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Summary

The current design of multiphase flow through pipelines is based on one-dimensional steady state or
dynamic simulation methods. However, there is an increasing interest from a wide range of industries
to use Computational Fluid Dynamics (CFD) codes for design purposes. Recently some journal papers
were published, which claim that current commercial CED codes are able to predict the different mul-
tiphase flow regimes in a horizontal two phase flow. Due to the complexity of multiphase flows and the
lack of fundamental understanding of these kind of flows, CFD could be very advantageous. However,
the question is whether existing CFD codes are indeed reliable enough to model such multiphase flows.

Consequently the present study was started to investigate the reliability of a selected commercial
CFD code, FLUENT, to model multiphase flow in pipelines. For this assessment two benchmark cases
were considered. The first benchmark case was the simulation of the Benjamin bubble, which is a
single bubble moving into a stagnant liquid in a horizontal pipe or channel. Secondly, the Dumitrescu
or the Taylor bubble was modeled. This is a single bubble, which rises in a stagnant liquid in a vertical
pipe. The reason for specifically selecting these two benchmark cases is twofold. Firstly both cases are
closely related to the slug flow regime, which is a common flow regime in pipelines found in the oil and
gas industry. Secondly analytical solutions exist for the two benchmark cases when the effect of vis-
cosity and the effect of surface tension are neglected, which makes the assessment more straightforward.

The Volume of Fluid (VOF) multiphase model, implemented in FLUENT, was used to model the
benchmark cases. Both 2D and 3D simulations were performed and the simulation results were com-
pared with the analytical solutions and with experimental data from the literature. For convenience
the simulation results for the Benjamin bubble and the Dumitrescu/Taylor bubble are summarized

separately.

Summary of the simulation results for the Benjamin bubble

The analytical value for the dimensionless bubble velocity and the dimensionless liquid height for the
2D channel flow was derived by Benjamin (1968) to be vy//gH = 0.5 and y/H = 0.5, respectively.
The FLUENT simulations for the 2D Benjamin bubble with zero viscosity and zero surface tension
with the finest grid gave a dimensionless bubble velocity of vp/\/gH = 0.494, where v, is the bubble
velocity, g the gravitational acceleration and H the channel height. This value for the dimensionless
bubble velocity is in good agreement with the analytical value of 0.5. The corresponding dimensionless
liquid height, which is the thickness of the liquid layer beneath the bubble, was y/H = 0.495. The
latter is also in very good agreement with the theoretical value of 0.5. Benjamin (1968) also derived
an analytical expression for the dimensionless bubble velocity and the dimensionless liquid height for
the 3D pipe flow when the flow was inviscid and the effect of surface tension was neglected. The
analytical value for the dimensionless bubble velocity and the dimensionless liquid height was given
by Benjamin (1968) to be vp/+/gD = 0.542 and y/D = 0.563, respectively. In the latter D is the
diameter of the pipe. The FLUENT simulations for the 3D Benjamin bubble with zero viscosity and
zero surface tension with the finest grid gave a dimensionless bubble velocity of v,/1/gD = 0.516. This
value is in fair agreement with the analytical value of 0.542. The corresponding dimensionless liquid
height was y/D = 0.551, also in good agreement with the analytical value of 0.563. Extrapolation of
the simulation results to a zero grid size gives a value of 0.531 and 0.554 for the dimensionless bubble
velocity and the dimensionless liquid height, respectively. Thus the simulation results are in good
agreement with the analytical solutions of Benjamin (1968).
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In addition to these special conditions of zero viscosity and zero surface tension, simulations were per-
formed to investigate the effect of viscosity and surface tension on the 2D and 3D Benjamin bubbles.
Several simulations, with corresponding experimental conditions from the literature, were performed.
The dimensionless number used in this study to account for surface tension was either the Eotvos
number Eo = pgL?/o or the inverse Eétvos number defined as ¥ = 40/pgL?. The dimensionless
numbers used to account for the viscous effects were either the Morton number Mo = gu*/po® or the
Reynolds number defined as either Re = pvyL/u or as Re = pLy/gL/p. The dimensionless number
to account for inertial effects was the Froude number defined as vp/y/gL. In these equations p and p
are the density and the viscosity of the liquid, respectively, and g the gravitational acceleration, o the
surface tension, v, the bubble velocity and L the characteristic length. The characteristic length L
was the channel height H in the 2D simulations and the pipe diameter D in the 3D simulations. The
simulation results for low surface tension or low ¥ are in good agreement with the experimental data.
For example the simulation for the 2D Benjamin bubble with ¥ = 3.0x1073 and Mo = 2.53x10~!!
gave a dimensionless bubble velocity of v,//gH = 0.459, which is in good agreement with the exper-
imental value of 0.468. Simulations for the 3D Benjamin bubble with ¥ = 0.01 and Re = 9290 gave
a dimensionless bubble velocity of vy/y/gD = 0.494 in fair agreement with the experimental value of
0.462. However in flows dominated by the surface tension the simulation results do not agree with
the experimental data. For example the simulation for the 2D Benjamin bubble with ¥ = 246x10~3
and with Mo = 2.53x10~!! gave a dimensionless bubble velocity of vy/v/gH = 0.349, while the exper-
imental value was 0.2. The reason for the deviation of the simulation results from the experimental
data when the flow is dominated by the surface tension is due to the presence of the so-called par-
asite currents in the CFD simulations. These parasite currents are vortices in the neighbourhood of
interface region despite the absence of any external forcing. It is known from the literature that these
parasite currents scale with the viscosity and the surface tension. Thus the parasite currents are a
numerically artifact when the Continuum Surface Force (CSF) method is applied, appearing in flows
dominated by the surface tension. Furthermore the simulations shows that the bubble velocity de-
creases as the surface tension (or Eo) is increased, which is in agreement with experimental observation.

The simulations results for the 2D and 3D Benjamin bubble with a very high viscosity show that
the bubble velocity decreases with increasing time when the bubble moves along the length of the
pipe. The comparison of the simulation results for this case was not straightforward, since the bubble
velocity was measured at a single position in the experiments. No experimental data in the litera-
ture could be found which report the bubble velocity along the length of the pipe. Furthermore, as
expected, the bubble velocity decreases when the viscosity increases.

Summary of the simulation results for the Dumitrescu or Taylor bubble

The Dumitrescu or Taylor bubble has an axisymmetric nature, but both 2D axisymmetric and 3D
simulations were performed. By neglecting the effect of viscosity and the surface tension Dumitrescu
(1943) was able to obtain an analytical expression for the dimensionless bubble velocity and the radius
of curvature close to the bubble nose. The analytical value of the dimensionless bubble velocity is
vp/+/gD = 0.352 and the value for the radius of curvature is o/D = 0.75. The simulation results
for the 2D axisymmetric bubble with zero viscosity and zero surface tension do not agree with the
analytical result of Dumitrescu (1943). For example the simulations for the 2D axisymmetric bubble
with a second order scheme gave a dimensionless bubble velocity of v,/y/gD = 0.409 on a coarse mesh,
while this value was 0.427 for the finest mesh. The corresponding radius of curvature was g/D = 0.56
for the coarse mesh and o/D = 0.25 for the finest mesh. The disagreement between the simulations
and the analytical solutions is most likely due to the existence of multiple solutions for the inviscid
problem. The existence of multiple solutions is also reported in the literature by Mao and Dukler
(1990), in which the authors claim that the surface tension is responsible for obtaining the physically
relevant solution. Keeping this in mind a simulation with a small surface tension and viscosity (Eo =
200 and Mo = 1.6x107!!) corresponding with the experimental conditions of White and Beardmore
(1962) was performed. This simulation gave a dimensionless bubble velocity of vy /v/gD = 0.344, which
is in very good agreement with the experimental value of 0.345 given by White and Beardmore (1962)
and the analytical value of 0.352. This result supports the claim of Mao and Dukler (1990) that the
surface tension is most likely responsible for obtaining the physically relevant solution.
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In addition to the 2D axisymmetric simulations also 3D simulations were performed. These 3D simula-
tions show that the bubble becomes unstable at a certain bubble length. In the present simulations this
critical length was about 6D, where D is the diameter of the pipe. Furthermore the instability causes
the bubble to become asymmetric and as a consequence the bubble velocity increases. Obviously, the
instability and the asymmetry are not seen in the 2D axisymmetric simulations.

One simulation with an E6tvos number of 100 and a Morton number of 0.015, corresponding with
the experimental conditions of Bugg and Saad (2002), was performed. The results of this simulation,
e.g. the axial and radial velocities at several locations relative to the bubble nose, are in excellent
agreement with the PIV measurements of Bugg and Saad (2002).
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Chapter 1

Introduction

This introductory chapter will give a short overview of multiphase flow in pipelines, together with the
related problems. Further, a summary of an extensive literature study is given and the project goals

are outlined.

1.1 Multiphase flow in pipelines

Multiphase flows may be defined as flows that consist of two or more phases, which can be combinations
of gases, liquids and solids. In this project we will confine ourselves to gas-liquid multiphase flow
systems, specifically in pipelines. Gas-liquid flow in pipelines can adopt different flow structures, also
known as flow patterns or flow regimes. The nature of these flow regimes is very complex and this
explains why most of the research relies on experiments. However, these flow regimes are of importance
in pipeline design and a short overview is given below.

1.1.1 Flow regimes in multiphase flow

The main flow regimes in vertical and horizontal pipeflow are given in figure 1.1 and figure 1.2,
respectively. These flow regimes are dictated by the pipeline configuration (e.g. diameter, inclination)
and by the operating conditions (e.g. superficial gas and liquid velocities, pressure and temperature).
A useful tool to find the relevant flow regime at certain conditions is the well-known flow pattern map.
An example of this flow pattern map can be seen in figure 1.3. In figure 1.3(a) the superficial gas
velocity ugs and the superficial liquid velocity u;s are used to define the transition boundaries between
the flow regimes. In figure 1.3(b) dimensionless quantities (K, X, 7' or F) based on ugs and wuys,
are used. The idea of the flow pattern map is that for given flow conditions one easily can obtain
the corresponding flow regime. Other types of flow pattern maps can be found in the literature, for
instance the Baker chart after Baker (1954), but the key idea behind them is the same.
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Figure 1.1: Flow patterns in vertical upward two-phase flow; (a) Bubbly flow, (b) Slug flow, (¢) Churn flow,
(d) Annular flow (Taitel and Barnea, 1980).
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Figure 1.2: Flow patterns in horizontal two-phase flow; (a) Stratified (wavy)flow, (b) Slug or intermittent
flow, (c) Annular flow , (d) Bubbly flow.
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Barnea, 1980).

Figure 1.3: Flow pattern map

1.1.2 Flow description in vertical pipes

As stated earlier, the different flow regimes are very complex in nature and the actual mechanisms
that are responsible for the transition between flow regimes are not exactly known. However, several
(simplified) models based on physical mechanisms are suggested to predict flow pattern transitions,
see Taitel and Dukler (1976), Taitel and Barnea (1980) and Barnea (1987). A qualitative description
of the flow regimes is given below:

e Bubbly flow: small bubbles are approximately uniformly distributed in the continuous liquid

phase. This regime occurs at low gas velocities and an increase in gas flow will cause a transition
to slug flow.

Slug flow: contains large bullet-shaped bubbles with a diameter almost equal to the pipe diameter.
These large bubbles are also called Taylor bubbles. These Taylor bubbles are separated by
liquid slugs, which contain small bubbles. The suggested transition mechanism that governs the
transition from bubbly flow to slug flow is coalescence of small bubbles to form large bubbles.
Increasing the gas flow further will cause a transition to churn or froth flow.

Churn flow: is a flow of chaotic nature. The Taylor bubbles are ruptured continuously and the
flow becomes totally disordered. Due to this rupturing of the Taylor bubbles, liquid slugs will fall
downward and will be lifted again by the gas. This oscillatory behaviour of the liquid is typical
for churn flow. A higher gas flow rate, at this point, will result in a transition to the annular
flow pattern.

Annular flow: in this regime gas flows in the core of the pipe, while the liquid flows as a thin
film around the perimeter of the pipe. The liquid film can be wavy and liquid droplets can
be entrained in the gas core. The gas rate should be sufficient to lift the entrained droplets,
otherwise these droplets will fall back and accumulate to cause a transition to churn or slug flow.

1.1.3 Flow description in horizontal pipes

The flow patterns observed in a horizontal pipe are different, due to gravitational effects, from the
corresponding vertical flow patterns. The responsible mechanisms that cause the transition from one
regime to the another are also different. A description of the horizontal flow regimes is given below:
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e Stratified (smooth or way) flow: this flow regime is observed at low gas and liquid velocities.
The liquid flows over the bottom of the tube and the gas flows over it maintaining the gas-liquid
interface smooth. By increasing the gas velocity the smoothness of the interface is disturbed
resulting in a wavy pattern. In the wavy regime liquid droplets may be entrained in the gas and
increasing the gas velocity further will cause a transition to the slug flow regime.

e Slug flow: this flow regime contains large gas bubbles that cover almost completely the cross-
section of the pipe. These large bubbles are separated by liquid slugs, which may be aerated at
certain conditions. Higher gas velocities will result in a transition from slug flow to annular flow.

e Annular flow: in this flow pattern gas flows in the core of the pipe and the liquid forms a
continuous film around the perimeter of the pipe. The liquid film at the top of the pipe may be
thinner than the liquid film at the bottom of the pipe.

e Bubbly flow: this flow regime occurs at low gas velocities in which gas bubbles are dispersed in
the continuous liquid phase. Due to buoyancy most of the gas bubbles will flow along the upper
part of the pipe.

All these flow regimes may occur simultaneously in long pipelines or transition between flow regimes,
due to changing operating conditions in time, may take place. The latter is very common in oil and
gas production. Since, the pressure of an oil reservoir is high at the beginning of the field life, initially
dispersed bubble flow may occur. When the well becomes older, however, the pressure drops and this
will cause a transition to slug or churn flow. The predominant flow regime is slug flow in oil production
and annualr flow in gas production.

1.2 Problem description

Multiphase flow is not restricted to oil and gas transport in pipelines, but it is found in a wide variety
of industrial applications. Examples are: bubble columns, vapour-liquid contactors or absorbers, re-
boilers, spraying systems, gas-liquid separators, chemical reactors and others. The design of all these
industrial multiphase systems is based on simplified models, due to the complexity and lack of funda-
mental understanding. For instance, the current design of multiphase flow through pipelines is based
on one-dimensional steady state or dynamic simulation methods. These methods are validated with
experiments within a certain range of often idealized operating conditions and may be inaccurate for
operating conditions outside this range. For example, Jepson and Taylor (1993) investigated the slug
flow transitions in large diameter horizontal pipes and concluded that the transitions are not accurately
predicted by the widely used Taitel and Dukler map (Taitel and Dukler, 1976). Probably, this was
often overlooked, because smaller diameter pipes were used to validate the Taitel and Dukler map.

Clearly, a better understanding of multiphase flow is needed to improve the design of multiphase
systems. Here, Computational Fluid Dynamics (CFD) may be a valuable tool. The advantage of
CFD is that any operating conditions can be used and detailed information, which is often difficult
to achieve in experiments, can be extracted. This is one of the reasons for the increasing interest,
from a wide range of industries, to use CFD for design purposes. This is also noticed by the oil and
gas industry, but application of CFD is still often restricted to the research environment. Reasons
for the limited use of CFD for multiphase flow in pipelines are: (i) the large computer times, (ii) the
complexity of the flow requiring proper turbulence models and interface models, (iii) the uncertainty of
the reliability of the CFD predictions. In a recently published journal paper (De Schepper et al., 2008)
the authors claimed that current CFD codes are able to predict the different multiphase flow patterns
and transitions in a horizontal pipe. This claim seems to be somewhat premature, since not many
validation studies, specifically to model multiphase flows in pipelines, can be found in the literature.
Actually, much more validation is required to give a sensible judgement on the performance of current
CFED codes for modeling multiphase flows in pipelines. This is the main motivation for the present
project.
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In the present study benchmark simulations are performed to assess the reliability of a selected CFD
code for modeling multiphase flows in pipelines. The focus is on flow structures related to the slug
flow regime. Hence, two benchmark cases, both closely related to the slug flow regime, are considered.
The two cases are the so-called:

1. Benjamin bubble, which is a single large bubble in a stagnant or flowing liquid in a horizontal
pipe and

2. Taylor bubble, which is a single large bubble in a stagnant or flowing liquid in a vertical pipe.

An example for both can be seen in figure 1.4 and may be compared with the slug flow pattern in
figure 1.1 and figure 1.2, respectively. The structure of the bubble in slug flow is very similar to the
structure of a single Benjamin or Taylor bubble. For instance, the velocity of Taylor bubbles in moving
liquids can be expressed as:

ug = Colp + Up (1.1)

where u; is the translational velocity of the Taylor bubble in a flowing liquid, Cy is a dimension-
less coefficient, u,, the mixture velocity and u; the bubble velocity in stagnant liquid. Note that wuy
equals the drift velocity of a Taylor bubble or Benjamin bubble. The same expression (1.1) is used to
model slug flow. This explains our choice for the two benchmark cases. The dimensionless coefficient
Cy, also known as the distribution parameter, depends on the velocity profile of the liquid ahead of
the bubble. For turbulent flows Cy = 1.2 and Cy = 2 for laminar pipe flow (Polonsky et al., 1999).
The relation 1.1 was first recognised by Nicklin et al. (1962) and since then it is used in slug flow models.

Validation of a CFD code can be done for problems that have an analytical solution or when highly
detailed experimental data are available. Indeed, the two benchmark cases considered here have ana-
lytical solutions under some idealized conditions and experimental data can be found in the literature.
Furthermore the quality of the numerical solutions can be assessed through successive grid refinement.

Figure 1.4: Ezample of; (a) Benjamin bubble (Hager, 1999), (b) Taylor bubble (Mandal et al., 2008)
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1.3 Project motivation and goals

The motivation for the present project is the journal paper published by De Schepper et al. (2008),
in which they claim that current CFD codes are able to predict the transition between the different
flow regimes in a horizontal pipe. This can be very interesting for the oil and gas industry, since up
to now the design of pipelines for multiphase flows are based on simplified 1D models, which could
be improved if the claim is justified. This claim seems to be somewhat premature, because not many
validation studies for modeling multiphase flow in pipelines can be found in the literature. Therefore,
more research is required to be able to assess the reliability of CFD codes for modeling multiphase
systems and to be able give a sensible judgement on the claim. Consequently the present project was
started.

The goals of this project are as follows:
e Study the literature on multiphase flow to understand the physics;

e Model two benchmark cases, namely the Benjamin bubble and the Taylor bubble, with the
commercial CFD code FLUENT. Compare the results of FLUENT with analytical solutions and

with experimental data;
e Investigate the effect of viscosity and surface tension on the bubble motion;

e Give an overall assessement of current CFD codes for modeling multiphase flows in pipelines.

1.4 Literature review

An extensive literature study reveals that the problem associated with the motion of a single bubble
in a stagnant liquid has been investigated in great detail in the past. A wide literature exists on the
subject and a summary of selected papers can be found in table 1.1-1.3. A trend may be seen in these
tables: until the eighties the problem was mostly investigated theoretically or experimentally, but since
the eighties the computers became faster and researchers started to use numerical tools to study the

problem.

The study on large bubbles was started almost one century ago by Gibson (1913). Gibson devel-
oped an empirical equation for the bubble rise velocity and reported the remarkable fact that the
bubble velocity does not depend on the length of the bubble. Barr (1926) investigated the applica-
bility of large bubbles as a tool for measuring viscosity of the liquid in which the bubble rises. Sir
G.I. Taylor, after Davies and Taylor (1950), is often credited for the theoretical description of a single
large bubble (Taylor bubble) that rises in a vertical tube in stagnant liquids, but in fact Dumitrescu
(1943) was the first to solve the problem theoretically. Dumitrescu obtained an analytical expres-
sion for the bubble rise velocity and the bubble shape by neglecting viscous and surface tension effects.
Experiments of various authors, listed in the tables below, support the theoretical result of Dumitrescu.

The first theoretical treatment for the motion of a large bubble in a horizontal pipe was given by
Benjamin (1968). Assuming inviscid flow Benjamin obtained analytical solutions for the bubble ve-
locity and the bubble shape. Benjamin’s theory is also supported by experiments, see Zukoski (1966)
and Gardner and Crow (1970). However, the experimental results in the somewhat older literature
(before the eighties) are restricted to the terminal bubble velocity. The obvious reason for this is the
available technique to do measurements in that specific time period. After the eighties several more
sophisticated measurement techniques, such as laser Doppler velocimetry (LDV) (Kvernvold et al.,
1984), photochromic dye activation (DeJesus, 1997) and particle image velocimetry (PIV) (Polonsky
et al., 1999), (van Hout et al., 2002), (Bugg and Saad, 2002), (Nogueira et al., 2006a) and (Nogueira
et al., 2006b), were used to study the motion of single large bubbles. Hence, detailed information on
the velocity field around a large bubble and the bubble shape could be obtained.
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Table 1.1: Literature summary and research history for a bubble moving into a liquid

‘ ) Pipe/channel Nature of . .
Author (year) cmgmmtlon sty Results of investigation
e Developed empirical equation for
Gibson (1913) vertical Theme.ztlcal o bubble rise velocity and described
Experimental : ;
the shape in terms of tube size.
Described the effect of bubble
Barr (1926) vertical Experimental length, tube size and viscosity
on the bubble rise velocity.
Found that the rise velocity of a
Hattori (1935) vertical Experimental cylindrical bubble is independent of
its length and zero for Eo < 3.36.
; Calculated the bubble rise velocity
. ; Theoretical & e
Dumitrescu (1943) vertical T and shape assuming inviscid flow
xpe . and a spherical nose of the bubble.
Disvies and Taylor (19509 —— Theort.stlcal & Calcul.atec'l the I?ubble rise velocity
Experimental assuming inviscid flow.
Laird and Chisholm (1956) vertical Experimental Stu.dled Sl SRR e e
acting on a large bubble.
Harmathy (1960) vertical Theoretical & Gave an empirical correlation

Bretherton (1961)

White and Beardmore (1962)

Goldsmith and Mason (1962)

Nicklin et al. (1962)

Brown (1965)

Brown and Govier (1965)

Zukoski (1966)

Benjamin (1968)

horizontal &
vertical

vertical &
inclined

vertical

vertical

vertical

vertical

horizontal,
vertical &
inclined

horizontal

Experimental

Theoretical &
Experimental

Experimental

Theoretical &
Experimental

Theoretical &
Experimental

Theoretical

Theoretical

Experimental

Theoretical

for the bubble rise velocity.

Studied large bubbles in capillary
horizontal tubes and found that the
bubble will not rise for Eo < 3.37.

Investigated the influence of fluid
properties on the bubble velocity.

Described the motion of a
single large bubble in viscous
and inertial flow regime.

Described two-phase slug flow
for bubbles rising in both
stationary and flowing liquid.

Developed correlation for bubble
rise velocity in viscous fluids by
modifying Davies-Taylor results.

Developed a correlation for the
voidage in two-phase slug flow.

Investigated the effect of surface
tension, viscosity and tube
inclination on the bubble velocity.

Derived analytical expressions
for the bubble drift velocity and
shape assuming inviscid flow.
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Table 1.2: Literature summary and research history for a bubble moving into a liquid (table 1.1 continued)

] Pipe/channel Nature of g _
Author (year) anPgmaiion stndy Results of investigation
Investigated the effect of
Gardner and Crow (1970) horizontal Experimental surface tension on the
bubble velocity and shape.
Described the motion of large
Collins et al. (1978) vertical Theoretical bubbles rising in both laminar
and turbulent liquid flows.
Investigated the effect of
Wilkinson (1982) horizontal Experimental surface tension and throttling
of the flow at the outlet.
Bendiksen (1984) inclined Experimental D.evelope(.i " 'c01:rel§t10n f.or bubhle
rise velocity in inclined pipes.
- = = Described three regimes of motion
Baines (1985) horizontal Experimental off Tl s Trostiomsittes] Sl
Extended the work of
Bendiksen (1985) vertical Theoretical Dumitrescu by taking surface
tension into account.
Weber et al. (1986) inclined Experimental [')evelope(.i a 'co%‘l'elgtlon s Bl
rise velocity in inclined tubes.
Theoretical & Studied the effect of surface tension
Nickens and Yannitell (1987) vertical ; and viscosity on the rise velocity by
Numerical ; i
extending the work of Dumitrescu.
Investigated the effect of
Markovich (1988) horizontal Theoretical surface tension on the
free outflow of a liquid.
o — Described the wakes of slugs in
Guedes ds Carvalho (1988) vertical Experimental terms of the Reynolds number
and the slug length.
. i r Studied the stability of gas
ilrtugn. (1688) vzl Poumolen] bubbles rising in inviscid fluids.
Calculated rise velocity and shape
Mao and Dukler (1990) vertical Numerical of Taylor bubble and showed
that multiple solutions exist.
Mao and Dukler (1991) — Experlmegtal & Slm}llated Taylor bubbles in
Numerical laminar and turbulent flow.
; oy . Analyzed bubble motion
Tomiyama et al. (1993) vertical Numerical b e VO mathiod,
Theoretical & Extended Benjamin’s work to
Alves et al. (1993) inclined calculate bubble drift velocity in

Experimental

inclined and vertical pipes.
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Table 1.3: Literature summary and research history for a bubble moving into a liquid (table 1.2 continued)

] ] Pipe/channel Nature of . o
Author (year) S ——ra — Results of investigation
) " Experimental & Examined the feasibility of VOF
Temfyra o4 al. (L906) Vaskial Numerical method to model Taylor bubbles.
; Described the transition to
Montes (1996) vertical Theou.atlcal 2 a free-surface flow at the
Experimental ; ;
outlet of a horizontal pipe.
Developed the CICSAM scheme
Ubbink (1997) vertical Numerical and simulated the Taylor bubble
as a validation case.
Investigated numerically the
Bugg (1998) vertical Numerical rise of a Taylor bubble
through stagnant liquids.
) 5 Theoretical & Described cavity formation at
Hager (1499) izl Experimental the outlet of a horizontal pipe.
Investigated the effect of pipe
Shosho and Ryan (2001) inclined Experimental inclination on the bubble velocity
for (non-)Newtonian fluids.
= Experimental & Measured the velocity field around
Bing s, Hend (2002) Rk Numerical a Taylor bubble with PIV.
; 5 ; Provide a correlation for
Viana et al. (2003) vertical Experimental i Bl s et
Clanet et al. (2004) vertical Experimental .Stuc.hed -y bu.bble e Velomt.y
in pipes of arbitrary cross-section.
Taha (2006) vertical Numerical Uieis. & gamianin, LD
tool to model slug flow.
Used PIV to determine velocity
Nogueira et al. (2006a) vertical Experimental profiles in the nose region and
annular film of a Taylor bubble.
y ’ : Studied the wake and near wake
Nogueira et al. (2006b) vertical Experimental el o 1, Tl Dl
Investigated the effect of
Gokeal (2008) horizontal Experimental high oil viscosity on
the bubble drift velocity.
Lu and Prosperetti (2009) vertical Numerical Sln}ulated Ry e i
an in-house code.
Investigated the effect of pipe
Ben-Mansour et al. (2010) horizontal Numerical diameter and high oil viscosity

on bubble drift velocity.
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1.5 Report structure

The introduction was meant to give some general information on multiphase flow in pipelines and to
formulate the problem. Next, in chapter 2 the basic equations of fluid dynamics are summarized, which
can be helpful in later chapters. Chapter 3 and 4 describe the theory of the two benchmark cases, the
Benjamin bubble and the Taylor bubble, respectively. Chapter 5 gives an overview of the numerical
methods used to model the benchmark cases. In chapter 6 the results for the Benjamin bubble are
presented, while chapter 7 contains the results of the Taylor bubble. In the final chapter conclusions
are drawn and recommendations are g<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>