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Popular Science

Gas-liquid flow is ubiquitous in nature such as rainwater irrigation. It is an essential process
in industrial applications, like chemical, petrochemical, pharmaceutical and food production,
which are always companied by heat and mass transfer. The traditional instrument at the
macro scale like stirred tank can’t control heat and mass transfer precisely due to inadequate
mixing. It will cause the waste of extra raw materials and energy. In response to this demand,
microfluidics technology, also known as Lab-on-a-Chip, was developed. Microchannel is
fabricated on the microchip, in which feeding fluid can be manipulated accurately, and thus
the heat and mass transfer coefficients are significantly enhanced. However, the interaction
between gas and liquid phases is complex and the mechanism of multiphase flow remains
unclear. It is imperative to investigate gas-liquid flow in single straight microchannels to
enhance the understanding of dynamical interaction and mass transfer between phases.

Porous media can be considered as microchannel networks, formed by interconnected pores.
Gas-liquid fingering displacement in porous media widely exists in industrial and subsurface
applications, such as fuel cells and geological carbon sequestration. The non-compact
fingering structure resulting from interfacial instability has an important influence on
extraction effectiveness and leakage risk. Therefore, it is essential to study the fingering
dynamics in porous media. Especially, displacement process after breakthrough is hardly
studied. Evolution after breakthrough need further exploration.

In this thesis, a microfluidics platform was built to test the flow in microscale. In the first step,
gas-liquid flow in straight rectangular and square microchannels was investigated by using
water as liquid phase and N2 and CO; as gas phase. Flow pattern was captured by a high-
speed imaging system and the recorded images were processed by digital image technology.
Flow pattern map was proposed and compared with the map in literatures. Bubble volume
especially deformed bubbles was measured by 2D projection and 3D slicing methods. Scaling
laws involving important parameters in microreactor were proposed to provide the guidance
of microreactor design. Based on bubble volume, mass transfer coefficient was calculated.
The effect of flow rate on mass transfer was investigated. Empirical correlations and semi-
theoretical model were derived to predict mass transfer coefficient.

In the following step, the gas-liquid fingering displacement in porous media with
microchannel network was investigated by using different concentrations of glycerol
solutions as liquid phase and air as gas phase. Flow regime was compared with the region
boundaries in phase diagram of literatures. Fingering pattern morphologies at the
breakthrough moment and at the steady state were captured. The fingering displacement
process was quantified by the fingering cap velocity, saturation and fractal dimension based
on digital image process technique. To reveal the underlying mechanism of interfacial
instability, dynamical evolution of fingering before and after breakthrough was analysed.
Further, local invasion dynamics in porous media was studied by the macro lens.



Abstract

In this thesis, a microfluidics platform with high-speed imaging system was built to
investigate gas-liquid flow in single microchannel and interfacial instability in porous media
with microchannel network:

The mass transfer of slug flow in the rectangular and square microchannels was
experimentally studied by using water as liquid phase and CO; as gas phase. Depending on
flow rates, flow patterns including slug flow, bubbly flow, and annular flow were observed
in rectangular and square microchannels. Flow pattern map was proposed and compared with
the maps in the literatures. By using digital image processing, the bubble volume especially
deformed bubbles in rectangular and square microchannels was calculated based on 2D
projection and 3D slicing, correspondingly. Scaling laws including important parameters of
bubbles were derived to provide the guidance of microreactor design. Mass transfer
coefficients were calculated based on bubble volume. The empirical correlations involving
dimensionless numbers were fitted to precisely predict mass transfer coefficients. Further, to
be universality, a semi-theoretical model considering length ratio of liquid and gas phases was
developed to predict measured mass transfer coefficients in square microchannel precisely.

The gas-liquid displacement in porous media with microchannel network was experimentally
investigated. By varying capillary numbers Ca and viscosity ratios M in a wide range, flow
pattern involving viscous fingering (VF), capillary fingering (CF) and crossover zone (CZ)
can be observed. Finger morphologies at breakthrough moment and steady state in three
different flow regions was visualized. The main difference between VF and CF is that the gas
stops invading in CF region after breakthrough, whereas in VVF region gas can continue to
expand until almost all the liquid phase is displaced. Invasion velocity, phase saturation and
fingering complexity were quantified based on digital image processing. Fingering dynamical
behaviors in different flow pattern before and after breakthrough was investigated. Time
evolution of fingering displacement after breakthrough demonstrated an unobserved circle,
consisting of new finger generation, cap invasion, breakthrough and finger disappearance.
The circle repeats until steady state. Finally, local dynamical invasion behavior was studied
and a stepwise way of gas invasion was exposed.

Keywords: mass transfer, slug flow, porous media, interfacial instability, fingering
displacement
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Nomenclature

a specific interfacial area (m™)

Ag interface area of bubble (m?)

Agr fingering area at breakthrough moment (m?)
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Ly length of bubble film (m)

Ltront length of bubble front cap (m)
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CHAPTER 1

Introduction

1.1 Background
Gas-Liquid flow

Gas-liquid two-phase flow widely occurs in many industrial applications, such as chemical,
petrochemical, pharmaceutical and food production. These are usually accompanied by heat
and mass transfer processes such as chemical reaction, separation, absorption, extraction,
cooling, heating, detection, etc. The traditional instrument, e.g., gas column, plate, stirred
tank, gas-liquid reactors, fluidized beds and fluid transfer pipelines, has been developed to
achieve these processes. At the macro scale, the control of mass and energy cannot reach a
high precision by these instruments. Increase in by-products causes the waste of raw materials
and energy. Inadequate mixing of reactants in a large reaction chambers increases the
diffusion length. Therefore, they all have the same disadvantage of low mass or heat transfer
coefficient. However, high precision can be achieved at microscale and submicron scale.
Microfluidics was developed to enable such special processes that require high precision.

Microfluidics

Microfluidics is an advanced technology that precisely controls and manipulates micro-scale
fluids, also known as Lab-on-a-Chip or microfluidic chip technology. Microfluidics
originates from a concept called Miniaturized Total Analysis System (uTAS) that was first
proposed by Manz and Widmer et al.[1] in 1990. With the development of micromachining
technology, we can fabricate various microstructure units such as micron to submillimeter
fluid channels, reaction and detection chambers, filters and sensors on the chip. Various
materials, e.g., glass, quartz, ceramic, metal, polymer and composite, have been developed to
fabricate microchips by using micromachining techniques, such as wet and dry etching,
MEMS, micro-mechanical cutting, imprinting, lithography, embossing and advance micro-
3D printing. Fluids can be manipulated precisely in the micron-scale space through fluid
control or analytical instruments. The process, e.g., chemical reaction, separation, absorption



and cell culture, can be finished automatically. Therefore, the potential development prospects
of microfluidics are gradually being valued by academia and industry.

In the field of chemical and pharmaceutical, the microfluidic chip is used as a modular
microreactor shown in Figure 1-1 (a), by carrying out combinatorial chemical reactions or
combining droplet technology [2]. Microscale channels in microchips can achieve accurate
feed control, enhanced mixing, fast reaction and side-reaction limitation. Energy and raw
material savings as well as high product purity enable the microchips to be used for drug
synthesis, or for high-level synthesis of nanoparticles, microspheres, and crystals. And even
a kind of "chemical factory or pharmaceutical factory on a chip" can be expected.

In the field of biomedicine, microfluidic bioreactor enables long-term culture and monitoring
of extremely small populations of bacteria. As shown in Figure 1-1 (b), micro-fermentor
systems can accelerate the process of strain screening and evaluation [3]. Besides, the clinical
analysis can be integrated on a microchip in Figure 1-1 (c) [4]. In recent years, integrated
functions of microfluidic chips are used to simulate the smallest functional units in human
organs and realize drugs as shown in Figure 1-1 (d) [5]. The technology, called organ-on-a-
chip, is used to understand and evaluate the effects of diseases, drugs, chemicals and food on
humans. Organ-on-a-chip was selected as one of the top ten emerging technologies of 2016
in the world economic forum.

(a) Modular microreactor (b) Microfluidic bioreactor

MIMED

Figure 1-1 application of microfluidics: (a) modular microreactor [2]; (b) microfluidic
bioreactor[3]; (c) clinical analysis[4]; (d) organ-on-a-chip [5]. (Reprint by permission from
the publisher)



Single straight microchannel

Gas-liquid flow in a single straight microchannel, as the basic unit of a complex microfluidic
chip, is fundamental and often addressed research topic[6]. The flow at the microscale is
laminar and the straight microchannel can guarantee a stable flow. At the microscale, the
effect of gravity on gas-liquid flow can be ignored. The gas-liquid flow in the straight
microchannel is mainly controlled by the viscous force, surface tension, capillary force and
inertial force. In practical industrial applications, one single microchannel is not sufficient to
achieve complex reaction process. As shown in Figure 1-1 (d), multiple microchannels of
different types are often required. Due to the limited area of a microchip, using meandering
microchannels is often an compromise. However, Dean vortices and other centrifugal effects
then need to be considered [7].

Porous media with microchannel networks

Porous media can be regarded as microchannel networks, formed by interconnected pores.
The definition of porous media is solid object with connected holes, where the liquid or gas
flow through. Porous media is ubiquitous in our lives and nature, e.g., sedimentary rock
underground, rain-moistened soil, babies' nappy, water uptake in plants and gas exchange in
lungs.

Category: Application:

Surgical mask,
Trapi
fapping - — Geological carbon sequestration.

Porous (GES)

media B Fuel cells,
Li-ion battery,
Electrolyser,

Geological hydrogen storage.

Flow —_—

—

Figure 1-2 Category and industrial application of porous media.

Gas-liquid displacement in porous media is an essential process in many applications ranging
from small scales, e.g., industrial processes, to large scales, e.g., terrestrial/extraterrestrial
subsurface resource extraction and storage. According to the flow motion in porous media,
porous media can be divided into 2 categories shown in Figure 1-2. One category is that the
fluid is surrounded by another fluid and they both are trapped in the pore space. The most
classic application is geological carbon sequestration (GCS). There are a lot of porous spaces
between the underground rocks, which are filled with saline water and gas. Carbon dioxide



can be captured from industrial processes, then compressed and injected into the pore space
of the rock underground, where it can be stored in the reservoir permanently. Another example
is surgical masks with porous media layers, where the water droplets containing viruses
cannot penetrate the mask while the air will pass through. The second category is that all
fluids can fully flow over a wide range of saturation. Little fluid is trapped in the porous media.
It plays a significant role in energy fields, such as gas diffusion layer (GDL) in a fuel cells,
Li-ion batteries and electrolysers. Pore space of rock underground also can be used to store
hydrogen. As the cleanest energy source, hydrogen is promoted as a reliable, next-generation
fuel. However, storage issues have hindered its development. Geological hydrogen storage is
considered as the most effective way. Hydrogen can be safely and temporarily stored in rock
space underground.

More generally, such process will occur in the myriad fields of science and technology where
fluids pass through porous materials. Therefore, the research on gas-liquid displacement
process in porous media is greatly meaningful to reveal the dynamical behavior and fluid-
mechanical forces.

1.2 Objectives and methodologies

As described above, microfluidic widely exists in the field of chemical, pharmaceutical,
biomedicine and subsurface. Extensive work has been devoted to gas-liquid flow in the
microchannel and porous media. But there are still some unknown phenomena and
mechanisms to be explored, in terms of the calculation method of the mass transfer coefficient
of deformed bubbles in microchannels and the dynamical evolution of fingering displacement
after breakthrough in porous media. Therefore, the initial objectives were set as follow:

Single straight microchannel

1. Hydrodynamics of gas-liquid flow in straight microchannels with square and
rectangular cross-sections will be studied by using different concentrations of
glycerol solutions as the liquid phase and N2 and CO- as the gas phase.

2. Flow pattern map will be drawn and compared with the map proposed by literatures.

3. Volume of bubbles especially deformed bubbles in rectangular and square
microchannels will be measured based on 2D projection and 3D slicing methods,
separately. The mass transfer coefficient will be calculated on the base of bubble
volume.

4. Scaling laws of bubble volume, velocity and volume fraction will be derived to
characterize the micro-reactors.

5. Empirical correlations and a theoretical model were derived to predict mass transfer
coefficient.



Porou media:

1.

2.

Gas-liquid displacement in porous media will be investigated by using different
concentrations of glycerol solutions as the liquid phase and air as the gas phase.
Flow regime phase diagram will be drawn and compared with the region boundaries
proposed by literatures.

Fingering displacement morphologies will be visualized at breakthrough moment
and steady state by using the high-speed imaging system.

Quantitative analysis of the invasion velocity, area and complexity will be conducted
based on the digital image process technique.

The complete dynamical fingering evolution process before and after breakthrough
will be explored to reveal the underlying mechanism of fingering dynamics.

To enhance the understanding of the local fingering invasion dynamics in porous
media, the local drainage process will be observed and analyzed by using the macro
lens.






CHAPTER 2

State-of-the-Art Literature Review

Flow in microscopic space is a complex process. Due to its broad application prospects, gas-
liquid flow at the microscale has been a hot research topic. This chapter reviews the progress
of mass transfer of gas-liquid flow in microchannels and gas-liquid displacement in porous
media over the past decades.

2.1  Microchannel

In order to meet different application conditions, various cross-sectional shapes of
microchannels have been applied, such as circular, square, rectangular, trapezoidal and so on.
Based on the number and mixing degree of feed streams, the number of inlets and
configuration of junctions both need to be customized. Figure 2-1 demonstrates the different
configurations of mixing junctions at the entrance of the microchannels, including cross-
shaped junction, cross Y-junction, T-junction, Y-junction, cross flow T-junction and co-flow.
Different mixing junctions can produce different mixing degrees of fluids, which will
generate different flow patterns [8].

Cross-shaped junction Cross Y-junction
| | ]
T-junction Y-junction
Cross flow T-junction Co-flow

|

\_U |
Figure 2-1 Junction configuration of microchannel.
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2.1.1 Flow pattern

Cross section Diameter Junction
““““ Triplett et al. (1999) circular 1097 um cross-shaped
Akbar ct al. (2003) circular Dy < 1000 um T-shaped
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Figure 2-2 Comparison of the transition lines in gas-liquid flow pattern maps [9-11] and the
flow pattern in different regions. (superficial gas velocity j,; and superficial liquid velocity
Jj,, are calculated by the flow rate divided by the channel cross-sectional area, i.e., Q;/A¢

and Q. /A. Reprint of churn image [9] by permission from the publisher)

Over the past few decades, many studies focus on the exploration of gas-liquid flow patterns.
The flow pattern map including different flow regimes may be firstly proposed by Baker[12],
based on superficial gas and liquid velocities. As shown in Figure 2-2, five types of flow
patterns were found, including bubbly, slug (plug), churn (froth/dispersed), slug-annular
(transition) and annular. Although they were named differently in literatures, they share some
common characteristics:

o Bubbly flow. At the low j; and high j,, the irregularly shaped bubbles are dispersed
in liquid phase and they do not flow in a horizontal line. Besides, the coalescence of
bubbles may happen.

e  Slug (plug) flow. Slugs with different lengths are generated and the shorter slug has
a bullet shape. Due to the low j; and j,, the flow is stable. The distance between the
slug and the size of slug are uniform.

e  Slug-annular (transition) and annular flow. With the increase of j;, the gas phase
merges and thus elongated bubbles are generated. They are surrounded by a thin
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liquid film. The fluctuations occur at the interface but are not enough to block the
bubbles.

e Churn (froth/dispersed) flow. At the high j; and j,, disruption resulting from
periodical flooding-type churning waves will lead to unstable slug flow.

The research on gas-liquid flow patterns transition can help predict flow patterns. Many
studies proposed flow pattern transition lines to distinguish the different flow pattern
transitions. Figure 2-2 shows the classical and popular transition lines in the flow pattern map
reported by Triplett et al.[9], Akbar et al.[10] and Niu et al.[11]. Because their map was based
on limited experimental data and different geometers of microchannel, there are
disagreements with boundaries. The transition line from slug to bubbly proposed by Triplett
et al.[9] is curved, while the one proposed by Niu et al.[11] is straight. In particular Akbar et
al.[10] didn't distinguish bubbly and slug flow. At the higher superficial gas and liquid
velocities, Akbar et al.[10] defined the regime as froth (dispersed) flow, while Triplett et al.[9]
and Niu et al.[11] defined as churn flow. Their boundaries between churn and the other four
flow regimes are not consistent. However, the boundaries between slug-annular and annular
as well as between slug to slug-annular coincide reasonably well. It should be noted that Niu
et al.[11] didn’t distinguish the slug-annular and annular flow regime due to different flow
pattern definitions.

2.1.2 Mass transfer

Mass transfer between dispersed phases (bubble/slug) and continuous phase (liquid) is the
imperative process in microreactors. In single-phase flow, a classical Poiseuille flow profile
with a maximum velocity on the center and a minimum velocity near wall is generated. In
two-phase flow, the Poiseuille velocity profile is destroyed as shown in Figure 2-3 (b),
because the flow speed of the dispersed phase is lower than the maximum velocity. Therefore,
the recirculation is generated in both phases, as shown in Figure 2-3 (a). Recirculation can
refresh the concentration near the gas-liquid interface. It is the recirculation that leads to the
intensification of mass transfer, which was validated by using micro-PIV and CFD simulation
in Figure 2-3 (c,d).

(a)
NACSEDS
% Primary vortices &

Reverse flow Forward flow —

Primary

Primary

—» Moving direction

Figure 2-3 (a,b) Schematic diagram of recirculation [13]; (c,d) velocity profile from
experimental Micro-P1V [14] and CFD simulation [15]. (Reprint by permission from the
publisher)
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Mass transfer from dispersed phase to continuous phase is described based on two-film
theory, which is a classical theory of mass transfer process at gas-liquid interface, proposed
by Whitman [16]. It simplifies the entire interphase mass transfer process as the molecular
diffusion process of the component through two effective films. As shown in Figure 2-4, there
exists stable gas stagnation layers (gas film) and liquid stagnation layers (liquid film) on both
sides of the gas-liquid interface, respectively. The gas and liquid phases at the interface are in
equilibrium. No mass transfer resistance is assumed at the phase interface. Besides, no mass
transfer resistance is also assumed in the gas and liquid bulk outside the membrane layer,
which means the concentration gradient (or partial pressure gradient) is zero. Therefore, the
mass transfer coefficient can be expressed as:

As for gas phase:

dMg

ar kcAp(Pg, — Pg ) (2-1)
As for liquid phase:

am

d_tL = kLAB(CL,L' - CL,b) (2-2)

Here, k; and k; are the overall mass transfer coefficient of gas phase and liquid phase,
respectively. M; and M, are the transferred mass in mole of gas phase and liquid phase,
respectively. Ap is the gas-liquid interface area. P; , and P ; are the partial pressure at the
gas bulk and interface, respectively. €, , and C, ; are the concentration at the liquid bulk and
interface, respectively. Smaller bubbles can have more contact area with liquid phase per unit
volume, which enhances mass transfer. The specific interfacial area a characterizes the ratio
of surface area Ag and volume of cell V, which has an important influence on mass transfer
coefficient. Therefore, most literatures focus on the overall mass transfer coefficient of liquid
phase k; (unit: m/s) and volumetric mass transfer coefficient k,a (unit: 1/s).

Phase interface

P i Gas |'Liquid :
510 film film

Liquid bulk

Cy
Gas bulk

_—
Mass transfer direction

Figure 2-4 Schematic diagram of two film theory.
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As shown in Figure 2-5, the unit cell consists of one slug (bubble) and one plug (liquid). It is
reasonable to assume the mass transfer from gas to liquid phase only happens in a single unit
cell, which means there is no mass transfer between unit cells. Due to mass conservation, the

transferred mass in mole of gas phase and liquid phase is equivalent: d% = —%. The
volume of bubble decreases along the microchannel because of mass transfer, as shown in
Figure 2-5.

According to ideal gas law, the mole mass of bubble can be represented as:
PgVp
RT

Substituting Equation (2-3) into Equation (2-2), the overall mass transfer coefficient of liquid
phase k, can be calculated by bubble volume change rate:

M; = (2-3)

1 d(PgVp)
RTAR(CL;—CLp) dt

kL = - (2-4)

Semane e s na———— ~<
- G L R =e— H o
1 i i i
1 1 1 1
P () .. o
1 1 I 1 i
1 1 1 - !
J ¢ ) : ¢ ) : L_____T ______
: Lg L. ! Unit cell
"L—c"

Figure 2-5 Schematic diagram of unit cell.

As for most of the studies, the actual parameter to be monitored is the length of bubble [17,
18]. To a first approximation, bubble volume is calculated by multiplying the cross-section
area of microchannel and length of bubble Lc. To increase precision, some researchers have
considered the rear and cap of the bubble as two hemispheres. The film of the body is still
assumed to be uniform, which indicates a constant cross-section area of the bubble body. In
other word, bubble body is considered as a cylindrical shape. The volumes of the rear and cap
are calculated by the formula for the volume of a sphere. The volume of the body is calculated
by multiplying the cross-section area of the body by the body length [19, 20]. This technique
is, therefore, effectively limited to the bubbles with a bilateral (cap-to-rear) symmetrical shape
as shown in Figure 2-6 (a,b). However, with the increase of superficial liquid velocity j,
bubbles become bullet-shaped gradually. Bubble cap becomes pointed and the rear becomes
flat as shown in Figure 2-6 (c-e). They are completely bilateral asymmetrical, and the width
of the body film § varies along the body length [21, 22]. The above assumptions for simplicity
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are not valid anymore for deformed bubbles. Consequently, the 3D bubble reconstruction and
new bubble volume calculation method are necessary to develop to estimate the mass transfer
coefficient.

a 16 b

f

We

!

j=0.08 m/s j,=0.15 m/s Jg=0.31 m/s j;=0.15 m/s
I D D < :
Jg=0.31 m/s j;=0.31 m/s Jg=0.31 m/s j;=0.46 m/s Jg=0.31 m/s j;=0.62 m/s

Figure 2-6 (a-b) symmetric bubbles; (c-d) deformed bubbles.

Micro laser-induced fluorescence (micro-LIF) is an advanced technology to obtain the
concentration distribution in liquid plugs [23, 24]. But due to the limitation of equipment, LIF
was not used in this thesis. Although this thesis only focuses on the experimental method,
CFD is a useful tool to obtain information that cannot be obtained from experiments [15].
Verification between numerical and experimental results can enhance the reliability of
conclusion. Therefore, micro-LIF and CFD will be considered as a part of my future work.

2.2 Porous media with microchannel network

Porous media is a network of microchannels formed by interconnected pores, which widely
exists in industrial and subsurface applications. Fluids can flow through or trap in the pore
space. When two fluids flow in porous media, the interface between fluids may become
unstable. Such instability will limit extraction effectiveness and cause leakage in the
applications.

2.2.1 Interfacial instability

The interface will become unstable when a more viscous fluid is displaced by a less viscous
fluid, and thus fingering pattern will occur [25]. Although the first scientific study was
conducted by Hill (1952) [26], the interfacial instability is called Saffman-Taylor
instability[27] due to Saffman and Taylor’s now-classical work in 1958 about essentially
identical liner-instability analyses of one-dimensional displacement [27]. Since then, this
beautiful physical phenomenon has attracted extensive attention. Various configurations have
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been used to investigate this phenomenon. In the rectangular configuration, the pattern will
evolve until a single stable finger is generated (Figure 2-7(a)). In the radial configuration,
fingering will spread and split up successively (Figure 2-7(b)). This instability is traditionally
investigated in a very thin space between two closely spaced parallel glass sheets, which is
called Hele-Shaw cell. In addition, researcher also fabricated the solid structure like posts in
the cell to form a porous space. Zhao et al. [28] studied fluid-fluid displacement in disordered
media patterned with vertical posts. The post pattern forms a macroscopically homogeneous
porous structure, in which incomplete pore-scale displacement can be observed. The non-
compact viscous fingering pattern with branches was generated in the radial direction.

(a) Rectangular Hele-Shaw cell

Air Oil

PO PPV VPV EY

™ athil =ien

(b) Radial Hele-Shaw cell

v I\ I g
Su) W —
¥ 1cm
Rigid Hele-Shaw cell Elastic-walled Hele-Shaw cell

Figure 2-7 Fingering pattern in literature: (a) Hele-Shaw cell with rectangular configuration
[29]; (b) Hele-Shaw cell with radial configuration [30]. (Reprint by permission from the
publisher)

2.2.2 Phase diagram and displacement pattern in porous media

Apart from the Hele-Shaw cell, the porous structure is also fabricated in porous media chips.
The holes are connected to each other, forming microchannel network. Intensive work has
been conducted to study the instability dynamics at core scale [31] and macroscale [32]. In
addition, microscale is also an interesting topic of research. In porous media chips with
microscale structures, related dynamic capillary pressure, relaxation time [33] and transient
flow states [34] play a significant role in the fingering displacement process. Depending on
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the wettability of invading phase and defending phase, the displacement process is divided
into two types: drainage and imbibition. When non-wetting fluids displaces wetting fluids,
this process is called drainage. The imbibition process is the opposite. Viscous force, surface
tension and capillary force mainly control the flow motion, which can be characterized by
two dimensionless numbers: the capillary number Ca and the viscosity ratio M of the invading
phase to the defending phase.

Hili _
Ca= oa (2-5)
Hi )
" kg (2-6)

Where, y; and u,; denote dynamic viscosity of the invading and defending phases,
respectively. u; is Darcy velocity of the invading phase, and g, is the surface tension of
dispersed phase. As shown in Figure 2-8, the phase diagram of fingering displacement was
mapped based on the dimensionless numbers LogioCa and LogioM. The morphologies of the
fingering pattern in different regimes are illustrated, including viscous fingering (VF),
capillary fingering (CF), crossover zone (CZ) and stable displacement (SD) [35, 36].

¢ Viscous fingering (VF). In the region with lower Log1oM and high Log10Ca, a narrow
finger pattern with branches is observed because the viscous force mainly controls
the process. At the moment when the cap of the finger reaches the outlet, called
breakthrough, the displaced area is the lowest.

e  Capillary fingering (CF). At high viscosity ratio and low capillary number, the finger
pattern becomes wide and the number of branches reduces. Capillary fingering is
mainly controlled by capillary force.

e  Crossover zone (CZ). The width of the finger is between that in CF and VF regimes,
because displacement is controlled by the viscous force and capillary force
simultaneously.

e  Stable displacement (SD). When the viscosity ratio and capillary number are both
high, the interface keeps stable and the displaced area is the highest at the
breakthrough moment.

Many studies have been conducted to explore fingering pattern transition and the boundaries
to distinguish different regimes, which provides guidance for the prediction of flow patterns.
By deriving a simple force balance relating viscous to capillary forces, Lenormand et al.[37]
firstly proposed the boundaries to distinguish different flow regimes in a pore network as
shown in blue solid lines of Figure 2-8. The result was obtained by experiment and simulation,
but position of the boundaries is system-dependent. The now-famous boundaries (green dot
lines) were defined by Zhang et al.[38] based on an almost homogeneous and isotropic
micromodel. It is unlike for the multiple flow regime to coexist, so the area of crossover zone
is narrower than that defined by Lenormand et al.[37]. Recently, Guo et al.[39] also proposed
the boundaries on the base of the drainage process in the pore network that represents the pore
distribution of Berea sandstone. As shown in red dash lines of Figure 2-8, the boundaries are
completely inconsistent with that of Zhang et al.[38]. The crossover zone between the CF and
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VF is extremely narrow. The reason may originate from pore size distribution and domain
size.

0 Lo : Stable
i o : Displacement
i ! : : (SD)
I
- Viscous | | .
-2 + Fingering | | .
(VF) b : .
: : : Crossover
! .
I
I
I

Log,,Ca

Capillary
Fingering
(CF)

Figure 2-8 Phase diagram of fingering displacement (blue solid lines, green dot lines and red
dash lines are the boundaries between different displacement patterns defined by
Lenormand et al.[37], Zhang et al.[38] and Guo et al.[39], respectively.).
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(a) Rough fracture

owp= 0.357

(b) Porous media

Figure 2-9 Fingering pattern in rough fracture [40] and porous media [41]. (Reprint by
permission from the publisher)

As mentioned above, fingering displacement in porous media is greatly important in many
subsurface and industrial applications. However, this non-compact fingering pattern resulting
from interfacial instability has an important influence on extraction effectiveness and leakage
risk, which are related to economic benefits and storage safety. Therefore, extensive work
focused on the dynamic evolution process of fingering pattern in rough fracture and porous
media as shown in Figure 2-9. In addition to experiments, lattice Boltzmann method (LBM)
[42, 43] was used to simulate the complex fingering displacement and explore the
mechanisms of interfacial instability. The fingering pattern was quantified by parameters such
as cap velocity [44], finger width [45], number of fingers [46], interface curvature [47-49],
breakthrough time [44, 46], invading area [50] and saturation [46, 51], fractal dimension [45,
52], and pressure difference [51, 53]. Most research was limited to the displacement process
before or at the breakthrough moment. However, evolution of fingering patterns after
breakthrough is still of great importance. It can provide guidance on how to achieve relatedly
high extraction efficiency in the shortest time and avoid leakage. The mathematical model
based on non-equilibrium effects was created [54, 55] and gradually modified [56-58] to
describe two-phase displacement process. After breakthrough, the evolution of displacement
pattern varies in different flow patterns. When the displaced area becomes maximum, steady
state reaches. Yet, the evolution process from breakthrough to steady state remains unclear.
In different flow regimes, the dynamical transition of fingering patterns from breakthrough to
steady state and the underlying mechanisms still need to be explored further [45].
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CHAPTER 3

Experimental setups and methods

In this chapter, the microfluidics platform and experiment procedure are presented. Besides,
the geometry of microchip (microchannel and porous media), 3D bubble reconstruction and
bubble volume calculation, image processing method and data processing procedure are
introduced.

3.1 Geometry of microchips

Top view Side view
10 mm 15 mm 105 mm H(.
— | : =
I I L ——
i i .
1 : : i Junction
1 : 1
1 1 EETTTTere
: : W
! i Junction ]
I R . 50 mm Te
15 mm J
10 mm
140 mm Width W, Depth H,
Square 600 um 600 um

Rectangular 600 ym 300 um

Figure 3-1 Geometrical details of the rectangular and square microchannel.

Figure 3-1 indicates the geometry of two microchannels with square and rectangular cross-
sections, manufactured by Little Things Factory, Germany. A cross-shaped junction
downstream of the inlets merges the flows from the three inlets. After the junction, a straight
main microchannel with 105 mm length is connected. As for square microchannel, the width
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and depth are both 600 um. As for rectangular microchannel, the width and depth are 600 pm
and 300 pm. The accuracy of the width and depth is within £10 pm. The material of chip is
glass, so it is intrinsically hydrophilic for water.

} 2.00 (a)
| |
400} |
92.50
60.00
Porous
Media
15.00| 10.00 Chip
(b) (c) Cross section
Throat 2 <y | SEENEA S | O :
| i D
1 1
1 1
1 -———-=J-
Throat 1 ! !
—n
w
Channel Ws Wes We, D

Figure 3-2 Details of porous patterned microfluidic chip: (a) chip dimensions with mm unit;
(b) geometries of porous patterns inside the chip; (c) cross section of the channel.

Figure 3-2 shows the geometry of the porous media chip with microchannel network,
manufactured at Dolomite company. The porous media chip involves a gas inlet and liquid
outlet and a 60x10 mm porous domain. The gas inlet and liquid outlet are designed as a tree-
shaped layout, which can ensure a uniform inflow and outflow. Figure 3-2 (b) shows the
micrograph of the porous domain. The microchannel network is formed by the orderly
arrangement of the different lattices. There are straight channels and two types of throats with
the width 110 um, 85 um and 63 um, respectively. Figure 3-2 (c) indicates the cross-section
of channels with the same depth D 100 pm. The material is quartz glass with 5 nm surface
roughness (Ra). Its measured contact angle is 38.3° for water, so it is hydrophilic. The channel
of the chip is fabricated by the etching process, which will further reduce the contact angle.
The contact angle measurements experiment (see the last row of Table 3-5) found that
glycerol has a similar static contact angle as the water.
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3.2 Experimental setup and Experimental procedure

Light source

Microchip

Computer

CO, gas
lind
cytnaer High-speed '
camera

Figure 3-3 Experimental setup for single microchannel.

Microfluidics platform was built up to explore gas-liquid flow and mass transfer in
microchannels. As shown in Figure 3-3, the experimental setup consists of fluid feeding
system, horizontally placed microchannel, high-speed imaging system and residue liquid
collector. The liquid (deionized water) was injected into the two side inlets, controlled by the
syringe pump (New Era NE-4000). The CO, gas was introduced into the center inlet,
controlled by the gas mass flow meter (Bronkhorst EL-Flow prestige FG-200CV). Gas and
liquid merged at the junction and then the gas-liquid flow is generated in the main
microchannel. A high-speed camera (Phantom V611, maximum 6242 fps at full resolution
1280 x 800) equipped with a lens (micro-NIKKOR 105mm) was used to capture the images
and videos of the gas-liquid flow. Light source provided powerful cold light (Motic, MLC-
150C) to increase the brightness for photography. The reduced recording resolution (1280 x
104) was selected to increase the recording speed to 20000 fps at a 20 s exposure time. By
counting the number of pixels across the channel width, the spatial resolution was measured
and was 19.6 pum/pixel. Computer was connected to the camera to record the data. The
collector was used to collect the residue water.
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Figure 3-4 Experimental setup for gas-liquid displacement in porous media.

Figure 3-4 presents the experimental setup for gas-liquid displacement in porous media. Prior
to the experiment the whole porous medium should be filed with liquid. To achieve this, the
vacuum pump was used to extract the air from the pore space until in the pressure indicated
by the vacuum meter was close to 10 bar. Thereafter, the liquid was injected into the pore
space at a low flow rate (about 20 mL/h). In a near-vacuum state, the liquid can easily fill the
porous spaces without any trapped bubbles. The gas-liquid displacement started when the air
was injected into porous domain from the gas inlet by using the syringe pump to suck the
liquid at the desired flow rate in the reverse direction. The high-speed camera was used to
capture the images and videos of gas-liquid fingering displacement process in porous domain
at a 20us exposure time. A cold light source provided the illumination. In order to record the
whole fingering displacement, a 1280 x 256 recording window at a rate between 24 and 2000
fps with a 47.62 um/pixel spatial resolution was performed on the whole porous domain. In
addition, in order to capture the local dynamical behavior of displacement, a macro lens
(NAVITAR-12X) was used to record the reduced visualization window of 242 x 592 at 6000
fps and spatial resolution of 9.0 um/pixel. A computer was connected to the camera to collect
the data.
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3.3 Image processing method and data processing procedure in
microchannel

3.3.1 Image processing method of bubble in microchannel

Background image

Background remove Binarize Fill the hole Centroid

Perimeter
o -«
g ) Area

Raw image
Figure 3-5 Image processing procedure for bubble in microchannels.

Since the images were recorded in a high-speed mode, several thousands of frames were
available to provide details of the process of bubbles flowing through the channel. These
images can be processed in batches by developed in-house MATLAB code. The image
process procedure was shown in Figure 3-5. Firstly, liquid was injected into microchannel
without the gas phase. About 1000 frames of background images were captured in this
condition. The background image was generated by averaging the gray levels of each pixel of
these images. Then all the raw images of the case were divided by the background image pixel
by pixel to remove the background. In the processed images, the gray level of the pixel in the
center of the bubble and the outer region is close to 1. But that within the boundary of the
bubble is much higher than 1. By setting threshold value 1.2, the images were binarized. After
filling the holes of inner area of bubble, the binarized bubble shape was obtained. Based on
binarized bubble shape, bubble characteristics, such as the centroid, perimeter, area, width,
etc., were measured by MATLAB algorithm. The velocity of the bubble js was obtained by
fitting the position of the centroid of the bubble over time. Finally, the bubble volume Vg and
interfacial area between gas and liquid phase Ag were calculated, which will be detailed in the
following subsection.

3.3.2 Calculation of bubble 3D volume Vg and interfacial area Ag in
rectangular microchannel based on 2D projection

The image of 3D bubble captured by camera is a 2D projection. But the bubble volume and

interface area should be determined in 3D. It is necessary to converse 2D projection to 3D

volume. The theoretical model based on the principle of interfacial energy minimization is
implemented for the conversion[59]:
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Figure 3-6 Schematic diagram of bubble (The front of bubble is divided at the position
where the width is smaller than H; (300 pum)).

As shown in Figure 3-6, the cross section is characterized by width Wy, depth Hg and
curvature radius r; at the channel corner. According to the model, the curvature radius ri, the
cross-sectional area A,, and the perimeter P, are calculated by:

HB+WB—\/HBZ+(7T—2)HBWB+WBZ 2 2\71
rt = 4—17 ~ (E W_B) (3_1)
Apg = HyWy — (4 — )7 (3-2)
Pbd = Z(HB + WB - 4Tt + TIT't) (3‘3)

The length of the bubble rear is assumed as L., = Wg/2. The film in the depth side is
negligible, which means Hg = H.. As shown in Figure 3-6, bubble is divided into three parts:
rear cap, front cap and body, and the volumes of these are calculated separately, as is described
below.

geometric
centroid

Figure 3-7 Schematic diagram of the front cap.
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As for the front cap (Figure 3-7), the width is smaller than H (300 wm) and it can therefore
be considered as a revolution body [60]. The volume and interface area are then calculated
based on the Pappus theorem:

Vfront = Sfront X 2md (3'4)
Afront = Lboundary X 2md (3'5)

Here, d is the distance between the centroid of the upper front cap and the revolution axis.
Serone 1S the projected area of the upper front cap. Lyoynaqry is the length of the boundary of
the upper front cap.

Rear cross section Front cross section
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We Wy
[t B
l<_ HC —> }.‘_ HC

Figure 3-8 Schematic diagram of body.

For the body part (Figure 3-8), It is assumed that the cross-section area A, (y) and the
perimeter Py, (y) decrease linearly from rear to front, and these are calculated as:

Apgr—A

Ap(y) = —b‘z; d:dz Y+Apaz (3-6)
_ Pbd1=Ppdz

P,(y) = " lbody | Y+Ppaz (3-7)

Based on Eq. (3-6) and Eq. (3-7), and the cross-section area Apqq, Apgy and perimeter
Pya1, Ppay for the front cap side and rear cap side are calculated. Therefore, the volume and
interface area of the body can be measured as the integrals:

Vbody = f Fbody 4 »@)dy = ‘Lbody (Apar + Apaz) (3-8)

L
Apody = fo o py(y) dy = ELbody(Pbdl + Ppgz) (3-9)
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a Rear cross section
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— H.—

Figure 3-9 Schematic diagram of rear cap: (a) rear cross section; (b) shape of the cap [59]
(Reprint by permission from the publisher).

As for the rear cap (Figure 3-9), it is assumed that the cross-section area A, (y) decreases
monotonically from A.(y) = Apg, at y =0 to A.(y) =0 at y = L4, . Similarly, the

perimeter monotonically decreases from B.(y) = Ppg, at y =0to B.(y) =0 at y = Lyoqr
[59].

y2
4:) = Apgr (1-25) (3-10)
rear
yZ
PO) = Poar(1-72) (3-10)
rear
So, the volume V;..,,- and interface area A4,..,,- Of the rear cap can be calculated as:
Lrear 2
Viear = fo ° A(y)dy = gLrearAbdZ (3-12)
Lrear 2
Arear = fo RO dy = gLreaerdZ (3-13)
The volume and cross-section area of the bubble can be measured by sum:
Vg = Viear + Vbody + Vfront (3-14)
Ap = Arear + Abody + Afront (3-15)

A mass centroid is obtained based on the calculated bubble volume, which is distinct
from the 2D image centroid. Then bubble velocity is obtained by fitting the position of mass
centroid with time.
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3.3.3 3D reconstruction of bubble in square microchannel based on
slicing method

Nf—S— ©
&
S

b =, — e —
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Figure 3-10 Physical image captured by the high-speed camera; (b) Schematic diagram of
bubble slices from bubble rear zg to bubble front zg; (c) Schematic diagram of cross-section
of the slice when Wg(zg) > 2r; (d) Schematic diagram of cross-section of the slice when
Wg(zg) = 2r.

Based on the slicing method [61], the 3D shape of symmetric bubbles and deformed bubbles
in square microchannel were reconstructed. As shown in Figure 3-10 (a, b), the bubble was
sliced along the streamwise direction zg according to the pixels. Wy (zg) was estimated by in-
house codes of MATLAB at each slice. When bubbles flow in a square microchannel, the
corner flow and liquid film flow between bubble surface and wall will occur. According to
the principle of interfacial energy minimization [59], the cross-section of a slice is assumed
to involve a square and four circular arcs with the radius r at the corners when width of bubble
Wg(zg) > 2r, as shown in Figure 3-10 (c). When the gas/liquid interface contacts the walls
of microchannel, the width of body film § is equal to zero. The stress boundary condition at

the interface can be simplified to V- n = % [62], where n is the unit vector normal to the

interface in the outward direction. After integrating and using the Gauss theorem, r can be
calculated by the ratio of the area and perimeter of cross-section of microchannel:
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Ac WCZ +(TL’—4)T‘2

T = =
Pc AWc+(2rn-8)r

(3-16)
Here, P, and A, are the cross-section perimeter and cross-section area when the width of
body film & is equal to zero. The width of channel W, = 600 um. So, r is calculated as 159
pm according to Eq. (3-16). When Wg(zg) = 2r, the width of bubble Wg(zg) varies but r
doesn’t change, because r only depends on the channel aspect ratio. When the slice is located
near bubble front or rear, Wy reduces. When Wy (zg) = 2r, the cross-section becomes a circle
with the diameter Wy as shown in Figure 3-10 (d). When Wy (zg) < 2r, the diameter Wy of
circle becomes smaller as the slice further closes to bubble front or rear. Therefore, the cross-
sectional area A(zg) and the interfacial perimeter P(zg) of the bubble slices at each zg
position can be calculated as:

W2(zg) + (m — 4)r?, Wy(zg) > 2r

Alzg) = { "WE (2), Wi(zs) < 2r (347
_( AWg(zp) + 2n —8)r, Wg(zp) > 2r

P ={ o, Wiz 19

The volume Vg and interfacial area Ag of bubble are calculated by superimposing all slices
N,:

Vg = fZZ:A(ZB)dZB ~ Az Z?Zl A(ZB,i) (3-19)

Ap = [[T P(zp)dzp ~ 4237, P(25,) (3-20)
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Figure 3-11 Comparison between the traditional method and the slicing method.
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In the traditional method, the rear and cap of the bubble are considered as two hemispheres.
The volume is calculated by volume formula of sphere. Besides, the width of bubble body Wy
is assumed to be constant. Therefore, traditional bubble volume calculation is as below:

Vadira = [Wp + (u = 12| (Ly — Wy) + 2nlWp (3-21)

Here, Lg is the length of bubble. Because of the varying width of deformed bubble body, an
average value Wy was used. Figure 3-11 confirms that the bubble volume is overestimated by
using the traditional method. The volume difference between the traditional method and the
slicing method is from 0.0185 to 0.043 mm?®, which is approximately 35% of V5 obtained by
the slicing method. So, the slicing method is more feasible to estimate the volume of the
deformed bubble.

3.3.4 Principle of mass transfer coefficient calculation

As mentioned above, the mass transfer coefficient of CO, bubbles can be calculated by
using the two-film theory and ideal gas law:

1 d(Pco,Vco,) 1 ( dVco dPco
- _ = P 2 2) (3-22
ky RTAB(CLi~CLp) dt Rrag(cpi—CLp) \ €92 at +Veo, dt (3-22)

Here, dii% of CO; bubbles is difficult to measured. To measure it, N, was used to repeat all

the cases of CO; experiments. Due to N, has no mass transfer with water, we can have:

d(PNZVNz) dPy, avy dMpy
= Py, "Nz — 22 pr — -2
dt Vi, dt RLE dt 0 (3-23)
0.15 0.17
dVeo b dVy 2
0145 % =-12745 R?=0095 S-=02695  R*=070

0.165
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0.155
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Figure 3-12 (a) Volume changes of a CO; bubble with time and the fitting curve; (b)
Volume changes of a N, bubble with time and the fitting curve.

Based on the bubble volume calculation method above, the volumes of CO; and N, bubbles
Vco, and Vy,can be measured. Figure 3-12 shows the volume change of CO, and N bubbles

flowing through the microchannel at the same case (same gas and liquid volume flow rate).
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The CO; bubble volume decreased over time due to the mass transfer from bubble to liquid,
while N2 bubble volume over time due to pressure drop. Actually, the volume of CO; also
expands because of pressure drop, but it is offset by the volume reduction caused by mass
transfer. As show in Figure 3-12, the initial volumes of CO, and N2 bubbles are close, because

.. . 14
the gas injection volume controlled by flow meter are same at the same case. Therefore, —<22

N2
is approximately 1. By ignoring the effect of bubble volume change on pressure drop, the
pressure drops of CO, and N2 bubbles flowing through microchannels are identical at same
flow rate, which is equal to:

AP =P — Patmosphere (3'24)
Therefore, the pressure in microchannel P is also same as for CO, and N bubbles, which

means —2 PNZ = dii% and % = 1. Eq. (3-23) is substituted into Eq. (3-22):
2

kLz_

Pco, (choz _ dVNZ)
RTAg(CpLi—CLp) dt

(3-25)

According to ideal gas law, the volume expansion of bubbles resulting from pressure drop is
independent of gas species. Therefore, it is reasonable to use N2 volume expansion to correct

dVCOz

. av
the CO; volume expansion result from pressure drop. ( i %) represents the volume

reduction purely resulting from mass transfer.
Because the mass transfer rate of CO is relatively low, the concentration at the bulk C; ,, is

much lower compared with the concentration at the interface C, ;. So, C; , can be neglected.
Henry's law describes the solubility of gases absorbed by water:

H _ CL,i
RT ~ Pco,

(3-26)

Here, H is the Henry constant in dimensionless form, which is 0.827 for CO; at 298 K [63].
Substituting the Eq. (3-26) into Eq. (3-25), the mass transfer coefficient k; can be calculated
as:

k, = —— (dvﬂ _ %) (3-27)
After linear fitting, COZ and 2 ”2 can be obtained as shown in Figure 3-12. Based on the

above calculation method of the interfacial area Ag of CO; bubble, we can obtain mass
transfer coefficient k;, finally.
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3.4 Image processing method of fingering pattern in porous media

., S

Background remove

Binarize [a .

Figure 3-13 Procedures of image processing of fingering pattern in porous media: (a)
background image of porous patterns before gas invasion; (b) raw image of gas invasion; (c)
greyscale image after subtracting background; (d) binarized image.

Image processing procedures of fingering pattern in porous media is similar to the procedure
for bubble in single microchannel. The procedure was achieved by an in-house code in
MATLAB. As shown in Figure 3-13 (a), about 1000 frames of background images were
captured to average the gray value pixel by pixel. Then, all the raw images of cases were
divided by the average background image to remove the background as shown in Figure 3-13
(c). Finally, the processed image was binarized by setting the 1.2 threshold value as shown in
Figure 3-13 (d). Popular algorithms, such as box-counting, were used to measure the invading
velocity, invading area and fractal dimension.

3.5 Dimensionless numbers and Experimental conditions

This chapter presents the experimental conditions of each paper. Due to its universality,
dimensionless numbers can expand the physical phenomena of research to other scalable
systems with different sizes. Therefore, dimensionless numbers, including Reynolds number,
Capillary number, Sherwood number and Schmidt number, were calculated based on these
operating parameters and presented in this chapter.

Paper i (rectangular microchannel):

As for the research on rectangular microchannel, the dispersed phase is CO; and the
continuous phase is de-ionized water. The physical properties at 20.5 + 0.5 °C of them are
listed in Table 3-1.

Table 3-1 Physical properties at 20.5 + 0.5 °C

Property Unit water CO,

Density p kg/m? 998.2 1.797
Viscosity u 10°%Pa - s 1005 15
Surface tension o N/m 0.0728 -
Diffusivity Dy 10° m%/s 1.954 -
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The experiments were carried out with varied gas flow rates and liquid flow rates. The liquid
flow rate varied from 5 to 700 mL/h, and the gas flow rate varied from 50 to 2000 mL/h.
Dimensionless numbers in slug flow regime, including Reynolds number, Capillary number
and Sherwood number, are listed in Table 3-2.

Table 3-2 Dimensionless number in slug flow regime

Dimensionless number Value range
- _ DnjipL
Reynolds number of the liquid phase Re; = H— 30.7 - 306.6
L
D.i
Reynolds number of the gas phase Re; = % 3.7-739
G
D.i
Reynolds number in a cell Rer = % 611.6 -924.1
L
. Uijp
Capillary number of the gas phase Cag = p 0.0028 - 0.024
L
Sherwood number Sh = 84.9-1017.3
Dgif

Paper ii (square microchannel):

As for the research on square microchannel, the dispersed phase is CO; and N and the
continuous phase is de-ionized water. The physical properties at 20.5 + 0.5 °C of them are
shown in Table 3-3.

Table 3-3 Physical properties at 20.5 + 0.5 °C

water CO, N>
Density p kg/m? 998.2 1.797 1.138
Viscosity U mPa-s 1.005 0.0150 0.0179
Surface tension c N/m 0.0728 / /
Diffusion coefficient Dgir 1077 m?s 1.954 / /

The experiments were carried out with varied gas flow rates and liquid flow rates. The liquid
flow rate varied from 2 to 1400 mL/h, and the gas flow rate varied from 100 to 2000 mL/h.
Dimensionless numbers in slug flow regime, including Reynolds number, Schmidt number,
Capillary number and Sherwood number, are listed in Table 3-4.
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Table 3-4 Dimensionless numbers in slug flow regime

Dimensionless number Value range
jigD
Reynolds number of bubble Rep = pGLB L 23 -153
G
_ PcicDu
Reynolds number of gas phase Re; = p 6 - 66
G
j.D
Reynolds number of liquid phase Re;, = pLJML u 92 -460
L
Schmidt number of liquid ph So, = —1* 515
chmidt number of liquid phase LT Dy
Capillary number of both phases Car = KuJr 0.0032 - 0.0234
o
ki Dy,
Sherwood number Sh = 167 - 1149
Daif

Paper iii (porous media):

As for the research on porous media, the mixtures of deionized water and glycerol solution
with concentrations varying from 0 - 80%, were used as the defending phase. The air was
used as invading phase to displace liquid. Their properties are listed in Table 3-5.

Table 3-5 Physical properties at 20.5 + 0.5 °C (“Gly” represents glycerol solution)

Defending phase In};;?ssl:g
water  40% Gly 60% Gly 80% Gly air
Density, p (kg/m?) 998.2 1099 1154 1209 1.138
Viscosity, u (mPa-s) 1.01 3.72 10.8 60.1 0.0179
Surface tension, 6 (N/m) 0.0728 0.0695 0.0676 0.0653 -
Contact angle, 0 +4 © 38.3° 39.7° 38.4° 39.2° -

The viscosity ratio M between the invading phase and defending phase was calculated. Based
on different concentrations of glycerol solution, Log,,M varied from -1.75 to 3.53 as shown
in Table 3-6. Capillary number Ca was calculated and Log,,Ca varied from -8.17 to -4.17
when the gas flow rate varied from 0.1-1000 mL/h.
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Table 3-6 Dimensionless numbers

Gas flow rate (mL/h) 0.1 1 10 100 1000
Capillary number Log;,Ca =
u -8.17 -7.17 -6.17 -5.17 -4.17
Loguo (*2;")
D
Concentration of glycerol solution water 40% 60% 80%
Viscosity ratio Log;,M =
W -1.75 -2.32 -2.78 -3.53
Log (E)
3.6 Uncertainty analysis
Table 3-7 Uncertainties.
Parameters Uncertainty Remarks
Thermocouple T +0.2°C -
Surface +2.0% i
roughness Ra
Contact angle +50° -
Bubble width +0.0196
Wy, mm (x 1 -
cell length L. pixel)
Bub.ble. Max. £ 2% -
velocity jg
Cross-sectional Max
area A(zl_g) in +0.02 mm? 6A(zg) = 2WgbéWy
each slice
Interfacial
erimeter P(zg) Max. 6P(zg) = 46W,
pe ) 40,08 mm B B
in each slice
- N, 11/2
Bubble volume Max. ) 2
Vs +0.005 mm? 6Vp = |4z 2 8A(25,1)
i=1
N, 11/2
Interfacial area Max. ) 2
Ag +0.02 mm? 04p = |4z Z 0P (25,)
i=1
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2q1/2

Overall mass 2 dVp
transfer Max. + 5% Ok _ (%) + ddt
coefficient k;, ky Ap avp
dt
Volume of Max. -
cell v, +0.007 mm? Ve = W¢ 8Lc
Specific 2 21/2
interfacial area  Max. £ 1% ba = (Ml) + (%)

a a Ap Ve
Volumetric 2 2:1/2
mass transfer ~ Max. + 5% Skia _ [(&) + @) ]

coefficient k, a kpa ke a
Velocity of 0
finger cap Ugqy Max. £ 2% )
Brez_;lkthrough Max. + 3% i
time Tp
Fmger::g area Max. + 5% i
Saturations S Max. = 5% 5_5 = 5_A
S A
Fractal Max £7%  OFD _ ( 1 6N )2 N 1 8 )2 v
dimension FD - FD _ |\NIn10log(N) Aln101log(A)
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CHAPTER 4

Results and Discussion

This chapter shows an overview and summary of the most important results and discussion
of three papers. It is divided into two sections i.e., mass transfer of gas-liquid flow in single
rectangular and square microchannels and gas-liquid displacement in porous media with
microchannel network.

4.1 Single straight microchannels

4.1.1 Flow pattern map

Figure 4-1 shows the flow pattern map in square microchannel. By varying the superficial gas
and liquid velocity, the flow regime can cover bubbly flow, slug flow and annular flow. The
flow pattern map was compared with boundaries defined by Triplett et al.[9], Akbar et al.[10]
and Niu et al.[11]. The transition line in this study between slug and annular-slug flow is
located at lower superficial gas velocity compared with that obtained by Triplett et al.[9],
while it is in great agreement with that of Akbar et al. [10] and Niu et al.[11]. As the same as
Niu et al.[11], the present map didn’t distinguish the slug-annular and annular flow. The
transition line between bubbly and slug flow didn’t coincide with that proposed by Triplett et
al.[9] and Niu et al.[11]. The deviation partly results from the larger size of circular
microchannel and different junction configurations used in their study as shown in Figure 2-2.

Due to its relatively stable and preferable characteristics for mass transfer, only gas-liquid
flow in the slug flow regime was investigated in the following study. In order to be more
intuitive, the gas phase in slug flow is named bubble.
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Akbar et al. (2003)
Niu et al. (2009)
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Figure 4-1 Flow pattern map of square microchannel. (superficial gas and liquid velocity are
calculated by j; and j;).

4.1.2 Scaling law

(c) bubble volume fraction &g

(a) bubble velocity jp (b) bubble volume Vg

Figure 4-2 bar charts of parameters of rectangular microchannel against superficial gas and
liquid velocities: (a) bubble velocity jg; (b) bubble volume Vy; (c) bubble volume fraction
P
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Figure 4-2 demonstrates the effect of superficial gas and liquid velocities on bubble velocity
and volume. As shown in Figure 4-2 (a), the bubble velocity shows remarkably positive
relationships with superficial gas and liquid velocities. As shown in Figure 4-2 (b), the bubble
volume is larger at the higher superficial gas velocity and lower superficial liquid velocity.
The reason is related to the time for bubble to grow and break up. Bubble volume fraction in
Figure 4-2 (c) shows the same trend.
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Figure 4-3 Correlations of hydrodynamics of the bubbles in rectangular microchannel.

Vs _ je 0.5171 )
oy = 12633 (%) (4-1)
Cap = 1.0788 x 10 *Re %772 (4-2)
: \0.6927
a- Dy = 08726 (%) (4-3)
L
: \1.4323
5 = 06110 (22) (4-4)
T

Figure 4-3 shows the scaling lows about the bubble properties and dimensionless numbers in
rectangular microchannel, including bubble volume Vg, superficial gas and liquid velocity
je and j;, total superficial velocity j, Capillary number Cag, Reynolds number Rer,
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specific interfacial area a and bubble volume fraction @g. The correlations were fitted as

shown in Eq. (4-1,2,3,4). They all show a good fitting result. The coefficient of determination
R? is higher than 0.7.

a ok
+30%
2
Q-
o898 .
1 15 K
Q@ L. -30%
L] P
0.5
0.1 . 0 L . N
0.05 05 5 0.05 s 0 0.5 1 15 2
JeliL Jolir jr(mis)

Figure 4-4 Correlations of square microchannel: (a) specific interfacial area; (b) bubble
volume fraction; (c) bubble velocity.

: 0.6530
p. (¢ ]
a'D, = (2) (4-5)
- \1.1560
_ j ]
@, = 0.4470 (jT) (4-6)
js = 12175 - jr (4-7)

In order to explore the influence of cross section on the scaling laws, scaling lows in square
microchannel were fitted, by using bubble properties including the specific interfacial area a,
bubble volume fraction @, superficial gas and liquid velocity j; and j;, bubble velocity

Jjg and total superficial velocity j. Figure 4-4 shows a good fitting result for all correlations.
All the points are almost within £30% error bound.

By comparing the scaling laws of square and rectangular microchannels, the coefficients in
correlations of a - D, and @5 are very close. Therefore, these correlations have a significant
universality. All in all, these scaling laws can provide the guidance for the design of micro-
reactors. They played an important role in the estimation of important parameters in micro-
reactors, such as the ratio of the feed volume of reactant streams and residence time.
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4.1.3 Mass transfer coefficient

(a) mass transfer coefficient k;,

(b) volumetric mass transfer coefficient k;a

Figure 4-5 Effect of the superficial gas and liquid velocity on mass transfer in rectangular
microchannel (a) mass transfer coefficient k; (b) volumetric mass transfer coefficient k, a.

By calculating bubble volume and interface area, the mass transfer from gas phase to liquid
phase in rectangular and square microchannels was estimated. Figure 4-5 shows the effect of
superficial gas and liquid velocity on mass transfer coefficients in rectangular microchannel.
Mass transfer coefficient k;, and volumetric mass transfer coefficient k,a both show the
significant positive relationship with superficial gas and liquid velocity. It is because the
higher superficial gas and liquid velocities, the stronger internal circulation and the renewal
of liquid at the interface.

(a) Rectangular microchannel (b) Square microchannel
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Figure 4-6 (a) Comparison between the experimental Sh - a - D, in rectangular
microchannel and predictions of correlations in literatures [64-67]; (b) Comparison between
the experimental Sh - a - Dy, in square microchannel and predictions from pure empirical
correlations[65, 68, 69] and the theoretical model [70](Eq. (4-13)) in the literature.

Many correlations based on dimensionless numbers were developed to predict dimensionless
number Sh-a- D, = kLaD,Zl/Ddif. Sh-a- D, can consider simultaneously the important
effect on mass transfer process, including mass transfer coefficients, diffusion rate, specific
interfacial area of bubble and size of microchannel. Figure 4-6 shows the comparison between
the present measured values and the predicted values from typical correlations of Sh-a - D,
in literature of rectangular microchannel [64-67] and square microchannel [65, 68, 69]. Like
this study, these correlations were all developed based on CO; absorption in water. However,
the correlations all underestimated the mass transfer in the rectangular microchannel. In the
square microchannel, the correlations overestimate the measured values in square
microchannel except Yue et al. [65]. The correlation proposed by Yue et al. [65] can properly
predict our measured data, because of similar hydraulic diameters of square microchannel.
The differences in hydraulic diameter, type of junction and shape of the cross-section may be
the reason of deviation. Therefore, it is necessary to develop new correlations that can
accurately predict mass transfer coefficient in rectangular and square microchannels.

(a) Rectangular microchannel (b) Square microchannel
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Figure 4-7 (a) The comparison between measured values from rectangular microchannel and
predictions of Eq. (4-8) and Eq. (4-9). (b) Comparison between the measured Sh - a - D,
(based on the data from square microchannel and literature data[17, 21, 65]) and the
predicted Sh - a - D, from the empirical correlation Eq. (4-10).
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As for rectangular microchannel,

0.038

kua = 0.566 Reg"*** (Z) (4-8)
JG
Sh-a- Dh = 7.407 ReGl.025R6L0.162CaB -0.211 (4_9)
As for square microchannel,
Sh-a- Dy, = 0.9566 " Re; 5% - Re, *#2%¢ - 5¢, *° (4-10)

By using the experiment data in rectangular microchannel, the correlations of k,a and Sh -
a - D, were fitted based on dimensionless numbers as shown in Eg. (4-8) and Eq. (4-9).

Figure 4-7 (a) shows the comparison between measured values and predicted values of
correlations Eq. (4-8) and Eq. (4-9). The correlations both have good predicted performance,
and they can predict the mass transfer within + 25% error band. It should be noted that the
index of dimensionless numbers is close to 0 except Re., which means that the mass transfer
process may be mainly related to gas flow conditions. This sparked our interest in continuing
to explore mass transfer in square microchannel.

A correlation Eq. (4-10) based on dimensionless numbers was fitted to predict Sh - a - Dy, in
square microchannel. Figure 4-7 (b) shows that blue square points locate within + 30% error
bound, confirming that the correlation Eq. (4-10) can precisely predict the measured values
in square microchannel. Besides, the correlation Eq. (4-10) also shows excellent prediction
performance to predict the measured Sh - a - Dy, in literature[17, 21, 65], even though channel
geometry, shape of cross-section and junction are different. The error is also within a + 30%
bound.

6 rd
s 0
+30% L” (@]
5
e (o]0
4
4
5 . P o .-
~= -
- ,’o le] g
g G -
2 . -
= 3 0 o 7 -30%
L O -
&= s o 0’
’ (0] -
2 ’ -7
4 -
s @,’
rd
-
-
1 o, P
e
e
z

Meassured k;a

Figure 4-8 Comparison between the measured k; a from square microchannel and the
predicted k,a from semi-theoretical model Eq. (4-14).

41



Although empirical correlation Eq. (4-10) shows a good prediction performance, there are
still restrictions due to the limited database. In contrast, theoretical models are more
convincing. A fundamental model based on two contributions to the mass transfer process
was developed by Van Baten et al.[70]. The contributions consist of mass transfer between
the film and the bubble body and mass transfer between two bubble caps and the liquid plug.
Penetration theory[71] was used to derive the model:

_ Dgifjc = 4Lf
(k@) pitm = 2 /n—Lf Topn (4-11)

(kLa)caps =2 g Daigl & (4'12)

Dp  Lc
Here, D is the diffusivity, Ly is the length of the film, D, is the hydraulic diameter. After

validation of CFD simulation, the total volumetric mass transfer coefficient k,a is calculated:

kpa = (kLa)rim + (k) caps (4-13)
However, Figure 4-6 (b) shows that the predicted values by Eq. (4-13) deviated from the
measured values. It is because deformed bubbles in the square channel caused the non-
uniform film and asymmetrical caps. It is not accurate to directly apply the sum of the

contributions for deformed bubbles. According to bubble visualizations in Figure 2-6, the

ratio of the length of liquid phase and gas phase, i.e., z—L can characterize the degree of bubble
G

deformation. Therefore, a new semi-theoretical model was proposed by including Z—L:
G

L 0.5012
kpa = 03469 - (ky@)cgps + 0.4806 - ey @) pim - () (4-14)

Lg
As shown in Figure 4-8, the new semi-theoretical model Eq. (4-14) can predict the measured

kya accurately within + 30% error bound.
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4.2 Porous media with microchannel network

4.2.1 Fingering pattern and morphology
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Figure 4-9 Visualization of finger morphologies at the breakthrough moment and at the
steady state for three different flow regions as a function of the viscosity ratio Log:oM and
the capillary number LogioCa: (a) morphologies at the breakthrough moment when the
finger cap reaches the outlet; (b) morphologies at the steady state when invasion area no
longer increases.

Figure 4-9 shows the fingering morphologies at the breakthrough moment and steady state in
different flow regions. For convenience, the symbols with letters and numbers (A1, A2...D4,
D5) were used to represent the different cases. The cases include the regions of viscous
fingering (VF), capillary fingering (CF) and crossover zone (CZ). In VF region, the viscous
force mainly controls the fingering displacement process, which allows gas to invade forward
rather than lateral. A narrow and straight flow path is generated in the green patterns of Figure
4-9 (a). After breakthrough, the gas will continue to invade liquid. At steady state, almost all
the liquid phase is displaced as shown in Figure 4-9 (b). Capillary fingering is located in the
region with lower LogioCa and higher LogioM as shown in Figure 4-9 (a). Due to the lower
velocity of the invading phase and the lower viscosity of the defending phase, the viscous
force can be neglected and the capillary force mainly controls the displacement process. The
gas will mainly spread lateral channels, and thus a wide finger forms. After breakthrough,
displacement stops as shown in the blue patterns of Figure 4-9 (b). The red patterns of Figure
4-9 demonstrate that the finger in crossover zone will expand a little bit area after
breakthrough. It is because the capillary force and viscous force jointly control fingering
displacement process.
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4.2.2 Comparative quantification
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Figure 4-10 (a) Map of the finger cap velocity U, and breakthrough time Tg; (b) saturation

gain ratio(Sg — Sg)/Sg; (c) Map of fractal dimension F Dy at the breakthrough moment and

FDy at the steady state. (VF region: green dotted rectangle; CZ region: red dotted rectangle;
CF region: blue dotted rectangle).

The detailed quantitative analysis of the fingering displacement and patterns was conducted.
Invasion velocity:

Figure 4-10 (a) shows velocity map of the finger cap U,,,, and breakthrough time T with the
function of LogioCa and LogioM. U,,, Was obtained by fitting the slope of the curve of
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fingering cap position versus time. T is the elapsed time for the finger cap to invade from the
inlet to the outlet. U, is fastest and Tj is shortest in VF region as shown in Figure 4-10 (a).
Invasion velocity has a positive relationship with LogioCa and Logi1oM in VF region because
of higher gas flow rate and weaker resistance. The minimum time to breakthrough is only
0.48 s at the highest Log:oM and LogioCa. Tj in the CF region is about 4 orders of magnitude
higher than the shortest time, which demonstrates that the displacement patterns have a
significant impact on the invading velocity.

Invasion area:

The saturation was also measured to characterize the invasion area. By measuring fingering
area Agr and Agg, the saturation at the breakthrough moment and the steady state were
calculated based on Eg.(4-15) and Eq.(4-16).

_ ABr -
S5 = Tre (4-15)
Sg = 258 (4-16)

ST Lwe

Figure 4-10 (b) presents the saturation gain ratio (Sg¢ — Sg)/Sg, which is the normalized
increment of saturation from the breakthrough moment to steady state. The saturation gain
ratio is equal to zero in CF region because gas stops expanding new area after breakthrough.
The gas with a low flow rate can only flow along the previously formed invading paths after
breakthrough. Saturation gain ratio increases to ranges from 1.0 to 3.0 in the VF region,
because gas continues to invade new area after breakthrough. The invaded area increases
significantly after breakthrough in the VF region. It is validated by previous experimental
observations of fingering morphologies in Figure 4-9.

Finger complexity:

Finger complexity can be quantified by fractal dimension FD, which was calculated by box-
counting method [72]. By fitting the curve of boxes number N occupied by the pattern as a
function of the resolution scale A (size of box), the FD at the breakthrough moment and the
steady state can be calculated by Eq. (4-17).

_ g, log(N) _
FD = ﬁl-mo log(s) @-17)

As shown in Figure 4-10 (c), FD grows from about 1.4 to 1.6 in the VF region after
breakthrough, while the fingering complexity keeps same in CF region after breakthrough.
This is consistent with the observation of invasion area. More invasion area represents the
formation of more finger branches and correspondingly FD grows.

The comparative quantitative research before and after breakthrough provides potential
guidance on how to achieve high displacement efficiency in a relatively short time and
whether it is cost-effective to continue gas injection after breakthroughs in industrial
applications.
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4.2.3 Dynamical fingering evolution
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Figure 4-11 Gas invading process and evolution of fingering patterns before breakthrough:
(a) finger evolution of invasion process in VF (Case B3), CZ (Case B2) and CF (Case B1)
regions until breakthrough, respectively; (b) corresponding saturation curve as a function of
the normalized location of finger cap X4, /L, where L is the length of porous media
domain.

Figure 4-11 (a) shows the gas displacement process before breakthrough. To intuitively show
the displaced location in each period, images were painted in different colors according to
different periods from 0 to T. In the earlier period (painted in blue), the displacement is
compact. As the displacement progresses, the compact displacement is broken by one or two
preferential flow paths (painted in green). The interface gradually becomes unstable. A
sudden rise in fingering branches occurs in the final period of invasion (painted in white). So,
the sudden increase at the end of the saturation curves in Figure 4-11 (b) can be observed. It
is more prominent in the CZ and CF regions. Because The capillary dispersion effect allows
the cap to invade the branches. It is also interesting to observe the minor newly displaced area
(painted in red and white) appears near the inlet in the VVF region close to breakthrough, which
strongly motivates us to explore the fingering evolution from breakthrough to steady state.

As shown in Figure 4-12 (a), dramatic changes of fingering patterns are observed in the VF
regime after breakthrough. Figure 4-12 (a) illustrates the fingering evolution in VF region
from breakthrough moment Ty to steady state Tg. Most of the displaced area is located near
the outlet except for case D3, leaving the uninvaded area near the inlet. As the decrease of
liquid viscosity (increase of LogioM), the saturation reaches S in earlier times. As illustrated
by the curves of S in Figure 4-12 (b), the slope of saturation curves shows a positive
relationship with LogioM. It is because the lower liquid viscosity, the weaker resistance. The
curves are approximately linear before Ty. Fluctuation begin to occur after T. After the
turning point indicated by the dotted circles, the curves flatten and steady state T reaches.
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Figure 4-12 Invading process and finger evolution from breakthrough to steady state in VF
region. (a) evolution of invasion process after breakthrough (painted in different colors
according to different periods); (b) saturation curve as a function of the elapsed time T.

() 15.1's cakthrough  (b) 15.6 s

Figure 4-13 Time evolution of fingering after breakthrough in VVF region at the case A3,
where different paths were painted in different colors.

In order to dig into the underlying mechanism, time evolution of fingering after breakthrough
in VF region is analyzed. Taking case A3 as an example, a previously unobserved finger
vanishing and re-forming cycle was found. Figure 4-13 (a) illustrates that path 1 breakthrough
preferentially compared with path 3. After a short time of about 0.5 s, the front part of path 1
disappears, leaving the disconnected ganglia (Figure 4-13 (b)). Such fingering instability is
originally caused by the sudden decrease of the entry pressure P, at breakthrough moment,
which can be estimated by:

__ 20cosfp

Pc = (4-18)

T

Entry pressure is calculated as about 2000 Pa by using receding contact angle 6 of 30° and
throat size r of 63 um. After breakthrough, high entry pressure is released. Air only needs to
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overcome the relatedly lower flow resistance. So, the front part of path 1 escapes fast. A
similar phenomenon also can be found in previous research [73]. The finger vanishing and
disconnected ganglia will quickly restore the pressure, which facilitates the generation of new
path 2. After about 3 s, path 2 breaks through and becomes disconnected as shown in Figure
4-13 (c). Similar to path 1, the front part of path 2 disappears after about 0.5 s, leaving
scattered dots (Figure 4-13 (d)). All in all, each path will repeat a process, including new
finger forming, cap invading, breakthrough and finger vanishing. Until saturation reaches the
maximum, a steady state reaches.
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Figure 4-14 (a) local dynamical invasion behavior captured by high-speed camera with
macro lens (painted in different colors according to different periods); (b) curve of fingering
cap position over time.

To explore the local dynamical invasion behavior, the reduced visualization window was
monitored as shown in Figure 4-14 (a). The cap of fingering moves forward with time 7. As
shown in the yellow arrows of Figure 4-14 (a), the cap stop moves forward and its gas
branches expand in other directions, especially in backward direction. It is because the driving
pressure has not yet accumulated large enough to overcome the forward entry pressure. After
the accumulated pressure is enough, the cap will continue to invade forward. This process can
be verified by the curve of finger cap position over time in Figure 4-14 (b). As shown in
Figure 4-14 (b), the gas cap moves in a stepwise way.
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CHAPTER 5

Conclusions and Outlook

5.1 Conclusions

This thesis aims to investigate gas-liquid two-phase flow in microscale, including slug flow
in the microchannel and gas-liquid displacement in porous media with microchannel network.
In the interaction process of gas-liquid two-phase flow, mass transfer or interfacial instability
is accompanied. In order to reveal the underlying mechanism, the microfluidics platforms
with a high-speed imaging system were built to investigate the mass transfer of slug flow in
microchannels and interfacial instability in porous media:

Rectangular and square microchannels:

Flow patterns and behavior were captured by a high-speed imaging system.
Depending on different flow rates, gas-liquid flow patterns in the microchannels
include slug flow, bubbly flow, and annular flow. Flow pattern map was proposed
and compared with the maps in literatures.

In order to measure the bubble volume in rectangular and square microchannels, the
bubble reconstruction methods were developed based on 2D projection and 3D
slicing, correspondingly. The important parameters in micro-reactors were
quantified. Scaling laws were derived to predict these parameters, which can provide
the guidance of microreactor design.

Based on the rate of change in CO2 bubble volume, the mass transfer coefficients in
rectangular and square microchannels were calculated. It is found that mass transfer
coefficients are positively dependent on gas and liquid flow rates.

Finally, the new empirical correlations involving dimensionless numbers were
developed to predict the mass transfer coefficients. Further, to have a better
universality, a semi-theoretical model, considering the length ratio of liquid and gas
phases Li/Lg in square microchannel, was developed. Empirical correlations and
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semi-theoretical model both show a good predictive capability to predict the
measured values accurately within £ 30% error bound.

Porous media with microchannel network:

Gas-liquid displacement processes before and after breakthrough in a porous media
chip were captured by experimental flow imaging. With a wide range of capillary
numbers Ca and viscosity ratios M, the flow region can cover viscous fingering (VF),
capillary fingering (CF) and crossover zone (CZ). Visualization of the fingering
morphologies illustrates that capillary fingering stops displacement after
breakthrough, whereas viscous fingering can continue to expand until almost all the
liquid phase is displaced.

Imperative quantitative studies in terms of invasion velocity, invading area and
fingering complexity were conducted based on digital image processing. It is found
that displaced areas expand significantly after breakthrough in VF region. It indicates
that evolution of fingering patterns after breakthrough is well worth exploring.
Fingering dynamical behaviors before and after breakthrough were analyzed. Firstly,
compact displacement area is generated near inlet, then it is broken by one or two
preferential flow paths. When the fingering approaches the outlet, a sudden rise in
fingering branches occurs. After Breakthrough, most displaced area is located near
the outlet. The saturation curves keep linear before breakthrough, and begin to
fluctuate after breakthrough. Then the curves flatten and a steady state reaches.

By analyzing time evolution of fingering after breakthrough, a previously
unobserved circle was discovered, involving new finger generation, cap invading,
breakthrough and finger vanishing. This process will repeat until steady state.
Analysis of local dynamical invasion behavior exposes a stepwise way of fingering
cap movement. The fingering cap will temporarily stop invading forward and its
branches will expand in other directions especially backward when accumulated gas
pressure is not sufficient to overcome the forward entry pressure.

This research is of significance in subsurface applications in terms of evaluating
extraction effectiveness, economic benefits and storage safety.
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5.2 Outlook

Microchannel:

Breakup hydrodynamic at the junction is of great significance in two-phase flow in
microchannels. Although extensive work has been devoted to revealing the
underlying mechanism, a reliable theoretical model has not been established.

Fluid properties also have an important impact on mass transfer in microchannels,
such as viscosity, surface tension and wettability. The design of microreactors also
needs to consider fluid properties, so it will be investigated in the next research.
CFD simulation is a powerful tool to investigate two-phase flow in microchannel.
Three-dimensional bubbles shape can be simulation. Numerical result can further
verify the volume calculation methods in this thesis.

Porous media with microchannel network:

2D porous media chip was used in this thesis. However, in reality, porous media
structure is three-dimensional. Therefore, the investigation of immiscible
displacement in a realistic 3D configuration is more meaningful.

Capillary pressure, determined by microchannel size, surface tension of fluid and
contact angle of fluid on channel wall, is a driving force for wetting fluids through
microchannels, while is a resistance for no-wetting fluids. Although simulation has
been used to explore the influence of wettability of fluid on the interfacial instability,
it still needs experimental validation.

Lattice Boltzmann simulation is an appropriate method to study flows at the
microscale. Numerical simulation can measure some important parameters that
cannot or is difficult to be obtained from the experiment method. In addition,
simulations can be cross-validated with experiments.
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