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Abstract

The slug flow regime, generally defined as the periodic flow of alternate channel spanning gas
bubbles and liquid slugs, is the most important flow regime during gas-liquid flow in mini and
microchannels. In addition to the forward motion of the bubbles and the slugs, there is also internal
recirculations within them which render the flow regime very useful for heat and mass transfer
applications. Due to its unique hydrodynamic characteristics such as internal recirculation in the
slugs as well as bubbles and regular and periodic nature of the flow, slug flow is the preferred flow
regime in most of the gas-liquid applications in microchannels. Some examples include membrane
fouling prevention, catalyst coating, pulmonary physiology, electronics cooling, heat pipes and

microreactors to perform mass transfer limited and exothermic gas-liquid reactions.

The hydrodynamics and heat transfer of long Taylor bubbles in circular capillaries having uniform
channel crosss-section for steady gas and liquid flow rates have been studied extensively in the
last few decades. There are several other flow conditions which occur during gas-liquid slug flow
in micro-structured devices that need to be studied to develop a comprehensive understanding of
the physical mechanisms during adiabatic and diabatic two-phase flow and heat transfer in
microchannels. In this thesis, the flow and heat transfer in slug flow regime in small diameter
channels under different conditions have been studied using computational fluid dynamics (CFD).
The CFD simulations have been performed using volume of fluid (VOF) method to capture the

gas-liquid interface.

While the hydrodynamics for long Taylor bubbles having volume more than that of a sphere that
can fit in the channel has been studied extensively, very little attention has been paid to the bubbles
having smaller volume but almost spanning the channel. The bubble volume can be represented

viii
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1/
by the equivalent sphere radius (Reqv = (3‘/3“”“) s /R), the ratio of the radius of a sphere

Cam
having the same volume as that of the bubble and channel radius. The hydrodynamics of slug flow
for a range of bubble volumes for equivalent sphere radius close to 1, between 0.72-1.55, keeping
all other parameters constant has been studied. CFD simulations have been performed in a periodic
unit cell consisting of a gas bubble and two halves of adjacent liquid slugs in a frame of reference
moving with the bubble. The bubble shape, pressure distribution, bubble velocity, flow field and
wall shear stress have been investigated. The hydrodynamic parameters such as bubble shape and
wall shear stress has been compared with the experimental data available in the literature and have
been found to be in good agreement. The effect of Reynolds and Capillary numbers on the bubble
shape for short as well as Taylor bubbles has been investigated. A simple mechanistic model for

the wall shear stress for slug flow has been developed.

Further, the effect of change in bubble volume and shape (spherical and Taylor) has been
investigated on the heat transfer without phase change. The results show the Nusselt number to be
highest for the equivalent sphere diameter close to one. The effect of Reynolds number on the heat
transfer has been studied for two cases of Reqv : One having value less than one (0.91) and another
having value more than one (1.31). The heat transfer enhancement in gas-liquid slug flow is caused
by the internal recirculation in the liquid slug and the slug parameters such as slug length can have
a profound effect on the heat transfer. Therefore, the effect of slug length on heat transfer has also
been investigated. The heat transfer results have been compared with an extensively validated
phenomenological model available in the literature for Nusselt number in gas-liquid and liquid-

liquid slug flow.
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Abstract

The simulations have shown that the velocity of a small spherical bubble is greater than that of a
long capsular bubble. Therefore, when a long bubble is followed by a shorter one, it is expected
that they would coalesce and form a longer capsular bubble. The coalescence process can be
divided in three stages: bubble approach, drainage of the submicron size liquid film between the
bubbles leading the contact of bubbles and growth of the bubble. The hydrodynamics during the
bubble approach and growth of the bubble after merger has been studied in a frame of reference

moving with the longer bubble.

In micro-devices, sudden contractions and expansions of the channel are encountered frequently.
With a sudden change in the channel dimension, significant changes in the hydrodynamics of two-
phase flow passing through such a system are expected. Two-phase flow of ethylene glycol and
air has been simulated for the cases of sudden expansion and contraction of the channel. The
simulations have been performed in a laboratory frame of reference and the bubble dynamics at
the area change has been studied. Bubble velocity, shape, change in pressure drop through the

channel with the change in bubble location has been studied.

In several gas-liquid applications, the flow is not steady and subjected to oscillatory behaviour.
Flow and heat transfer in the slug flow regime subjected to a pulsatile flow has been studied for
different frequencies ranging between 1-100 rad s?. The effect of oscillations on the bubble
velocity, wall shear stress, pressure drop and Nusselt number has been studied. The simulations
have been performed in a frame of reference moving with the bubble with a sinusoidally varying
flow at the domain inlet. While there is no appreciable change in the bubble shape, the film
thickness oscillates continuously with time. The bubble velocity oscillates sinusoidally in phase

with the two-phase velocity specified at the inlet. The Nusselt number is observed to increase more
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than that for steady flow at low frequencies but at higher frequencies, the Nusselt number

decreases.
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CHAPTER 1

Introduction

This chapter highlights the motivation of this work. The objectives of the thesis and its organization

are presented.

1.1 Motivation

Advances in manufacutring technology in the past few decades have brought the trend towards
miniaturisation in a range of industries including electronics (Karayiannis and Mahmoud, 2017,
Marcinichen et al., 2013), automotive, aerospace (Raghu, 2012), pharamaceutical, biomedical and
healthcare (Prothero and Burton, 1961, Gaver et al., 1996; Suresh and Grotberg, 2005; Zheng et
al., 2007), energy and chemical processing (Kolb and Cerro, 1991, Kreutzer et al., 2005, Khan et
al., 2004, Gunther et al., 2004, Kumar et al., 2007, Rajesh and Buwa, 2018). Efficient heat removal
is a primary requirement in a number of applications of microstructured devices such as cooling
of electronics equipment, compact heat exchangers (Bao et al., 1994), refrigeration and
airconditioning (Zhao and Bi, 2001) and microreactors performing exothermic reactions (de Mas

et al., 2003).

While the correlations developed for single phase flow and heat transfer in conventional (macro)
channels can be successfully used to predict flow and heat transfer in microchannels with due
consideration for the channel roughness (Park and Punch, 2008, Kumar et al., 2011), the same is
not true for flow and heat transfer in gas-liquid flow and boiling. Consequently, continuous efforts
are being made to develop a thorough understanding of the flow and heat transport with and
without phase change in gas-liquid flow in microchannels.
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During gas-liquid flow in microchannels, a number of geometric arrangement of the two phases,
commonly referred as flow patterns or flow regimes can occur depending on the gas and liquid
flow rates. These flow patterns can be categorised in five groups namely: bubbly, slug, slug-
annular, annular and churn (Dessimoz et al., 2010, Zhao and Bi, 2001, Revellin et al., 2006).
Similarly, during flow boiling in microchannels, the flow regime changes from bubbly to slug to
slug-annular and then annular with an increase in the vapour quality (Harirchian and Garimella,
2009, Baldassari et al., 2012, Kumar et al., 2017). During the flow regime transition from bubbly
to slug flow, first spherical, channel-size bubbles appear which further grow to Taylor bubble
shape with an increase in the bubble volume (Ali et al., 2013). The rate of heat transfer strongly

depends on the flow regime (Bao et al., 2000; Thome et al., 2013).

Amongst these flow regimes, slug flow occurs over a wide range of gas and liquid flow rates. The
area occupied by slug flow on the flow regime map increases with a decrease in the channel
dimension because of the increased importance of capillary forces at small scale (Thome et al.,
2013). In gas-liquid flow in microchannels, slug flow is very regular and periodic. The slug flow
regime is generally defined as the periodic flow of alternate gas bubbles and liquid slugs. The
bubbles are of the size of the channel and occupy almost the entire channel cross-section. A thin
liquid film surrounds the gas bubble and also joins the two slugs on the two sides of the bubble. In
addition to the forward motion of bubbles and slugs, there is also internal recirculations within
them which render the flow regime very useful for heat and mass transfer applications. This flow
regime is also known as segmented flow as the segmentation of the continuous phase fluid can be

achieved by channel-size bubbles.
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Figure 1.1. Systematically the flow regime for air-water flow in a millimeter-size channel.

Due to its unique hydrodynamic characteristics such as internal recirculation in the slugs as well
as bubbles / droplets and regular and periodic nature of the flow, slug flow is the preferred flow
regime in most of the gas-liquid applications in microchannels. Some examples include membrane
fouling prevention (Laborie and Cabassud, 1995), catalyst coating (Kolb and Cerro 1991),
microcirculation (Prothero and Burton, 1996), pulmonary physiology (Gaver et al., 1996; Suresh
and Grotberg, 2005; Zheng et al., 2007) and microreactors to perform mass transfer limited gas-

liquid reactions (Gunther et al., 2006). The applications for heat transfer specifically include
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electronics cooling (Marcinichen et al., 2013), heat pipes (Mehta and Khandekar, 2014) and

exothermic gas-liquid reactions (de Mas et al., 2003).

The hydrodynamics and heat transfer of long Taylor bubbles in circular and rectangular
microchannels having uniform channel crosss section for steady gas and liquid flow rates have
been studied extensively in last few decades. There are several other flow conditions which occur
during gas-liquid slug flow in micro-structured devices that need to be understood to develop a
comprehensive understanding of the physical mechanisms during adiabatic and diabatic two-phase
flow in microchannels. In this thesis, the flow and heat transfer in slug flow regime in small
diameter channels under different conditions, discussed in the following section, have been studied

using computational fluid dynamics (CFD).
1.2 Thesis Objectives:

This thesis aim to understand the dynamics of channel-size bubbles and their effect on heat transfer
during gas-liquid slug flow in millimeter-size channels using computational fluid dynamics (CFD).

The main objectives can be outlined as:

» The smallest channel occupying bubbles are spherical in shape and an increase in the bubble
volume causes a transition to a capsular shape. The first objective of this thesis is to investigate
the transition in the bubble shape and velocity caused by an increase in the bubble volume. The
effect of an increase in the Reynolds number on the shape and velocity of both spherical and
capsular bubble is also studied. The effect of the gas bubble on the shear stress on the channel
wall, an important parameter in many engineering applications, is investigated.

» Convective heat transfer in the slug flow regime can be significantly higher than that for liquid-

only flow and strongly depends on the bubble and slug volumes. The second objective of the
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thesis is to understand the effect of bubble volume and slug length on the heat transfer in gas-
liquid slug flow.

» The low-volume spherical bubble and the Taylor-shaped bubbles move with different
velocities. The spherical bubble moves toward, and under certain circumstancs coalesces with,
the Taylor bubble. The hydrodynamics of the bubble approach and growth after contact has
been studied.

» A sudden change in the channel cross-sectional area, expansion as well as contraction, is a
common occurrence in micro-structured devices. A change in the channel cross-sectional area
is expected to cause change in the bubble velocity, pressure drop. The next objective of this
thesis is to understand the bubble dynamics and associated hydrodynamics during sudden
expansion and contraction of the channel.

» Under many circumstances, the gas-liquid flow may be subjected to oscillations. The next
objective of the thesis is to investigate the effect of oscillations on the hydrodynamics and heat

transfer over a range of oscillation frequencies.

1.3 Thesis Organization

Chapter 2 presents the basic terminology and definitions relevant to this work. The background
and literature relevant to the work are presented and the research gaps in the literature are
identified.

Chapter 3 presents a mathematical framework to model slug flow in capillaries. The governing
equations for the Volume of Fluid (VOF) method used to model slug flow in this work are
presented. Further, two different approaches to model fully-developed gas-liquid slug flow are also

discussed.
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Chapter 4 presents the methodology to model isothermal slug flow in a periodic computational
domain. The hydrodynamics of the slug flow is studied to understand the effects of bubble volume
ranging from channel encompassing near-spherical bubble to long Taylor bubble, Reynolds
numbers and capillary numbers. A simple mechanistic model for wall shear stress in slug flow is

also presented.

In Chapter 5 the methodology to model heat transfer without phase change for constant wall heat
flux boundary condition in a periodic computational domain is presented. The effect of bubble
volume, Reynolds number and slug length on Nusselt number is studied. The results obtained are
compared with a simple phenomenological model for Nusselt number in slug flow regime

available in literature.

In Chapter 6 the coalescence of two bubbles having different volumes, a long Taylor bubble
followed by a short, near spherical bubble is studied. The approach of the bubbles and the evolution

of the bubble after the merger is studied.

In Chapter 7 the bubble dynamics in a channel having sudden change in channel diameter is
studied. The cases of sudden increase as well as sudden decrease in channel diameter downstream

of the flow are considered.

In Chapter 8 the flow and heat transfer in Taylor flow under oscillatory conditions are studied.
The oscillations to the flow are caused by specifying a time-dependent sinusoidal velocity
boundary condition at the inlet. The effect of the frequency on the bubble shape and velocity,

pressure drop over a unit cell and Nusselt number are studied.

Finally, Chapter 9 presents the conclusions obtained from this work. The suggestions for the

future work are also made.
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CHAPTER 2

Literature Review

In this chapter, a brief overview of gas-liquid flow in small diameter channels is given. The
important definitions used in this thesis, typical flow regime map for gas-liquid flow in small
diameter channels are presented. A comprehensive review of the hydrodynamics and heat transfer
without phase change in the slug flow regime is presented. Finally, the knowledge gaps in the

literature are identified.

2.1 Important Definitions and Terminology

2.1.1 Microchannel: The term ‘microchannel’, in a literal sense, refers to a channel of the size of
few microns. However, the term is often used for the channels having size ranging from few
microns to the channels of size ~1 mm. Several definitions of ‘microchannel’ exist in the literature
(Baldassari et al., 2012, Kandlikar et al., 2003).

Many researchers have formulated the transition criteria from a purely geometric standpoint while
others considered the relative important of buoyancy and capillarity effect as a criterion to define
the microchannel. For example, Mehendale et al. (2000) classified channels having diameter in
the range of 1 um to 100 um as microchannels. Kandlikar et al. (2006) proposed a detailed
classification of the small diameter channels. They classified the channels having hydraulic

diameter in the range of 200 pum to 3 mm as minichannels and those having diameters between 10

and 200 um as microchannels. Triplett et al. (1999) proposed the capillary length (d = /o /gAp

) as the criteria for the channel be ‘micro’. For air-water flow at room temperature, the capillary
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length comes out to be ~2.7 mm. At this length, the buoyancy force, a volume effect and capillary
effect, a surface effect are of same order of magnitude and the capillary effect starts to dominate

at channel dimension below capillary length.

2.1.2 Superficial Velocity: Superficial velocity of a phase is defined as the ratio of the phase flow
rate and the channel cross-sectional area.
2.1.3 Mixture or Two-Phase Velocity (Utp): Two-phase or the mixture velocity is the sum the
gas and liquid superficial velocities in gas-liquid flow. Alternatively, it is the total volumetric flow
rate per unit channel cross-sectional area.
2.1.4 Equivalent Sphere Radius (Reqv): The equivalent sphere radius is defined as the ratio of the

diameter of a sphere having same volume as that of the bubble and the channel radius.

1
3VBubbi /3
Req :( 41;1 e) /R

2.1.5 Homogeneous Void Fraction (£): Homogeneous volume fraction is the volume fraction of

2.1)

a phase if both the phases are mixed homogeneously and move with the same velocity. It can be
defined as the ratio of volumetric flow rate of a phase to the total volumetric flow rate. The
homogeneous void fraction often refers to the homogeneous volume fraction of the gas phase.

B = Volume of gas/ Total volume

2.1.6 Void Fraction (&): In most of the cases encountered in gas-liquid flows, the two phases are
not homogeneously mixed and the phases redistribute themselves downstream in the channel. VVoid
fraction is the volume fraction of the gas phase once the phase has redistributed themselves. In a
slug flow it can be defined as the gas volume fraction in a unit cell consisting of a gas bubble and

a liquid slug.
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2.1.7 Reynolds Number (Re): Reynolds numbers for two-phase slug flow has been defined based
on the two-phase velocity (Utp), channel diameter (d) and physical properties (oL, ) of the
continuous liquid phase.

_ dp,Urp
Hi

Re

(2.2)

2.1.8 Bond Number (Bo): Bond or E6tvés number is the ratio of the buoyancy and capillary
forces. It is an important indicator of the relative importance of the body and surface forces and
the channel dimension at which small size effects start dominating.

_Apgd?®
0

Bo

(2.3)

2.1.9 Capillary Number (Ca): Capillary number, the ratio of viscous force and surface tension,
has been defined based on the two-phase velocity (Utp) and physical properties (4, o) of the liquid
phase. Ideally, the capillary number should be defined based on the bubble velocity (Ug), however
as the bubble velocity is not known a priori and differ only by few percent from the two-phase

velocity for low viscosity fluids, two-phase velocity is a good approximation under most

conditions.
U
ca=" LUTP (2.4)

2.1.10 Nusselt Number (Nu): Nusselt number is the ratio of the convective and conductive rates

of heat transfer and is defined as

hd
Nu = — where h = v (2.5)

ki (Tw —Tp)
The thermal conductivity of the liquid phase has been used in the definition as for all the cases
simulated in this work, the liquid phase alone is in contact with the wall. While definition of the

wall and bulk mean temperature is obvious in single phase flow, it can be defined in a number of
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ways for two-phase flows. The definition of the Nusselt number used in this work is presented in
Chapter 5.

2.1.11 Womersley Number (a): Womersley number is used to characterise the pulsatile or
oscillatory behaviour of the flow and is used in biological flows frequently (Mazumdar, 1992). It

compares the oscillatory inertial and the viscous forces.

2 _ pwR?
ac =—— 2.6
" (2.6)

2.2 Gas-liquid Flow in Microchannels: Flow Regimes

Depending upon the gas and liquid flow rates, channel size and fluid properties, the two fluids
rearrange themselves in a number of different geometric patterns, often known as flow regimes or
flow patterns. While the channel orientation has a major effect on the flow regime in large diameter
channels, such is not the case in small diameter channel. As shown in Fig. 2.1, the major flow
regimes observed are bubbly, slug/plug, churn, slug-annular and annular. At low gas superficial
velocities and intermediate to high liquid superficial velocity, the bubbly flow regime occurs, in
which finely dispersed bubbles in a continuous stream of liquid are observed. As the gas superficial
velocity is increased, numerous small bubbles coalesce to form elongated channel-size bubbles
separated by slugs of liquid slugs to give rise to the ‘slug’ flow regime. At high gas flow rates, the
‘Annular’ flow regime characterised by a continuous gas core at the centre of the channel and a
thin liquid film towards the channel wall appears. The transition regime between slug and annular
flow in which a continuous gas core having large waves on the interface or merging of long bubbles
is known as the slug annular flow regime. At high gas and liquid flow rates, churn flow regime is

observed.

10
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Bubbly
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Figure 2.1. A representative flow regime map for air-water flow in a millimeter-size channel.

2.3 Slug Flow

In past two decades, a lot of attention has been paid to understand the momentum, heat and mass
transfer in slug flow in microchannels. As shown in Fig. 2.2, slug flow is characterised by a train
of capsular gas bubbles of almost of the size of the channel. The bubbles are separated by a thin
liquid film from the wall. Two consecutive bubbles have slugs of liquid between them which move
with the same velocity as that of the bubbles. The flow is periodic and regular. The flow pattern is
also named as Taylor flow, plug flow and segmented flow. The liquid slugs as well as gas bubbles
have internal recirculations inside them which can be seen in a frame of reference moving with the

bubble.

Slug flow regime has been studied extensively using experimental as well as computational
techniques due to its importance in a number of applications such as compact heat exchangers,
electronics cooling, heat pipes, gas-liquid reactions, airway opening, catalyst coating over

monoliths and membrane fouling removal (Gupta et al., 2010). For detailed review of slug or

11
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Taylor flow regime, the readers are suggested to refer to some of the recent reviews (Gupta et al.,
2010, Bandara et al., 2015, Haase et al., 2016). Recently, in a series of articles, Abiev presented
simple mechanistic models to predict void fraction (2010), pressure drop (2011, 2015), bubble

velocity, recirculation time and mass transfer (2013), bubble shape (2017) in Taylor flow regime.

Figure 2.2: A Schematic of the slug flow regime.

2.3.1 Hydrodynamics

2.3.1.1 Film Thickness and Bubble Shape

The thickness of the liquid film surrounding the bubble plays an important role in the
hydrodynamics of Taylor flow as the film thickness is directly related to bubble velocity.
Moreover, film thickness is an important parameter in several applications e.g. catalyst coating in
monolith reactors (Kolb and Cerro, 1991), heat and mass transfer from wall to liquid (van Baten

and Krishna, 2004; Kreutzer et al., 2005a).

Two different methods are found in the literature for measuring the film thickness experimentally:
(i) direct methods: in the direct method, the film thickness is directly measured using high quality
images either free from the optical distortion caused by curved channel wall (Aussillous and Quéré,
2000) or corrected for the optical distortion (Han and Shikazono, 2009) (ii) indirect methods: in
the indirect method the bubble velocity is determined experimentally and then the film thickness
is calculated using continuity. This requires information of the velocity profile in the liquid film.
While some researchers have treated the film as being immobile (Suo and Griffith, 1964; Warnier

et al., 2008),

12
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Table 2.1: Film Thickness

Author Range of Formula
Validity
Bretherton below 10“and | &, ” 4 5
(1961) above 107 = 1.34Ca?"® (2x10™ < Ca < 2x10?)
Aussillous and | 0.001-1.25 5 1.34Ca’/s
Quéré (2000) R —1 + 33404
Klaseboer et. | Ca upto 2 Sk 0.643(3Ca)’/3
al., (2014) R 1+1.793Ca)"/s
Han and | Re <2000 F 1.34 Ca*/s
Shikazono R~ 14313Ca’5s + 0.54Ca%57?Red559 — 0,352 0629
(2009)
Fairbrother and | 0.013 < Ca < S 0.5Ca"2
Stubbs (1935) | 0.09 R oA
Marchessault 5. 4, 12 s
(1960)
Irandoust & | 0.001-1.25 Or _3.08Ca05*
Andersson R peali=c )
(1989)
Kreutzer et. al., | 0.001-3 o 2180802
(2001) = 0.36(1—¢ )
Thulasidas et. | 0.001-3 5F 9 25020445
al., (1995) R 2(0.357-0.25e )
Han et. al., | 0-0.38 S 0.67Ca?’?
(2009) R 1+a +a,-a,

a, =3.13Ca*? a, =0.504Ca"*"* Re**® a, = 0.352We***°
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others assumed a fully-developed annular flow velocity profile or fully-developed velocity profile
in the liquid film with a no shear boundary condition at the interface (Thulasidas et al., 1995).
Researchers have developed several expressions for film thickness calculation as given in Table
2.1. The ranges of validity of the expressions have also been given. Some of these e.g. Bretherton’
expression (1961), Klaseboer et al., (2014) have been derived analytically while some are semi-
empirical e.g. Aussillous and Quéré (2000) and several others are empirical in nature. While
Aussillous and Quéré expression (2000) is semi-empirical, Klaseboer et al., (2014) showed that it

can be derived from first principles.
Bubble Shape:

The gas bubble can be approximated as a cylinder with hemispherical caps at the ends. For low-
viscosity fluids (high value of g), the aspect ratio of the nose increases, i.e. the length of the nose
increases and the radius of the bubble decreases (de Ryck, 2002). For highly viscous liquids (low
value of 5—:), this effect is small and there is little change in aspect ratio. With increasing capillary
number, the bubble tail becomes flatter and at still higher values of the capillary number, the bubble
tail takes a concave shape (Feng, 2009). This deformation of bubble shape is more prominent at
higher Reynolds number (Walsh et al., 2009). Near the tail of the bubble, some twists are observed

in the gas-liquid interface and the amplitude of these twists increases with an increase in the

Reynolds number (Edvinsson and Irandoust, 1996).
2.3.1.2 Bubble velocity

The bubble velocity is obtained from the simulations and is used to calculate homogeneous void
fraction (f) i.e. gas volume fraction if the two phases are homogeneously mixed. When the two

phases are homogeneously mixed, there is no slip between the two phases and both the phases

14
TH-2207_146107023



Chapter 2

move with the same velocity. Researchers have given some correlations for bubble velocity

calculations in Table 2.2.

Table 2.2: Bubble Velocity

Author Range of Validity Formula
Armand Correlation (Clift, Up _ 12
Grace and Weber, 1978) Upp
Liu et al., (2005) U, 1

0.0002 < Ca<0.39

Suo and Griffith, 1964 o al U_B _ ﬁ
Up &
Abiev and Lavretsov et al, U 1
For all B _
(2012) Ur [ 5sz
R

2.3.1.3 Velocity Field

The motion in the liquid slug can be decomposed into two components: a forward moving bubble
velocity and a recirculating velocity. The liquid slug is always seen as forward moving. Thulasidas
et al., (1997) calculated the location of the centre and the size of the recirculating portion of the
liquid slug and also observed that for liquid slugs longer than 1.5 channel diameters, the flow in

the liquid slug becomes fully-developed and a parabolic velocity profile is obtained.

2.3.1.4 Shear Stress
The shear stress is an important parameter during the application of gas-liquid slug flow in
membrane fouling prevention. For example, Cabassud and co-workers studied experimentally the

15
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effect of slug flow in improving filtration flux. Cabassud et al., (1997) studied the use of gas-liquid
flow in hollow fibre membranes to mitigate membrane fouling for flow of water containing clay
suspension. They attributed the fouling removal capacity of slug flow to the high wall shear stress
induced by the air bubbles. They observed the permeate flux to increase up to two fold because of
continuous air injection compared with the case when air was not injected. To characterise the wall
shear stress on the membrane, Laborie and Cabassud (2005) measured the local wall shear stress
over a range of gas and liquid flow rates in a capillary tube of internal diameter 1 mm during gas-

liquid slug flow employing an electrochemical method.

Cui and co-workers studied the hydrodynamics and shear stress distribution during slug flow using
experimental and computational techniques for application in membrane fouling removal (Taha
and Cui, 2002a,b; 2006). Taha and Cui (2002a) modelled slug flow in ultrafiltration membranes
using volume of fluid (VOF) method and calculated bubble shape, slug velocity, wall shear stress
distribution on the membrane tube. The calculated shear stress was then used to predict the
permeate flux which was compared with the experimentally obtained values and found to be in

good agreement.

Ratkovich et al., (2009) measured the shear stress in vertically upward gas-liquid slug flow using
electrochemical shear probe in Plexiglas tube of diameter 9.9 mm, having diameter similar to those
of tubular membranes used in membrane bioreactors. They also developed a CFD model
employing volume of fluid method to model the slug flow in an axisymmetric computational
domain and validated the model by comparing the bubble velocity and wall shear stress with that
obtained experimentally. They noted that the bubble length and hence the shearing duration varied
significantly even in a single experiment because of the coalescence of bubbles, especially at high

gas and low liquid flow rates, as the bubble travelled up in the channel. To quantify the shear stress

16
TH-2207_146107023



Chapter 2

on the tube, they used shear stress histograms showing the relative frequency of a given magnitude
and direction and observed a positive surface shear peak in the liquid slug. They also highlighted
that the change in the sign of the shear stress can be correlated with the fouling control. Further,
they developed empirical models to predict the shear stress histograms, pressure drop and energy

consumption in the tubular membranes (Ratkovich et al., 2011).

The experiments as well as CFD simulations in the literature show the peaks in the shear stress
magnitude on the wall to be higher at the bubble ends i.e. at the nose and tail of the bubble with
little contribution of the middle region of the bubble in the wall shear stress. It can therefore be
advantageous to have short bubbles which occupy the channel but has very short or no cylindrical

region in the middle.

2.3.2 Heat Transfer in Slug Flow

The rate of heat transfer in Taylor flow regime has been observed to be significantly higher than
that in fully-developed, liquid-only flow experimentally (Mehta and Khandekar, 2014, Babin et
al., 2015, Scammell and Kim, 2015) as well as numerically (Gupta et al., 2010, Asadolahi et al.,,
2012, Zhang et al.,, 2016). Gupta et al. (2010), Talimi et al. (2012) and Bandara et al. (2015) have
reviewed heat transfer without phase change in the Taylor flow regime in gas-liquid flow in

microchannels.

Asadolahi et al. (2011, 2012) studied heat transfer in Taylor flow regime in gas-liquid flow in
microchannel usig CFD and validated the results extensively with the experimental data and the
simulation results showed excellent agreement with the bubble shape, film thickness, bubble
velocity obtained from experiments. Heat transfer simulations also reproduce the data well with a

maximum difference of 15% except for high Reynolds number cases (Retp > 951), for which it is
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no longer valid to assume two-dimensional, axisymmetric flow. Also, studies on mass transfer in
the Taylor flow regime in microchannels have shown the transport rates to be dependent on the
length of the liquid slug. There were two approaches. The first, is to generate bubbles and slugs in
a long tube using a time-dependent boundary condition. In the second method, the flow and heat
transfer are modelled in a single unit cell, with a bubble surrounded by liquid slugs. There was a
very large difference between the required computational mesh sizes and times for the two
methods. The hydrodynamic and heat transfer results obtained from the two approaches were
found to be very similar to each other and with results from earlier verification and validation

studies.

Leung et al. (2010) studied experimentally the flow and heat transfer behaviours of gas—liquid
(nitrogen and water), non-boiling, Taylor flow, with a 2 mm diameter channel oriented in the
vertical direction. Three circular T-junction mixers with different diameters were used to generate
gas bubbles and liquid slugs of different lengths (1-220 channel diameters) with controlled mixture
velocities (0.11 < Utp < 0.53 m s, 200 < Rerp < 1100) and homogeneous void fractions (0.03 <8
< 0.90). High-speed visualization of adiabatic flow and heat transfer rate determination for
constant wall heat flux conditions were performed. The heat transfer enhancement in Taylor flow
is found to be larger with shorter slugs and higher mixture velocities. An enhancement of heat
transfer was observed to be up to 3.2 fold of the liquid-only. Based on the experimental data, a
correlation between the apparent slug Nusselt number (Nu.*) with a Graetz number, where the

characteristic length is that of the slug, is proposed.

It has been shown that the Nusselt number in Taylor flow regime can be 2-3 times higher than that
in the fully-developed single phase flow in microchannels for constant wall heat flux and constant

wall temperature boundary conditions (Gupta et al., 2010). The Nusselt number in gas-liquid
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Taylor flow is a function of fluid properties, bubble and slug lengths, phase flow rates. Leung et

al. (2010) has developed correlation for heat transfer in Taylor flow regime.
2.4 Bubble Volume: Spherical Bubbles

The hydrodynamics of the Taylor flow regime in gas-liquid flow in microchannels has been
studied extensively in the last few decades and extensive reviews can be found in Angeli et al.
(2008), Gupta et al. (2010), Talimi et al. (2012), Bandara et al. (2015) and Hasse et al. (2016).
However, little attention has been paid to the short bubbles and the transition in the bubble shape

from near spherical to capsular with an increase in the bubble volume.

Ratulowski and Chang (1989) computed pressure drop and film thickness for isolated bubbles as
well as for a bubble train over a range of bubble volumes in circular and square capillaries. They

observed the rear of the bubble to be wavy for long bubbles but not for very short bubbles.

Lac and Sherwood (2009) studied the deformation of a drop, its velocity and additional pressure
drop caused by the presence of the drop in a capillary for pressure driven flow for a range of
viscosity ratios, drop sizes and capillary numbers. They found the drop curvature at the front to be
higher than that at the rear for all the cases. This deviation from spherical shape was small for low
drop volumes and became clearly visible only for Reqy > 0.9. They found that for Reqv > 1.1 the
front and rear of the drop remained unchanged with an increase in the droplet volume and increase

in drop volume merely added to the length of the droplet.

Feng (2010) studied the behaviour of small bubbles (0.1 < Reqy< 0.95) in a circular tube for a range
of capillary (0.001 < Ca < 100) and Reynolds numbers (0 < Re < 800). He observed that for small

value of Re, the velocity of a bubble increased with bubble size for large values of Ca but decreased
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for small values of Ca. However, a bubble of larger size was observed to move at a slower velocity

for all values of Ca at large values of Re.

As the short, spherical bubbles move with a higher velocity than that of a Taylor bubble, a
simultaneous occurrence of the Taylor bubble followed by a shorter bubble may cause the

coalesecene of bubbles.

2.5 Coalescence of Bubbles

The flow of bubbles and droplets is encountered in several industrial processes. These include
chemical synthesis, gas absorption, food processing, drug discovery, emulsion production,
amongst others. The bubbles / droplets of different sizes move with different velocities. This may
often cause bubble coalescence.

In microfluidic devices, droplet merging is used as a technique for hydrogel-beads formation and
cell transplantation (Shintaku et al., 2007) and nanoparticle synthesis using chemical reactions
(Hung et al., 2006). In microscale multiphase reactors, the coalescence of bubbles and drops can
influence the heat and mass transfer rates by changing the interfacial area between the phases. The
coalescence of bubbles in a gas-liquid reactor can reduce the overall interfacial area, lowering the
efficiency of the operation. There are also cases where coalescence is a desirable phenomenon.
One such example is controlled coalescence of liquid droplets. Liquid droplets can act as excellent
microcarriers, capable of being transported with negligible loss of the liquid or reagents (Deng et
al., 2014). Chemical reactions can be carried out with high precision by their controlled
coalescence. Therefore, it is important to develop an understanding of the hydrodynamics of the
coalescence of bubbles / droplets in microchannels.

Three stages of coalescence
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Three distinct stages have been identified in the coalescence process of bubbles. In the first stage,
the bubbles approach each other within the liquid phase, and a thin film of liquid forms between
them. In the second stage, the thinning of the film occurs by the drainage of liquid. When the

thickness of the film is reduced to about 10 nm, it ruptures, leading to coalescence (Vrij 1966).

The coalescence of bubbles proceeds via the formation of a thin bridge (neck) between them. The
surface energy of the bubbles increases as a result of the formation of the thin bridge. It is converted
into kinetic energy imparted to the surrounding fluid as the radius increases. Several authors have
proposed scaling laws for the rate of growth of the neck with time. Paulsen et al. (2014) have given
the following equation for the growth of the neck radius by equating the viscous stresses and the

Laplace pressure.

= o \"* 1/2 (2.7)
r(t)/A= C; hrio t

where Cq is a dimensionless prefactor. For the system of air and water C; = 1.2.

Past studies have established that the volume of bubbles / droplets is an important parameter
determining their flow behaviour inside a confined fluid. Employing finite element method, Feng
(2010) studied the motion of small bubbles in a tube in a flowing liquid. It was seen that for large
values of Reynolds number, a bubble of smaller volume moves at a higher velocity for a given
value of capillary number. Almatroushi & Borhan (2006) experimentally studied the pressure-
driven flow and coalescence of air bubbles translating through a tube of 7.96 mm diameter. When
the separation between the leading and trailing bubbles was greater than one tube diameter, there
was no effect of one bubble on the other. Each achieved a steady shape that was the same as that
observed for a single bubble of the same size. However, there were measurable changes in the

velocity and the shape of the trailing bubble when this distance decreased below one diameter.
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Coalescence was observed for all the cases where the size of the trailing bubble was smaller than
the leading bubble.

Recently, the interaction of bubbles / droplets inside a fluid has been investigated using numerical
techniques. The coalescence of bubbles in a stagnant liquid has been studied numerically by Chen
et al, (2011) and Hasan & Zakaria (2011). Hasan & Zakaria (2011) have shown that the VOF
approach can be used to model the phenomena accurately. The growth and/or merger of bubbles
during phase change was investigated by Magnini et al. (2013) and Liu and Palm (2016). Chen et
al. (2017) studied the coalescence of two unequal bubbles kept in close contact with each other.
They observed an increase in coalescence time with a decrease in the size difference between the
bubbles. The coalesced bubble was found to be closer to the larger bubble. This phenomenon is
called “coalescence preference” and is described by a power law relationship.

As the above literature review suggests, there has been a lot of interest in bubble coalescence in
liquids. Although this has led to a few numerical studies of bubbles coalescence in stagnant liquid,
the phenomenon is yet to be fully understood when occurring inside a microchannel with a co-

flow of the liquid.

2.6 Change in Channel Cross-Section

In micro-devices sudden contractions and expansions are encountered frequently, for example at
the channel inlet and outlet connections. With a sudden change in the channel dimension,
significant changes in the hydrodynamics of two-phase flow passing through such a system are

expected.

Abdelall et al. (2005) studied the pressure drop caused by an abrupt flow area expansion and

contraction having smaller and larger channel diameters of 0.84 and 1.6 mm, respectively for the
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flow of air only, water only and air-water two phase flow. The pressure drop in the zone of area
change was found to be in agreement with the correlation available in literature for most of the
cases. For two-phase flow, the measured pressure drop in the expansion / contraction zone

suggested significant velocity slip at the zone of area change.

Kawahara et al. (2015) studied the effect of Reynolds number and contraction ratio on gas-liquid
flow across the sudden contraction in horizontal millimeter-size channels of rectangular cross-
section experimentally as well as computationally. They estimated the pressure loss due to
contraction for single phase as well as two-phase flow. They also developed a correlation for
contraction coefficient for liquid flow as a function of Reynolds number and contraction ratio.
CFD simulations were performed to capture the bubble shape during contraction using VOF
method.

Balakrishna et al. (2010) studied experimentally the flow of viscous oil and water in a channel
having sudden contraction and expansion. Recently, Sudhakar and Das (2018) studied the
evolution of a liquid Taylor shaped droplet in a vertical channel having sudden contraction using
the lattice Boltzmann method (LBM) over a range of contraction ratios, droplet volumes and

channel inclinations.
2.7 Oscillatory or Pulsatile Flow

Gas-liquid slug flow has been found to enhance heat transfer characteristics in micro-scale devices
such as micro-heat exchanger, electronic chips etc. but upon increasing the length of the Taylor
bubbles this effect gradually attenuates. Introduction of pulsating Taylor bubbles is another option

to enhance local heat transfer.
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Mehta and Khandekar (2014) studied hydrodynamics and heat transfer experimentally in
continuous and pulsating gas-liquid Taylor flow for three frequencies 1, 2 and 3 Hz in a square
channel of dimension 3 mm. They showed that the introduction of an isolated Taylor bubble caused
a substantial increment in heat transfer in its vicinity. During the pulsatile Taylor flow, higher heat

transfer rate is observed at 2 and 3 Hz than at 1 Hz and non-pulsatile flow.

Pattamatta et al. (2015) studied numerically hydrodynamics and heat transfer in Taylor flow under
oscillatory conditions in a channel of diameter 1.2 mm for FC-72 liquid and vapour for four
different frequencies 5, 10, 20 and 50 rad s*. A qualitative comparison between the bubble shapes
and a quantitative comparison between the bubble location was made with the experimental data.
They observed the average film thickness to decrease with the oscillation frequency. The Nusselt
number in the liquid film close to the wall was estimated from the simulations which was inversely
proportional to the film thickness. The time-averaged film Nusselt number was observed to first
decrease with the frequency at lower frequencies and then increased with frequency at higher

frequencies.
2.8 Knowledge Gap

From the review of the literature presented here, it is evident that the hydrodynamics and heat
transfer in slug flow regime having Taylor bubbles in gas-liquid flow in microchannels have been
studied extensively. Increased mixing in the liquid phase and high shear stress on the channel wall
in the slug flow regime have made it a preferred flow regime to operate in several applications.
The enhanced mixing in the liquid phase is caused by the segmentation of the flow and the high

wall shear stress occur at the nose and tail of the bubble.
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The effect of bubble volume, especially at low bubble volume (Reqv ~1 or less) on the wall shear
stress and heat transfer has not been explored, though it is known that the bubbles of lower volume
move with a higher velocity than the long Taylor bubbles. It is important to understand this effect
as it is desired to use minimum amount of gas in the applications where it is used only for

segmentation of enhancement in wall shear stress.

In experimental systems, the volume of the bubbles generated can be over a range until great care
is taken to generate monodisperse bubbles. Therefore, many micro-structured devices can have
variation in the bubble volume over a certain range and therefore it is important to understand their

interaction which has remained relatively unexplored till date.

Almost every micro-structured device has variation in channel dimension at the inlet and outlet of
the main channel, connections and fittings. Therefore, it is important to understand the bubble

dynamics at the channel contraction and expansion.

Finally, the two-phase in microchannels is prone to instabilities which may be caused by non-
uniform flow distribution in a parallel channel system, pressure drop oscillations or flow boiling.
Moreover, some applications such as heat pipes employ oscillatory flow for heat transfer
enhancement. There are only a few studies on the effect of oscillations on flow and heat transfer
in Taylor flow in microchannels and further investigations are needed to develop a better

understanding.

This thesis addresses these knowledge gaps by investigating two-phase slug flow in microchannels

over a range of conditions as outlined in the objectives in Chapter 1.
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Mathematical Framework

In this chapter, a mathematical framework to model the flow of channel-size bubbles is presented.
The assumptions, governing equations and boundary conditions for the volume of fluid (VOF)

method are discussed.

3.1 Introduction

A number of approaches, such as the Eulerian-Eulerian approach, the Eulerian-Lagrangian and the
single-fluid formulation are used to model multiphase flows. The modelling of a multiphase flow
problem depends on the flow characteristics, length-scales, etc. For the Taylor flow modelling, the

interface can be explicitly captured. There are various method for Taylor flow modelling such as

(1) Boundary Integral Method
(i)  Finite Element Methods
(ili)  Interface Capturing Methods
(@ Volume-of-Fluid (VOF) Method
(b) Level-Set Method
(c) Phase Field Method
(d) Marker Points Method
(iv)  Lattice Boltzmann Methods
As the gas-liquid interface is large in the slug or Taylor flow regime in microchannels, various

interface capturing or tracking methods such as Volume of Fluid (Hirt and Nichols, 1981), Level
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Set (Sussman et al. 1994), marker point (Unverdi and Tryggvason, 1992) and phase field (Cahn
and Hilliard, 1958) can be used to model the flow. VOF method is chosen to model Taylor flow

because of its simple formulation and inherent capability to conserve mass of each phase.
3.2 Governing Equations

In this work, the VOF method as implemented in ANSY'S 15 Fluent has been employed to capture
the gas-liquid interface. In the VOF method, continuum description of two-phase flow is given by
the mass, momentum, and energy conservation equations for each phase along with the appropriate
boundary conditions at the interface (Hirt and Nicholas, 1981). The interface capturing/tracking
methods generally employ a ‘single-fluid formalism’ in which only a single set of conservation
equations are solved together with an advection equation for a colour or marker function. The
marker function has a value of ‘0’ in one and ‘1’ in the other and a value between 0 and 1 in the
interface region. For the VOF method, the volume fraction of one of the phases is the marker
function (Gupta et al., 2010).

Assumptions:

1. The flow is axisymmetric.

2. The flow is laminar.

3. The flow is incompressible.

4. The properties of the fluids such as density, viscosity, thermal conductivity and specific heat
capacity and surface tension are constant.

5. Phase change during heat transfer is neglected.

6. There is no mass transfer between the two phases.

The conservation equations for VOF method can be written as:
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Conservation of mass:

ap B
StV (r) =0 (3.1)

Conservation of momentum:

dpv
- Vv (pr @ v) = —=VP + V.(u(Vv+ V")) + pg + Fgy (3.2)

Conservation of energy:

d(pe)
at

+ V. (pvh) = V. (kVT) (3.3)

An additional equation is solved for the advection of a marker function to identify if a cell has gas
phase, liquid phase or a mixture of the two. The marker function is the volume fraction of one of

the phases as given by Eq. (3.4).

0 v.Va=0 3.4
-+ v.Va= (3-4)

The equations (3.1-3.4) represent the conservation equations in phase 1 when « = 1 and in phase
2 when a = 0. For the interface cells in which 0 <a < 1, the volume fraction-weighted average of

the properties of the two fluids is used in the conservation equations.

¢ =pa+(1—-a)p, (3.5)

Where ¢ represents the bulk properties of the fluid such as density, viscosity, thermal conductivity.
The use of the phase volume fraction as the marker function results in the inherent mass
conservation of each phase unlike some other interface capturing methods such as level-set
method. The conservation equations reduce to those for a single phase for all the cells that do not
have interface in them as they have either gas or liquid phase only in them. The kinematic boundary
condition requiring continuity of velocity at the interface (in case of no mass transfer between

phases) is satisfied as only one velocity field is shared by two phases which is continuous
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everywhere. The dynamic boundary condition at the interface requires the jump in the normal and
tangential stresses at the interface to be balanced by the surface tension (o) and Marangoni
stresses (Vo), respectively. Marangoni stresses are caused by the gradient in surface tension and

are not considered in this work as surface tension is assumed to be a constant.

The jump in the stresses normal to the interface is modelled using continuum surface model (CSF)
(Brackbill et al.,1992) which approximates the surface force as a body force in the vicinity of the

interface using Dirac delta function (5 (r — r;,,¢)) as given by Eq. (3.6) :
FSV = KO'5(1' - rint)ﬁ (36)

The Dirac delta function is zero everywhere except at the interface i.e. » = r;,; where r is the
position vector. The surface curvature, k, is calculated from the local gradients in the surface

normal at the interface.
k=V.A (3.7)

The surface normal is obtained from the gradient of the volume fraction.
n= — (3.8)

The surface tension term given by Eq. (3.6) is implemented in the following form in ANSYS

Fluent (ANSY'S Help, 2015).

opkVa
Fg, = T (3.9
5 (P + pe)

3.3 Modelling Approaches for Slug Flow
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Slug flow in microchannels is periodic in time in the laboratory frame of reference i.e. at a
particular cross section in the channel, the flow repeats itself after a certain time. The frequency is
equal to the ratio of the bubble velocity to the distance between the nose (or any two corresponding
points) of two adjacent bubblesi.e. f = Ug/Lyc. The flow is also periodic in space i.e. at any time
instant, the flow is observed to repeat after a certain distance. This distance is again equal to that
between two corresponding points on a bubble and can be termed as unit cell length (Ly¢). To
understand the flow and heat transfer in the periodic flow, the flow is required to be simulated in
a long enough domain so that the flow is independent of entrance and exit effects. Alternatively,
the flow can be modelled in a periodic unit cell employing periodic boundary conditions on the
domain boundaries by modelling the flow in the bubble frame of reference. Both of these
approaches have been employed by researchers to study periodic slug flow. In this work, the flow
is modelled in a periodic unit cell for all the cases except for the flow of bubble in channels with
sudden change in diameter as the flow is not periodic in such a case. In this section both the

approaches have been discussed briefly.
3.3.1 Laboratory Frame of Reference

Modelling the flow in the laboratory frame of reference is conceptually simple and easy to
implement. The two phases enter the computational domain and the bubbles are generated
periodically. As the bubbles travel downstream, their shape evolve and eventually they attain a
steady shape and velocity. Thus, a certain development length is required for the flow to become
fully periodic. As the slug flow has a train of bubbles, few bubbles are needed to be generated for
it to achieve the periodic flow in the following bubbles. Therefore, this technique requires a long
computational domain and long computational time as a number of bubbles are required to be

generated. This technique has been employed by several researchers to model slug flow e.g. Gupta
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et al., (2009, 2010), Asadolahi et al. (2011). Gas and liquid flow rates or superficial velocities or
two-phase velocity (Utp) and homogeneous void fraction (f) are the only inputs required in this

technique and bubbles are generated.
3.3.2 Moving Frame of Reference

In the bubble frame of reference the flow becomes steady and is periodic in space. Therefore,
fully-developed Taylor flow can be studied in a periodic unit consisting of a gas bubble and a
liquid slug. Note that the fully-developed Taylor flow refers to the flow that has become fully

periodic i.e.
v(x,t) = v(x + Lyc, t) (3.10)
and fully-developed heat transfer for constant wall heat flux boundary condition refers to

Tw(,t) =T(x,t)  Ty(x+ Lyc,t) = T(x + Lyc,t)
Tw(,t) = T(x,t) Ty (x+ Lyc,t) — Tn(x + Lyc, t)

(3.11)

Where Ty, and T,, are the wall and mean fluid temperatures at location x and time t and L is the
length of the periodic unit. Asadolahi et al. (2011) developed a methodology to model periodic
flow and heat transfer in gas-liquid Taylor flow in a periodic unit cell in a frame of reference
moving with the bubble. This methodology has been extensively validated by comparison with the
experimental data for bubble shape, bubble velocity, film thickness and overall Nusselt number
for heat transfer without phase change for flow of long Taylor bubbles in microchannels

(Asadolahi et al., 2012; Gupta et al., 2013). The same methodology has been adopted in this work.

3.4 Boundary Conditions
Inlet and Outlet: At the domain inlet, the two velocity components, axial and radial, are specified.
When the flow is periodic, the axial and radial velocity components from the outlet boundary are
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specified at the corresponding locations at each time step using a user subroutine. At the first time
step and while restarting the simulation at an intermediate time, a parabolic velocity profile having
average velocity equal to the two-phase velocity is specified at the inlet for first few initial time
steps as there is no data available to be specified at the inlet initially. At the exit boundary, a

uniform pressure boundary condition having a zero pressure (gauge) is specified.

As only the liquid phase remains present at the channel walls, volume fraction of gas is specified

to be zero at the inlet and outlet boundaries.

The fluid temperature increases along the axial direction and the increase in temperature over a
periodic unit cell is a constant in the thermally fully-developed flow for the constant wall heat flux
boundary condition. Considering energy balance over a unit cell, Asadolahi et al. (2011) showed

that the temperature rise over a unit cell can be given by Eqg. (3.12).

quw,U Cc

T(x+ L yt) — T x,t) =
( vt ~f 0 [WUrp = ecUs)pLCHL + E6UsPeCpc|Acs

(3.12)

The liquid in the slug recirculates in the bubble frame of reference and the axial velocity is given
by the difference between the fluid velocity in the laboratory frame of reference and the bubble
velocity. Thus the fluid enters and comes out of the computational domain at the inlet as well as
exit boundaries. This fact needs to be taken into account for the implementation of the periodic
boundary condition for temperature. Therefore, the temperature is specified on those cells at the
inlet and exit boundaries for which the fluid enters in the computational domain using Eq. (3.12),

as shown in Fig. 3.1.
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Figure 3.1: A schematic of the computational set up
Wall: A no-slip boundary condition is specified at the channel wall. It might be noted that a liquid
phase is always present during the simulations and therefore no three phase contact occurs at any
time. For heat transfer studies, a constant heat flux boundary condition is specified on the channel

wall and the value of constant wall heat flux 32000 W mis used throughout the simulation.

Axis: For the axisymmetric calculations, the governing equations are solved in the cylindrical
coordinate system. While no boundary condition need to be specified at the axis boundary, the
formulation in ANSYS Fluent requires the axis boundary to lie at r = 0 line only. It can be noted
that the cell value in the adjacent cell is used to determine the physical value of a particular variable

on the axis.

3.5 Initial Conditions

Pressure: The initial pressure in the domain is specified to be zero (gauge pressure).
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Velocity: The velocity profile in the domain is defined to be parabolic in the entire computational

domain initially with the average velocity being equal to two-phase velocity.

Volume fraction: Based on the gas hold-up, the gas volume fraction is specified such that the gas
bubble is located in the centre of the computational domain. The bubble volume is gas hold-up
times the volume of the computational domain. The initial bubble shape was specified to be

cylindrical which appears as rectangle in axisymmetric computations.
Temperature: The initial temperature in the domain is specified to be 300K.
The simulations are run in transient manner. The simulation is therefore run until a steady Nusselt

number is obtained. Simulations for heat transfer are initialised once a steady flow solution is

obtained. The initial temperature in the domain is specified to be 300 K.
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Hydrodynamics of Slug Flow: Effect of Parameters

This chapter presents a CFD methodology to model the hydrodynamics of periodic slug flow. The
results obtained are validated by comparison with the experimental data published in the
literature, analytical and empirical correlations and other computational studies, wherever
possible. The transition in the bubble shape from spherical to that of Taylor bubble with an
increase in the bubble volume is studied. Further, the effect of Reynolds number and capillary
number on the hydrodynamics are investigated. Finally, a phenomenological model is presented

for shear stress on the channel wall.
4.1 Introduction

A number of parameters such as bubble and slug volumes (or lengths), two-phase velocity, liquid
propoerties can affect the hydrodynamics and heat transfer in the slug flow regime. In non-
dimensional terms, the changes in two-phase velocity and liquid properties can be represented by
Reynolds and capillary numbers. As for the bubble and slug volumes, both the volumes of the gas
bubble and liquid slug and their ratio is important. The ratio of gas volume and the unit cell
volumes can be represented by the gas hold-up or void fraction in a unit cell. The bubble volume
is represented by the equivalent sphere radius and slug length can be non-dimensionalised by the
channel diameter. In this chapter, the effect of all of these parameters on the hydrodynamics of

slug flow has been investigated.
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4.2 CFD Methodology

As the gas-liquid interface is large in the slug or Taylor flow regime in microchannels, various
interface capturing or tracking methods such as VVolume of Fluid (Hirt and Nichols, 1981), Level
Set (Sussman et al. 1994), Marker point (Unverdi and Tryggvason, 1992) and phase field (Cahn
and Hilliard, 1958) can be used to model the flow. In this work, the Volume of Fluid (VOF) method
as implemented in ANSY'S Fluent has been employed to capture the gas-liquid interface. Gas and
liquid both phases are assumed to be incompressible. The fluids are assumed to follow Newtonian
behavior. As the channel cross section is circular and the bubble shape is axisymmetric at Reynolds
number below ~1000 (Asadolahi et al., 2012), the flow can be assumed to be axisymmetric.
Axisymmetric flow often refers to considering the governing equations in a cylindrical coordinate
(r, 0, z) system neglecting the azimuthal velocity components as well as gradients in the azimuthal

direction requiring the momentum equations for r and z directions only to be considered.

To model the flow in a frame of reference moving with the bubble, the entire computational
domain is moved with the bubble velocity using dynamic mesh feature of ANSY'S Fluent. Figure
4.1 shows a schematic of the periodic computational domain to model slug flow. The expected
velocity profiles at the domain boundaries in the laboratory and bubble frame of references have

also been shown.

Since the bubble velocity is not known a priori, it is calculated from the previous time step using

EQ. (4.1). The bubble velocity becomes time-independent once the bubble shape becomes steady.

~ f;ﬁ‘Luc

x+Lyc R ,
I J, ag2nrdrdx

fOR agu, 2mrdrdx’

(4.1)
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Figure 4.1: A schematic of the computational set up.

As the bubble remains stationary, it is advantageous to keep the bubble in the centre of the
computational domain with only liquid phase present at the domain boundaries. This eliminates
the need for the implementation of the periodic boundary condition for the phase fraction ()
and only the velocity components. Moreover, the velocity profile in the middle of the liquid slug
i.e. at the ends of the periodic domain is nearly parabolic and have almost zero axial gradients.
This eliminates the need for the velocity gradients to be wrapped (Rosaguti et al., 2007). Two-

phase velocity (Utp) and gas hold-up (&c) are the input parameters in this case.

4.2.1 Boundary Conditions

For the velocity, a periodic boundary condition is employed and the velocity components from
the exit boundary are specified to the inlet boundary at the corresponding radial location. Initially
and for each restart of the simulation, a parabolic velocity profile is defined at the inlet for the
first few time steps. At the outlet, a uniform gauge pressure is specified. On the channel wall, a

no-slip boundary condition is specified.
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4.2.2 Initial Conditions

The simulations are run in transient manner. However, one should note that the problem is steady
in a frame of reference moving with the bubble. The simulation is therefore run until a steady
solution is obtained. Initially, the known volume of gas corresponding to the bubble volume is
specified as a bubble. The initial bubble shape can be specified either cylindrical or cylindrical
with ellipsoidal caps at the two ends. The use of a bubble shape with ellipsoidal caps avoids the
singularities that arise at the corner of a cylindrical bubble and approaches to a steady shape
faster. In this work, initially the bubble shape has been defined to be cylinder with ellipsoidal
ends. For short bubbles, the initial bubble shape can be defined to be spherical. The velocity
profile in the domain at time t = 0 is defined to be parabolic corresponding to the fully-developed
single phase flow having average velocity equal to mixture velocity (Ute). Mixture or two-phase
velocity is the sum of the gas and liquid superficial velocities. It can be noted that the average
liquid velocity at any cross-section in the slug is equal to the two-phase velocity (Utp) (Suo and

Griffith, 1964). The initial (gauge) pressure in the domain is specified to be zero.

4.2.3 Solver Settings

The simulations are performed in a transient manner using a first order explicit time-marching
scheme until a steady bubble shape and flow field is obtained. QUICK scheme (Leonard et al.,
1990) is used to discretize the convective terms in the momentum equation. An explicit scheme
is used to solve the VOF equation and piecewise-linear interface construction scheme is used to
keep the interface sharp. A fractional step scheme (Glaz et al., 1993) is used for pressure-velocity
coupling. The gradients of scalars are calculated using the Green-Gauss node base method

(Rauch et al., 1991) where the values are computed as the mean of values at the nodes of the
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cell. A variable time step with Courant number (C = vAt/Ax) equaling 0.25 is used. The
residuals for velocity and pressure are kept as low as possible (10 or less). The simulations have

been performed employing ANSYS Fluent, a commercial CFD solver.

4.3 Result and Discussion

CFD simulations have been performed in a channel of radius 0.5 mm and unit cell length 5 mm.
The simulations have been performed for different gas-liquid systems. Nitrogen has been used
as the gas phase in all the simulations. Water and mixture of water and ethylene glycol in
different proportions, encompassing a range of viscosities have been used as the liquid phase.
The hydrodynamic properties of all the fluids used in the simulations are given in Table 4.1.
These values, at room temperature and pressure, have been taken from different literature sources
( Leung et al., 2014, Gupta et al., 2010, Kurimoto et al., 2017), as pointed out in the table. In
Table 4.2, the input parameters for the CFD simulations i.e. non-dimensional equivalent sphere
radius and two phase velocities for all the cases have been given. The relevant non-dimensional
numbers i.e. channel Reynolds numbers, void fractions i.e. gas volume fraction in the unit cell
has also been given in Table 4.2. Three cases, as shown in the Table, correspond to the

experimental conditions of (Laborie et al., 2005).
4.3.1 Mesh Independence Study

A structured, rectangular mesh has been used for the simulations. Gupta et al. (2009) suggested
the use of mesh elements having aspect ratio close to one in the channel except in the near wall
region where the grid should be refined sufficiently in the radial direction to capture the thin

liquid film surrounding the bubble. As a guideline, Gupta et al. (2009) suggested the use of at
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least five elements in the liquid film region. As the film thickness is not known a priori, an

estimate of the film thickness can be made using expression developed by Bretherton (1961).

2/
_ uu 3
w=13¢ (%) 42)
Following these guidelines, the simulations have been performed using different mesh densities

for two different bubble volumes: one for the spherical bubble and the other for Taylor bubble

as shown in Fig. 4.2.

Table 4.1: Properties of the fluids used in the CFD simulations

Fluid Density Dynamic viscosity Surface tension
(kg m) (kg ms) (Nm)
Water 997.0 8.90x10* 0.072
Ethylene glycol 1111.4 1.57x107 0.048

(Leung et al., 2014)

Glycerol-Water 1129.0 5.62x1073 0.069
(52 wt %) solution

(Kurimoto et al., 2017)

Glycerol-Water 1164.0 1.16x102 0.067
(64 wt %) solution

(Kurimoto et al., 2017)

Air 1.185 1.83x10°
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Table 4.2: Flow Conditions and non-dimensional numbers

S.No. Liquid Reqv Ute €6 Re Ca
(ms)
1 Water 0.72 0.3 0.05 336 0.0037
2 Water 0.91 0.1 0.1 112 0.0012
3 Water 0.91 0.2 0.1 224 0.0024
4 Water 0.91 0.3 0.1 336 0.0037
5 Water 0.91 0.4 0.1 4438 0.0049
6 Water 0.91 0.5 0.1 560 0.0061
7 Water 0.97 0.3 0.12 336 0.0037
8 Water (Laborie et al., 2005) 0.98 0.64 0.128 717 0.0079
9 Water 1.04 0.3 0.15 336 0.0037
10 Water 1.15 0.3 0.2 336 0.0037
11 Water 1.31 0.2 0.3 224 0.0024
12 Water 1.31 0.3 0.3 336 0.0037
13 Water 1.31 0.4 0.3 448 0.0049
14 Water 1.31 0.5 0.3 560 0.0061
15 Water (Laborie et al., 2005) 1.34 0.5 0.36 561 0.0062
16 Water (Laborie et al., 2005) 1.45 0.58 0.41 649 0.0072
17 Water 1.55 0.3 0.5 336 0.0037
18 Water 1.74 0.3 0.7 336 0.0037
19 Ethylene Glycol 1.31 0.3 0.3 21 0.0981
20 Glycerol-Water (52 wt %) 1.31 0.3 0.3 60 0.0247
21 Glycerol-Water (64 wt %) 1.31 0.3 0.3 30 0.0517
41
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Figure 4.2: Grid independence study for bubble shape for Reqy = 0.91 and Re = 112
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Figure 4.3: Grid independence study for bubble shape and wall shear stress for Reqy = 1.31 and

Re = 336.
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For the spherical bubble, two meshes comprising of 27500 and 39900 elements has been used.
As can be seen from Fig. 4.2, the bubble shape obtained by the two meshes are same, therefore
the mesh containing 27500 elements has been used for further simulations. For the longer bubble,
simulations were run for three different meshes consisting of 27500, 39900 and 78750 elements
(not shown in the Fig. 4.2) for flow. Figure 4.3 shows a comparison of the bubble shape and
wall shear stress obtained from two grids having 27500 and 39900 elements for two-phase
velocity of 0.3 m s and void fraction of 0.3. Again, the bubble shape obtained from the three

meshes are same and mesh consisting of 27500 elements has been used for further simulations.

4.3.2 Validation

The computational methodology developed by Asadolahi et al. (2011) for the modelling of Taylor
flow has been adopted in this work. The methodology was extensively validated by comparison
with the experimental data for the bubble shape and overall Nusselt number by Asadolahi et al.
(2012) for nitrogen-water and nitrogen-ethylene glycol systems. In this work, validation has been
carried out by comparing the bubble shapes for two liquids: (a) a viscous liquid (ethylene glycol)
(experiments of Hagnefelt, 2009) (b) low viscosity liquid (water) (experiments of Kurimoto et al.,
2017). The bubble shape obtained from CFD simulations for ethylene glycol-nitrogen system has
been compared with that obtained by Héagnefelt (2009) in a circular channel of 1.97 mm diameter
for a mixture velocity of 0.1 m s. For the water-nitrogen system, the bubble shapes are compared
with the bubble image obtained experimentally by Kurimoto et al. (2017) in a channel of diameter
0.32 mm for a mixture velocity of 0.60 m s*. Figure 4.4 shows the comparison between the bubble
shapes obtained from CFD and experiments for the two cases. It can be seen from the figure that
there is good agreement between the bubble shapes obtained from CFD and experiments for both

the cases. There is also good agreement between the bubble velocities obtained from CFD and
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experiments for the two cases: for nitrogen-water case the bubble velocities are 0.67 m s (CFD)
and 0.69 m s (experiment) whereas for ethylene glycol-nitrogen case the values are 0.13 m s
(CFD) and 0.12 m s (experiment).

Laborie and Cabassud (2005) reported average magnitudes of shear stress for the liquid slug and
gas bubble regions, separately. They also compared the average magnitude of shear stress on the
wall in the liquid slug region with that obtained from Hagen-Poiseuille equation (given in Eq. 4.4)
and found them to be in good agreement. Our CFD simulations have also shown the wall shear

stress in the liquid region to be in good agreement with the Hagen-Poiseuille equation.

(a) (b)

Figure 4.4: Comparison of the bubble shapes obtained from CFD simulations (left, in colour)
and experiments (right, in black and white) for (a) ethylene glycol-nitrogen system in a channel
of diameter 1.97 mm and a mixture velocity of 0.1 m s. Experimental data is from Hagnefelt
(2009). (b) water-nitrogen system in a channel of diameter 0.32 mm and a mixture velocity of
0.6 m s, Experimental data is from Kurimoto et al. (2017). The red colour represents liquid and

blue colour denotes gas phase.
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In Fig. 4.5, the average magnitudes of wall shear stress in the gas bubble region obtained from

CFD simulations and experiments of Laborie and Cabassud (2005) have been plotted for cases 1-
3 (Urp =050 ms?, €6 = 0.360, Utp = 0.58 m s, &6 = 0.410 and Utp = 0.64 m s, g6 = 0.128).

The values reported from CFD simulations are those in the constant radius cylindrical region.
These values are also in good agreement with each other. It must be noted that for the cases
presented in Fig. 4.5, the two-phase velocity is same in CFD and experiments but the bubble
lengths are different in the two cases. While the averaging procedure is not clear for the data
reported in Laborie and Cabassud (2005), in the case of CFD simulations the shear stress at the
bubble nose and tail has not been taken into account to calculate the average wall shear stress in

the gas slug region.
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Figure 4.5: Comparison of the average magnitudes of wall shear stress in the gas bubble region

obtained from CFD simulations and experiments of Laborie and Cabassud (2005) for cases 1-3

(Urp=0.50m st & =0.360, Urp=0.58ms? &=0.410and Urp = 0.64 ms? & = 0.128).
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4.3.3 Typical Flow Field

Figure 4.6 shows the bubble shape and local wall shear stress profile for two-phase velocity of
0.3 m s and void fraction of 0.3. In the coloured plot at the top, water is shown in red and air is
shown in blue. Note that only half the bubble obtained from axisymmetric CFD simulations is
shown. The graph at the bottom shows the bubble interface (isosurface of volume fraction 0.5)
together with the local shear stress distribution. The flow direction is from left to right. As the X
and Y scales are not same in the graph, the aspect ratio of the bubble is not the same as in the
coloured plot above. At the bubble front, bubble radius increases rapidly first and then reaches a
plateau while approaching the constant radius cylindrical region. The thickness of the liquid film
surrounding the bubble in the cylindrical region is 17 microns. The thickness of the liquid film
obtained from well-known equations for calculating film thickness Bretherton expression
8r/R = 1.34Ca?/3 (Bretherton, 1961) and A&Q correlation 8z/R =
1.34Ca?® /(1 +3.34Ca??) (Aussillous and Queré, 2000) are 16 and 15 microns,
respectively. Thus, the film thickness obtained from CFD simulations is in good agreement with
that obtained from the correlations available in the literature. Some undulations i.e. oscillatory
profile is observed at the back of the bubble. These undulations have been reported in the
literature (see for example Giavedoni and Saita, 1999). In his classic paper, Bretherton (1961)
obtained analytical solution for the bubble shape at low capillary numbers and his analytical

solution showed the presence of undulations at the back of the bubble.

The wall shear stress is defined as

e
Tw = —f— all (4.3
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The wall shear stress is positive when the flow near the wall is in the forward direction and
negative when there is backflow near the wall. The shear stress is always positive in the liquid
slug region and almost constant for the case shown in Fig. 4.6(a). Near the bubble nose and tail,
the shear stress is observed to increase gradually from the liquid slug to bubble region and a
maximum is observed as the cylindrical region having constant film thickness begins. Similarly,
at the tail of the bubble the shear stress increases on moving from slug region to the bubble region
and reaches a maximum just before the liquid film thickness is minimum. Further moving in the
liquid film, a pair of minimum and maximum in the shear stress having negative and positive
values respectively are observed. This behaviour corresponds to the recirculating flow near the
wall as shown in Fig. 4.6(b). There are two recirculations in the film in this case. The bigger one
Is in the region where the film thickness is minimum and the other at the start of the constant

thickness film region.

This suggests that the introduction of the Taylor bubbles improves the capability of the flow to
remove the scale deposited on the walls and can be used in membrane fouling removal
applications (Laborie et al., 2005). The change in the sign of shear stress at the tail of the bubble
further helps in scale removal. The magnitude of wall shear stress averaged over a unit cell is 3.9
Pa. The wall shear stress for the liquid-only, laminar, fully-developed flow having same average
velocity as the mixture velocity can be calculated from Hagen-Poiseuille law (Bird et al., 1961)

as given in Eq. (4.4) below:

8uUrp
Twio = , (4.4)

The liquid-only wall shear stress obtained from Eq. (4.4) is 2.14 Pa. The wall shear stress in the

liquid slug region obtained from CFD simulations is 2.14 Pa and is same as the liquid-only value
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given by Eq. (4.4). Clearly, the presence of the bubbles in the flow causes the average shear
stress on the wall to almost double. Also note that the maximum and minimum values of wall
shear stresses vary between 12.4 and -34.2 Pa — one order of magnitude higher than the average

value. These values occur at the locations of minimum and maximum film thickness.

In Fig. 4.6(c), the pressure on the channel wall and axis has been shown. The two sudden jumps
in the axis pressure correspond to the bubble front and back and can be attributed to the Laplace
pressure difference caused by surface tension. A clear reverse pressure gradient is observed at
the axis i.e. in the gas bubble. The wall and axis pressures are same in the liquid slug region,
however, in the gas bubble region, the axis (gas) pressure is more than that on the wall (liquid).
The pressure in the liquid film (wall) balances the pressure loss caused by the viscous force,
change in Laplace pressure caused by change in bubble curvature and accelerational pressure
drop, if any. The pressure change at the bubble front can be attributed to the change in bubble
curvature from ~(2/(R-ox)) to ~1/(R-o¢). In the middle, the pressure is almost constant before it
dips at a location that corresponds to the recirculation in the constant thickness film region. The
bigger oscillation in the pressure at the bubble back corresponds to the recirculation near the
minimum film thickness region shown in Fig. 4.6(b). Recently, Abiev (2017) has analysed the
bubble shape at the ends and the associated velocity, shear stress and pressure field with simple
phenomenological modeling and showed that the reverse flow in the film is caused by the inverse

pressure gradient in the film.

48
TH-2207_146107023



Chapter 4

1.0

404 L 0.8

- 0.6

- 0.4

Ty (Pa)
=

[

Y/R

e L 0.2

Wall

/"@ Interface

Axial Velocity (m s)

(b)

49
TH-2207_146107023



Chapter 4

-

(©)
Figure 4.6: (a) Bubble shape and local wall shear stress profile (b) velocity field in the film near
the wall for two-phase velocity of 0.3 m s and equivalent sphere radius of 1.31 for air-water
flow having Ca = 0.0037 and Re = 336. (c) Pressure profile along the axial direction on the
channel wall and axis. The colour contour in (b) shows the regions of negative axial velocity in

the film.

4.3.4 Effect of Bubble VVolume

Bubble Shape: CFD simulations have been performed for a range of bubble volumes (0.72 < Reqv
< 1.55) for Re = 336. Figure 4.7 shows the bubble shapes and pressure contours obtained from
CFD simulations for all the cases. As the computational domain is axisymmetric, only one half
of the bubble is shown in the figure. The bubble shape is close to spherical for small bubble
volumes (Reqv < 0.97). For Reqv = 1.15, the bubble takes the shape of a Taylor bubble i.e. it has a
constant thickness film region between the hemi-spherical / ellipsoidal front and rear. A further

increase in the bubble volume results in an increase in the length of the cylindrical region in the
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middle. In their work on liquid drops, Lac and Sherwood (2009) also found that for Reqv > 1.1
the front and rear of the drop remained unchanged with an increase in the droplet volume and

the increase in drop volume merely added to the length of the droplet.
Pressure
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Figure 4.7: Bubble shape (interface shown by solid black line) and pressure field for Reqy = 0.72,

0.91, 0.97, 1.15, 1.31 and 1.55 (value increasing from top to bottom) for Re = 336.

To compare the bubble shapes, the bubble interfaces identified by the isocontours of volume
fraction 0.5 are plotted together in Fig. 4.8. In Fig. 4.8(a), the bubble shapes at the front or nose
has been compared by plotting the bubble interfaces with the bubble fronts matched. In Fig.
4.8(b) the bubble tails are matched together in order to compare the shape of bubble tail for
different bubble volumes. The x and y axes have different scales (i.e. the length of 1 unit on y-
axis is not same as that on the x-axis) in Fig. 4.8, therefore actual bubble aspect ratio is not seen
in these figures. While the curvatures at the front and back ends of the bubbles are same for all

the cases, the bubbles belong to two broad categories. For the three low bubble volumes (Reqv <
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0.97), the interface radius i.e. the radial distance between the channel axis and interface increases
monotonically from front to the middle of the bubble to attain a maxima and then decreases
monotonically towards the rear. The shape of these bubbles are same except near the maximum
interface radius region in the middle. The maximum radius is a function of the bubble volume.
The shape of these short bubbles is almost spherical.

For Reqv > 1.15, the bubbles have a shape typical of a Taylor bubble: a cylindrical region in the
middle and two ellipsoidal halves at the ends. The curvatures at the front and back of the bubbles
are same as that for the short bubbles and the bubble interface transitions from a spherical shape
at the front to the cylindrical region in the middle. After the cylindrical region, a minima in the
interface radius is observed. Further, it increases to a maximum and then decreases
monotonically at the back. The occurrence of these undulations at the back of the bubble has
been explained by the analytical solution of the linearised Landau-Levich equation by Bretherton
(1961) and has recently been explained by Cherukumudi et al., (2015). Cherukumudi et al.,
(2015) proposed a condition for the minimum length of a Taylor bubble assuming the length of

the transition region between the front and back of the bubble to be 10 non-dimensional unit
(1 non — dimensional unit = %F (3Ca)"1/3) and is given by Eq. (4.5).

18.55¢Ca'/3

£ ~ S_F _1/ =
L2 (1 +10% (3Ca) 3) N

(4.5)
For the present condition the minimum length of a Taylor bubble comes out to be 4.65R from
Eq. (4.5). As can be seen from Fig. 4.8, the shortest Taylor bubble (Reqv = 1.15) has a length less

than 3R. However, it should be noted that a constant film thickness region has not developed in

this case. For Reqv = 1.31, the bubble length is ~4R.
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In Fig. 4.9, the minimum film thickness (dmin), the minimum distance between the bubble
interface and channel wall has been shown as a function of Reqy. The minimum film thickness
decreases with an increase in the bubble volume for small bubbles. It is important to note that
the minimum film thickness remains same for long Taylor bubbles as can be clearly seen in Fig.
4.8(b). The film thickness in the cylindrical region or Taylor bubble film thickness has also been

shown for large bubble volumes for comparison.
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Figure 4.8: Bubble shapes with bubble (a) rears and (b) fronts matched for Re = 336 and Reqy =

0.72,0.91, 0.97, 1.15, 1.31 and 1.55 (area under the curve increases with increasing Reqv).
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Figure 4.9: Minimum film thickness (omin) (SOlid symbols) and Taylor bubble film thickness (OF)

(open symbols) variation with the bubble size for Re = 336.
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Figure 4.10: Non-dimensional bubble velocity variation with bubble size for Re = 336.

Bubble Velocity: The bubbles moves with a velocity Ug in the forward direction and this velocity
is obtained from CFD simulations using Eq. (4.1). Figure 4.10 shows the variation of the bubble
velocity with an increase in the bubble volume. The small bubble moves with a high velocity and

the bubble velocity decreases with an increase in bubble volume until the bubble assumes the shape
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of a Taylor bubble. Feng (2010) also observed that a bubble of larger size moved at a slower
velocity in the range of parameters simulated in this work. The velocity of a Taylor bubble remains
unchanged with further increase in bubble volume. Clift et al. (1978) also point out that the bubble
length has no influence on the bubble velocity when its length exceeds 1.5 times the channel
diameter. This result can have implication in a number of applications where a long bubble or
droplet is followed by a short bubble for example evaporation and boiling, satellite bubble and
droplets. As the velocity of the small spherical bubbles is more than that of the long Taylor bubble,

a shorter bubble following a longer bubble will eventually coalesce to form a longer Taylor bubble.

Wall Shear Stress: The wall shear stress has been plotted for different cases along with the bubble
shapes in Fig. 4.11. Figure 4.11 the wall shear stress has been plotted for larger bubbles (& = 0.3,
0.5 and 0.7 and Reqv 1.31, 1.55 and 1.74). While the wall shear stress is high in the nose and tail
regions, it is very low in the cylindrical region. As with the bubble shapes, the wall shear stress
distribution at the nose and tail is also same for all the three cases.
Some interesting observations can be made regarding the shear stress distribution for the three
low volume fraction cases shown in Fig. 4.11(b). At & = 0.1, three peaks are observed in the
wall shear stress but the magnitude of the shear stress is low. For &z = 0.15, again three peaks
are observed in the wall shear stress plot, albeit the magnitude of wall shear stress becomes
double than that for &g = 0.1 case. For & = 0.2, while the wall shear stress distribution at the

back of the bubble remains same as that for &g = 0.15 case, two peaks appear in the front region.
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Figure 4.11: Bubble shapes and magnitude of wall shear stress (on secondary axis) obtained

from CFD simulations for a mixture velocity of 0.3 m s™* for air-water flow having Ca = 0.0037

and Re = 336 and void fractions of (a) 1.15, 1.31, 1.55 and 1.74 and (b) 0.91, 1.04 and 1.15 (c)
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Figure 4.12: Average magnitude of wall shear stress over a unit cell as a function of void fraction

for a mixture velocity of 0.3 m s for air-water flow having Ca = 0.0037 and Re = 336.
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In Fig. 4.12, the magnitude of wall shear stress averaged over a unit cell has been plotted. The
average magnitude of wall shear stress increases when void fraction increase from 0.1 to 0.2 and
then decreases with a further increase in the void fraction. This pattern is quite clear when one
takes into account the local wall shear stress distribution. At low volume fractions, the wall shear
stress at the bubble nose and tail region is higher than that in the liquid slug region and
consequently the wall shear stress becomes higher than that for liquid only flow (& = 0). The
wall shear stress in the nose and tail region increases with void fraction until the nose and tail
regions develop, this explains the increase in wall shear stress until void fraction is less than 0.2.
For values of void fraction higher than 0.2, only the length of cylindrical region increases where
wall shear stress is very low and therefore the average value of wall shear stress drops at higher

void fractions.
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Figure 4.13: Typical wall and axis pressure distribution for Re = 336 and Reqv = 0.91. The

square symbols (0) show the start and end of the bubble.
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Pressure Distribution: The pressure contours has been shown in Fig. 4.7. The pressure in the
bubble is observed to be almost uniform and the pressure jump at the gas-liquid interface caused
due to surface tension (Young-Laplace equation) can be observed. Figure 4.13 shows the typical
pressure distribution at the channel axis and channel wall for Re = 336 and Reqv = 0.91. The
pressure is non-dimensionalised by the Laplace pressure difference in the plot. Note that the gas
bubble lies on the channel axis, whereas there is only liquid phase on the channel wall. The
pressure jump on the axis is because of the Laplace pressure difference. The pressure at the back
of the bubble is slightly lower than that at the front on the axis.

Figure 4.14 shows the pressure distribution on the channel wall for the four different bubble
volumes. In the liquid slug region, the pressure gradient is constant i.e. the pressure varies
linearly and is same as that for fully-developed, liquid-only laminar flow. In the bubble region,
the wall pressure decreases and reaches a minimum at the location where film thickness is
minimum. For Reqv = 0.72, this dip in pressure is almost symmetric. For Reqy > 0.91, the pressure
first increases near the bubble back, then decreases to a minimum and then increases again near
the front of the bubble and then decreases again. For Reqv = 1.31, an almost constant pressre
region is observed in the middle cylindrical region of the bubble before it starts decreasing near
the bubble front.

Along with the bubbles, a part of liquid between two adjacent bubbles i.e. liquid slug also moves
with the bubble velocity in the forward direction and remaining liquid is left behind. In addition
to the forward motion, the liquid slug and gas bubbles both have internal recirculations which
can be best observed in the bubble frame of reference. Figure 4.15 shows the streamlines in the
liquid slugs and gas bubbles in a frame of reference moving with the bubble. For Reqy > 0.91, the

liquid in the slug is observed to recirculate covering almost the entire channel.
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Figure 4.14: Wall pressure variation along the axial direction for four different bubble volumes

(Reqv = 0.72,0.91, 1.15 and 1.31) at a Re = 336.

Figure 4.15: Bubble shape (interface shown by dark black line) and streamline for Reqv = 0.72,

0.91, 0.97, 1.15, 1.31 and 1.55 for Re = 336.
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For Reqv = 0.72, the radial extent of recirculation is upto 0.5R from the channel axis and the
recirculating liquid returns back well before the liquid can reach the back of the bubble. A big
vortex is seen inside the gas bubble. For Reqy > 0.91, there are three vortices in the bubble. An
increase in bubble volume results in an increase in the size of the vortex in the middle whereas
the vortices on the sides remain almost same in size. There are two stagnation points on the

bubble. At these points, the flow direction reverses inside as well as outside the bubble.
4.3.5 Effect of Reynolds Number

The effect of increase in channel Reynolds number on the hydrodynamics has been studied by
increasing the two-phase velocity for near-spherical (Requ = 0.91) as well as Taylor bubbles (Reqv
= 1.31). In Fig. 4.16, the streamlines in a frame of refernce moving with the bubble along with
the bubble shape for Reqv = 0.91 has been shown for 112 < Re < 560. While the bubble shape is
observed to be spherical at low Reynolds numbers, the bubble can be clearly seen to be composed
of two non-spherical halves at higher Reynolds numbers. With an increase in Reynolds number,
the front or nose of the bubble becomes sharp i.e. the radius of curvature at the front decreases.
Whereas the increase in the Reynolds number causes the back of the bubble to become flatter
i.e. radius of curvature at the back increases. A similar effect of the increase in Reynolds number
has been observed on the shape of the bubble front and back in Taylor flow in microchannels in
literature (Gupta et al., 2010). In their calculations for liquid drops, Lac and Sherwood (2009)
also observed the curvature of the drop at the front to be higher than that at the rear. Figure 4.17
shows the variation of minimum film thickness with an increase in Reynolds number for Reqv =
0.91. The minimum film thickness decreases from ~0.1R to ~0.05R with the increase in Reynolds

number from 112 to 560.
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Figure 4.16: Bubble shape and streamlines for Reqv = 0.91 for Re = 112, 224, 336, 448 and 560.
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Figure 4.17: Minimum film thickness as a function of Reynolds number for Reqy = 0.91.
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PR/2c

Figure 4.18: Wall Pressure for Reqy = 0.91 and Re = 224-560. The symbols show the start (left)

and end (right) of the bubble for each case.

Figure 4.18 shows the pressure on the channel wall for Reqv = 0.91 and Reynolds numbers ranging
from 224 to 560. As observed in the earlier section, pressure decreases linearly in the liquid slug
region. The slope of the linear portion in the slug region increases with an increase in Reynolds

number. This is similar to the laminar, fully-developed, liquid-only flow for which the pressure
gradient can be given by Hagen-Poiseuille law i.e. ATP = ?—ZU and the pressure gradient increases

with an increase in the mixture velocity. It can be seen that the dip in the pressure at the middle
of the bubble decreases with an increase in Reynolds number. Similarly, the raise in the pressure
near the bubble ends also increases with an increase in Reynolds number. This pressure profile
also causes recirculation in the liquid film (in laboratory frame of reference) between the bubble

and wall.
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simulations for Reqy = 1.31. The film thickness obtained from has also been shown.

The effect of increase in inertia on the shape of Taylor bubble has been studied by Edvinsson and
Irandoust (1996), Giavedoni and Saita (1997), Heil (2001), Ryck (2002) and Gupta et al. (2010)
amongst others. The thickness of the liquid film and the length of the transition region at the front
increases with an increase in Reynolds number. In Fig. 4.19, the non-dimensional film thickness
obtained from CFD simulations as well as the film thickness calculated from other correlations as
given in table 2.1 are also plotted. From the figure 4.19 CFD film thickness is comparable with the
different correlation given such as A & Q (2000), Klaseboer (2014), Kreutzer (2001) and
Irandoust (1989). The film thickness in the cylindrical region increase with an increase in the

Reynolds number.
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4.3.6 Effect of Capillary Number

To understand the effect of different liquids, CFD simulations have also been performed for three
different liquids, water-glycerol (52% by wt.) mixture, water-glycerol mixture (64% by wt.) and
ethylene glycol, at a mixture or two-phase velocity of 0.3 m s and void fraction of 0.3. These
fluids have been considered by Kurimoto et al. (2017) in their experiments for gas-liquid slug flow
and cover a range of liquid viscosities (given in Table 4.1). With an increase in liquid viscosity the
capillary number increases from 0.0037 to 0.098. Whereas Reynolds number decreases from 336
to 21. Figure 4.20 shows the bubble shapes along with shear stress on the channel wall as calculated
from Eq. (4.3). The volume of the bubble is same in all the cases. With an increase in the liquid
viscosity, the bubble becomes longer and thinner. Bubble curvature at the front increases (and the
radius of curvature decreases) with an increase in the liquid viscosity. The undulations at the back
of the bubble are observed in all the cases but the amplitude of undulation is observed to decrease
with an increase in the liquid viscosity. The thickness of the liquid film surrounding the bubble
increases with an increase in the capillary number. Figure 4.21 shows the film thicknesses obtained
from CFD calculation along with those obtained from Bretherton (1961) and Aussillous and Quéré
expressions (2000). Bretherton expression is valid only for capillary number less than 0.005
whereas the A&Q expression is valid for viscous liquids as shown recently by Klaseboer et al.
(2014). At low value of capillary number (Ca = 0.004), the film thickness is in good agreement
with the Bretherton’s correlation also. The film thickness obtained from CFD is in good agreement

with A&Q correlation for all values of capillary numbers.
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Figure 4.20: Bubble shape and wall shear stress for four air-water (Ca = 0.0037, Re = 336),
air-water glycerol (52%) (Ca = 0.0247, Re = 60), air-water glycerol (64%) (Ca =0.0517, Re =

30) and air-ethylene glycol (Ca = 0.0981, Re = 21) at a mixture velocity of 0.3 m st and Reqy =
1.31.
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Figure 4.22: Bubble velocity as a function of capillary number.
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Figure 4.22 shows the bubble velocities obtained from CFD calculations along with those obtained

from Liu et al. (2005) correlation as given by Eq. (4.6) below.

Up _ 1
Upp 1—0.61Ca033

(4.6)

Bubble velocity increases with an increase in capillary number i.e. the bubble moves with a higher
velocity for the viscous liquid for the same mixture velocity. The bubble velocities obtained from

CFD simulations are within 10% of those obtained from the Liu et al. (2005) correlation.

4.3.7 Shear Stress Model

Laborie and Cabassud (2005) calculated wall shear stress in a unit cell comprising of a gas bubble
and a liquid slug using a simple mechanistic model developed by Fabre and Liné (1996). Here,
the same model has been presented albeit with a simpler description. The model considers two
zones: liquid slug and gas bubble. The shear stress on the wall in each zone is calculated assuming
laminar, fully-developed flow using Hagen-Poiseuille law. The shear stress on the wall for the

liquid slug is given by

8urLUrp
Tw,stug = d (4.7)
8u U
= 4.8
Tw,Film DHyd,Film ( )

where hydraulic diameter of the film, Dryq, Fim IS 2. Laborie and Cabassud (2005) has given

hydraulic diameter of the film as 45¢. The film velocity can be calculated by mass balance

Acn Acn
Ur = e = (G2 -
F

i 1) U, (4.9)
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where Ag, = mR? is the channel cross sectional area and Ar = m(R? — (R — §§)?) is the film

cross sectional area. Eqgs. (4.7-4.9) represents the model given in Laborie and Cabassud (2005).
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Figure 4.23: Comparison of the magnitude of wall shear stress obtained from CFD and the

model.

The average magnitude of wall shear stress in a unit cell can be given by considering void fraction

as the ratio of bubble length and slug length.

lTwluc.avg = €G|TW,Slug| +(1- 50)|TW,Film| (4.10)

The comparison of the wall shear stress obtained from CFD and the phenomenological model is
shown in Fig. 4.23. 75% data points (9 out of 12) are within one standard root mean square
(RMS) error. The large disagreement is for the data encircled in the figure. For all the three cases,
either the bubble or liquid slug is small. The model assumption of fully-developed flow is

violated in both these cases. Further, the model does not take into account the variations in the
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hydrodynamics at the nose and tail regions of the bubble and therefore is not valid when the

bubble is short.

While the shear stress in the liquid slug region is very close to the value that obtained from CFD
simulations, there are differences between the values obtained from model and CFD simulations
in the gas bubble region. As described by Abiev et al. (2017), the hydrodynamics in the liquid
film region is quite complex and the assumption of fully-developed laminar flow in the film is a

very simplified model for the hydrodynamics in the film.

4.4 Conclusion
The observations of the hydrodynamic investigations can be summarised as:

» A CFD methodology to model gas-liquid Taylor flow in a periodic computational domain in a
frame of reference moving with the bubble has been implemented in ANSYS Fluent 15. The
bubble shape, velocity, film thickness and shear stress on the wall have been compared with
the experimental data available in the literature.

» For Reqv < 1, the bubbles are observed to have near spherical shape at low Reynolds number.
At higher Reynolds number, the bubble has two distinct halves- a sharp one at the front and a
flat half at the tail. For Reqy = 0.97, the bubble shape at the back is observed to be same as that
for a Taylor bubble. A low pressure zone exists between the channel wall and the middle of
the bubble. The flow is observed to recirculate in this region in the laboratory frame of
reference.

» For Reqv > 1, the bubbles are observed to have the shape of a typical Taylor bubble- having

ellipsoidal front, a cylindrical region in the middle and a ellipsoidal back with a small
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undulation. With an increase in the bubble volume, the length of the cylindrical region
increases whereas the bubble shape at the front and back remain same.

» The bubble velocity decreases with an increase in the bubble volume before it becomes
volume-independent when bubble assumes the shape of a Taylor bubble.

» The effect of capillary number on the bubble shape has also been studied in the range Ca =
0.0037-0.098. The results obtained from CFD simulations have been compared with a simple
phenomenological model available in literature for wall shear stress and found to be in good

agreement for long Taylor bubbles whereas large deviations are observed for shorter bubbles.
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Heat Transfer in Slug Flow: Effect of Parameters

This chapter presents a methodology to model heat transfer without phase change in periodic slug
flow. Typical temperature field in the slug flow is described. The effect of bubble volume, Reynolds
number, capillary number and slug length on heat transfer are studied. A phenomenological model

to predict the heat transfer in the slug flow regime is presented.

5.1. Introduction

As discussed in Chapter 2, the rate of heat transfer in the gas-liquid slug flow can be significantly
higher than that in fully-developed liquid-only flow. This enhancement in the rate of heat transfer
is often attributed to two factors: (1) hydrodynamically and thermally developing flow in the liquid
slugs and (2) internal recirculation within the liquid slug. The effectiveness of internal recirculation
in the heat transfer depends upon the proximity of the recirculating zone with the channel wall: the
closer the recirculation zone is to the wall, the higher the heat transfer coefficient. The role of the
gas bubble is only to segment the flow and it hardly contributes towards heat transfer as the thermal
mass of the gas is very low in comparison with that of the liquid (Gupta et al., 2010, Leung et al.,
2010). An increase in the bubble volume therefore decreases the overall heat transfer coefficient
in a unit cell (Zhang et al., 2016). Thus it can be expected that the heat transfer would be efficient
in a flow segmented by short bubbles having Reqv ~ 1. The heat transfer performance in such
systems can therefore be optimised by segmenting the flow using short but channel-size bubbles
which segment the flow in the same manner as Taylor bubbles but occupy lesser channel volume.

Further, the distance between the bubble (and the recirculating slug) and wall, the film thickness,
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depends on the capillary number- the larger the capillary number, the thicker the film. The lengh
of the liquid slug also affect the heat transfer significantly. The longer the slug, the greater the
recirculation time of the fluid. Additionally, the thermal boundary layer would develop in a longer
slug. In this chapter, the effect of bubble volume (Reqv), Reynolds and capillary numbers and slug

length on the heat transfer in the slug flow regime has been investigated.

5.2 CFD Methodology

The methodology to model the flow behaviour in a periodic unit cell in gas-liquid slug flow has
been described in Chapter 4. As the bubble shape and hydrodynamics are steady and fluid
properties are independent of temperature, the flow equations can be decoupled from the energy
equation. Therefore, the temperature field can be obtained by solving the energy equation while
the flow field is ‘frozen’. To obtain the periodic temperature field, scaled temperature need to be

wrapped from the outlet to the inlet of the domain as described in Chapter 3.

5.2.1 Solver Settings

As the flow field is not solved, the Courant number restriction need not be followed and a larger
time step can be taken to solve the energy equation. A time step of the order of 10 s has been
used to solve the energy equation. The convergence criteria for the energy equation was set 10

or below.

5.3 Results and Discussion

Heat transfer performance in fully-developed slug flow can be represented in term of Nusselt

number defined as

Nu= —=—H"__ (5.1)
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The thermal conductivity of liquid phase has been used in Eq. (5.1) as only the liquid phase remains
in contact with the wall at all times. The instantaneous local heat transfer coefficient at a cross
section can be obtained by considering instantaneous local wall temperature T, (x,t) and local

bulk mean temperature Ty (x, t) which is given as

R
TB (X t) _ 1} 4 PUx (e t)epT (xrt)dA o fo p:x(x,r,t)cp T(x,r,t)2nrdr
)
J4 PVx(xX7,t)CcpdA Jo PUx T(x1t)Cp 2mrdr

(5.2)

Time-averaged local Nusselt number can be calculated by considering time-averaged wall and

bulk temperatures given by Eq. (5.3).

[T, () dt

Tw,av(x) = +T (5.3a)
J; o at
[T [ pvyc,T dAdt
Tp,ap () = " A— (53b)

. J, pvxc, dAdt

Note that the time-averaged Nusselt number obtained using (5.1) and (5.3) would not be the same
as obtained by time averaging the instantaneous Nusselt number i.e. that obtained using Egs. (5.1)
and (5.2).

As pointed out earlier, the flow is periodic in time and space and the periods in time (T) and space

(Luc) are related as T = Luc/ Us. Therefore, the average Nusselt number can be obtained by
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considering the a unit cell at any time instant. The mean wall and bulk temperatures can be obtained

considering t = x/Ug.

x+Lyc '
T, (x,t) dx
Twuc = fx - (5.4a)

x+Lyc '
I dx

f;“"c J, pvxc,T dAdx’
t+T .
ft+ J, pvxc, dAdx

Tuc = (5.4b)

These expressions for wall and bulk mean temperatures are same as those suggested by Gupta et

al. (2010).

Table 5.1: Properties of the fluids used in the CFD simulations (Leung et al., 2014) at 25 °C and

atmospheric pressure

Properties Thermal Conductivity Specific Heat Capacity
(W m?t K1) I kgt KD
Air 0.02 1006.4
Water 0.6 4182.0

The thermal properties of the fluids have been given in Table 5.1. The simulations have been

performed for several cases listed in Table 4.2 and have been described in the following sections.
5.3.1 Effect of Bubble VVolume

The heat transfer in a unit cell has been represented by normalising the two phase Nusselt number
with that for liquid-only, laminar, fully-developed flow for the same thermal boundary condition
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on the wall. Note that the Nusselt number for single phase, laminar, fully-developed flow is a
constant (Bejan, 2013) and has a value of 48/11 = 4.364 for constant wall heat flux boundary
condition. The variation of normalised Nusselt number with the bubble volume represented by
equivalent sphere radius has been shown in Fig. 5.1. The normalised Nusselt number increases
from 2.0 to 3.3 with a decrease in equivalent sphere radius from 1.55 to 0.97. A further decrease
in the equivalent sphere radius to 0.91 results in normalised Nusselt number decreasing to a value
of 2.5 and finally it reduces to 1.18 at an equivalent sphere radius of 0.72. Thus the Nusselt number
is observed to have a maximum value at Reqv ~ 1 and decreases on moving away from it.

With a change in bubble volume the following parameters vary in the simulations: slug length, the
volume, length and shape of the bubble. Although the bubble and slug lengths are almost same for
Reqv = 0.91 and 0.97, there is a large difference in the values of Nusselt number in the two cases.
This can be understood by temperature distribution plotted in Fig. 5.2. The difference in wall and
fluid temperatures is smaller in the case of Reqv = 0.97. As can be seen in Fig. 4.9 in chapter 4, the
minimum film thicknesses for Reqv = 0.91 and 0.97 are 0.04R and 0.06R, respectively. The larger
value of Nusselt number in case of Reqv = 0.97 can be attributed to the deeper penetration of the
bubble in the thermal boundary layer for this case.

For the case of Reqv = 0.72, Nusselt number is close to that for liquid-only flow. As the bubble and
the recirculating liquid slug is very far from the channel wall, very little heat transfer enhancement
is achieved in this case as compared to the other cases where the bubble is close to the wall.

For the comparison of Requ =0.97 and 1.15, there are two opposing effects: Requ = 1.15 has smaller
minimum film thickness and larger bubble volume. The cumulative effect is an increase in Nusselt
number. A further increase in Reqv causes the bubble volume to increase and consequently the

Nusselt number to decrease.
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Figure 5.1: Variation of Normalised Nusselt number with equivalent sphere radius at a Reynolds
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Figure 5.2: Temperature contour plots for equivalent sphere radius (a) 0.91-1.55 and (b) 0.72 at

a Reynolds number of 336.
5.3.2 Effect of Reynolds Number

The effect of Reynolds number on the heat transfer has been studied for two cases of Reqv : One
having value less than one (0.91) and another having value more than one (1.31). The normalised
Nusselt number as a function of Reynolds number has been plotted in Fig. 5.3. For Reqy = 0.91,
the normalised Nusselt number increases from a value of 1.8 at Re = 224 to 3.0 at Re = 560.
However, for Reqv = 1.31, the Nusselt number is almost independent of Reynolds number.

Figure 5.4 shows the temperature distribution at Reqv = 0.91 for Reynolds numbers 224, 336, 448
and 560. With an increase in Reynolds number, the difference between the wall temperature and
the fluid temperature can be observed to decrease. This can be attributed to the increase in the size
of the reciculating liquid with the increase in Reynold number. A bigger recirculation brings about
hotter liquid from wall towards the axis making the heat transfer more effective.

Figure 5.5 shows the temperature distribution at Reqv = 1.31 for Reynolds numbers 224, 336, 448
and 560. Although, the fluid temperature at the tail of the bubble is observed to be high at low
Reynolds numbers, the size of the recirculation zone is almost same in all the cases. Consequently,
the difference between the average wall and bulk temperatures and therefore the Nusselt number
is independent of Reynolds number. In their CFD simulations, Gupta et al. (2010) also observed
the Nusselt number to be independent of Reynolds number in gas-liquid Taylor flow. It is

78
TH-2207_146107023



Chapter 5

3.5

0 +———
200 300

400 500 600

Re

Figure 5.3: Normalised Nusselt number as a function of Reynolds number for a near-spherical

(Reqv = 0.91) and a Taylor bubble (Reqv = 1.31).
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Figure 5.4: Bubble shape (interface shown by solid black line) and tempereture field for equivalent

sphere radii (Reqv) 0f 0.91 for a channel Reynolds number of 224, 336, 448, 560.
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interesting to note here that the Nusselt number in the fully-developed single phase flow is
independent of Reynolds number.

3110 Re =224
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Figure 5.5: Bubble shape (interface shown by solid black line) and Tempereture field for

equivalent sphere radii (Reqv) of 1.31 for a channel Reynolds number of 224, 336, 448, 560.

5.3.3 Effect of slug length

Heat transfer in the gas-liquid slug flow depends strongly on the slug length. For shorter slug
lengths, the flow and heat transfer in the liquid slug remains developing throughout whereas the
flow and heat transfer approach to a fully-developed state in longer slugs. Variation in slug length
is often associated with changes in other flow parameters. For example, as studied in Section 5.3.1,
a change in gas volume fraction in a unit cell of constant length also causes change in the slug
length.

In this section, first the slug lengths have been varied keeping the bubble volume unchanged. This
allows studying the effect of slug length keeping the hydrodynamics and heat transfer in the bubble
region unchanged. The increase in slug length also causes an increase in the unit cell length and a

decrease in the bubble volume fraction. The effect of slug length on heat transfer has been
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investigated keeping the bubble volume constant having equivalent sphere radius of 1.46R at a
two-phase Reynolds number of 336 by varying the unit cell length from 5 to 10 mm. The slug
length varies correspondingly from 2.36 - 7.3 mm.

Figure 5.6 (a) shows the velocity profile at a cross-section in the middle of the liquid slug i.e. at
the domain exit. The non-dimensional centreline velocity varies from 1.90 to 1.97 as the slug
length increases from 2.36 to 7.3. Figure 5.6(b) shows the variation of the centreline velocity along
the axial direction for unit cell of length (Luc) 10 mm. The location of the points at which the
centreline velocity reach 90% and 95% of the maximum possible velocity (2Urp). It can be seen

that the 1.8 Utp (90%) is attained at a distance of 1.5d and whereas 95% is attained 3.0d.
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Figure 5.6(a): Velocity profile in the middle of the liquid slug for air-water flow in a channel of
diameter 1 mm for a gas bubble having equivalent sphere diameter of 1.46R at a Reynolds number
of 336 for unit cell length (Luc) 5, 6, 7, 8, 9 and 10 mm. The slug lengths are 2.36, 3.36, 4.35,

5.3,6.38 and 7.3 mm.
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Figure 5.6(b): Variation of the centreline velocity along the axial direction at a Reynolds number
of 336 for unit cell length (Luc) 10 mm. The slug lengths are 7.3 mm. Distance from bubble nose

0.001494 for 90% (e) and 0.002994 mm for 95%(m).
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Figure 5.7: Temperature contour plots in a channel of diameter 1 mm for a gas bubble having
equivalent sphere diameter of 1.46 R at a Reynolds number of 336 for unit cell length (Luc) 5, 6,

7, 8,9 and 10 mm. The slug lengths are 2.36, 3.36, 4.35, 5.3, 6.38 and 7.3 mm.
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Figure 5.7 shows the temperature contour plot for all the cases. Temperature scale has been
adjusted so as to have the same minimum temperature in all the cases. Temperature distribution is
the gas bubble is observed to be almost similar for all the cases. The temperature is observed to be
minimum in the liquid film near the tail of the bubble where the temperature is minimum in the
liquid slug following the gas bubble. As the slug length increases, the recirculation time i.e. the
time required for the liquid to complete one cycle in the liquid slug increases. This causes a
reduction in the Nusselt number with increase in slug length.

In Fig. 5.8, the variation of normalized Nusselt number with non-dimensional slug length has been
plotted. The Nusselt number is observed to increase with increase in slug length at low values of
slug length. The change in Nusselt number becomes smaller with an increase in slug length and
finally there is almost no change in Nusselt number with an increase in slug length. However, the
increase in the slug length is accompanied by the decrease in gas volume fraction (and increase in
liquid volume fraction) in these cases. Thus, the change in Nusselt number seen in Fig. 5.8 is a
combination of two contrasting effects: a decrease in gas volume fraction which causes Nusselt
number to increase whereas an increase in slug length which causes a decrease in Nusselt number.
As the contribution of gas bubble is almost negligible in slug flow heat transfer, the slug Nusselt

number can be defined as (Leung et al., 2012.)

Nu*

* —
NuSlug - 1-&g

(5.5)

In Fig. 5.9, the variation of normalized slug Nusselt number with the slug length is shown. The

slug Nusselt number decreases with an increase in the slug length.
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Figure 5.8: Variation of normalized Nusselt number (Nu*) with slug length (Ls) in a channel of
diameter 1 mm for a gas bubble having equivalent sphere diameter of 1.46 R at a Reynolds number
of 336 for unit cell length (Luc) 5, 6, 7, 8, 9 and 10 mm. The slug lengths are 2.36, 3.36, 4.35, 5.3,

6.38 and 7.3 mm.
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Figure 5.9: Variation of normalized slug Nusselt number (Nu*/(1-&s)) with slug length (Ls) in a

channel of diameter 1 mm for a gas bubble having equivalent sphere diameter of 1.46 R at a
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Reynolds number of 336 for unit cell length (Luc) 5, 6, 7, 8, 9 and 10 mm. The slug lengths are

2.36, 3.36, 4.35, 5.3,6.38 and 7.3 mm.

Further CFD simulations have been carried out to study the effect of slug length while keeping the
gas volume fraction in a unit cell fixed. The unit cell length was varied from 2 to 10 mm for a gas
volume fraction of 0.42. The increase in slug length for these cases also results in an increase in
the unit cell length and bubble volume. Figure 5.11 shows the contour plot of temperature for all

the cases. As earlier, the minimum temperature in all the cases have been shifted to 300 K.
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Figure 5.10: Velocity profile in the middle of the liquid slug for air-water flow in a channel of
diameter 1 mm for a gas volume fraction of 0.42 at a Reynolds number of 336 for unit cell length

(Luc) 2, 3, 5, 8 and 10 mm. The slug lengths are 0.74, 1.30, 2.36, 4.02 and 5.10 mm.

Figure 5.10 shows the velocity profile at a cross-section in the middle of the liquid slug i.e.
boundaries of the computational domain for air-water flow in a channel of diameter 1 mm for a
gas volume fraction of 0.42 at a Reynolds number of 336 for unit cell lengths of 5, 6, 7, 8, 9 and
10 mm. The non-dimensional centreline velocity varies from 1.84 for slug length of 0.74 mm and

1.92 for slug length of 5.1 mm in the middle of the liquid slug.
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Figure 5.11: Temperature contour plots for air-water flow in a channel of diameter 1 mm for a
gas volume fraction of 0.42 at a Reynolds number of 336 for unit cell length (Luc) 2, 3, 5, 8 and

10 mm. The slug lengths are 0.74, 1.30, 2.36, 4.02 and 5.10 mm.
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Figure 5.12: Variation of normalized Nusselt number with slug length for air-water flow in a
channel of diameter 1 mm for a gas volume fraction of 0.42 at a Reynolds number of 336.
Figure 5.12 shows the variation of normalized Nusselt number with slug length. The Nusselt

number decreases from 3.05 to 1.82 with an increase in slug length from 0.74 mm to 5.1 mm. The
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normalized Nusselt number increases linearly with decrease in slug length for longer slugs (Ls >

2.4 mm) but for the shorter slugs, the increase in Nu* is more with decrease in slug length.
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Figure 5.13: Distance from axis of centre of recirculation in the liquid slug a gas volume fraction
of 0.42 at a Reynolds number of 336 for unit cell length (Luc) 2, 3, 5, 8 and 10 mm. The slug

lengths are 0.74, 1.30, 2.36, 4.02 and 5.10 mm.

The center of recirculation in the liquid is the point at which the fluid has same velocity in the axial
direction as the bubble velocity and zero radial velocity. In a bubble frame of reference, the fluid
between the center of recirculation and the wall moves in the backward direction whereas the fluid
between the axis and the center of recirculation moves in the forward direction. Location of the
center of recirculation can thus have an effect on the fluid mixing. In Fig. 5.13, the radial location
of the center of recirculation has been plotted with the slug length. As the slug length decreases,

the center of recirculation moves towards the wall.
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5.3.4 Heat Transfer Model

Gupta (2010) developed a phenomenological model for heat transfer in Taylor flow regime. The
model was based on the assumption of the flow of Taylor bubbles and liquid slugs alternately on
a thin liquid film. However, the model did not have any closure for the heat transfer between the
film and gas bubble/ liquid slug. Dai et al. (2016) simplified the model to calculate two-phase
Nusselt number in gas-liquid and liquid-liquid Taylor flow. The model considered heat transfer
from the wall to the continuous film region and from the film separately to the Taylor
bubble/droplet and liquid slug. The model is based on the summation of apparent resistances to

heat transfer. In non-dimensional terms, it can written as:

L _ 1 +L£(1)2ﬂ;+bﬂ(;)2L (5.6)

Nurp NUgiim Lg \m+1/ kg Nup Ls \m+1/ Nug

where Nuriim, Nug and Nus are the Nusselt numbers for heat transfer from the channel wall to the
liquid film, film to the gas bubble and film to the liquid slug, respectively. The bubble length can
be approximated as

Lg = &cLyc (5.7)
kL and kg are the thermal conductivies of the liquid and gas phases, respectively, and m is

_ QcPcCp,c

- (5.8)

QLpLCp,L
For the air-water system, m approaches zero and the Eq. (5.6) reduces to

1 1 L 1
= ve (5.9)
Nurp  Nupym  Ls Nug
Heat transfer in the liquid film is obtained assuming the liquid film to be stagnant i.e.
kp d d

Nugjim = ik_L =5 (5.10)
Where the film thickness can be obtained using A&Q correlation given by
S 1.34Ca’/s
— = (5.11)

R~ 14334Ca’/3
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Heat transfer in the liquid slug can be obtained using (Leung et al., 2010)
a,

NuS == 4364 + 1
s+ ayLs /3

(5.12)

Dai et al. (2016) obtained the values of a1 and a2 to be 0.171 and 0.0663, respectively, by the least-
square fit for the gas-liquid Taylor flow data of Leung et al. (2010). Figure 5.14 compares the
values of normalised Nusselt numbers (shown by the filled circular symbols) obtained from the
phenomenological model with that obtained from CFD simulations for all the cases of heat transfer
discussed above. The Nusselt number values obtained from CFD and phenomenological models
are within 15% for all the cases of Taylor flow (Reqv > 1.15). The largest difference between the
two is obtained for the cases of Reqv = 0.72 at Re = 336. The other two points having difference
larger than 15% are for Reqv = 0.91 at Re = 224 and 336. The model considers the liquid film
obtained from the correlation for Taylor flow which is not valid for short bubbles. The liquid film
for all the three cases having larger difference between the two Nu values is significantly thicker
than that obtained from Eq. (5.10). The Nusselt numbers using a liquid film thickness obtained
from CFD simulations for these three cases improves the model prediction as shown the by the (x)
symbol in Fig. 5.14. For the other case of spherical bubbles (Reqv = 0.91 and Re = 448 and 560 and
Reqv = 0.97 and Re = 336), there is little difference between the film thickness obtained from CFD
simulations and that obtained using Eq. (5.10) and therefore, there is good agreement between the

Nusselt number values obtained from CFD and the model.
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Figure 5.14: Comparison of the normalised Nusselt number obtained from CFD simulations and
the phenomenological model of Dai et al. (2015) shown by solid circular symbols. The solid line
in the middle represents when the values from CFD and phenomenological models are equal. Two
lines around it represents £15% boundary. The (%) represents the cases of short bubbles using
film thickness as the actual distance between the bubble and the wall as obtained in CFD

simulations.

5.4 Conclusion

CFD simulations have been performed for air-water slug flow in a channel of diameter 1 mm to

understand the effect of bubble volume on the flow and heat transfer. The equivalent sphere
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diameter (Reqv) Of the bubble has been varied from 0.72 to 1.55 and the channel Reynolds number
has been varied between 112-560 by increasing the mixture velocity. It has been observed that the
overall Nusselt number has been observed to be maximum Reqv ~ 1. An increase or decrease in the
volume fraction causes the Nusselt number to decrease. For Reqv < 1, the heat transfer is determined
by the radial size of the recirculation in the liquid slug. The closer the recirculation to the wall, the
better is the heat transfer. With an increase in Reynolds number, the minimum distance between
bubble and wall decreases, the size of the recirculation in the liquid increases and consequently,
the Nusselt number also increases. For Reqv > 1, the Nusselt number is observed to be independent
of Reynolds number. The higher the value of L/d, the lower is the Nusselt number. The Nusselt
numbers obtained from CFD simulations have been compared with the phenomenological model
developed by Dai et al. (2015) for Reqv > 1 and found to be within 15%. For Reqv < 1, replacing the
film thickness calculated from the model with that obtained from CFD simulation results in good

agreement between the two.
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Hydrodynamics of Coalescence of Short and Long Bubbles

In this chapter the hydrodynamics of short and long bubbles in two phase flow in microchannels
is studied. The hydrodynamics during approach of short bubble to the long bubble, bubble velocity,
velocity along the length of slugs has been investigated. Circulations patterns during the

coalsecence and disruption and the re-establishment of equilibrium is also sudied.

6.1 Introduction

As shown in Chapter 4, the velocity of a small spherical bubble is greater than that of a Taylor
bubble. Therefore, if a long bubble is followed by a shorter one, it can be expected that they would
coalesce and form a longer capsular bubble. When the bubbles are sufficiently far away from each
other, they do not affect the shape and velocity of the adjacent bubbles. However, when the
distance between the bubbles is reduced, the hydrodynamic interactions between the two may
cause changes in the shape and velocity of the bubbles. The process of bubble interaction and
formation of a single bubble can be categorised in three steps: bubble approach, drainage of the
thin film between bubbles and contact between bubbles and growth of the doublet formed after
contact. The process of interaction between two bubbles has been modelled in a frame of reference
moving with either of the bubbles. When the distance between the bubbles is 1-2 grid elements,
the interface ruptures, not capturing the thin film drainage process accurately. However, the
bubbles form a doublet after the coalescence which grows to a steady shape and this process has

been modelled using CFD simulations.
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6.2 CFD Methodology

The coalescence process has been assumed to be axisymmetric and the simulations have been
performed in an axisymmetric computational domain. The simulations have been performed in a
frame of reference moving with the longer Taylor bubble. To capture the gas-liquid interface,
volume of fluid (VOF) method has been employed. Both the fluids are assumed to be
incompressible and properties of the fluids such as viscosity, density and surface tension are
assumed to be constant. As the pressure change during flow in microchannels is small, the effect
of pressure on the density can be safely neglected. Both the fluids are assumed to be Newtonian.

The solubility of the gas phase in the liquid and Ostwald ripening effects have not been considered.
6.2.1 Boundary Conditions

As the domain moves with the velocity of the Taylor bubble, only the liquid phase is present at the
domain inlet and outlet boundaries. At the inlet a parabolic velocity profile is specified with an
average velocity of 0.3 ms~1. A pressure outlet boundary condition is applied at the outlet with a

uniform gauge pressure of 0 Pa. A no-slip boundary condition is employed at the channel wall.
6.2.2 Initial Conditions

Initially, the same parabolic velocity profile that applied at the inlet is specified in the entire
domain. The pressure in the domain has been specified to be zero initially. The initial shapes of
the bubbles are spherical and capsular i.e. spherical ends and a cylindrical middle for the spherical
and Taylor bubbles, respectively. Initially, the spherical bubble is placed at a distance of one
channel diameter from the inlet and the distance between the spherical and Taylor bubble is at least

4 channel diameters.
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6.2.3 Modelling Approach

While the problem of motion of two bubbles moving with different velocities and coalescing is
not steady in a bubble frame of reference also, modelling it in the frame of reference moving with
one of the bubbles is advantageous as the required computational domain is significantly shorter

than what would be required for solving the problem in a laboratory frame of reference.

For the work described in Chapters 4 and 5, the moving domain method has been to simulate
periodic Taylor flow in a unit cell consisting of a bubble and two adjacent halves of liquid slug in
the bubble frame of reference. The bubble was placed in the middle of the computational domain
and its velocity was calculated dynamically using Eq. (6.1).

f;ﬁ' Lf: agu,(2mr) drdx’

f;ﬁ' Lf: ag(2nr) drdx’

Upomain = (6.1)

where L is the length of complete domain and agis the volume fraction of the gas phase. Using
Eq. (6.1) for the present case i.e. two gas bubbles moving with different velocities would result in
the computational domain moving with the mass-weighted average velocity of the two bubbles.
However, the velocity of only one bubble can be calculated by changing the integration limits such
that only the bubble under consideration is between them. Preliminary simulations suggested that
the bubble at the front moves with a constant velocity until the two bubbles merge together.

Therefore, the computational domain is moved with the velocity of the Taylor bubble.

The challenge in calculating the velocity of an individual bubble is finding the x-coordinates
surrounding a bubble dynamically i.e. at every time step. In this work, k-means clustering or
Llyod’s algorithm (Macqueen 1967), an unsupervised learning algorithm, has been implemented

to keep track of the ends of the bubbles. After identifying the location of the bubble ends on the
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axis, the axial location of the midpoint between the bubbles is calculated. The velocity of both the
bubbles are calculated individually by choosing the integration limits in Eq. (6.1) from start of the
domain to the midpoint between the bubbles and from midpoint between the bubbles to the end of

the domain for the spherical and Taylor bubbles, respectively.

k-means clustering algorithm is employed for clustering analysis in data mining. The algorithm
partitions the data into k different clusters such that each data point belongs to the cluster having
the nearest mean value. The problem is initialised by assuming k centroids which serve as initial
guesses for the location of the clusters. In the next step, each data point is associated with its nearest
cluster. This is known as the assignment step. When all the points have been associated with a
centroid, new centroids are calculated as the mean of the value of the data points associated with
the new clusters. This is called the update step. The algorithm alternates between the two steps

until the new centroids are identical to the previous ones.

In order to find the location of the ends of the bubbles, the interface cells of both the bubbles
(having 0 < a; < 1) are extracted at every iteration. From these interface cells, all the cells whose
distance from the axis is below a pre-defined cut-off value are selected. Here, this threshold is
selected as ten times the mesh size in the radial direction. The axial coordinates ( X = x4, x,, ...,
xy) of these cells are used as data points for clustering. The goal now is to divide the data points
into four clusters each associated with an end of a bubble. To start with the four cluster centroids
are obtained from the axial coordinates of the bubble ends obtained after initializing the domain.
These serve as the initial guesses for the clusters before the iterations start. k-means clustering is
guaranteed to converge, however the configuration of clusters to which it converges is, in general,
not unique and depends on the initial guesses of the centroids. Therefore, it is important to initialize

centroids near the bubble ends at t = 0. A fixed number of iterations (10) are performed at every
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time-step. The centroids at the end of 10 iterations are taken as the coordinates of the ends of the

bubbles. The cluster centroids after each time step would be located as shown in Fig. 6.1.

At every time-step the centre of the liquid slug between the two bubbles is used to define a
boundary between two regions containing one bubble each. The axial coordinate of this line is

defined as the arithmetic mean of x., and x.

Xp = (xcz‘;xcs) (6.2)
Now, the velocity of the larger bubble can be calculated as
f;: g fOR agu,(2mr) drdx’
U, == =% , (6.3)
fxc J, ac@2mr) drdx
and the velocity of the smaller bubble
Xc (R '
acu,(2nr) drdx
o= fx fo G x( ) (64)

- xc R '

)€ Jy ag@mr) drdx
As the shape of the computational domain remains unchanged, a ‘rigid body’ treatment was used
to move the mesh in the direction of the flow with a velocity equal to that of the larger bubble. A

dynamic layering method was used to update the mesh at each time step.

Xe1 Xca Xc Xea Xca
Figure 6.1: The domain with gas-liquid interface and location of the bubble ends. The centreline

of the liquid slug is shown with a dashed line.
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6.2.4 Numerical Settings

The simulations are run in transient mode using a first order explicit time marching scheme. A
variable time step (At) based on a fixed Courant number of 0.25 is used for the momentum and
pressure equations. This results in a typical time step of the order 10 s. The volume fraction
equation is solved in an explicit manner with a Courant number of 0.25 and a piecewise linear
interface construction (PLIC) algorithm is used to keep the interface sharp. The gradients of the
variables are calculated using Green-Gauss node based gradient. QUICK scheme is used to
discretize the momentum equations. The fractional step co-located scheme, in which the velocity
and pressure are stored at the center of the cell, is used for pressure velocity coupling. A body
force weighted interpolation scheme, which assumes the normal gradient of the difference between

the body forces and pressure to be constant, has been used to compute the face pressures.
6.3 Results and Discussion

CFD simulations have been carried out in a channel of diameter d = 1 mm and channel length 10d.
The bulk properties of air and water, the two working fluids are given in Table 6.1. The simulations
have been run for a two-phase velocity of 0.3 m s™. This corresponds to a channel Reynolds
number of 336. The simulations have been performed for two different sizes of spherical bubble —
equivalent sphere radii of 0.92R (Case 1) and 0.96R (Case 2). The size of the Taylor bubble is
~1.25R for both the cases. The initial separation between the bubbles is 0.00650 m for Case 1 and

0.0040 m for Case 2.
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Table 6.1: The gas and liquid properties used for bubble coalescence simulations (Leung et al.,

2014).
Properties Water Air
Density, p (kg m™3) 997.0 1.185
Dynamic viscosity, p (Pas) 89 x 10° 1.83 x 10°
Interfacial tension, 6 (N m™1) 0.072

Table 6.2: Details of simulations run

(leug/D)t:O Ldomain Reqv,large Reqv.small
5.1 10d 1.25 0.92
3.6 10d 1.24 0.96

Following the guidelines laid out the Chapter 4, a computational mesh having 120000 cells with

1000 divisions in the axial direction has been used for the simulations.
6.3.1 Bubble approach

Initially the bubble shapes are specified to be spherical and capsular. After some time (0.28s for
Case 1, 0.31s for Case 2), the bubbles attain a steady shape and velocity. As the domain moves
with the velocity of the Taylor bubble, the location of Taylor bubble in the domain remains
unchanged whereas the spherical bubble approaches towards the Taylor bubble. Figure 6.2 (a) and

6.2(b) show the progression of bubble approach starting from the time when bubbles have attained
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Figure 6.2(a): Bubble approach for Reqvs = 0.92 for (a) t = 0s (5.1), (b) t = 0.08s (3.1), (c) t =

0.16s (1.2), (d) t =0.2s (0.2), (e) t = 0.21s (0). L/d ratio shown in brackets.
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Figure 6.2(b): Bubble approach for Reqvs = 0.96 for (a) t = 0s (3.6), (b) t = 0.15s (2.8), (c) t =

0.32s (1.9), (d) t = 0.56s (0.42), (e) t = 0.63s (0). L/d ratio shown in brackets.
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a steady shape (t" = 0) to the time instants at which they reach the point of apparent contact for
Regu,s = 0.92 (Case 1) and R4y, = 0.96 (Case 2), respectively. At t’ = 0, the two bubbles are
separated by a distance of 5.1d for Case 1 and 3.6d for Case 2. The streamlines in a frame of
reference moving with the Taylor bubble are also shown. During this period, the shape of the
Taylor bubble remains unchanged. However, the front of the spherical bubble is flattened i.e. its

radius of curvature increases as it approaches the Taylor bubble.

Figures 6.3 (a) and (b) show the variation of bubble velocities with time for case 1 and case 2,
respectively. In both cases, as the smaller bubble approaches the larger one, there is a small but
continuous increase in its velocity with time until the distance between the bubbles is more than
0.4d. Pinto and Campos (1998) observed this behaviour during the coalescence of gas bubbles
rising in a flowing liquid inside a tube. In the laminar regime, it was seen that the velocity of the
trailing bubble increased nearly by a factor of 1.8. Yuan and Prosperetti (1994) argued that during
the in-line interaction of two bubbles, the drag experienced by the trailing bubble is lower than
that experienced by the leading bubble, giving rise to a higher velocity for the trailing bubble

compared to the leading one.

When the distance between the bubbles becomes small ( L/d ~ 0.4), the velocity of the smaller
bubble starts decreasing as it nears the Taylor bubble. Watanabe and Sanada (2006) arrived at a
similar result while examining the existence of an equilibrium distance during the rise of a pair of
bubbles. Such a behaviour was attributed to the “potential repelling force”, previously predicted

by Yuan and Prosperetti (1994).
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Figure 6.3: Velocity of bubbles during approach for (a) Reqv,s = 0.92 and (b) Reqv,s = 0.96.

The flow field inside the liquid slug plays a decisive role in determining the performance of a slug
flow microreactor. The transverse flow near the interfaces contributes to the enhancement in

mixing efficiency inside the liquid slug (Che et al. 2012). It can be seen from Fig. 6.2, that the
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transverse or radial velocity in the liquid slug is negligible everywhere except near the nose and
tail of adjacent bubbles. As the spherical bubble approaches the Taylor bubble, the length of the
liquid slug between them becomes smaller and smaller. Consequently, the magnitude of the
transverse velocity in the liquid slug increases. This can be clearly seen in Fig. 6.4 which shows
the transverse velocity along the axial length in the liquid slug at a distance of 0.75R from the
channel axis for both values of Reqv. The minimum distance between the slugs (i.e. at the axis) has

been assumed to be the slug length (L) and is different for each case.

For long liquid slugs (L/d = 1.5), the transverse component of velocity is close to zero across
most of the axial distance of the slug (0.2 < X/L < 0.8), except at regions near the two bubbles.
When the bubbles move closer (L/d < 1), significant amount of transverse velocities are observed
across the length of the slug. Therefore, the flow inside the shorter slugs can lead to more efficient
mixing of fresh fluid from the wall of the microchannel. The curvature at the rear of the Taylor
bubble is smaller than the curvature of the front interface of the smaller bubble. This gives rise to

a larger transverse velocity near the Taylor bubble compared to the smaller bubble.

It can be seen from the streamlines plotted in Fig.6.2 that the centre of recirculation zone in the
liquid slug shifts away from the axis as the slug becomes smaller. Figures 6.5 (a) and (b) show the
distance of the centre of recirculation zone from the axis for (a) Regy,s = 0.92 and (b) Reqys =
0.96. The same pattern is observed in both in both cases. While L/d > 1, its distance from the
axis remains nearly constant as the bubbles approach. A sharp change is observed for short slug

lengths (L/d < 1), as the distance increases rapidly with the bubbles coming closer.
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Figure 6.4: Transverse Velocity in the liquid slug aty = 0.75R for (a) Reqv,s = 0.92 and (b) Reqvs =

0.96.

103
TH-2207_146107023



Chapter 6

0.42

Y(mm)

0.36

0.34

0.32

0.39

0.38

0.37

0.36

Y (mm)

0.35

0.34

0.33

4.0 3.0 2.0 1.0 0.0

L/d
(b)

Figure 6.5: Distance from axis of centre of recirculation in the liquid slug for (&) Reqv,s = 0.92 and

(b) Requs = 0.96.
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6.3.2 Coalescence

The contact between the two bubbles proceeds by the thinning of the liquid film between them
under the effect of capillary force. When the film thickness gets reduced to the order of 10 nm, it
undergoes spontaneous rupturing if the forces acting around the film do not equilibrate. However,
the coalescence between the bubbles in the CFD simulation is dictated by the size of the grid
elements in the coalescence region rather than the physics of the problem. Moreover, the present
model does not consider the short range effects such as van der Waals forces, which may become
important during coalescence. Therefore, the process of contact between the two bubbles has not
been presented here. However, once this film is ruptured, the physics of the growth of newly

formed bubble can be modelled accurately by the simulations.
6.3.3 Growth of Neck Radius

In the CFD simulations, as the two bubbles come into contact, a small amount of liquid sometimes
appears within the gas bubbles. Which is not physically correct and is only a numerical artefact.
Therefore, this small region of water is patched with air to accurately model the process of growth
of the doublet, the unsteady shape of the newly formed bubble after the coalescence of the two

bubbles, to a longer Taylor bubble.

Figure 6.6 shows the growth of the neck of air formed between the two bubbles (R4, s = 0.96)
after collision. The bubble interfaces come into contact at time 7 = 0. As shown in Figs 6.6 (a)-
(d), the growth of the neck proceeds without affecting the shape of the rear of the doublet. Once,
however, the radius of the neck (r) approaches 0.7R, the rear starts to exhibit changes in its shape

as can be observed in Figs. 6.6 (e)-(f). As the liquid near the neck drains further, the radius of the
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neck grows at a much slower rate and the length of the doublet oscillates. Finally, the doublet

assumes the shape of a Taylor bubble as shown in Fig. 6(h).

(a) (d)

o
L

Figure 6.6: Progression of growth of neck formed between the air bubbles for R

(h)

eqns — 0.96. (@) T

=0.00ms (b) t=0.04ms (c) t=0.14ms (d) tr=030ms (e) t=0.70ms (f) t=1.18 ms (g) t=

4.30 ms (h) ©=8.20 ms.
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Figure 6.7: Growth of neck radius with time. Comparison of simulation results and values given

by Eq (6.1) for (a) Reqvs = 0.92 and (b) Reqvs = 0.96.
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(b)

(c)

(d)

Figure 6.8: Streamlines inside the doublet during re-equilibration after collision for Reqvs = 0.96.
(@)t=030ms (b) t=0.70ms (c) t=1.18 ms (d) T=8.20 ms.

To study the speed with which the neck radius, r(t), expands with time, the radius of the neck vs
time is plotted in Figure 6.7. Paulsen et al. (2014) developed an expression for the growth of the
neck radius by equating the viscous stresses and the Laplace pressure given by Eq. (2.7) for air-
water system.

1/2
r(t)/A = 1.2 (M;LA) (/2 (6.5)
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The neck radius growth as estimated from Eq. (6.5) has also been plotted in Fig 6.7 for comparison
purpose. There is good agreement between the values obtained from the simulations and those
obtained from Eq. (6.5) for the neck radii up to 7(t) = 0.8R.gy,s and r(t) = 0.7R.4y, s for case 1
and case 2, respectively. Beyond this, the growth slows down, possibly due to the presence of the

wall.

Figure 6.8 shows the streamlines in the bubble frame of reference inside the doublet during re-
equilibration after collision. The flow behaviour in the liquid slug at the front of the bubble remains
unchanged while the bubble takes a steady shape. However, changes in the flow field in the liquid
slug at the back of the bubble are observed. Initially, ten vortices are observed in the bubble. With
the change in bubble shape, the number of vortices are reduced to eight and finally, six vortices

are observed inside the bubble when it attains a steady shape.

6.4 Conclusion

The coalescence of a short spherical and a long Taylor bubble flowing a continuous stream of
liquid has been studied. A methodology to track the ends of the bubbles has been developed using
the k-means clustering algorithm. This enables the study of the hydrodynamics in a frame of
reference moving with the longer bubble. The results show that while the distance between the
bubbles is greater than 0.4d, a slight increase in the velocity of the trailing bubble is observed as it
approaches the leading bubble. However, no other change in the flow characteristic is observed.
When the distance between the bubbles reduces to below one diameter, significant changes in the

flow are observed.
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The dynamics of the re-equilibration process after bubble collision was also studied. It was
observed that during the initial stages of neck growth, the results agree with those of bubble
coalescence in an outer fluid inside a sufficiently large container. However, once the radius grows
to about three quarters the channel radius, the growth slows down due to the presence of the
channel wall. Ten vortices are observed inside the doublet during the initial stages of re-
equilibration process. Gradually these died out to give rise to a flow field similar to that observed
during the “shear opposed penetration merging” of droplets. Finally the doublet acquired the shape

of a Taylor bubble.
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Flow of Bubble in Channels with Sudden Area Change

This chapter investigates the bubble dynamics caused by the sudden change in channel cross-
sectional area. The cases of sudden increase in channel cross-sectional area i.e. sudden expansion,
sudden decrease in cross-sectional area i.e. sudden contraction are considered. The bubble shape,
bubble velocity, liquid flow field at the zone of area change and pressure drop in the channel are

discussed.

7.1 Introduction

In recent decades, significant advances have been made in the development of micro-structured
devices for applications in biomedical engineering, analytical chemistry, electronics cooling,
chemical processing amongst others. Many such applications involve gas-liquid flow through the
channel. Apart from flowing in the straight constant diameter channel, the flow also needs to pass
through reducers and expanders in most of these devices as shown in Fig. 7.1 for a microreactor.
The expansion and contraction in the reducer and expander can be sudden or gradual. It is therefore
important to understand the flow behavior through reducer and expanders as they cause irreversible

pressure loss, change in bubble shape and may also cause change in the flow regime.

In this work, the hydrodynamics of the channel-size bubbles in a millimeter-size circular channel
has been studied computationally during sudden expansion and contraction using volume of fluid

(VOF) method.
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Bubble
P

Bubble

Figure 7.1 Example of expansion and contraction in a micro-reactor.

7.2 CFD Methodology

Transient CFD simulations have been performed in an axisymmetric computational domain for
incompressible, Newtonian fluids. The volume of fluid (VOF) method has been used to capture
the interface between the two phases.

As shown in Fig. 7.2, the computational domain consists of two channels having radii R; and R2
(R1 < Rz for the case of expansion and R1 > R; for the case of contraction) and lengths |1 and 2. A
parabolic velocity profile having mean velocity equal to the mixture or two-phase velocity has
been specified at the inlet boundary. A no-slip boundary condition has been specified at the channel
wall. At the outlet, a constant pressure (gauge pressure of 0 Pa) has been specified.

First, the steady state solution is obtained for liquid-only flow. To initialise the gas-liquid flow, a

capsular bubble of known volume having cylindrical middle and hemispherical ends is placed few
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diameters away from the inlet boundary for the expansion case. For the case of contraction, the

initial bubble shape is spherical.

The numerical schemes as described in Section 4.2.3 have been used to solve the governing

equations.

Figure 7.2: A schematic of the computational domain for sudden expansion (R: < Rz). The mesh

distribution in the zone of area change is also shown.

A structured mesh is wused for the simulations and the mesh distribution at the
expansion/contraction zone is shown in Fig. 7.2. The mesh has been sufficiently refined near the
wall of small diameter channel so as to capture the thin liquid film surrounding the bubble
following the guidelines laid out by Gupta et al. (2009) and described in Chapter 4. Preliminary

simulations showed that extra care is required to capture the liquid film between the wall and
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bubble at the sharp corner. In fact, a liquid of high viscosity has been chosen so as to capture the

liquid film. After a grid refinement study, the total number of elements in the domain are 58,800.

7.3 Results and Discussion

Air and ethylene glycol have been used as the gas and liquid phases in the CFD simulations. The
properties of the two fluids are given in Table 7.1. The flow conditions and relevant non-

dimensional numbers for all the cases are given in Table 7.2.

Table 7.1: Properties of the fluids used in the simulations (Leung et al., 2014)

Properties Ethylene Glycol Air

Density 11114 1.185
(kg m?)
Dynamic Viscosity 0.0157 1.83x107
(kg m*s™)
Surface Tension 0.048
(N m)

Table 7.2: Input parameters and relevant non-dimensional numbers for different cases simulated

Expansion Contraction
Case 1 Case 2 Case 1 Case 2
Utp1(m s?) 0.6 0.6 0.075 0.15
Utp2 (M s?) 0.15 0.066 0.3 0.6
Re1 424 424 108 212
Re2 212 140 212 424
114
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G 0.026 0.013 0.026 0.026
Reqv 0.73 0.579 0.73 0.73
Ca 0.196 0.196 0.024 0.049
di (mm) 1 1 2 2

d2 (mm) 2 3 1 1

l1 (mm) 10 10 10 10
I2(mm) 10 10 10 10

7.3.1 Sudden Expansion

The case of sudden expansion is considered for the expansion ratios (d2/di) of 2 and 3. The
diameter of the smaller channel (d1) is 1 mm and the mixture velocity at the inlet is 0.6 m s for

each case. Reynolds number in the small diameter channel in both the cases is 424.

Figure 7.3 shows the pressure contour and streamlines for the expansion ratio 2 for liquid-only
flow. The pressure decreases linearly in the smaller channel and increases as the flow expands and
decelerates in the larger channel. Once the flow becomes fully-developed in the larger channel
downstream of the area change zone, it again decreases linearly but the slope is very small when
compared with that in the smaller channel. A small recirculation is observed at the corner in the
larger channel. The overall pressure drop in the channel is 3026 Pa. The pressure drop in the
smaller channel is 3004 Pa and in the larger channel is 20 Pa only.

At time t = 0, a capsular bubble having non-dimensional equivalent spherical radius 0.73 (based

on the smaller channel diameter) is patched near the inlet. The bubble starts moving along the flow
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direction from left to right and achieves a steady shape. The change in bubble shape with time has

been shown in Fig. 7.4.

_»
Direction of Flow

[Pa]
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Figure 7.3: Pressure distribution and streamlines for the liquid-only flow in a channel having
sudden expansion from 1 mm diameter to 2 mm diameter for a mean velocity of 0.6 m s in the 1

mm diameter channel.

The bubble achieves a steady velocity after about 0.0051 s as can be seen from Fig. 7.5. At this
time, the bubble nose is 2.55 mm away from the expansion zone. When the bubble approaches the
expansion zone, it starts expanding radially and does not remain capsular any longer. Figure 7.6
shows the fraction of the channel cross-section occupied by the gas bubble at a distance of 0.5 mm
in the 2 mm section from the location of area change. Initially, the bubble expands linearly with
time and the rate of bubble growth decreases with time. The maximum is observed when the
section of the bubble having largest radius pass through it and then the remaining bubble at the

rear pass quickly resulting in the gas volume fraction at the cross-section to become zero again.

Once the entire bubble comes out of the channel, its radius further grows and the bubble shortens

in the axial direction (0.0102 s- 0.013 s).
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Figure 7.4: Evolution of the bubble shape in channel having sudden expansion zone from 1 mm

diameter to 2 mm diameter for a mixture velocity of 0.6 m s in the 1 mm diameter channel.

As can be seen in Fig. 7.5, the bubble velocity reaches a minimum value when the bubble comes
out of the small diameter channel. The dip in bubble velocity corresponds to the maxima in the

pressure drop, shown in Fig. 7.7.

The bubble shape remains transient in the expansion zone before it takes a steady shape in the
bigger channel. As the bubble leaves the smaller channel, the bubble tail takes a concave shape.
This is caused by the high liquid-side pressure at the back of the bubble when it comes out of the
small diameter channel. In the expanded channel, the bubble takes a steady shape (as shown at

0.018 s in Fig. 7.4). The steady bubble shape is nearly spherical.
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Figure 7.5: Bubble velocity as a function of time during flow of a bubble in a suddenly expanding
channel from a channel of 1 mm diameter to 2 and 3 mm diameter channels for a mixture velocity

of 0.6 m sin the 1 mm diameter channel. The legend shows the diameter of the larger section.
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Figure 7.6: Area-averaged gas volume fraction over a cross section as a function of time in 2 mm
diameter section at a distance of 0.5 mm from the location at which the channel cross-sectional

area changes for the flow conditions shown in Fig. 7.4.
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Figure 7.7(a): Variation of the pressure drop across the channel with time during the flow of
bubble in channel of 1 mm expanding to a 2 mm diameter channel for a mixture velocity of 0.6 m
s'tin the 1 mm diameter channel. The solid horizontal line indicates the pressure drop for a liquid-

only flow at the same flow conditions.
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Figure 7.7(b): Contours of pressure in a channel having sudden expansion from 1 mm diameter

to 2 mm diameter for a mixture velocity of 0.6 m s in the 1 mm diameter section.
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Figure 7.7 shows the pressure drop across the channel with time. When the bubble is in the small
diameter channel, the pressure drop is ~ 2550 Pa, significantly lower than that for liquid-only flow.
At about 0.01 s, when the bubble ejects from the small diameter channel, the pressure drop
increases and reaches to a maximum value. As the bubble moves downstream in the larger diameter

section, the pressure drop decreases and approach the same value as for the liquid-only flow.
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Figure 7.8: Contours of velocity magnitude in a channel having sudden expansion from 1 mm
diameter to 2 mm diameter for a mixture velocity of 0.6 m s in the 1 mm diameter section.

Figure 7.8 shows the contours of velocity magnitude at different time instants. It is apparent that
the Taylor-shaped bubble in the smaller channel causes significant pressure drop whereas there is

little effect of the spherical bubble on the pressure drop.

When the expansion ratio is increased to 3, the bubble shape and velocity in the smaller diameter
channel remains almost same. Fig. 7.9 shows a comparison of the steady bubble shapes obtained
in the bigger sections for the section diameter of 2 mm and 3 mm. As shown in Fig. 7.5, it takes
longer for the bubble to achieve a steady velocity in the large diameter channel. The ratio of bubble
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velocity for 2 mm diameter with 3 mm diameter is 3.25 whereas the ratio of two-phase velocities

in the two channels is 2.25 only.
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Figure 7.9: Comparison of the steady bubble shapes obtained in the larger sections of diameter 2
and 3 mm in the channels having sudden expansion. Smaller channel diameter is 1 mm in each

case.

For the CFD simulations performed in this chapter, effect of gravity has not been taken into
account. The Bond number for a 1 mm diameter channel for nitrogen-ethylene glycol system, gas-
liquid combination used in this work, is 0.22, whereas for 2 mm diameter channel the value of
Bond number is 0.88. A case was simulated considering the effect of gravity for vertically upward
flow (gravity acting in a direction opposite to the flow) in the channel having sudden expansion
from 1 mm to 2 mm channel diameter. Figure 7.10 shows the comparison of bubble velocity
obtained from CFD simulations for the two cases when effect of gravity is taken into account and
not taken into account, all other conditions being same. While there is no difference in the bubble
velocity in the small diameter section, a small difference between the bubble velocities for the
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cases considering and neglecting gravity can be clearly seen in the large diameter section. The
buoyancy effect caused by considering the effect of gravity, causes a small increase (0.021 m st

and 7% increase) in the bubble velocity.

1.2

—With Gravity
— Without Gravity

0.00 0.01 0.02 0.03
t(s)
Figure 7.10: Bubble velocity with gravity and without gravity as a function of time magnitude in
a channel having sudden expansion from 1 mm diameter to 2 mm diameter for a mixture velocity

of 0.6 m st in the 1 mm diameter section.
7.3.2 Sudden Contraction

The case of sudden contraction has been considered for the diameter ratio (di/d2) of 0.5. The
diameter of the smaller channel is 1 mm. The simulations have been performed for two cases
having the mean velocities of 0.075 and 0.15 m s at the inlet. These corresponds to a mean
velocities of 0.3 and 0.6 m s, respectively, in the smaller diameter section.

As for the case of expansion, first the simulations have been performed for the liquid-only flow.

Figure 7.11 shows the pressure contours and streamlines for liquid-only flow in the contracting
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channel. The total pressure drop in the channel is 3893 Pa, about 29% more than that in the
expanding channel having same diameter ratio and section lengths. The pressure drop in the larger
diameter section is 316 Pa and in the smaller diameter section is 3577 Pa. Whereas, for Hagen-
Poiseuille flow, the pressure drop in large channel is 188 Pa, and small channel is 3014 Pa, giving
an overall pressure drop of 3202 Pa.

For gas-liquid flow, the simulation is run in the transient mode and initialised with the velocity for
liquid-only flow and patching a spherical bubble having non-dimensional equivalent spherical
radius of 0.73 (non-dimensionalised by the larger channel diameter) near the inlet.

Figures 7.12 and 7.13 show the evolution of bubble shape and velocity with time, respectively.
The steady bubble shape in the large diameter section is almost spherical (t = 0.0057 s) and attains
a steady velocity of 0.273 m s™*. As the bubble approaches the contraction zone, its nose becomes
pointed. The part of the bubble that has entered the small diameter section starts elongating and
evolves to take the shape of the front of a Taylor bubble. When the bubble enters the channel
completely in the small diameter section, it takes the shape of a Taylor bubble. The bubble velocity
when the bubble shape becomes steady is 0.981 m s™. The ratios of bubble and two-phase velocity
in the larger and smaller diameter sections are 1.83 and 1.63, respectively. The values are the same
as in the suddenly expanding channel in the smaller and larger diameter sections.

Sudhakar and Das (2018) investigated the change in the shape of a liquid droplet in a vertical
channel having sudden contraction using lattice Boltzmann method (LBM) for the cases when the
droplet shape is symmetric and asymmetric. Changes in the bubble shape observed in this work
are similar to those observed for the symmetric droplet. Similarly, Kawahara et al. (2015) observed
the elongation of the bubble on entering the smaller channel experimentally as well as numerically.

They also found the bubble velocity to be larger in the smaller channel as observed in this work.
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Figure 7.11 Streamlines and pressure contour plot for the contraction ratios (0.5) for liquid-only

flow. The diameter of the larger section is 2 mm and smaller section is 1 mm.
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Figure 7.12: Evolution of the bubble shape in a channel of 2 mm diameter having sudden
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contraction to a channel of 1 mm diameter for a mixture velocity of 0.6 m s™in the 1 mm diameter

channel.

Figure 7.14 shows the variation of pressure drop in the channel with time. When the bubble is in
the large diameter channel, the pressure drop is ~3650 Pa whereas the pressure drop is reduced to

~3250 Pa.
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Figure 7.13: (a) Bubble velocity as a function of time during flow of a bubble in a suddenly
contracting channel from a channel of 2 mm diameter to 1 mm diameter channel for a mixture
velocity of 0.6 m s in the 1 mm diameter channel. (b) Contour plot of velocity magnitude with

different time instant throughout the channel.
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Figure 7.14: Variation of the pressure drop across the channel with time during the flow of bubble

in channel of 2 mm contracting to a 1 mm diameter channel for a mixture velocity of 0.15 m stin
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the 2 mm diameter channel. The red solid line indicates the pressure drop for a liquid-only flow
at the same flow conditions.

At about 0.026 s, when the bubble near the contraction to smaller diameter channel, the pressure
drop decrease and reaches to a minima value. As the bubble moves upstream in the small diameter

channel, the pressure drop increases and having value 3577 Pa.

7.4 Conclusion

CFD simulations have been performed to understand the bubble dynamics in a channel having
sudden change in diameter for the case of increase in channel diameter as well as decrease in the
channel diameter. For both the cases, the bubble volume is chosen such that the bubble is spherical
in the larger channel and bullet-shaped in the smaller channel. The evolution of the bubble shape
and pressure drop during the period when the bubble passes through the contraction/expansion
zone has been studied. The pressure drop is observed to decrease significantly when the bubble
has a cpasular shape whereas the pressure drop is close to that for single phase flow when the

bubble is spherical.
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Pulsatile Taylor Flow

In this chapter, the hydrodynamics and heat transfer for gas-liquid pulsatile Taylor flow in a
microchannel is studied numerically. The effect of frequency on bubble velocity, wall shear

stress, pressure drop and Nusselt number are reported.

8.1 Introduction

In several instances of gas-liquid slug flow in microchannels, the flow may not be steady. Two
such examples are pulsatile heat pipes (Das et al., 2013) and instability during flow boiling in
microchannels (Bogojevic et al., 2013). It is therefore important to understand the effect of the
pulsatile behaviour on the hydrodynamics and heat transfer in slug flow regime in
microchannels.

A steady slug flow has a characteristic frequency i.e. bubble frequency fz = Lyc/Us.
However, as the bubble frequency is not known a priori, two-phase velocity can be used to
estimate an approximate value of bubble frequency i.e. fz = Lyc/Urp. For the pulsatile flow,
the flow rate of at least one of the phases oscillates which may cause the generation of bubbles
of different lengths periodically. Therefore, there are two characteristic frequencies in the
pulsatile slug flow. In this work, flow and heat transfer in a unit cell consisting of a single
bubble subjected to time-dependent liquid flow has been investigated for a range of frequencies

of the liquid flow.
8.2 Computational Methodology

In chapters 4 and 5, a computational methodology to model steady, periodic slug flow and heat

transfer in the bubble frame of reference has been described. The same methodology has been
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adapted to model pulsatile slug flow. The changes made in the methodology are described in
this section.
The boundary condition at the inlet is specified such that the flow rate varies sinusoidally and

the axial velocity profile is parabolic as given by Eq. (8.1).

2

Vsin = 2 (Untean + Unmp c05(@(t = i) (1 = %) (8.1)
Where Uwmean IS the mean two-phase velocity over a cycle, Uamp is the velocity amplitude, o is
the angular frequency and tini is the time at which the pulsatile flow is initialised.

As the velocity field is unsteady, momentum and energy equations are solved simultaneously.
To obtain a periodic temperature field, a modified temperature profile is wrapped from the
computational faces having flow out of the domain to the corresponding faces where flow
enters the domain.

The solution obtained for flow, volume fraction and temperature fields for the steady flow is

used as the initial guess for the pulsatile flow simulations.
8.3 Result and Discussion

The simulations have been performed in a channel of radius 0.5 mm and unit cell length 5 mm
for air-water flow in the channel. The same mesh as used for steady simulations presented in
Chapters 4 and 5, has been used for the pulsatile flow. The properties of the air and water used
in the simulations are given in Table 8.1. The non-dimensional equivalent sphere radius is 1.31
and the gas volume fraction in the unit cell is 0.3. The mean two-phase velocity (Uyeqn) and
the velocity amplitude (Uyy,) are 0.2 m st and 0.1 m s, respectively. The bubble frequency
based on the average two-phase velocity is 0.025 s and the angular frequency is 0.157 rad s
.The simulations have been performed for four different angular frequencies 1, 10, 50 and 100

rad s,
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Table 8.1: Properties of the working fluids (Leung et al., 2014)

Properties Air Water
Density (kg m™®) 1.185 997.0
Dynamic Viscosity (kg m™ s™) 1.83x107 89.0x10°
Thermal Conductivity (W m* K?) 0.02 0.60
Specific Heat Capacity (J kg™ K™) 1006.4 4182.0
Surface Tension (N m™) 0.072

8.3.1 Hydrodynamics

Figure 8.1 shows the variation of the mean two-phase velocity specified at the inlet and the
bubble velocity obtained from CFD simulations with time for the four different frequencies.
During a cycle, the two-phase velocity changes continuously with time and the rate of change
of two-phase velocity also varies. The bubble velocity is also observed to vary sinusoidally in
phase with the two-phase velocity having the same frequency as that of the mean two-phase
velocity for all the four cases. The magnitude of bubble velocity is higher than the two-phase
velocity at all times. However, the ratio between the bubble and two-phase velocity is not same
and varies with time. In Fig. 8.2, the variation of the ratio of the bubble and two-phase velocity
has been plotted for the case having angular frequency of 10 rad s™*. The ratio is not a constant
and varies between 1.05 and 1.10. In a cycle, two maxima and two minima are observed. The
two maxima correspond to the cases when the bubble and two-phase velocities are maximum
and the two minima probably occur when the liquid velocity is equal to the average two-phase

velocity.
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Figure 8.1: Variation of two-phase velocity (Urp) and bubble velocity (Ug) with time for

angular frequencies of (a) 1 rad s (b) 10 rad s (¢) 50 rad s™ and (d) 100 rad s.

1.12 |

Figure 8.2: Variation of the ratio of bubble velocity (Ug) and two-phase velocity (Utp) with

time for angular frequencies of (a) 10 rad s.

In Fig 8.3, the bubble shapes at different time instants in a cycle has been shown for the
frequency of 10 rad s*. Figure 8.3(a) shows the time instants marked by solid symbols at which
bubble shapes have been plotted. As shown in Fig. 8.3(b), almost no significant change in the

bubble shape with time is observed. In Fig. 8(c), the interface shape in the film region has been
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shown. Unlike the steady case, a constant film thickness region in the middle is not observed
at all times during a cycle. The minimum film thickness near the back of the bubble is observed
to vary between 0.022R-0.027R. The thickness of the film in the middle region varies between

0.028R-0.047R in a cycle.

Figure 8.4 shows the velocity profiles in the middle of the liquid slug i.e. at the domain exit at
different time instants for the frequencies of 10 and 100 rad s*. While the velocity profile is
close to parabolic for the frequency of 10 rad s, large fluctuations in the velocity profile can
be seen for the frequency of 100 rad s™. This observation is similar to that for laminar, liquid-
only, fully-developed pulsatile flow in a channel. The velocity profile for the pulsatile flow for

liquid-only, fully-developed flow can be derived analytically and is known as Womersley

solution
0.4
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= 3
g
4]
0.2
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Figure 8.3: Bubble shape in a cycle at different time and different locations for the angular

frequency 10 rad s™ of a Taylor bubble (Reqv = 1.31).
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Figure 8.4: Velocity profile in the middle of liquid slug i.e. at the exit of the computational

domain for the angular frequency of (a) 10 rad s™ (b) 100 rad s™.

The solution suggests the velocity profile to be parabolic at low Womersley number (Wo),
defined by Eq. (8.2), and a flatter profile at a higher value of Womersley number (Mazumdar,

1992).

PwWR?

Wo = (8.2)

Womersley numbers for the 10 and 100 rad s cases are 1.67 and 5.29, respectively.

Figure 8.5(a) shows the variation of the wall shear stress with time for the case having
frequency 10 rad s*. The wall shear stress is observed to vary periodically with the same
frequency as that of the flow. Wall shear stress varies from 1.5 Pa to 4.5 Pa. Average wall shear
stress for a cycle for the frequency 10 rad s is 2.88 Pa. The wall shear stress calculated from
Hagen-Poiseuille relation for liquid-only flow having average velocity equal to the mean
velocity over a cycle (0.2 m s) is only 1.42 Pa and for the maximum velocity over the cycle

(0.3ms?) is 2.14 Pa. Thus, the wall shear stress is observed to increase significantly due to the

134
TH-2207_ 146107023



Chapter 8

pulsatile flow. Figure 8.5(b) shows the variation of wall shear stress with the frequency and the

average wall shear stress over a cycle is independent of the cycle frequency.
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Figure 8.5(a): Wall shear stress variation with the time for the frequency 10 rad s* of a Taylor

bUbee (Reqv = 131)
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Figure 8.5(b): Average wall shear stress for a cycle with the angular frequency 1, 10, 50 rad

st of a Taylor bubble (Reqv = 1.31).
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Figure 8.6(a) shows the variation of pressure drop with time for the case having frequency 10
rad s. The pressure drop also varies almost periodically with the same frequency as that of the
flow between 20 and 60 Pa. Average pressure drop over a cycle for the frequency of 10 rad s*
is 40.3 Pa. As with the wall shear stress, the average pressure drop over a cycle is also

independent of the frequency as shown in Fig 8.6(a).
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Figure 8.6(a): Pressure drop variation with the time for the frequency 10 rad s of a Taylor

bUbee (Reqv = 131)
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Figure 8.6(b): Average ressure drop for a cycle with the angular frequency 1, 10, 50 rad s of

a Taylor bubble (Reqv = 1.31).
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8.3.2 Heat transfer

In Fig. 8.7, the variation of Nusselt number with time has been plotted for the four frequencies.
At the highest frequency of 100 rad s, the Nusselt number varies sinusoidally in a cycle with
the minimum and maximum values at the same instances at which the minimum and maximum
values of the two-phase velocity occur. At a frequency of 50 rad s, the Nusselt number varies
periodically with the same frequency as that of the imposed flow but the variation is not
sinusoidal. At the lower frequency of 10 rad s, the Nusselt number is observed to have two
peaks during a cycle. For comparison, a case was run for steady flow with the same velocity
boundary condition as for the pulsatile flow i.e. parabolic velocity profile at the inlet.

The variation of Nusselt number with time has been plotted in Fig. 8.8. The Nusselt number
for the steady case is 9.86 and increases to 10.8 when the flow is pulsatile and has a frequency
of 1 rad s™. An increase in the flow frequency to 10 rad s does not cause much change in the
value of Nusselt number and its value is 10.23. When the frequency is increased to 50 rad s,
the average Nusselt number decreases to 9.23 and further increase in frequency to 100 rad s*
causes the Nusselt number to decrease to 8.5. Pattamatta et al. (2015) investigated the heat
transfer in oscillatory gas-liquid Taylor flow in a capillary tube of 1.2 mm diameter numerically
in a laboratory frame of reference. However, they considered the near wall film temperature
instead of bulk fluid temperature in their definition of Nusselt number. This makes the two
definitions of Nusselt numbers very different as considering the near wall temperature in the
film may not take into account of the fact if the gas bubble or the liquid slug passes under the
film. It is therefore not possible to make a direct comparison of this work with theirs. However,
interestingly they also observed non-monotonic behaviour in the variation of Nusselt number
with frequency. The Nusselt number decreased with an increase in the frequency for

frequencies below 5 rad s and increased with frequency for higher values.
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Figure 8.7: Nusselt number with the time for the angular frequency (a) 1 rad s* (b) 10 rad s

(c)50 rad s (d) 100 rad s of a Taylor bubble (Reqy = 1.31).
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Figure 8.8: Variation of the Nusselt number averaged over a cycle with the angular frequency.
8.4 Conclusions

CFD simulations has been performed for flow and heat transfer in a unit cell with the two-

phase velocity varying sinusoidally for four different frequencies 1, 10, 50 and 100 rad s™*. The
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bubble velocity has been observed to vary sinusoidally in phase with the two-phase velocity.
However, the ratio between the bubble and two-phase velocity is not constant and varies
periodically during a cycle. The wall shear stress as well as the pressure drop also vary with
the same frequency as that of the flow and for a cycle the value of wall shear stress and pressure
drop are same for all the frequencies. Different patterns of the variation in Nusselt number with
time are observed depending on the cycle frequency. The average Nusselt number over a cycle

increase with frequency at low frequency but decreases at higher frequencies.
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CHAPTER 9

Conclusions and Future Scope of Work

In this chapter, the main conclusions that can be drawn from this thesis are summarised.

A list of future works that can be further taken up are also discussed.

9.1 Conclusion

CFD simulations have been performed for gas-liquid flow in a millimeter-size channel
using the volume of fluid method to capture the interface between the two phases. The

main conclusions of the work can be summarized as below:

» A computational methodology has been implemented to model the flow and heat
transfer without phase change in a periodic unit cell consisting of a gas bubble and two
halves of liquid slug in a frame of reference moving with the bubble. The bubble
shape, velocity and shear stress on the wall are compared with the data available in the
literature and found to be in good agreement. The Nusselt number obtained from CFD
simulations was compared with an extensively validated phenomenological model
available in the literature and found to be in good agreement.

» For low bubble volumes (Reqv < 1), the bubbles are observed to have near spherical
shape while bigger bubbles (Reqv > 1) are observed to have the shape of a typical
Taylor bubble- having ellipsoidal front, a cylindrical region in the middle and a
ellipsoidal back with a small undulation. The bubble velocity decreased with an
increase in the bubble volume before it became volume-independent when bubble
assumed the shape of a Taylor bubble. The velocity field and pressure distribution for

the spherical and Taylor bubbles are observed to have significant differences. The
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introduction of the bubbles caused an increase in the maximum as well as average
shear stress on the wall. The average wall shear stress is maximum when the
equivalent sphere radius (Reqv) Of the bubble is same as that of the channel.

» The Nusselt number over a unit cell has been observed to be maximum for Reqv ~ 1 and
an increase or decrease in the bubble volume causes the Nusselt number to decrease.
For Reqv < 1, Nusselt number increases with an increase in Reynolds number whereas
for Reqv > 1, the Nusselt number is observed to be independent of Reynolds number.
The effect of slug length on the heat transfer in Taylor flow has been studied and the

Nusselt number is observed to increase with a decrease in the slug length.

» The bubble approach and evolution of the shape of the merged bubble with time
during the coalescence of a Taylor and a spherical bubble have been modelled in a
computational domain moving with the Taylor bubble. A methodology to track the
ends of the bubbles was developed using k-means clustering algorithm to calculate the
velocities of the individual bubbles. When the distance between the bubbles reduces to
less than one diameter, significant changes in the flow are observed. During the initial
stages of neck growth of the merged bubble is in good agreement with the literature for
the bubble coalescence in an outer fluid inside a sufficiently large container.

» The bubble dynamics in suddenly expanding and contracting channel has been studied
in a laboratory frame of reference. When a Taylor bubble moves from a small diameter
channel to the large diameter channel, its velocity decreases. Whereas when a bubble
moves from a large diameter channel to smaller diameter channel, its velocity
increases. The ratio of the bubble and two-phase velocity remains same in the two
cases, except when the bubble is in the zone of the area change. The evolution in the

bubble shape has been presented for both the cases.
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» The effect of oscillatory flow on the hydrodynamics and heat transfer in Taylor flow
has been studied in a domain moving with the bubble. The velocity of the bubble is
observed to oscillate with the same frequency as that of the imposed flow. While no
appreciable change is observed in the bubble shape, there is significant change in the
thickness of the liquid film surrounding the bubble. The average wall shear stress and
pressure drop are observed to be independent of the frequency. The Nusselt number is
observed to increase at an angular frequency of 1 rad s but decreases at higher

frequencies.

9.3 Scope for Future Work

While this thesis makes a humble contribution to the knowledge of gas-liquid slug flow in
millimeter-size channels, there are several problems that need to be solved to develop a
comprehensive understanding of the subject. Some of the relevant problems can be:

Flow and Heat Transfer in Taylor Flow: In many circumstances, the bubble shape and
associated flow field is not axisymmetric and full three-dimensional flow need to be
solved. Some examples are slug flow at high Reynolds numbers and slug flow in curved
channels. The computational methodology to model periodic Taylor flow developed in
this work should be extended to three-dimensions and the user-subroutines should be
modified so that the simulations can be run in parallel.

Coalescence of Bubbles: Since the coalescence of bubbles is often associated with heat
transfer for example evaporation or gas-liquid exothermic reactions, the heat transfer in
the coalescence process need to be modelled. Further, a multiscale model coupling the
simple analytical model representing the film drainage process with CFD need to be

developed.
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Channel Cross-section: In this thesis, the flow of low volume bubbles, which are
spherical in the larger section of the channel has been studied. The shape changes of a
larger volume bubble having shape of a Taylor bubble should be investigated. Further, the
hydrodynamics as the bubble moves in a gradually expanding/contracting channel should
also be studied. An interesting and useful problem can be Taylor flow in a channel having
periodic expansion and contraction.

Pulsatile Flow: In this work, the effect of oscillatory flow has been studied only in a unit
cell. However, the pulsatile flow of liquid (or gas) can also cause the change in the
volumes of the bubbles generated and all the bubbles may not be of the same volume.
Therefore, the effect of pulsatile flow on the bubble generation and subsequent flow

behavior need to be investigated.
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