ∂ρV̄ k

∂y
=µt

(
∂Ū

∂y

)2

︸ ︷︷ ︸
O(y4)

+ ∂

∂y

(
µt

σk

∂k

∂y

)
︸ ︷︷ ︸

O(y4)

+µ∂
2k

∂y2 − ρε︸︷︷︸
O(y0)

(2.22)

The pressure distribution term is neglected in these models as it is negligible close to the wall. When com-
paring the exact equation and the modelled equation, it is seen that the dissipation term behaves in the same
way as it is O

(
y0

)
in both the equations. But the production and diffusion terms are of different orders in the

exact equation and the modelled equation.The production term is O
(
y4

)
as shown in equation 2.23. This can

be changed by using cµ fµ instead of just cµ where fµ is a damping function such that fµ =O
(
y−1

)
when y → 0

and fµ→ 1 when y+ > 50.

νt = cµρ
k2

ε
= O

(
y4

)
O

(
y0

) =O
(
y4) (2.23)

A number of low-Re k − ε models are available in the literature. These models either solve for a modified
dissipation ε̃ or for the normal dissipation as the dependent variable. The modified dissipation is sometimes
used to mitigate the need of a damping function. The damping functions and the extra source terms are
different for different models.

2.2.1.1. Launder-Sharma low-Re k −εmodel
The equations used for the Launder-Sharma low-Re k − ε model are as shown in equations 2.24-2.27. This
model is based on the one given by Jones and Launder [12].

∂ρŪ k

∂x
+ ∂ρV̄ k

∂y
= ∂

∂y

[(
µ+ µt

σk

)
∂k

∂y

]
+µt

(
∂Ū

∂y

)2

−ρε (2.24)

∂ρŪ ε̃

∂x
+ ∂ρV̄ ε̃

∂y
= ∂

∂y

[(
µ+ µt

σε

)
∂ε̃

∂y

]
+ c1ε f1

ε̃

k
µt

(
∂Ū

∂y

)2

− cε2 f2ρ
ε2

k
+E (2.25)

µt = cµ fµρ
k2

ε̃
(2.26)

ε= ε̃+D (2.27)

The damping functions and the source terms that are used in this model are given in equations 2.28-2.33.
The term E was added to include the experimental peak in k at around y+ ' 20. The f2 term mimics the final
stage of decay behind a turbulence generating grid.

fµ = exp

( −3.4

(1+RT /50)2

)
(2.28)
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2.2. Turbulence models 2. Numerical methods

f1 = 1 (2.29)

f2 = 1−0.3exp
(−R2

T

)
(2.30)

D = 2µ

(
∂
p

k

∂y

)2

(2.31)

E = 2µ
µt

ρ

(
∂2Ū

∂y2

)2

(2.32)

RT = k2

νε̃
(2.33)

2.2.1.2. Boundary condition for ε and ε̃
The boundary condition for ε is rather complicated and so some of the models use ε̃ as the dependent vari-
able. The viscous diffusion and the dissipation term are the largest in the modelled equation near the wall
since they are of O

(
y0

)
such that the equation looks like as shown in equation 2.34.

0 =µ∂
2k

∂y2 −ρε (2.34)

From equation 2.34, the boundary condition for ε can be obtained as shown in equation 2.35.

εwall = ν
∂2k

∂y2 (2.35)

An alternative form of the boundary condition can be derived from equation 2.34. The exact form of the
dissipation term close to the wall can be written as in equation 2.36.

ε= ν
{(

∂u

∂y

)2

+
(
∂w

∂y

)2
}

(2.36)

Using Taylor expansion for ε and k, we get the equations as shown in 2.37 and 2.38 respectively.

ε= ν
(
a2

1 + c2
1

)
+ . . . (2.37)

k = 1

2

(
a2

1 + c2
1

)
y2 . . . (2.38)

Using equation 2.38, equation 2.39 is obtained which when compared with equation 2.37 gives the boundary
condition for ε as shown in equation 2.40. (

∂
p

k

∂y

)2

= 1

2

(
a2

1 + c2
1

)
. . . (2.39)

εwall = 2ν

(
∂
p

k

∂y

)2

(2.40)

The equation for D in the low-Re Launder-Sharma model as shown in equation 2.31 is the same as obtained
in equation 2.40 and thus using equation 2.27, a new boundary condition for the modified dissipation ε̃ is
obtained which is as shown in equation 2.41.

ε̃= 0 (2.41)
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2.3. Discretization schemes and time step restrictions 2. Numerical methods

2.2.2. The low-Re k −ωmodel
The standard k −ω model can be used all the way to the wall without any additional modifications. The only
thing that has to be handled specifically for near-wall treatment is the boundary conditions since

ω= ε

β∗k
=O

(
y−2) (2.42)

tends to infinity. As shown in section 2.2.1.2, the boundary condition for ω is derived in the same way as the
boundary conditions for ε is derived. Theω-equation is as shown in equation 2.43 which when used near the
wall reduces to the viscous diffusion term and the dissipation term as shown in equation 2.44.

(
ρŪ jω

)
, j =

[(
µ+ µt

σω

)
ω, j

]
j
+ ω

k

(
cω1Pk − cω2ρkω

)
(2.43)

0 =µ∂
2ω

∂y2 − cω2ρω
2 (2.44)

Thus the boundary condition is as given in equation 2.45.

ω= 6ν

cω2 y2 (2.45)

The ω-equation is not usually solved close to the wall. For y+ < 2.5, ω is calculated from equation 2.45 and
hence no boundary condition is actually needed.

2.2.3. Performance of low-Re turbulence models
The comparison of high-Re k − ε and low-Re k − ε turbulence models has been done in the past and it has
been shown that for wall bounded flows, the low-Re k−ε turbulence models perform better than the high-Re
k −ε models. Martinuzzi and Pollard [20] showed that for developing turbulent pipe flows, the low-Re k −ε
models provide better predictions than the Reynolds stress and algebraic stress models. Also for low-Re num-
ber flows, the low-Re k−εmodels were in better agreement with the experiments as compared to the high-Re
k −ε models.

Hrenya et al. [10] show that for a single-phase turbulent pipe flow, the Launder-Sharma k − ε model per-
forms reasonably well when compared to the experiments and DNS results. They also show that mean axial
velocity for the pipe flow is predicted correctly while there is slight under prediction for the turbulent kinetic
energy. Mathur and He [21] show that the Launder-Sharma k−εmodel has been accepted as a benchmark to
model low-Re turbulent flows and has been used to model a variety of turbulent flows. Though the Launder-
Sharma k−εmodel was initially developed to model swirling flows, it has been used for boundary layer flows
and natural convection cavity flows as well. The Launder-Sharma model was in good agreement with the
experiments for these kind of flows. The Launder-Sharma model was also in agreement with the experiments
for mixed convection air flow in vertical pipes. Similar agreements were reported for mixed convection heat
transfer to supercritical fluids in literature. This model is also shown to predict unsteady turbulent flows
reasonably well. Transient response to heat transfer in a turbulent pipe has also been shown to be in good
agreement with the experiments in the literature.

Mathur and He [21] compared different implementations of the Launder-Sharma k − ε model. They com-
pared the modelling while taking the normal dissipation and modified dissipation as the dependent variable.
They observe that there is a notable difference between the values of ε and ε̃ near the wall. The modified dis-
sipation term is used in the original model for numerical advantages. They observe that the predictions when
using the modified dissipation term, as used in the original model, agree well with the literature. It closely
produces the experimental and DNS results for steady and unsteady pipe flow. Thus, it has been shown that
the original model proposed shows the best agreements with experiments and DNS results for a wide variety
of flows as well as unsteady turbulent flows and hence will be used as the turbulence model in this thesis.

2.3. Discretization schemes and time step restrictions
The standard discretization schemes are used in this thesis which are second order backward implicit in time
and second order for the advection terms of the momentum equations. The first order upwind schemes are
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2.3. Discretization schemes and time step restrictions 2. Numerical methods

used for the advection of the turbulent kinetic energy and for advection of the turbulent dissipation rate. The
PIMPLE algorithm with three corrector loops is used for the pressure-velocity coupling. The Preconditioned
Bi-Conjugate Gradient (PBiCG) solver is the linear solver that is used for velocity components, turbulent ki-
netic energy and the turbulent dissipation rate while the linear solver used for pressure is Geometric agglom-
erated algebraic multigrid (GAMG) solver.

An adjustable time step is used for solving the RANS equations by the CLSVOF solver which is based on the
maximum mean Courant number and the maximum interface Courant number. The mean Courant num-
ber for n degrees of freedom can be calculated as shown in equation 2.46, where ∆x is the grid spacing. The
interface Courant number only concerns the velocity of the interface normal to itself in surface cells.

Co =∆t
n∑

i=1

ui

∆xi
(2.46)

Deshpande et al. [7] provide a criterion for the time step based on their observations while simulating a 2D
stationary droplet. They observe that both, accurate calculation of the curvature and discrete balance be-
tween the pressure gradient and the surface tension, are required in order to minimize the spurious currents
at the interface. Thus, the explicit treatment of the surface tension places a condition on the time step given
by equation 2.47.

τρ =∆t <
√
ρ∆x3

σ
(2.47)

Another time step was also defined which included the effect of viscosity leading to a more generalized time
step criterion. This time step is defined as shown in equation 2.48.

τµ = µ∆x

σ
(2.48)

Deshpande et al. [7] did the same simulations with different coordinates to obtain the relation between the
two time steps as defined in equations 2.47 and 2.48 respectively. A relation for the maximum time step,
shown in equation 2.49, was obtained by differentiating between the stable and unstable cases for the sim-
ulations done. The analysis by Deshpande et al. [7] was carried out for the interFoam solver in OpenFOAM,
based on the VOF method, but since the CLSVOF solver also employs the VOF method, the time step restric-
tions will be the same. Hence, the maximum mean Courant number and the maximum interface Courant
number will be restricted to 0.01 for this thesis based on these observations.

∆t É max
(
10τµ,0.1τρ

)
(2.49)
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3
Geometry and Meshing

3.1. Flow geometry
A wedge shaped domain as shown in Figure 3.1 is used to carry out axisymmetric 2D calculations in Open-
FOAM. The wedge is a 3D shape but the tangential direction is taken as a unit cell length, essentially making
the domain 2D. The length of the domain is chosen such that the least amount of streamwise pipe section
is simulated. The predictions of the simulations are independent of the streamwise domain length chosen.
This will be demonstrated in Chapter 5.

Figure 3.1: Wedge shaped flow domain used to carry out OpenFOAM simulations in this thesis.

3.2. Boundary conditions
The periodic boundary condition is applied to the computational domain which mitigates the need to simu-
late the whole length of the pipe. The periodic boundary condition is used when the geometry and the flow
pattern are periodically repeated. Since the simulated core-annular flow will be fully developed and the pipe
remains the same over its length, the geometry and the flow pattern will repeat and thus periodic boundary
condition can be applied. The equations for the velocity components are shown in 3.1, assuming the length
of the computational domain is L.

u(x) = u(x +L) = u(x +2L) = ·· ·
v(x) = v(x +L) = v(x +2L) = ·· ·

w(x) = w(x +L) = w(x +2L) = ·· ·
(3.1)

The pressure does not remain periodic but the pressure drop is periodic and can be obtained as shown in
equation 3.2.

∆p = p(x)−p(x +L) = p(x +L)−p(x +2L) = ·· · (3.2)
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3.3. Initial conditions and fluid properties 3. Geometry and Meshing

When applying the periodic boundary condition, the flow across two opposite planes in the computational
domain should be identical. The flow entering the computational domain through the inlet should be iden-
tical to the flow leaving the computational domain through the outlet. The inlet and outlet for the current
computational domain are shown in Figure 3.1. This means that the total mass of the oil and the water inside
the computational domain is fixed as there is no way mass can be added from one end without removing it
from the other periodic end and vice versa. Since no mass, oil and water, can leave the calculation domain
without entering at the other end it is necessary to fix the oil holdup inside the computational domain.

To drive the flow inside the simulation domain, a forcing term has to be specified or else the flow gets slower
and slower and eventually stops. There are two approaches in which this forcing can be applied. The first ap-
proach is where the mass flow rate is kept constant in time while the pressure gradient varies in time. When
the mass flow rate is kept constant in time, an artificial forcing term is applied to the flow which acts as the
pressure gradient. This artificial forcing term is iterated during every time step until the specified mass flow
is obtained. The final value of the artificial forcing term for every time step is the desired output of the pres-
sure gradient in time. The other approach is to keep the pressure gradient constant in time while the mass
flow rate varies in time. The pressure gradient acts directly as the forcing term here which drives the flow and
the desired output of mass flow rate is obtained in time. For this thesis, the periodic boundary condition is
applied with the pressure gradient being constant in time which was also done by Kim and Choi [15]. Thus,
in the RANS OpenFOAM simulations, the pressure drop and oil holdup fraction are prescribed, and the total
flow rate and water-cut follow as output results.

3.3. Initial conditions and fluid properties
The initial condition for the simulations are the analytical solutions for PCAF as given by Li and Renardy
[19]. The geometric parameters used to define PCAF are shown in Figure 3.2. The pipe radius is R while the
undisturbed interface position is R1. The frictional pressure gradient in the axial direction is constant and is
denoted by −dP

d x and the surface tension is denoted byσ. There are certain dimensionless parameters defined
to model the PCAF as given below:

Figure 3.2: Geometric parameters for core-annular flow.

• Ratio of oil viscosity to water viscosity

m = µw

µo
(3.3)

• Ratio of pipe radius and mean radial location of the phase interface

a = R

R1
(3.4)
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3.3. Initial conditions and fluid properties 3. Geometry and Meshing

• Ratio of oil density to water density

ζ= ρw

ρo
(3.5)

• Ratio of the driving forces in the core and the annulus

K =
(
− dP

dx +ρo g
)

(
− dP

dx +ρw g
) (3.6)

• Parameter for surface tension

J = σR1ρo

µ2
o

(3.7)

• Reynolds number for oil

Reo = ρo v0(0)R1

µo
(3.8)

• Reynolds number for water

Rew = ρw v0(0)R1

µw
(3.9)

Here v0(0) is the centreline velocity for PCAF given in equation 3.10 where A is defined as shown in equation
3.11.

v0(0) =
(
− dP

dx
+ρw g

)
R2

1

4µw
A (3.10)

A = mK +a2 −1+2(K −1)log a (3.11)

The velocity in the radial direction can be defined as shown in equation 3.12 which is used to initialize the
velocity fields for the simulations performed in this thesis.

v(r ) =
{ [

a2 − r 2 −2(K −1)log(r /a)
]

/A, 1 É r É a (annulus)
1−mr 2K /A, r < 1 (core).

(3.12)

The total flow rate, the pressure drop, the water-cut and the oil holdup fraction are the four parameters which
can be used to completely define a core-annular flow configuration. The two parameters among the four are
set as the input for the simulations, while the other two will be obtained as the results of the simulation. Here,
Qo is the oil flow rate, Qw is the water flow rate, Vo is the volume occupied by oil, Vw is the volume occupied
by water and V is the total volume of the pipe. The parameters are defined as follows:

• Total flow rate
Q =Qw +Qo (3.13)

• Oil holdup fraction
εo =Vo/V (3.14)

• Water-cut

W C = Qw

Qw +Qo
(3.15)

There are some parameters which will be used to analyse the results obtained from the simulations. Here,
vo =Qo/A and vw =Qw /A are the superficial oil and water velocities respectively. The parameters are defined
below:

• Mean radial location of the phase interface

Havg = ε1/2
o R (3.16)

• Holdup ratio

h = Qo/Qw

Vo/Vw
(3.17)
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• Fanning friction factor

f =−
dP
d x R

ρw (vo + vw )2 (3.18)

The density and viscosity of the oil used in this thesis are ρo= 963 kgm−3 andµo= 0.745 Pas respectively for the
2D OpenFOAM simulations. While for the 1D OpenFOAM simulations, the oil viscosity µo used is 17.6 Pas.
The density and viscosity of water are ρw = 998 kgm−3 and µw = 0.001 Pas respectively. The oil is assumed to
be Newtonian as also done by Kim and Choi [15]. The surface tension coefficient is taken as σ = 0.03 Nm−1.
The fluid properties are the same as used by Kim and Choi [15] for their simulations and by Vanegas Prada
and Bannwart [27] for their experiments except for the oil viscosity, which is equal to 17.6 Pas for the DNS
simulations done by Kim and Choi [15]. (See appendix A).

Applying the momentum balance to a pipe section, equation 3.19 is obtained where
∫
ρg dV is the gravi-

tational force and τ̄w is the mean wall shear stress on the pipe wall.

− dP

dx
= 2τ̄w

R
+ 1

V

∫
ρg dV (3.19)

Equation 3.19 is normalized by the friction velocity (uτ =
√
τ̄w /ρw ) and the pipe radius (R) to obtain equation

3.20.

− dP/dx

ρw u2
τ/R

= 2+
∫
ρg dV /V

ρw u2
τ/R

(3.20)

The friction Reynolds number Reτ = uτR/vw = 720 is fixed in the DNS cases considered by Kim and Choi [15]
and thus will also be fixed for the simulations done in this thesis. This Reynolds number was chosen by Kim
and Choi [15] from the experimental data (2τ̄w /R = 400Pam−1) of Vanegas Prada and Bannwart [27]. The
value of the friction velocity thus is 0.053ms−1. As mentioned in section 3.2, the mean pressure gradient in
the axial direction and the oil holdup are applied as the boundary conditions. This also means that the mean
radial location of the phase interface is pre-determined. The imposed conditions and the domain length for
the five cases simulated by Kim and Choi [15] is given in table 3.1.

Table 3.1: Imposed conditions and domain length for 2D OpenFAOM simulations with different oil holdup fraction.

εo Havg /R −dP/dx (Pam−1) Domain length (streamwise, radial, tangential)
0.91 0.954 9879.6 (R,R,1)
0.83 0.911 9905.6 (R,R,1)
0.71 0.843 9945.6 (1.2R,R,1)
0.62 0.787 9977.6 (1.2R,R,1)
0.56 0.748 10001.6 (1.2R,R,1)

3.4. Meshing
The meshing is done in such a way that there are less grid cells in the oil core but more cells in the water
annulus and near the wall. The water annulus is turbulent and the boundary layer needs to be resolved suf-
ficiently to describe the turbulence characteristics inside the annulus. Hence it is important to resolve the
viscous sublayer, when using the low-Re turbulence models, which means that the wall r+ should be less
than 5. Ideally it is desired to have the wall r+ equal to or less than 1.

To ensure that the mesh is concentrated near the wall, a hyperbolic tangent function can be used to create
the mesh. The function that is used to create the mesh for this thesis is shown in equation 3.21.

r j

r j max
= 1+ tanh

[
α1( j / j max−1)/2

]
tanh(α1/2)

, j = 0,1, . . . , j max (3.21)

where j max is the maximum number of grid cells across the boundary layer thickness. The coefficient α1 is
calculated as shown in equation 3.22 where α2 is taken as 0.015.

α2 = α1

sinh(α1)
(3.22)
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The wall r+ value is calculated as shown in equation 3.23. Here ∆r is defined as the cell height of the first cell
from the wall. The equation 3.21 is first used to calculate the coordinates of all the cells in the mesh. The cell
height can be calculated from the coordinates obtained. The calculated cell height of the last cell, which is
the first from the wall, is used in equation 3.23.

r+ =∆r
uτ
νw

(3.23)

The mesh used for the 2-D case with the oil holdup fraction 0.71 is shown in Figure 3.3. There are 200 cells in
the radial direction and 100 cells are used in the streamwise direction. Figure 3.3b is a zoomed-in view and
shows only a section of the pipe. The red area in the Figure 3.3 is the oil core while the blue area is the water
annulus. It clearly shows the higher concentration of the grid cells near the wall and in the water annulus.

(a)

(b)

Figure 3.3: Concentration of grid cells near the wall for 2D OpenFOAM simulations (a) Normal view (b) Zoomed view.
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4
1D simulations

A 2D core-annular flow has a wavy interface. If 1D core-annular flow is considered, the waves at the interface
have to be neglected. The 1D simulations only take into consideration the flow physics in the radial direction.
But 1D core-annular flow simulations are important in determining if turbulence is sufficiently resolved or
not by studying the variation in the radial direction. Since only one dimension needs to be resolved in the
domain, the 1D simulations are computationally very fast. It also gives an idea about the number of grid cells
to be used in the radial direction for the 2D simulations. The oil viscosity used for 1D simulations is the same
as Kim and Choi [15] i.e. 17.6 Pas. A specific case of εo = 0.71 is used to determine the grid independence and
the predictions are also compared with the 1D MATLAB results which will be considered as the standard for
1D core-annular flow simulations. Also, all five cases, for different oil holdups, from Kim and Choi [15] are
analysed and the scaling of turbulence in the water annulus is verified.

4.1. 1D MATLAB model
The 1D MATLAB model uses a line as the simulation domain and resolves the flow in only the radial direc-
tion. It also uses the Launder-Sharma low-Re k-ε turbulence model. Since the geometry is a line, the com-
putational expense of the simulation is very small and a single simulation can be performed in a matter of
seconds. To consider the 1D MATLAB model as the standard to which the RANS results can be compared,
it is necessary to demonstrate that the predictions from the 1D MATLAB model are grid independent. To
determine the grid independency, the case with εo = 0.71 is chosen. The simulations are performed on four
different grids with 120, 240, 480 and 960 grid cells respectively. The grid cells are equally divided in the water
annulus and the oil core with the wall r+ value being less than 1. The variation of the velocity magnitude for
the four grids is shown in Figure 4.1. It shows that the prediction is very accurate and the curves are almost on
top of each other for the 240, 480 and 960 grid cells case. The comparison of the flow rates and the water-cut
for all four grids is shown in Table 4.1. This also shows that there is a negligible difference between the four
grids. Hence, the 1D MATLAB model with 960 grid cells can be considered as the standard to which the RANS
simulations can be compared.

Table 4.1: Grid independence test for four different grids with 120, 240, 480 and 960 cells respectively in the radial direction from the 1D
MATLAB model.

120 grid cells 240 grid cells 480 grid cells 960 grid cells
Imposed pressure drop (Pam−1) 9945.6 9945.6 9945.6 9945.6
Imposed oil holdup 0.71 0.71 0.71 0.71
Oil flow rate (m3 s−1) 7.03×10−4 7.21×10−4 7.26×10−4 7.28×10−4

Water flow rate (m3 s−1) 1.41×10−4 1.45×10−4 1.46×10−4 1.46×10−4

Total flow rate (m3 s−1) 8.44×10−4 8.66×10−4 8.72×10−4 8.74×10−4

Water-cut 0.167 0.167 0.167 0.167
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Figure 4.1: Comparison of velocity magnitude for the four different grid sizes used from the 1D MATLAB model.

4.2. Comparison with 1D MATLAB results
The case with oil holdup εo = 0.71 and imposed pressure drop of 9945.6 Pam−1 is considered for 1D Open-
FOAM simulations. The wedge shaped domain is used in OpenFOAM with 2 grid cells in the streamwise
direction and 1 grid cell in the tangential direction, essentially making it a 1D domain. The streamwise do-
main length used is 0.00256 m. The number of grid cells can be varied in the radial direction to perform the
grid independence study and also to compare the predictions from different grids in OpenFOAM with the
MATLAB results. There are three different grid considered with 100, 200 and 400 grid cells in the radial direc-
tion respectively. All the other properties and conditions are kept constant. It is confirmed that there are no
waves present as shown in Figure 4.2. The Figure 4.2 is the snapshot at 20 s for the simulation with 200 grid
cells.

Figure 4.2: No waves at the interface for 1D simulations.

The variation of the oil, water and total flow rates in time for all three grids is shown in Figure 4.3. As can
be seen, the simulation with 100 grid cells gives almost steady values for the flow rates after 10 s while the
simulation with 200 grid cells gives almost steady values for the flow rates after 20 s. The simulation with 400
grid cells has been performed until 180 s but it still has a minor change in the flow rate values. The results
obtained from the simulations and the predictions from the 1D MATLAB model are compared in Table 4.2.
As can be observed, the simulation with 100 grid cells does not give a comparable prediction with the simu-
lation with 200 grid cells and 400 grid cells respectively and also with the 1D MATLAB model. The flow rate
predictions from the simulation with 200 and 400 grid cells respectively are slightly lower as compared to the
predictions from the 1D MATLAB model.

The radial variation of the velocity and the turbulence characteristics of the flow are analyzed and compared
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Table 4.2: Comparison of 1D RANS OpenFOAM results for 100, 200 and 400 grid cells respectively with the 1D MATLAB model.

1D MATLAB 100 grid cells 200 grid cells 400 grid cells
Imposed pressure drop (Pam−1) 9945.6 9945.6 9945.6 9945.6
Imposed oil holdup 0.71 0.71 0.71 0.71
Oil flow rate (m3 s−1) 7.28×10−4 5.30×10−4 6.70×10−4 6.98×10−4

Water flow rate (m3 s−1) 1.46×10−4 1.38×10−4 1.45×10−4 1.46×10−4

Total flow rate (m3 s−1) 8.74×10−4 6.68×10−4 8.15×10−4 8.44×10−4

Water-cut 0.167 0.206 0.178 0.173
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Figure 4.3: Variation of oil, water and total flow rates in time for 1D OpenFOAM simulations with (a) 100 grid cells (b) 200 grid cells (c)
400 grid cells.

with the 1D MATLAB results to verify if the turbulence is fully resolved. Only the results for the simulation
with 200 and 400 grid cells respectively are compared because it is observed from Table 4.2 that the simu-
lation with 100 grid cells does not provide comparable results. The comparison of the streamwise velocity,
turbulent kinetic energy, turbulent viscosity and turbulent dissipation rate is shown in Figure 4.4. As was also
observed from the prediction of flow rates, there is a slight difference between the velocity predictions of the
oil for the simulations with 200 and 400 grid cells respectively and the 1D MATLAB model. The water velocity
predictions are similar for all the three curves. The turbulent kinetic energy and the turbulent viscosity is
negligible in the oil core. While the values for the turbulent kinetic energy and the turbulent viscosity are in-
creasing on approaching the interface starting in the water annulus, they also are decreasing very near to the
wall. The curves predicted from both the simulations are very similar to the curve predicted by the 1D MAT-
LAB model for the turbulent kinetic energy and the turbulent viscosity. There is a slight under-prediction for
the turbulent dissipation rate at the interface and at the wall by the OpenFOAM simulations as compared to
the 1D MATLAB model. From these comparisons, it can be concluded that the turbulence characteristics in
the water annulus are predicted accurately in OpenFOAM in both the simulations with 200 and 400 grid cells
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respectively. The further 1D simulations will be performed on a mesh with 400 grid cells since the velocity
predictions are slightly better for that mesh.
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Figure 4.4: Comparison of 1D OpenFOAM results with 1D MATLAB results for (a) Streamwise velocity (b) Turbulent kinetic energy (c)
Turbulent viscosity (d) Turbulent dissipation rate.

The asymptotic behaviour of the Launder-Sharma low-Re k-ε turbulence model in the inertial sublayer for
wall bounded turbulent flows has been shown by Henkes [9]. These wall laws are shown in equations 4.1-4.4.
Here, κ= 0.431, C = 6,4 and Cµ = 0.09. The quantities are scaled with the kinematic viscosity of water and the
friction velocity where u+ = u/uτ, v+

t = vt /vw , k+ = k/u2
τ and ε+ = εvw /u4

τ.

u+ = 1

κ
lnr++C (4.1)

v+
t = κr+ (4.2)

k+ = 1√
Cµ

(4.3)

ε+ = 1

κr+ (4.4)

The five different cases for different oil holdups are compared with the asymptotic wall laws. The comparison
between the 1D OpenFOAM simulations with different oil holdup fraction and the asymptotic wall laws for
the streamwise velocity, the turbulent kinetic energy, the turbulent viscosity and the turbulent dissipation rate
in the radial direction are shown in Figure 4.5, 4.6, 4.7 and 4.8 respectively. The dotted black line represents
r+ = 20. The comparison with the wall laws is relevant only from r+ > 20 and until the interface since that
is the region where turbulence is present. As can be observed, the turbulence decreases with increasing oil
holdup and the case with εo = 0.91 is completely laminar as observed from very negligible turbulent kinetic
energy, turbulent viscosity and turbulent dissipation rate. For all the turbulent properties and the streamwise
velocity, the predictions from the simulations are close to the asymptotic wall law between r+ = 20 to r+ =
100. This shows that the Reynolds number is sufficiently high for the flow to be turbulent. The case with
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Figure 4.5: Comparison of the variation of streamwise velocity in the radial direction between the 1D OpenFOAM simulations with
different oil holdup fraction and the asymptotic wall laws to analyze the turbulent scaling in the water annulus.
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Figure 4.6: Comparison of the variation of turbulent kinetic energy in the radial direction between the 1D OpenFOAM simulations with
different oil holdup fraction and the asymptotic wall laws to analyze the turbulent scaling in the water annulus.

εo = 0.83 has lower turbulence levels as compared to the other turbulent cases as seen from Figure 4.6. Thus,
this case should be handled carefully since the flow might not be fully turbulent.

After analyzing the 1D simulations, it can be concluded that both the simulations with 200 cells and 400 cells
respectively give almost similar results and the turbulence is sufficiently resolved. Thus, the 2D simulations
should be done with 200 cells in radial direction.
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Figure 4.7: Comparison of the variation of turbulent viscosity in the radial direction between the 1D OpenFOAM simulations with differ-
ent oil holdup fraction and the asymptotic wall laws to analyze the turbulent scaling in the water annulus.
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Figure 4.8: Comparison of the variation of turbulent dissipation rate in the radial direction between the 1D OpenFOAM simulations with
different oil holdup fraction and the asymptotic wall laws to analyze the turbulent scaling in the water annulus.
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5
Validation of the simulations

It is important to know whether the simulations done are indeed physical and give accurate predictions.
There are many factors which can impact the results of the simulation. Thus, it is necessary to examine
different factors like grid size and the streamwise domain length and understand if they impact the prediction
of the results. To examine the effects of such factors, all the other parameters in the simulations are kept the
same except the parameter whose effect is being observed. This chapter examines in detail the impact of
the grid size, the streamwise domain length, presence of gravity and the effect of change in oil viscosity on
the prediction of the 2D results. As the simulations are 2D, instead of 1D, waves will develop at the oil-water
interface.

5.1. Grid independence study
The numerical accuracy of the grids used for the simulations can be verified by performing the same simula-
tion on successively finer grids. The fluid properties, boundary conditions, initial conditions and the domain
length are all kept the same for all the grids. If the predictions are constant for successively finer grids, then
the coarsest grid among them should be chosen to perform the simulations considering the relative accuracy
and computational time. The case with ε0 = 0.71 is chosen to perform the grid independence study. As spec-
ified in chapter 3, the pressure drop is also imposed in addition to the oil holdup, and the total flow rate and
the water-cut are obtained as the results from the simulation.

The considered case is shown to be grid independent by studying four different simulations. The pipe wall
is stationary in two simulations with different grids while the pipe wall moves with the velocity of -1 ms−1

in the other two simulations with different grids. The moving wall configuration is studied because it gives a
possibility to obtain a steady wave interface which in turn reduces the computation time. The wave velocity
that was calculated from the stationary wall simulation is approximately used as the imposed wall velocity for
the moving wall simulations. It has been observed that the moving wall simulation is approximately 5 times
faster. The grids that are used for both the stationary wall and the moving wall simulations are 200X100 and
400X200 grid cells in the radialXstreamwise directions. A coarser mesh of 100X50 grid cells in radialXstream-
wise direction is also tried. But as can be seen from Figure 5.1, the interface is not sharp and the waves break.
Thus, it can be concluded that finer grids are needed.

The variation of the oil, water and total flow rates in time is shown in Figure 5.2 for all the four simulations.
The simulations are carried out until 5 s to ensure that the flow rates and the water-cut reach a final fully de-
veloped state. The flow rates are calculated at a certain cross-section of the computational domain for every
0.1 s. As can be seen in Figure 5.2a and 5.2b, the oil and water flow rates show considerable fluctuations for
the stationary wall simulations. These fluctuations are the result of the wave moving through the domain.
The oil flow rate will have a higher value when the wave crest is at the cross section where the flow rates are
calculated while it has a lower value when the wave trough is at the same cross section. The water flow rate
fluctuates in the opposite way: lower at the wave crest and higher at the wave trough. It can also be seen that
the fluctuations are lower for the moving wall simulations as compared to the stationary wall simulations.
This is due to the fact that the wave travels very slowly for the moving wall simulation as it is ensured that the
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(a) (b)

Figure 5.1: Breaking of the wave structure for the simulations with (a) stationary wall and 100X50 grid cells (b) moving wall and 100X50
grid cells.

imposed wall velocity should be approximately the same as the wave velocity. Despite the fluctuations in the
oil and water flow rates, the total flow rate reaches a final value for all the four simulations. Thus, it can be
said that the simulations are fully developed with respect to the output values.
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Figure 5.2: Variation of oil, water and total flow rates in time for the simulations with (a) stationary wall and 200X100 grid cells (b)
stationary wall and 400X200 grid cells (c) moving wall and 200X100 grid cells (d) moving wall and 400X200 grid cells.

The wave structure for the four different simulations can be seen in Figure 5.3. It was observed that the wave
structure in the coarser mesh for the stationary wall simulation was different from the wave structure in the
other three simulations. The wave structure for all the other three cases looks similar and thus further analy-
sis is done to determine the grid independence.
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(a) (b)

(c) (d)

Figure 5.3: Wave structure for the simulations with (a) stationary wall and 200X100 grid cells (b) stationary wall and 400X200 grid cells
(c) moving wall and 200X100 grid cells (d) moving wall and 400X200 grid cells.

The output of all the four simulations is summarised in Table 5.1. As it is a grid independence test, the im-
posed conditions are the same for all four cases. It can also be seen that it has been ensured that the r+ value
for all the four grids is less than 1 so that the viscous sub-layer is resolved sufficiently. The oil flow rate, water
flow rate, the total flow rate and the water-cut obtained are similar for all the four simulations. The difference
in the oil, water and total flow rates for the moving wall simulations is 2.8% between both the grids while the
difference in the water-cut is 1.2%. The difference in the flow rates and the water-cut for the stationary wall
simulations is very small. The hold-up ratio, the measure of the apparent slip velocity between the oil core
and the water annulus, is also similar for all the four simulations. The friction factor is slightly lower for the
moving wall simulations as compared to the stationary wall simulations. The maximum turbulence viscosity
ratio gives an idea about the turbulence levels in the domain. It is the ratio of the maximum turbulence vis-
cosity in the domain and the water kinematic viscosity. This ratio is larger for the moving wall simulations and
hence there is a larger turbulence level inside the simulation domain. The turbulence viscosity ratio is similar
for both the grids for the moving wall simulations. The values summarised in Table 5.1 show that the results
from the different meshes are similar though the full asymptotic decay of numerical error is not observed.
Also, there is not much difference between the stationary wall simulation and the moving wall simulation.

The time signal analysis has been carried out for the stationary wall simulations since it is necessary to anal-
yse the predictions in time as the wave moves inside the domain. It is similar to inserting a probe inside the
flow and getting the readings at different times. Since the wall is stationary, this shows the time dependence
of the flow properties. The water layer thickness and the turbulence viscosity ratio for both the grids of the
stationary wall simulations are compared in Figure 5.4. The time signal analysis is done after a simulation
time of 5s ensuring that the flow is fully developed as seen from Figure 5.2. As we can see in Figure 5.4, the
water layer thickness and the maximum turbulence viscosity for the 400X200 grid show a steady wave pattern
which means that all the unsteadiness in the flow has disappeared. In contrast to this the wave pattern for
the 200X100 grid does not show a steady wave pattern which means that there is still some unsteadiness left
in the flow. The water layer thickness for both the grids looks similar while there is a small difference in the
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Table 5.1: Comparison of the results from the stationary wall 200X100 grid, stationary wall 400X200 grid, moving wall 200X100 grid and
moving wall 400X200 grid for the grid independence test.

Stationary wall
200X100

Stationary wall
400X200

Moving wall
200X100

Moving wall
400X200

Imposed pressure drop (Pam−1) 9945.6 9945.6 9945.6 9945.6
Imposed oil holdup 0.71 0.71 0.71 0.71
Oil flow rate (m3 s−1) 4.69×10−4 4.66×10−4 4.77×10−4 4.92×10−4

Water flow rate (m3 s−1) 1.47×10−4 1.47×10−4 1.50×10−4 1.53×10−4

Total flow rate (m3 s−1) 6.16×10−4 6.13×10−4 6.27×10−4 6.45×10−4

Water-cut 0.239 0.240 0.239 0.236
Hold-up ratio 1.30 1.29 1.30 1.32
Friction factor 0.00511 0.00516 0.00502 0.00467
Maximum turbulence viscosity ratio 14.7 17.0 19.9 20.1
r+ value at the first inner grid point 0.93 0.46 0.93 0.46

maximum turbulence viscosity ratio for both the grids which was also observed in Table 5.1.
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Figure 5.4: Comparison of the (a) Water layer thickness (b) Maximum turbulence viscosity ratio in time for the fully developed stationary
wall simulations with 200X100 and 400X200 grid.

Since the moving wall case essentially means that the wave should be steady, the spatial dependence of the
waves at the interface is analyzed. For this, the water layer thickness and the maximum turbulence viscosity
ratio for the moving wall simulations is analysed with respect to the streamwise coordinate. Figure 5.5 shows
the spatial dependence of the water layer thickness and the maximum turbulence viscosity ratio for the mov-
ing wall simulations. The difference between the predictions, from both the grids, of the water layer thickness
and the maximum turbulence viscosity ratio is very small. This shows that the turbulence has been properly
resolved for both the grids as well as the interface is predicted accurately by the coarser grid.

Normally, grid independence tests are done by comparing the velocity and the volume fraction in the radial
direction for all the different grids. Kim and Choi [15] define the mean water volume fraction as shown in
equation 5.1. Here, ψ̄= 1 denotes the water region while ψ̄= 0 denotes the oil region. The mean streamwise
velocity are defined as shown in equation 5.2 and 5.3 for water and oil respectively.

ψ̄(r ) =
Ð

ψ(z,r,θ, t )dθdz dtÐ
dθdz dt

(5.1)

ūw (r ) =
Ð

u(z,r,θ, t )ψ(z,r,θ, t )dθdz dtÐ
ψ(z,r,θ, t )dθdz dt

(5.2)
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Figure 5.5: Comparison of the (a) Water layer thickness (b) Maximum turbulence viscosity ratio in space for the fully developed moving
wall simulations with 200X100 and 400X200 grid.

ūo(r ) =
Ð

u(z,r,θ, t )(1−ψ(z,r,θ, t ))dθdz dtÐ
(1−ψ(z,r,θ, t ))dθdz dt

(5.3)

Figure 5.6 shows the comparison of the mean water volume fraction and the scaled mean streamwise velocity
for all the four grids. Since these are 2D simulations, the tangential direction has been disregarded from equa-
tions 5.1-5.3. The graphs are comparable for all the grids except the stationary wall 200X100 grid for which
the mean water volume fraction is not predicted accurately. Thus, the mean water volume fraction and the
mean streamwise velocity are accurately predicted by the coarser grid for the moving wall simulation.
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Figure 5.6: Comparison of the (a) Mean water volume fraction (b) Scaled mean streamwise velocity for the simulations with stationary
wall and 200X100 grid, stationary wall and 400X200 grid, moving wall and 200X100 grid, and moving wall and 400X200 grid.

To conclusively say that the simulations are grid independent, it is also necessary to analyse the wave char-
acteristics of the waves from all the four simulations. It was ensured with the selection of the streamwise
domain length that there will be only one wave inside the domain. Thus, the wavelength of the wave for all
four simulations will be 0.01656 m as also mentioned in Table 5.2. The wave amplitude is calculated as shown
in equation 5.4 where δ represents the water layer thickness and the overbar denotes the time-averaged value
at a certain streamwise location. The amplitude is defined in such a way that it gives half the difference be-
tween the maximum and minimum value for the case of a pure sinus.

A =
√

2
(
δ− δ̄)2

(5.4)

The wave frequency can be obtained from the time signal analysis by calculating the number of fluctuations
in the simulated time. The wave velocity is the product of the wavelength and the wave frequency. It has also
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been ensured that the moving wall simulation results are converted to the stationary reference frame before
calculating the wave characteristics. As can be seen from Table 5.2, there is only about 2-5% difference in
the values for all the four simulations. Thus, the wave characteristics are accurately predicted by the coarser
grids.

Table 5.2: Comparison of the wave characteristics for the simulations with stationary wall and 200X100 grid, stationary wall and 400X200
grid, moving wall and 200X100 grid, and moving wall and 400X200 grid.

Stationary wall
200X100

Stationary wall
400X200

Moving wall
200X100

Moving wall
400X200

Wave velocity (ms−1) 1.053 1.042 1.082 1.106
Wave length (m) 0.01656 0.01656 0.01656 0.01656
Wave frequency (Hz) 63.6 62.9 65.4 66.8
Wave amplitude (m) 0.00087 0.00106 0.00108 0.00096

Since the wave velocity is independent of the water layer thickness, the temporal dependence can be con-
verted to the spatial dependence for the stationary wall simulations. This conversion allows the comparison
of all four grids on a graph with a varying streamwise coordinate. The comparison for the water layer thick-
ness and the maximum turbulence viscosity for all four grids is shown in Figure 5.7 and Figure 5.8 respectively.
As also observed in the Figure 5.3, because of the different wave shape, the stationary wall 200X100 grid sim-
ulation does not give accurate result. The maximum turbulence viscosity ratio is under-predicted while the
water layer thickness is not accurately predicted by the stationary wall 200X100 grid as shown in Figure 5.7
and Figure 5.8 respectively. The prediction of the water layer thickness for the three simulations other than
the stationary 200X100 grid simulation is similar. The maximum turbulence viscosity ratio is lower for the
stationary 400X200 grid as compared to the moving wall simulations. The water layer thickness and the max-
imum turbulence viscosity ratio for both the moving wall grids is comparable.
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Figure 5.7: Comparison of the water layer thickness for the simulations with stationary wall and 200X100 grid, stationary wall and
400X200 grid, moving wall and 200X100 grid, and moving wall and 400X200 grid.

Thus, from the analysis done of all the four different simulations, it can be concluded that there is not much
difference between the predictions of the stationary wall and the moving wall simulations with respect to
the simulation outputs such as the flow rates, water-cut and the wave characteristics. The turbulence level
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Figure 5.8: Comparison of the maximum turbulence viscosity ratio for the simulations with stationary wall and 200X100 grid, stationary
wall and 400X200 grid, moving wall and 200X100 grid, and moving wall and 400X200 grid.

is slightly higher for the moving wall simulations. Thus, it is advantageous to use the moving wall configu-
ration since it takes less computational time as compared to the stationary wall simulations. It can also be
concluded that there is not much difference between the predictions from the two grids used in the moving
wall simulations, which concludes the grid independence test. Thus, it is better to use the coarser mesh as it
takes less computational time as compared to the finer grid. Thus, for this thesis 200X100 grid and a moving
wall with a wall velocity of -1 ms−1 will be used unless specified otherwise.

5.2. Dependence on streamwise domain length
Since the streamwise domain length has been selected by trial and error such that only one wave exist in the
domain, it is necessary to validate the simulations with respect to the streamwise domain length so that it
can be concluded that the streamwise length considered does not affect the predictions. To study the de-
pendence on the streamwise domain length, three simulations are done. The oil holdup fraction and the
imposed pressure drop are fixed as 0.71 and 9945.6 Pam−1 respectively. The streamwise domain base-length
(BL) is considered as 0.01656 m, which is 1.2R, as was used in the simulations for the grid independence test.
The other two simulations have streamwise domain length as 0.5BL and 1.5BL. All other conditions remain
the same. There are 200X100 grid cells used for the base-length while 200X50 and 200X150 grid cells are used
for the 0.5BL and 1.5BL simulations respectively so that the mesh used is uniform. The simulations are per-
formed with the moving wall configuration with the wall velocity of -1 ms−1.

All the three simulations are performed until 5 s simulation time to ensure that they are fully developed.
The variation of oil, water and total flow rates in time for the BL simulation is already seen in Figure 5.2c.
The variation of the flow rates in time for the 0.5BL and 1.5BL are as shown in Figure 5.9. As already stated,
because of the moving wall configuration, the fluctuations in the oil and water flow rates are small. The total
flow rate has reached a steady value which means that the flow is fully developed.

The wave structure for the 0.5BL and 1.5BL simulations are as shown in Figure 5.10. The number of waves in
the domain for the 1.5BL simulation is two. The wave structure for the BL simulation, shown in Figure 5.3c,
is different when compared with the wave structure from the 0.5BL simulation. The wave structure for the
0.5BL simulation has a smaller amplitude which can also be seen in Table 5.4.
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Figure 5.9: Variation of oil, water and total flow rates in time for the simulations with (a) 0.5BL (b) 1.5BL.
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Figure 5.10: Wave structure for the simulations with (a) 0.5BL (b) 1.5BL.

Table 5.3: Comparison of the results from the simulations with 0.5BL, BL and 1.5BL to analyze the influence of a change in streamwise
domain length.

0.5BL BL 1.5BL
Imposed pressure drop (Pam−1) 9945.6 9945.6 9945.6
Imposed oil holdup 0.71 0.71 0.71
Oil flow rate (m3 s−1) 5.10×10−4 4.77×10−4 4.74×10−4

Water flow rate (m3 s−1) 1.47×10−4 1.50×10−4 1.48×10−4

Total flow rate (m3 s−1) 6.57×10−4 6.27×10−4 6.22×10−4

Water-cut 0.224 0.239 0.239
Hold-up ratio 1.42 1.30 1.31
Friction factor 0.00464 0.00502 0.00511
Maximum turbulence viscosity ratio 18.3 19.9 20.2

The analyzed results for the three different streamwise domain length simulation are given in Table 5.3. The
first observation is that the results for the BL and the 1.5BL simulation are almost the same and there is not
much difference between the predictions which means that the streamwise domain length chosen does not
impact the prediction of the results. But if a lower streamwise domain length would have been chosen, the
results would have been different as observed from the predictions of the 0.5BL simulation. The total flow
rate for the 0.5BL simulation is 5% higher than the BL and the 1.5BL simulations. There is a difference in
the prediction of the hold-up ratio, friction factor and the maximum turbulence viscosity ratio as well for the
0.5BL simulation. Thus, it is observed that the streamwise domain length chosen for the BL simulation is
sufficient.
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Since these are moving wall simulations, the spatial dependence is analyzed. Figure 5.11 shows the varia-
tion of the water layer thickness and the maximum turbulence viscosity ratio in the streamwise direction.
Since the streamwise domain length of each simulation is different, the x-coordinate has been scaled with L,
which is the streamwise domain length for each simulation, so that the comparison is easy. As can be ob-
served, there is visible difference in the prediction of the 0.5BL simulation and the BL simulation. Also, the
1.5BL simulation has two waves in the domain and it seems that one wave follows the prediction of the 0.5BL
simulation and the other follows the prediction of the BL simulation. This is because the wave requires a cer-
tain streamwise length to develop. When a certain streamwise length is reached for the wave to develop fully,
a new wave will start to develop. Hence, this gives the presence of two waves in the 1.5BL simulation. Thus, it
can be concluded from the spatial dependence analysis as well that the domain length for the BL simulation
is sufficient.
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Figure 5.11: Comparison of the (a) Water layer thickness (b) Maximum turbulence viscosity ratio for the fully developed simulations with
streamwise domain length of 0.5BL, BL and 1.5BL.

The wave characteristics are also analysed for all the three simulations and are listed in Table 5.4. All the
moving wall simulations are converted to the stationary reference frame and then analysed. The wavelength
is the streamwise length of the domain for the 0.5BL and the BL simulation since only one wave is present
inside the domain. There are two waves present inside the domain for 1.5BL simulation and thus the average
wavelength will be half the streamwise domain length. The wave amplitude and the wave frequency for the
1.5BL simulation is the average of both the waves. Hence, the value is between the prediction for the 0.5BL
simulation and the BL simulation since, as already established, the 1.5BL simulation contains waves similar
to both the cases. This can also be observed from the individual wave amplitudes for the two waves inside
the simulation domain for the 1.5BL case. The wave amplitude for the smaller wave, with wavelength 0.00596
m, is 0.00075 m while the wave amplitude for the larger wave, with wavelength 0.01888 m, is 0.00106 m. The
wave velocity is slightly over-predicted by the 0.5BL simulation while the wave velocity for the BL and the
1.5BL simulations is the same. Thus, the wave characteristics are also accurately predicted by the BL simula-
tion.

Table 5.4: Comparison of the wave characteristics for the fully developed simulations with streamwise domain length of 0.5BL, BL and
1.5BL.

0.5BL BL 1.5BL
Wave velocity (ms−1) 1.162 1.082 1.082
Wave length (m) 0.00828 0.01656 0.01242
Wave frequency (Hz) 140.34 65.4 87.12
Wave amplitude (m) 0.00048 0.00108 0.00093

Since the streamwise length of the domain is different for all three simulations, it is imperative to examine
the radial variation of the flow properties. To analyze the radial dependence, the mean water volume fraction
and the scaled mean streamwise velocity are plotted, as defined by Kim and Choi [15], in Figure 5.12. These
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Figure 5.12: Comparison of the (a) Mean water volume fraction (b) Scaled mean streamwise velocity for the fully developed simulations
with streamwise domain length of 0.5BL, BL and 1.5BL.

results also support the observation that the 0.5BL simulation gives slightly different predictions as compared
to the Bl and 1.5BL simulations. Also, it can be noticed in the mean water volume fraction graph, the 1.5BL
simulation curve is similar to BL curve for a particular section while it is similar to the 0.5BL curve for a similar
section. This also supports the observation that one wave in the 1.5BL domain is similar to 0.5BL simulation
and the other is similar to the BL simulation.

Thus, from the analysis done, it can be concluded that the streamwise domain length (BL) used in this thesis
does not impact the prediction of the results and it is sufficient to simulate one full wave in the simulation
domain. Hence, the streamwise domain length of 0.01656 m is used for all the further simulations in this
thesis.

5.3. 2D simulation without gravity
The oil core usually becomes eccentric in a horizontal flow configuration for core-annular flow. This is differ-
ent from the vertical flow configuration where the core will always remain concentric because the gravity is
in the direction of the flow while it is perpendicular to the direction of flow for horizontal flow configuration.
The difference between the vertical and horizontal 2D simulations is the presence of gravity for the vertical
flow configuration. Thus, it is interesting to know the effect of gravity on the prediction of the results (for the
flow properties considered in this thesis).
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Figure 5.13: (a) Variation of oil, water and total flow rates in time (b) Wave structure for simulation without gravity

The imposed pressure drop is lower in the simulation without gravity as compared to the simulation with
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Table 5.5: Comparison of results between 2D simulations with and without gravity.

With gravity Without gravity
Imposed pressure drop (Pam−1) 9945.6 400
Imposed oil holdup 0.71 0.71
Oil flow rate (m3 s−1) 4.77×10−4 4.79×10−4

Water flow rate (m3 s−1) 1.50×10−4 1.48×10−4

Total flow rate (m3 s−1) 6.27×10−4 6.31×10−4

Water-cut 0.239 0.235
Hold-up ratio 1.30 1.33
Friction factor 0.00502 0.00496
Maximum turbulence viscosity ratio 19.9 18.9

gravity because the gravitational pressure drop is neglected for the simulation without gravity. The variation
of the oil, water and total flow rates is as shown in Fig 5.13a. This simulation, without gravity, is also per-
formed until 5 s to ensure that it is fully developed. The wave structure for the simulation without gravity is
shown in Figure 5.13b which is similar to the wave structure for the simulation with gravity as shown in Figure
5.3c.

The results obtained from the simulation without gravity are compared with the results obtained from the
simulation with gravity in Table 5.5. The predictions for both the simulations are similar for all the param-
eters. Thus, this shows that there are no significant differences between the simulation without gravity and
the simulation with gravity.
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Figure 5.14: Comparison of the (a) Water layer thickness (b) Maximum turbulence viscosity ratio for the fully developed simulations with
and without gravity.

Table 5.6: Comparison of the wave characteristics for simulations with and without gravity.

With gravity Without gravity
Wave velocity (ms−1) 1.082 1.073
Wave length (m) 0.01656 0.01656
Wave frequency (Hz) 65.4 64.79
Wave amplitude (m) 0.00108 0.00116

The spatial dependence is analyzed to study the differences in the water layer thickness and the maximum
turbulence viscosity ratio as shown in Figure 5.14. The curves are similar for both the simulations. Thus, there
is no significant difference between the simulations with and without gravity for the mean water layer and
the maximum turbulence viscosity ratio predictions.
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Figure 5.15: Comparison of the (a) Mean water volume fraction (b) Scaled mean streamwise velocity for fully developed simulations with
and without gravity.

The wave characteristics, the mean water volume fraction and the mean streamwise velocity are compared
for the simulations with and without gravity as shown in Table 5.6, Figure 5.15a and Figure 5.15b, respectively.
All the values for the wave characteristics are similar for both the simulations. The mean water volume frac-
tion and the mean streamwise velocity predictions are also similar. Thus, it can be concluded that there are
no significant differences between the predictions of the simulations with and without gravity.

5.4. Different oil viscosities
Since the oil viscosity used in this thesis is lower than the oil viscosity used by Kim and Choi [15] (namely
0.745 Pas versus 17.6 Pas) for their simulations, it is necessary to investigate the effect of oil viscosity on the
predictions for core-annular flow. The oil holdup fraction is kept fixed as 0.71 and all other properties are
kept the same except for the oil viscosity. The effect of changing oil viscosity is observed by studying three
different simulations and comparing it with the base case having oil viscosity as 0.745 Pas. There are two
simulations carried out with higher oil viscosity, 0.963 Pas and 1.926 Pas while one simulation with lower oil
viscosity of 0.456 Pas is also performed. If the oil viscosity was increased further, oil fouling of the pipe wall
was observed. The grid used for all the simulations is 200X100 except for the lowest oil viscosity (i.e. 0.456
Pas) simulation, in which case it is 300X150.

The variation of oil, water and total flow rates for the three different oil viscosity simulations is shown in Fig-
ure 5.16. These simulations are also carried out until 5 s to ensure that they are fully developed. The wave
structure for the three simulations can be seen in Figure 5.17. It is observed that there are two waves present
in the simulation with the lowest oil viscosity while there is one wave present in all the other simulations.

The results obtained from the simulations for four different oil viscosities are tabulated in Table 5.7. The oil
holdup fraction and the imposed pressure drop are the same for all four simulations. It is observed that there
is just a minor difference in the flow rates for all four simulations. The water-cut increases slightly with in-
creasing oil viscosity while the hold-up ratio decreases with increasing oil viscosity. These follow the same
trends as observed in the literature. The friction factor does not show much deviation for all the four simu-
lations. The maximum turbulence viscosity ratio increases with increasing oil viscosity but is lower for the
simulation with the highest oil viscosity. Thus, it can be concluded that for the range of the ratio of oil viscos-
ity to water viscosity (viscosity ratio) considered, the simulation outputs do not show much deviation and it
can be extrapolated to the higher oil viscosity simulations done by Kim and Choi [15] by assuming the flow
rates to be constant.

The spatial dependence analysis for the simulations with different oil viscosities is shown in Figure 5.18. It
is observed that the maximum turbulence viscosity ratio and the water layer thickness curves for simulation
with oil viscosity 0.745 Pas and 0.963 Pas are almost the same. This can be expected as there is not much
difference between the oil viscosity for both the simulations. The curve for the lowest oil viscosity simulation
has two peaks which is due to the presence of two waves in the simulation domain. The maximum turbulence
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Figure 5.16: Variation of oil, water and total flow rates for the simulations with oil viscosity (a) 0.456 Pas (b) 0.963 Pas (c) 1.926 Pas.
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Figure 5.17: Wave structure for the simulations with oil viscosity (a) 0.456 Pas (b) 0.963 Pas (c) 1.926 Pas.

36



5.4. Different oil viscosities 5. Validation of the simulations

Table 5.7: Comparison of results for the simulations with oil viscosity of 0.456 Pas, 0.745 Pas, 0.963 Pas and 1.926 Pas.

Oil viscosity (Pas) 0.456 0.745 0.963 1.926
Imposed pressure drop (Pam−1) 9945.6 9945.6 9945.6 9945.6
Imposed oil holdup 0.71 0.71 0.71 0.71
Oil flow rate (m3 s−1) 4.88×10−4 4.78×10−4 4.69×10−4 4.76×10−4

Water flow rate (m3 s−1) 1.45×10−4 1.50×10−4 1.49×10−4 1.53×10−4

Total flow rate (m3 s−1) 6.33×10−4 6.28×10−4 6.18×10−4 6.29×10−4

Water-cut 0.230 0.239 0.241 0.243
Hold-up ratio 1.37 1.30 1.29 1.27
Friction factor 0.00491 0.00502 0.00519 0.00496
Maximum turbulence viscosity ratio 18.8 19.9 20.8 16.8

viscosity ratio curve for the simulation with the highest oil viscosity is similar to the curves for the simulations
with 0.745 Pas and 0.963 Pas but the peak is lower which is also seen in Table 5.7.
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Figure 5.18: Comparison of the (a) Water layer thickness (b) Maximum turbulence viscosity ratio for the fully developed simulations with
oil viscosity of 0.456 Pas, 0.745 Pas, 0.963 Pas and 1.926 Pas.

The variation of the mean water volume fraction and the scaled mean streamwise velocity in the radial direc-
tion for the four simulations are shown in Figure 5.19. The curves for all the four simulations are identical.
This shows that the mean quantities are identical for the simulations with different oil viscosities.
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Figure 5.19: Comparison of the (a) Mean water volume fraction (b) Scaled mean streamwise velocity for the simulations with oil viscosity
of 0.456 Pas, 0.745 Pas, 0.963 Pas and 1.926 Pas.
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The wave characteristics of the waves present in the simulation domain for the four simulations with differ-
ent oil viscosities are compared in Table 5.8. It is observed that the wave velocity is the same for all the four
simulations. The wavelength is same as the length of the computational domain for all the simulations except
the simulation with the lowest oil viscosity. The wavelength for the simulation with the lowest oil viscosity is
half the length of the simulation domain since it has two waves present in the domain. The wave frequency
is higher for the simulation with the lowest oil viscosity which is expected due to the presence of two waves
in the domain. The wave frequency for the other three simulations are similar. The wave amplitude is high-
est for the simulation with 0.963 Pas with the wave amplitude for the simulation with 0.745 Pas oil viscosity
being similar to it. The wave amplitude for both the simulation with the highest and the lowest oil viscosity
is smaller than the wave amplitude for the other two simulations. It can be concluded that even though the
wave frequency, amplitude and wavelength are different for different oil viscosity simulations, the wave ve-
locity does not change with a change in oil viscosity for this range of the viscosity ratio.

Table 5.8: Comparison of the wave characteristics for the simulations with oil viscosity of 0.456 Pas, 0.745 Pas, 0.963 Pas and 1.926 Pas.

Oil viscosity (Pas) 0.456 0.745 0.963 1.926
Wave velocity (ms−1) 1.113 1.082 1.068 1.099
Wave length (m) 0.00828 0.01656 0.01656 0.01656
Wave frequency (Hz) 134.4 65.4 64.5 66.4
Wave amplitude (m) 0.00073 0.00108 0.00113 0.00067

Thus, from the analysis of the simulations with different oil viscosities, it can be concluded that for the range
of the viscosity ratio considered, the flow rates obtained do not vary and can be considered constant. The
water cut and the hold-up ratio vary slightly with change in oil viscosity. Also, even though the wave char-
acteristics are considerably different, the wave velocity remains constant with change in oil viscosity. The
mean volume fraction and the mean streamwise velocity also do not vary with change in oil viscosity. Thus,
the results demonstrated in this thesis at a lower oil viscosity of 0.745 Pas, can be compared with the DNS
results of Kim and Choi [15], where the oil viscosity used is 17.6 Pas. Still, care should be taken when using
this comparison since the oil viscosity is indeed different.
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6
Comparison with DNS results

The major objective of this thesis is to understand the extent of accuracy of the RANS approach by comparing
the predictions from the RANS simulations with the DNS results from the simulations done by Kim and Choi
[15]. There are five different cases with different oil holdups and imposed pressure drop which have been
simulated by Kim and Choi [15], which are also simulated in OpenFOAM by using the RANS approach and
the low-Re Launder-Sharma k-ε turbulence model. This chapter deals with the comparison of the results
from the RANS OpenFOAM simulations with the DNS data.

6.1. Flow characteristics
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Figure 6.1: Variation of oil, water and total flow rates in time for the simulations with (a) εo = 0.56 (b) εo = 0.62 (c) εo = 0.83 (d) εo = 0.91.

The five cases that are simulated in this thesis are listed in Table 3.1. The grid used for the simulations for εo =
0.71, 0.83, and 0.91 is 200 cells in the radial direction and 100 cells in the streamwise direction. The grids used
for εo = 0.62 and εo = 0.56 are 400X200 and 600X300 cells, respectively. The domain length for the simulation
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6.1. Flow characteristics 6. Comparison with DNS results

with εo = 0.56, εo = 0.62 and εo = 0.71 is 0.01656 m while the domain length for the simulation with εo = 0.83
and εo = 0.91 is taken as 0.0138 m as fouling was observed for a larger domain length. The variation of oil,
water and total flow rates for the five different cases except εo = 0.71 is shown in Figure 6.1. The variation
of flow rates for εo = 0.71 case was shown in Figure 5.2c. These simulations are also carried out until 5 s to
ensure that they are fully developed. The case for εo = 0.91 has been carried out until 12 s since it needed
more simulation time to become fully developed as seen from Figure 6.1d.

(a) (b)

(c) (d)

Figure 6.2: Wave structure for the simulations with (a) εo = 0.56 (b) εo = 0.62 (c) εo = 0.83 (d) εo = 0.91.

The wave structure for the simulations with εo=0.56, 0.62, 0.83, and 0.91 is shown in Figure 6.2. It is observed
that there is one wave in the simulation domain for εo=0.56 and 0.62 while there are two waves in the simula-
tion domain for εo=0.83 and 0.91.

The variation of oil, water and total flow rates with varying oil holdup is shown in Figure 6.3. The comparison
of the predictions of the 2D RANS OpenFOAM simulations with the DNS data from Kim and Choi [15] for the
oil, water and total flow rates is also shown in Figure 6.3. As can be observed, the water flow rate from the
2D OpenFOAM simulations has a very good agreement with the DNS predictions of Kim and Choi [15]. The
oil flow rate first increases with an increase in the oil holdup with a maximum at εo=0.83 and then decreases
for εo=0.91. The total flow rate from the 2D OpenFOAM simulations follows the same trend as the oil flow
rate, with a maximum at εo=0.83 and a decrease for εo=0.91. This is different from the DNS predictions where
the maximum total flow rate occurs at εo=0.71 and decreases for εo=0.83 and 0.91. As observed in Table 6.1,
the total flow rate from the RANS simulations in OpenFOAM is always higher than the DNS value. There
is a difference of 10% between the DNS data and the 2D OpenFOAM predictions for the total flow rate for
εo=0.56, 0.62 and 0.71. This difference increases to 16% for εo=0.83 and to 29% for εo=0.91. As was seen from
the 1D OpenFOAM simulations in chapter 4, the turbulence is significant for simulations with εo=0.56, 0.62,
and 0.71. The turbulence levels in the water annulus are lower for εo=0.83 as compared to lower oil holdups
while there is no turbulence for εo=0.91. This shows that the low-Re Launder-Sharma k −ε turbulence model
is able to predict the flow rates within 10% of DNS predictions when significant turbulence levels are there in
the water annulus. The difference in the predictions increases with decreasing turbulence levels.
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Figure 6.3: Comparison of oil, water and total flow rates from the 2D OpenFOAM simulations with the DNS simulations of Kim and Choi
[15] with varying oil holdup fraction.

If the pipe has only high viscosity oil flowing alone at the same wall friction (i.e. Reτ,o ≈ 0.040), the oil flow
rate is qo/uτ,oR2 ≈ 0.032 as mentioned by Kim and Choi [15]. This is orders of magnitude lower than what
is predicted for core-annular flow. Also, since the total flow rate and the oil flow rate have maximum values
at εo=0.83 and decreases for εo=0.91, it does not make sense to increase the oil holdup further because the
aim of larger oil throughput will not be fulfilled. The water region for εo=0.91 is very narrow and the oil core
suffers from high wall shear stress to give a lower oil flow rate. Thus, it can be concluded that core-annular
flow is indeed essential to transport high viscosity oils since it has a higher oil flow rate as compared to when
the oil flows alone in the pipe. Also, there is a particular value of oil holdup for which there is a maximum for
the total and oil flow rates. Hence, that should be the oil holdup used in practice to transport the maximum
amount of oil using core-annular flow instead of increasing εo .

Table 6.1: Comparison of oil, water and total flow rates from the 2D OpenFOAM simulations with the DNS simulations of Kim and Choi
[15] for the simulations with oil holdup fraction ε = 0.56, 0.62, 0.71, 0.83 and 0.91.

Oil flow rate
(m3/s)

Water flow rate
(m3/s)

Total flow rate
(m3/s)

% difference in total
flow rate (OpenFOAM

wrt DNS)
2D OpenFOAM for εo=0.56 3.86×10−4 2.37×10−4 6.23×10−4

+10%
Kim and Choi for εo=0.56 3.32×10−4 2.36×10−4 5.68×10−4

2D OpenFOAM for εo=0.62 4.19×10−4 2.02×10−4 6.21×10−4
+8%

Kim and Choi for εo=0.62 3.73×10−4 2.01×10−4 5.74×10−4

2D OpenFOAM for εo=0.71 4.78×10−4 1.50×10−4 6.28×10−4
+10%

Kim and Choi for εo=0.71 4.26×10−4 1.45×10−4 5.71×10−4

2D OpenFOAM for εo=0.83 5.58×10−4 8.12×10−5 6.39×10−4
+16%

Kim and Choi for εo=0.83 4.76×10−4 7.62×10−5 5.52×10−4

2D OpenFOAM for εo=0.91 4.72×10−4 3.30×10−5 5.05×10−4
+29%

Kim and Choi for εo=0.91 3.64×10−4 2.91×10−5 3.93×10−4

The comparison for the water-cut, the hold-up ratio and the friction factor for all the five cases between the
2D OpenFOAM results and the DNS data is shown in Table 6.2. As can be observed, the difference in the
comparison of the water-cut decreases with increasing oil holdup and is identical for εo=0.91 for both the 2D
OpenFOAM simulation and the DNS prediction. The relative difference between the 2D OpenFOAM simu-
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6.1. Flow characteristics 6. Comparison with DNS results

Table 6.2: Comparison of the result outputs from the 2D OpenFOAM simulations with the DNS simulations of Kim and Choi [15] for the
simulations with oil holdup fraction ε = 0.56, 0.62, 0.71, 0.83 and 0.91.

Water-cut Hold-up ratio Friction factor
2D OpenFOAM for εo=0.56 0.38 1.28 0.00510
Kim and Choi for εo=0.56 0.42 1.11 0.00614
2D OpenFOAM for εo=0.62 0.33 1.27 0.00513
Kim and Choi for εo=0.62 0.35 1.14 0.00600
2D OpenFOAM for εo=0.71 0.24 1.30 0.00502
Kim and Choi for εo=0.71 0.25 1.20 0.00607
2D OpenFOAM for εo=0.83 0.13 1.41 0.00485
Kim and Choi for εo=0.83 0.14 1.28 0.00649
2D OpenFOAM for εo=0.91 0.07 1.41 0.00776
Kim and Choi for εo=0.91 0.07 1.24 0.01282

Table 6.3: Relative difference between the 2D OpenFOAM simulations and the DNS predictions for the holdup ratio and the friction
factor for the simulations with oil holdup fraction εo = 0.56, 0.62, 0.71, 0.83 and 0.91.

Oil holdup Difference for holdup ratio Difference for friction factor
0.56 15% -17%
0.62 11% -15%
0.71 8% -17%
0.83 10% -25%
0.91 14% -39%

(a)

(b)

Figure 6.4: Comparison of the streamwise velocity contours relative to the core velocity for the simulation with εo = 0.71 (a) Kim and
Choi’s [15] DNS simulation (b) 2D OpenFOAM simulation.
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6.1. Flow characteristics 6. Comparison with DNS results

lations and the DNS results for the friction factor and the holdup can be seen in Table 6.3. The difference
for the holdup ratio decreases first from 15% for εo = 0.56 to 8% for εo = 0.71 and then increases to 14% for
εo = 0.91. The friction factor from the 2D OpenFOAM simulations with εo=0.56, 0.62 and 0.71 is about 17%
lower than that from the DNS data. The friction factor for the 2D OpenFOAM simulations with εo=0.83 is 25%
lower while for the 2D OpenFOAM simulations with εo=0.91, the friction factor is 39% lower as compared to
the corresponding friction factor from the DNS data. Thus, it can be concluded that for fully turbulent flow,
the difference between the prediction of the friction factor for the 2D RANS OpenFOAM simulations and the
DNS simulations by Kim and Choi [15] is about 17% while the difference increases with decreasing turbu-
lence levels.

The comparison of the contours of the streamwise velocity relative to the core velocity for the simulation
with εo=0.71 between the 2D OpenFOAM predictions and the DNS results is shown in Figure 6.4. Note that
the flow is depicted from left to right for the DNS results in Figures 6.4a and 6.5a, and from right to left for the
2D OpenFOAM results in Figures 6.4b and 6.5b. The core velocity is calculated as the oil velocity averaged over
the volume occupied by the oil as ucore = jo/εo where jo is the superficial velocity of oil. As can be observed
in the Figure 6.4a, the DNS results predict that the oil core contains nearly zero relative velocity which means
that the flow in the oil core is a plug flow with velocity ucore and having zero velocity fluctuations. This is also
observed in Figure 6.4b, which is the streamwise velocity contour from the 2D OpenFOAM simulation. Since
the oil core moves at a constant velocity and deforms slowly due to high viscosity, the interface behaves like
a slowly deforming wavy wall [4]. Hence, the flow in the water annulus can be characterized as a Poiseuille-
Couette flow with a driving velocity of ucore and the mean pressure gradient of dP/d x −ρw g . The relative
velocity near the wall is negative while the relative velocity near the interface is positive in a reference frame
moving with ucore. This can be observed in both the Figures 6.4a and 6.4b. Thus, the qualitative comparison
of the streamwise velocity contour for the 2D OpenFOAM and DNS results show similar predictions.

(a)

(b)

Figure 6.5: Comparison of the instantaneous pressure fluctuation contours for the simulation with εo = 0.71 (a) Kim and Choi’s [15] DNS
simulation (b) 2D OpenFOAM simulation.

The contours of the pressure fluctuations for εo = 0.71 from the 2D OpenFOAM simulations are compared
with the DNS results from Kim and Choi [15] in Figure 6.5. The contours are of the scaled pressure which is

43



6.1. Flow characteristics 6. Comparison with DNS results

p/(ρw u2
t au). This comparison of the contours of the pressure fluctuations looks similar such that the high

pressure region is ahead of the wave crest while the low pressure region is behind the wave crest. This is due
to the fact that the oil core moves with a constant velocity and drives the water. The pressure at the wave
trough is negative and is almost uniform in both the figures. The pressure fluctuations have a jump at the in-
terface which is due to the surface tension. Figure 6.5 and Figure 6.4 show the contours at the same instant of
time and thus can be used to understand the relation between the pressure fluctuations and the velocity. The
water velocity near the wave trough is nearly uniform while it changes rapidly in both the radial and stream-
wise direction at the wave crest. The velocity gradient at the phase interface is small except at the wave crest.
the high pressure region was also found just beside the wave crest. Thus, the velocity gradient at the phase
interface is higher in the high pressure region.
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Figure 6.6: Comparison of the (a) Mean water volume fraction (b) Scaled mean streamwise water velocity (c) Scaled mean streamwise
water velocity weighted with the mean water volume fraction (d) Scaled total shear stress for averaging time of 1 s and 4 s for the case
with oil volume fraction of 0.71.

It should be ensured that the mean water volume fraction, scaled mean streamwise water velocity, scaled
mean streamwise water velocity weighted with the mean water volume fraction and the shear stresses are
accurately time averaged. Thus, a comparison of the time averaging for simulation time of 1 s and simulation
time of 4 s is performed to ascertain if the time averaging is accurate or not. This comparison is shown in
Figure 6.6 for the case with oil volume fraction εo = 0.71. It is observed that the curves for the mean water
volume fraction and the scaled mean streamwise water velocity are on top of each other. The curves for the
scaled mean streamwise water velocity weighted with the mean water volume fraction and the total shear
stress differ slightly. The curve with averaging time 1 s shows wiggles at and after the interface for the total
shear stress while the wiggles are absent for the curve with averaging time 4 s. Thus, it can be concluded that
the averaging time of 4 s is appropriate while the averaging time of 1 s still has some inaccuracies. Thus, the
averaging time used for the quantities presented in this thesis is 4 s.

The mean streamwise velocity for different oil holdups is compared between the 2D OpenFOAM simulations
and the DNS results in Figure 6.7. The mean streamwise velocity is calculated from equation 5.2 and 5.3, as
defined by Kim and Choi [15]. The mean streamwise velocity first increases with increasing distance from the
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Figure 6.7: Comparison of the scaled mean streamwise water velocity between Kim and Choi [15] results and 2D OpenFOAM predictions
for (a) εo = 0.56 (b) εo = 0.62 (c) εo = 0.71 (d) εo = 0.83 (e) εo = 0.91.

wall, attains a maximum value and then decreases to a constant value. The velocity of the oil remains con-
stant throughout the core. Thus, the maximum velocity of the water is higher than the oil velocity. This was
also observed at the wave crest in Figure 6.4. The comparison for the mean streamwise water velocity shows
that a better agreement for the 2D OpenFOAM simulations with the DNS results is found for fully turbulent
cases as compared to the case with less or no turbulence. The difference in the mean streamwise velocity
increases with an increase in oil holdup fraction.

Kim and Choi also define the mean streamwise water velocity weighted with the mean water volume fraction
as shown in equation 6.1. The value of ū∗

w first increases with increasing distance from the wall, reaches a
maximum and then decreases. The decrease in the ū∗

w is due to the change in the ψ̄ value from 1 to 0. The
comparison between the 2D OpenFOAM simulations and the DNS data for all the five cases is presented in
Figure 6.8. This comparison also follows the same trend with the case for εo = 0.91 giving the worst compari-
son because of the non-existent turbulence.
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ū∗
w (r ) =

Ð
u(x,r,θ, t )ψ(x,r,θ, t )dθdx dtÐ

dθdx dt

=
Ð

u(x,r,θ, t )ψ(x,r,θ, t )dθdx dtÐ
ψ(x,r,θ, t )dθdx dt

Ð
ψ(x,r,θ, t )dθdx dtÐ

dθdx dt

= ūw (r )ψ̄(r )

(6.1)
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Figure 6.8: Comparison of the scaled mean streamwise water velocity weighted by the mean water volume fraction between Kim and
Choi [15] results and 2D OpenFOAM predictions for (a) εo = 0.56 (b) εo = 0.62 (c) εo = 0.71 (d) εo = 0.83 (e) εo = 0.91.

6.2. Wave characteristics

Due to the waves present at the interface, there is an intermittent region present at the interface where the
volume fraction changes. Thus, it is important to look at the mean quantities and compare it for the 2D
OpenFOAM results and the DNS data from Kim and Choi [15]. Kim and Choi [15] have defined the mean wa-
ter volume fraction as shown in equation 5.1. The mean water volume fraction denotes the amount of water
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present at the specified radial location in the domain. The comparison between 2D OpenFOAM predictions
and the DNS results for all five cases is shown in Figure 6.9. For the DNS results, the ψ̄ value linearly decreases
with distance from wall except for the region with very low ψ̄ values. While for the 2D OpenFOAM simula-
tions, the ψ̄ has a constant value of 1 for the initial region very close to wall while it decreases almost linearly
after that.

The comparison in Figure 6.9 shows that there is a very good agreement in the mean water volume fraction
for the higher oil holdups while the difference between the predictions increases with decreasing oil holdups.
This can be explained from Figure 6.10, which shows the comparison of the radial location of the maximum
and minimum points of the interface in the simulation domain. It shows that there is a larger difference for
both, the maximum and minimum points of the interface, between the 2D OpenFOAM simulations and the
DNS data for lower oil holdups. The difference decreases as the oil holdup increases. Thus, it also supports
the observation done for the mean water volume fraction that the difference is higher at lower oil holdups.
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Figure 6.9: Comparison of the mean water volume fraction in the radial direction between the Kim and Choi [15] results and the 2D
OpenFOAM predictions for (a) εo = 0.56 (b) εo = 0.62 (c) εo = 0.71 (d) εo = 0.83 (e) εo = 0.91.
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Figure 6.10: Comparison of minimum and maximum interface position from the 2D OpenFOAM simulations with the DNS simulations
of Kim and Choi [15] for varying oil holdup fraction.

The maximum interface position from the DNS data is almost constant while the minimum interface posi-
tion increases with increasing oil holdup. This shows that the wave amplitude decreases with increasing oil
holdup. For the 2D OpenFOAM simulations, the maximum interface position moves slightly towards the wall
with increasing oil holdup while the minimum interface position also increases with increasing oil holdup.
The increase in the minimum interface position is larger than the increase in maximum wave position which
means that the amplitude decreases with increasing oil holdup for the 2D OpenFOAM simulations as well.
This can also be seen from Table 6.4 where the wave characteristics for all the five cases are presented. The
wave amplitude decreases from 0.00138 m for εo = 0.56 to 0.00023 m for εo = 0.91. The wavelengths for εo =
0.56, 0.62 and 0.71 will be the simulation domain length (0.01656 m) as there is only one wave present in the
simulation domain. While the wavelength for εo = 0.83 and 0.91 will be half of the domain length (0.0138 m)
as there are two waves present in the simulation domain. The wave velocity is almost constant for all the five
cases. The wave frequency is in the range of 60-65 Hz for εo = 0.56, 0.62 and 0.71 while it is about 145 Hz for
εo = 0.83 and 0.91.

The comparison of the probability distribution function (PDF) of radial location of the interface for the 2D
OpenFOAM simulations and the DNS predictions is shown in Figure 6.11. The PDF represents how often the
interface is found at the specified radial location. If the peak of the PDF is broad, it means that the waves in
the simulation domain have a mixture of wavelengths while the sharper PDF represents the dominance of
a specific wavelength. The DNS predictions for the cases with εo = 0.56 and 0.71 have a broader peak while
the case with εo = 0.91 has a sharper peak. The RANS simulations always have a sharp peak since it has a
specified dominant wavelength as also shown in Table 6.4. The PDFs shift towards the wall with increas-
ing oil holdup which substantiates the fact that the minimum interface position increases with increasing

Table 6.4: Comparison of the wave characteristics for the simulations with oil holdup fraction εo = 0.56, 0.62, 0.71, 0.83 and 0.91.

Oil holdup 0.56 0.62 0.71 0.83 0.91
Wave velocity (ms−1) 1.02 1.003 1.082 1.0005 1.0002
Wave length (m) 0.01656 0.01656 0.01656 0.0069 0.0069
Wave frequency (Hz) 61.59 60.55 65.4 145.01 144.96
Wave amplitude (m) 0.00138 0.00126 0.00108 0.00042 0.00023
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oil holdup. Also, the difference between the maximum and the minimum radial value for the interface de-
creases with the increase in oil holdup, which substantiates the fact that the wave amplitude decreases with
increasing oil holdup. The comparison between the 2D OpenFOAM simulations and the DNS predictions for
εo = 0.91 shows that the peak is almost at the same radial location while the agreement for εo = 0.56 and 0.71
is not good. Thus, it can be concluded that due to the presence of a broader peak (waves with different wave-
lengths) in the DNS predictions at lower oil holdups, the agreement for the wave characteristics decreases
with the 2D OpenFOAM simulations.

(a) (b)

(c)

Figure 6.11: Comparison of PDFs of radial location of the interface from the 2D OpenFOAM simulations with the DNS simulations of
Kim and Choi [15] for (a) εo = 0.56 (b) εo = 0.71 (c) εo = 0.91.

6.3. Turbulence characteristics
The turbulence levels inside the simulation domain can be represented by calculating the maximum turbu-
lence viscosity ratio. Figure 6.12 shows the comparison of the maximum turbulence viscosity ratio in the
simulation domain for all the five cases of different oil holdups. The X-axis has been scaled with the stream-
wise domain length, L, so that the comparison is easier since the domain length for all the cases is not same.
Figure 6.12 shows that the maximum turbulence viscosity ratio decreases with increasing oil holdup which
was also observed in the 1D simulations. The flow can be said to be fully turbulent if the turbulence viscosity
ratio is above 10 or so, which is the case for simulations with ε = 0.56, 0.62 and 0.71. The case with ε = 0.83 still
has some turbulence level in the domain but it cannot be called fully turbulent while the case with ε = 0.91
does not have any turbulence in the simulation domain. Thus, it can be concluded that a fully turbulent 2D
OpenFOAM simulation has less differences with the DNS data as compared to the 2D OpenFOAM simulation
with less or no turbulence, which has higher differences with the DNS data.

The comparison of the viscous shear stress, Reynolds shear stress and the total shear stress between the 2D
OpenFOAM simulations and the DNS data is shown in Figure 6.13, 6.15 and 6.16 respectively. The total shear
stress is calculated as shown in equation 6.2.
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Figure 6.12: Comparison of maximum turbulence viscosity ratio for fully developed simulations with oil holdup fraction ε = 0.56, 0.62,
0.71, 0.83 and 0.91.
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Figure 6.13: Comparison of the scaled viscous shear stress from the 2D OpenFOAM simulations with the DNS simulations of Kim and
Choi [15] for (a) εo = 0.56 (b) εo = 0.71 (c) εo = 0.83.

τ̄(r ) = ρux ur −µ
(
∂ux

∂r
+ ∂ur

∂x

)
(6.2)
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The second term on the right of equation 6.2 denotes the viscous shear stress which is dominant in the oil
core. The overbar denotes the averaging in time and space. The viscous shear stress increases with the in-
crease in distance from the centre while it decreases rapidly when ψ̄ 6= 0, reaches a local minimum and then
increases with decrease in distance from the wall. The curves of the viscous shear stress for both the 2D Open-
FOAM simulation and the DNS data are identical in the oil core since the Reynolds shear stress is negligible
in the oil core. The total shear stress can also be calculated, as shown in equation 6.3, from the momen-
tum balance applied to a section of the pipe, where the surface tension term is negligibly small [15]. The 2D
OpenFOAM simulation curve has a lower local minimum as compared to the DNS curve for the viscous shear
stress. Also, both the curves become identical once again very near to the wall.

τ̄(r ) = r

2

(
− dP

dx

)
+ 1

r

∫ r

0

(
σκδnx − ρ̄g

)
r dr (6.3)

The first term on the right in equation 6.2 denotes the Reynolds stress but since ρux ur = ūxρu′
r +ρu′

x u′
r ≈

ρu′
x u′

r , the contribution to Reynolds shear stress for the RANS simulations can be divided into two parts.
The first being the contribution from the modelled turbulence calculated directly from the turbulence model
used. The other contribution is the fluctuations of the velocity in the simulation domain. Thus, the total
Reynolds shear stress is calculated by adding the contribution from the modelled turbulence part as well as
the fluctuations of the velocity in the simulation domain as shown in equation 6.4. The different contribu-
tions to the Reynolds stress for the simulation with εo = 0.71 is shown in Figure 6.14.

ρu′
x u′

r =µt

(
∂ux

∂r
+ ∂ur

∂x

)
+ρ(ux −Ux )(ur −Ur ) (6.4)
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Figure 6.14: Contribution to the Reynolds shear stress due to the (a) Modelled turbulence (b) Velocity fluctuations in the domain for the
simulation with εo = 0.71.

The Reynolds shear stress is negligible in the oil core while in the warer region, it increases and reaches a max-
imum before going back to zero at the wall. The comparison for the total Reynolds shear stress between the
2D OpenFOAM simulations and the DNS data shows that the maximum for the 2D OpenFOAM simulations is
higher than the maximum for the DNS curve. The local minimum of the viscous shear stress becomes higher
with increasing oil holdup (decreasing turbulence) while the maximum of the total Reynolds shear stress
becomes lower with increasing oil holdup. The comparison of the total shear stress is almost identical for
εo = 0.56 as can be seen from Figure 6.16a. The curves for the case with εo = 0.71 and εo = 0.83 differ slightly
in the water annulus part. Thus, it can be concluded that the turbulence level also impacts the comparison
of the shear stress. The higher the turbulence inside the simulation domain, the better the comparison.

The comparison of the total shear stress obtained from the 2D OpenFOAM simulations and the force balance
from equation 6.3 is shown in Figure 6.17. The total stress from equation 6.3 is calculated after neglecting
the surface tension term and using the water volume fraction obtained from the 2D OpenFOAM simulations.
The comparison shows that the curves are similar in the oil core while there is a slight difference near the
interface. Since both the curves are obtained from the results of the 2D OpenFOAM simulations, it can be
argued that this difference is due to the inaccuracy in the averaging done while calculating the total shear
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Figure 6.15: Comparison of the scaled Reynolds shear stress from the 2D OpenFOAM simulations with the DNS simulations of Kim and
Choi [15] for (a) εo = 0.56 (b) εo = 0.71 (c) εo = 0.83.
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Figure 6.16: Comparison of the scaled total shear stress from the 2D OpenFOAM simulations with the DNS simulations of Kim and Choi
[15] for (a) εo = 0.56 (b) εo = 0.71 (c) εo = 0.83.

52



6.3. Turbulence characteristics 6. Comparison with DNS results

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

r/R

0

0.2

0.4

0.6

0.8

1

1.2

T
o
ta

l s
h
e
a
r 

st
re

ss
/

w

2D - OpenFOAM

OpenFOAM force balance

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

r/R

0

0.2

0.4

0.6

0.8

1

1.2

T
o
ta

l s
h
e
a
r 

st
re

ss
/

w

2D - OpenFOAM

OpenFOAM force balance

(b)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

r/R

0

0.2

0.4

0.6

0.8

1

1.2

T
o
ta

l s
h
e
a
r 

st
re

ss
/

w

2D - OpenFOAM

OpenFOAM force balance

(c)

Figure 6.17: Comparison of total shear stress from the 2D OpenFOAM simulations and the OpenFOAM force balance from equation 6.3
for (a) εo = 0.56 (b) εo = 0.71 (c) εo = 0.83 .

stress from equation 6.2.

The comparison between the scaled viscous, Reynolds and total shear stress for the simulations of different
oil viscosities is shown in Figure 6.18. It can be seen that the viscous shear stress curves are identical for all
the four cases. There is a slight difference in the Reynolds shear stress which can be attributed to the slightly
different maximum turbulence viscosity ratio in the simulation domain as also shown in Table 5.7. Also, the
averaging inaccuracy also plays a role here as was observed in the comparison of the total shear stress with
the force balance for the 2D OpenFOAM simulations. The total shear stress is also identical in the region of
the oil core while there is a slight difference in the water annulus. Thus, it can be concluded that in the range
of high oil viscosities, there is no difference in the viscous shear stress when the oil viscosity is changed while
there is a slight change in the Reynolds shear stress since the turbulence level changes slightly.

The comparison for the shear stresses between the 2D and 1D OpenFOAM simulations for the case with
εo = 0.71 is shown in Figure 6.19. The curves for the viscous shear stress are identical except at and near the
interface which can be attributed to the sudden jump in the volume fraction in the 1D simulations. There is
a slight difference for the Reynolds shear stress. The total shear stress is identical in the oil core while there is
a slight difference in the water annulus. Thus, it can be concluded that the turbulence is sufficiently resolved
in the 1D simulations.
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Figure 6.18: Comparison of the scaled shear stresses for different oil viscosities (a) Viscous shear stress (b) Reynolds shear stress (c) Total
shear stress.
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Figure 6.19: Comparison of the scaled shear stresses for εo = 0.71 between 1D and 2D OpenFOAM simulations (a) Viscous shear stress
(b) Reynolds shear stress (c) Total shear stress.
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7
Conclusions and Recommendations

7.1. Conclusions
It has been observed that the simulations using Launder-Sharma low-Re k-ε model for core-annular flow of
oil/water in a horizontal pipe provide results that have differences when compared with the experimental
data. It is necessary to determine the impact of using the Launder-Sharma k-ε turbulence model, and in gen-
eral the RANS approach, on the predictions of results for core-annular flow. This has been achieved in this
thesis for vertical upward core-annular flow by comparing the results from the 1D and 2D OpenFOAM simu-
lations using the Launder-Sharma low-Re k-ε turbulence model with the DNS results from Kim and Choi [15].

The CLSVOF method is used to track the interface in OpenFOAM because it combines the advantages of
both the VOF and the LES method. Periodic boundary conditions are used to make the simulation domain
shorter and reduce the computational time. The friction Reynolds number was fixed in this study and five
cases of different oil holdups are compared. The input conditions were the imposed pressure drop and the oil
holdup to use the advantage of periodic boundary conditions. The output gives the oil and water flow rates.

The 1D simulations for all the five cases as obtained with OpenFOAM are compared with the solutions for
the same 1D model as calculated with MATLAB. The grid independence test is performed to validate the
grids used in the 1D simulations. The agreement of the turbulence characteristics from the 1D OpenFAOM
simulations and the 1D MATLAB model is excellent. The turbulence characteristics from the 1D OpenFOAM
simulations for all five cases are compared with the asymptotic wall laws and excellent agreement was found
for the region between r+ = 20 and r+ = 100, where the turbulence is expected to be present.

A base case is identified for the 2D simulations with an oil holdup fraction εo = 0.71 and it is used to val-
idate the simulations by varying a single parameter and keeping the other parameters constant. The grid
independence test is performed by varying the number of grid cells. Also, the comparison between the mov-
ing wall simulations and the stationary wall simulations is performed. It is concluded that the moving wall
simulation with 200X100 grid gives a grid independent result and is the least computationally expensive. The
dependence of the results on the streamwise domain length is analysed by varying the simulation domain
length. It is observed that the domain length used for the base case (0.01656 m) gives results that do not de-
pend on the streamwise domain length. The comparison between the simulations with and without gravity
is also performed and it is concluded that for the fluid properties used in the simulations, the predictions do
not change.

As fouling of the pipe wall was observed when the oil viscosity was used as the same in the DNS simula-
tions, the oil viscosity used in this thesis is lower than the oil viscosity used in the DNS simulations. Thus,
the simulations with different oil viscosities were analysed to understand the effect of the oil viscosity on the
predictions. It is concluded that the flow rates do not change when the oil viscosity is changed but the wave
characteristics and the turbulence inside the simulation domain varies slightly. Thus, the flow rates and the
results obtained from the simulations with lower oil viscosity can be considered constant to compare it with
the DNS results at higher oil viscosity. The turbulence characteristics for lower oil viscosity vary slightly with
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change in oil viscosity and can also be used to compare with the DNS results at higher oil viscosity.

The comparison between the 2D OpenFOAM simulations and the DNS results is done for all the five cases
presented by Kim and Choi [15]. It is observed that the differences between both the results depend on the
turbulence levels inside the simulation domain. The difference in the total flow rate between the RANS pre-
dictions and the DNS data is about 10% for εo = 0.56, 0.62 and 0.71. The RANS friction factor is about 17%
lower than the friction factor from the DNS data for the same three cases with oil holdup fraction of 0.56, 0.62
and 0.71. These simulations have significant turbulence levels and can be considered fully turbulent. The
case with εo = 0.83 is observed to have lower turbulence levels and hence cannot be considered fully turbu-
lent. The difference for the total flow rate increases to 16% for this case while the friction factor from the RANS
simulation is 25% lower than the friction factor from the DNS results. The case with εo = 0.91 does not have
any turbulence inside the domain and can be considered laminar. This case shows the difference to be 29%
for the total flow rate and the friction factor from the RANS simulation is 39% lower than the friction factor
from the DNS data. The difference for the holdup ratio (when comparing 2D OpenFOAM results with respect
to DNS results) decreases first from 15% higher for εo = 0.56 to 8% higher for εo = 0.71 and then increases to
14% higher for εo = 0.91. The difference in the velocity predictions also follow the same trend of increasing
with decreasing turbulence levels. The difference is less when significant turbulence levels are present in the
simulation domain while the difference increases with the decrease in the turbulence levels. The difference
in the turbulence characteristics also follow the same trend as observed for the difference in the flow charac-
teristics. The comparison of the shear stresses is in agreement for the lower oil holdups while the difference
increases as the oil holdup increases.

The comparison of the wave characteristics follows a different trend as compared to the flow characteris-
tics. The wave characteristics have a good agreement for the case with εo = 0.91 while the agreement is worst
for εo = 0.56. This can be attributed to the presence of a mixture of wavelengths in the DNS simulations at
lower oil holdup which is seen from the broad peak of the probability distribution function for the radial lo-
cation of the interface at low oil holdup. The 2D OpenFOAM simulations always have a sharper peak for the
PDF and hence a dominant wavelength. Thus, it is concluded that the wave characteristics depends on the
presence of a mixture of wavelengths. Hence, the comparison is accurate for the higher oil holdups while the
difference increases as the oil holdup decreases.

Thus, it can be concluded that the flow rate predictions of the 2D OpenFOAM simulations are within 10%
of the DNS results while the friction factor predictions are within 17% of the DNS results when the flow is
fully turbulent. While the difference increases when the flow is transient or laminar. Still, care should be
taken while using the comparison as the oil viscosity for the 2D OpenFOAM simulations and the DNS result
is different. Hence, the objective of this thesis to determine the impact of using the Launder-Sharma low-Re
k-ε turbulence model on the prediction of results for vertical core-annular flow configuration is achieved.

7.2. Recommendations
The first improvement that can be made to this thesis is to use a different numerical scheme to increase the
oil viscosity to the value as used in the DNS results. This can be done by using a different interface tracking
method or a different solver in OpenFOAM can be tried. The effect of eccentricity can be included by doing
3D RANS calculations and then comparing it with the DNS results for horizontal core-annular flow configu-
ration.

To understand the flow physics and also to save computational time as compared to DNS, LES simulations
can be performed. To understand the wave characteristics better, spectral analysis can also be performed.
The parametric study for various properties like the surface tension, the water viscosity etc. can be performed
to understand the influence of those parameters.
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A
Fouling in high oil viscosity simulation

The oil viscosity used in this thesis is lower than that used by Kim and Choi [15] because fouling was observed
while simulating the flow with an oil viscosity of 17.6 Pas. The waves continue to grow until the oil touches the
pipe and fouling is observed. Once the oil touches the pipe, due to the no slip boundary condition, dispersion
occurs and the simulation becomes very slow. The fouling inside the simulation domain can be seen in Figure
A.1. Thus, it is not possible to continue the simulation and hence the oil viscosity was reduced to a value for
which there was no fouling observed.

Figure A.1: Fouling of the pipe for the simulation with oil viscosity 17.6 Pas.
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Nomenclature

dP
d x Pressure gradient (Pam−1)

µo Oil viscosity (Pas)

µt Turbulent viscosity (Pas)

µw Water viscosity (Pas)

ψ Water volume fraction

ρo Oil density (kgm−3)

ρw Water density (kgm−3)

σ Surface tension coefficient (Nm−1)

τw Wall shear stress (Pa)

ε Turbulence dissipation rate (m2 s−3)

εo Oil holdup fraction

k Turbulent kinetic energy (m2 s−2)

L Pipe length (m)

R Pipe radius (m)

r Radial coordinate (m)

uτ Friction velocity (ms−1)

V Volume of the pipe (m3)

vo Superficial oil velocity (ms−1)

vw Superficial water velocity (ms−1)

x Streamwise coordinate (m)
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