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Popular Science

Porous media, as solid objects with interconnected pores, are prevalent in our lives and in
nature, such as soils and geological sedimentary rocks. In particular, a large amount of pore
space exists between underground rock fractures. It was found that the porous space
underground could be used to store carbon dioxide and hydrogen, which can solve the
problems of greenhouse effect and hydrogen energy storage, respectively. However,
multiphase transport in porous media is complex such as mass transfer from gas phase to
liquid phase due to dissolution of carbon dioxide and the gas-liquid interface becomes
unstable due to the action of various forces. They have an important influence on
storage/extraction effectiveness and leakage risk. Therefore, it is essential to reveal the pore-
scale mechanism of multiphase displacement in porous media.

In the first part, since the porous medium can be considered as a network of microchannels,
the study starts with the single straight microchannels as a simple model. Dynamics and mass
transfer of gas-liquid flow in single straight microchannels were studied. A microfluidics
platform was built to study the gas-liquid flow in single straight rectangular and square
microchannels by using water as liquid phase and N> 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. Bubble volume especially that of deformed bubbles was measured by 2D
projection and 3D slicing methods. The relationships between various important parameters
in microreactor application were built to provide the guidance of microchannel 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. These predicting models can be used to optimize the
performance of microreactor.

In the second part, the insight was shifted back to the multiphase displacement in porous
media. First, gas-liquid two-phase displacement was investigated in porous media.
Visualization of fingering morphology shows that capillary fingering stops displacing after
breakthrough, whereas viscous fingering can continue until almost all the liquid phase is
displaced. Important quantitative studies were carried out using digital image processing to
analyze invading velocity, invaded area and finger complexity. It was observed that the
displaced area was significantly enlarged after breakthrough of the viscous fingering area.
After breakthrough, a previously unobserved invading cycle was discovered, involving new
finger generation, cap invading, breakthrough and finger vanishing. This process will repeat
until steady state.

Then the research was expanded to viscous-dependent three-phase displacement, where gas
invasion into a high viscous liquid, low viscous liquid, and their co-existing multi-fluid
system. The result shows that displacement efficiency in three-phase displacement is
improved compared with two-phase displacement. The enhancement in displacement



efficiency leads to energy savings, which are attained exclusively through the introduction of
a third phase, without incurring the expenses associated with increased pumping power. For
the first time, the previously unobserved yarn-like gas invading pattern was reported and two
distinct categories of residue gas movement and connection were discovered. These
discoveries significantly enhance the innovation of subsurface gas storage strategies by
enriching multi-fluids injection scenarios.

Last, a heterogeneous porous media with hierarchical structure was designed to closely mirror
the actual underground structure compared to homogeneous porous media. This hierarchical
porous media with multiple levels of pore sizes was fabricated by 3D printing. Hysteresis
during gas-liquid cyclic injection was investigated, and it was found that the hierarchical
structure could suppress the hysteresis effect in the cyclic injection process. Through the
analysis of local invasion behavior, the unique invasion method in hierarchical structure is
considered as the key factor behind this suppression. Finally, the topology connectivity and
permeability were quantified to further investigate the influence of hierarchical structure.
These findings provide valuable insights that can improve the efficiency of underground
hydrogen storage and extraction applications.



Abstract

Multiphase flow in porous media are widespread in emerging subsurface application
including geological carbon sequestration and underground hydrogen storage. Multiple fluid
interactions introduce more complexity compared to single phase flow. On the gas-liquid
interface, mass transfer and interfacial instability may arise. The study of multi-phase
interaction behaviour allows the insights gained to be applied to underground storage and
recovery applications. In this thesis, a microfluidics platform with high-speed imaging system
was built to investigate gas-liquid flow in single microchannel as a simple model and
interfacial instability in porous media with microchannel network:

At the beginning, to simply the model, mass transfer of deformed bubble flow in the single
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 that of 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.

Next, | began to switch our perspective from single microchannel to porous media with
microchannel networks. In the first step, the gas-liquid two-phase displacement in porous
media with microchannel network was first investigated. By varying capillary humbers 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 VF 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.



In numerous geological gas storage procedures, the injected gas infiltrates aquifers containing
multiple fluids, such as depleted oil reservoirs nearing the completion of extraction following
water or brine flooding. Therefore, in the next step, | expanded the two-phase displacement
to viscous-dependent three-phase displacement. By varying gas (G) invasion scenarios of a
high viscous defending liquid (HL), low viscous liquid (LL), and their co-existing multi-fluid
system, the influence of fluid viscosity was investigated. The residual saturation of the initial
phase suggests that the displacement efficiency follows the order G—(L—L) >L—L>G—
L, regardless of the injection flow rate. The introduction of a third gas phase improves the
displacement efficiency and potential energy savings without incurring higher pumping
power costs. The finger patterns of gas invasion in G—(LL—HL) and G— (HL—LL)
displacement are very sensitive to the order of occupation of HL and LL within the pore space.
Notably, a novel yarn-like gas pattern was observed during G—(LL—HL) displacement, in
which gas invading speech is ultra-fast. Analysis of the local invasive behaviour revealed the
main mechanism for the formation of yarn-like fingers, i.e., the tendency of gas to invade the
interconnected LL channels, whereas the dispersed HL prevented the bypass expansion of the
gas. Two types of ganglia movement and connection in G—(LL—HL) displacement were
discovered, i.e. “catch up to connect™ and “expand to connect”. Finally, the time evolution of
finger topological connectivity confirms that disconnected ganglia that appear before the
breakthrough will expand and reconnect again after breakthrough.

In the finally step, | further extend our research to cyclic gas-liquid invasion. To model the
actual underground porous structure, a hierarchical porous media featuring multiple-level of
pore sizes was designed and fabricated by 3D printing. The impact of hierarchical structure
on invasion behavior was investigated during gas-liquid cyclic injection in uniform and
hierarchical structures. By analyzing fingering morphology and quantifying phase saturation
at each order structure, it was found that gas prefers to invade in the 1st-order structure and is
trapped by capillary force in the 2nd-order structure. Then, connectivity and permeability
were quantified by using the Euler number and Lattice Boltzmann method (LBM),
respectively. Compared to uniform structure, the hierarchical structure exhibits higher
connectivity and relative permeability. The hysteresis effect occurs during gas-liquid cycle
invasion. The Land model confirms that the saturation hysteresis effect is weaker in
hierarchical structures compared to uniform structures. To investigate the underlying cause, |
examined ganglia mobilization behavior and analyzed local invasion behavior. In contrast to
homogeneous structures, ganglion movement is limited in hierarchical structures. | found the
connection-jumping invasion method is the main mechanism behind this suppression.

The discoveries in this thesis contribute to an improved comprehension of the interaction
dynamics of multiphase flow at the microscale, particularly concerning the optimization of
strategies for subsurface resource storage and extraction applications.

Keywords: mass transfer, bubble flow, porous media, invading dynamics, hierarchical
structure, underground gas storage
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CHAPTER 1

Introduction

1.1 Background

1.1.1 Porous media

Porous media is defined as a 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' nappies, water uptake in plants and gas exchange
in lungs.

Category: Application:

Surgical mask,
Trapping —<

Geological carbon sequestration.

Porous _ (GES)

media B Fuel cells,

Li-ion battery,
Electrolyser,
Geological hydrogen storage.

—

Flow —

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

Porous media have 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 1-1. One category is that the fluid is surrounded by another fluid and they
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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, as shown in Figure 1-2. 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 application of
porous structure underground is to storage hydrogen, which is belong to the second category
in Figure 1-1. 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 electrolyzers.

power Civil

Industry

T
|

Transportation

Figure 1-2 Schematic diagram on the production, storage and utilization of hydrogen energy

Nowadays, renewable sources like wind, solar, and hydro energy have been developed as
alternatives to fossil fuels in response to growing energy demand and the urgent need to
mitigate climate change. Hydrogen energy is a proven way to store excess electrical energy
from such energy resources. As the cleanest energy source, hydrogen is promoted as a reliable,
next-generation fuel. However, storage issues have hindered its development. As shown in
Figure 1-2, geological hydrogen storage is considered as the promising solution [1]. Hydrogen
can be safely and temporarily stored in rock space underground. When needed, hydrogen is
extracted from the underground porous structure by cycle injection, which requires that the
hydrogen cannot be permanently trapped in the pore space.



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

1.1.2 Microfluidics

Microfluidics is an advanced technology that precisely controls and manipulates micro-scale
fluids. Microfluidics originates from a concept called Miniaturized Total Analysis System
(LTAS) that was first proposed by Manz, Graber, and Widmer et al.[2] 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 micromodel. Various materials, e.g., glass, quartz, ceramic, metal, polymer
and composite, have been developed to fabricate micromodels 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 model is used as a modular
microreactor shown in Figure 1-3 (a), by carrying out combinatorial chemical reactions or
combining droplet technology [3]. Microscale channels in micromodels 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 micromodels 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 micromodel" 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 1-3 (b), micro-fermentor
systems can accelerate the process of strain screening and evaluation [4]. Besides, the clinical
analysis can be integrated on a micromodel in Figure 1-3 (c) [5]. In recent years, integrated
functions of microfluidic models are used to simulate the smallest functional units in human
organs and realize drugs as shown in Figure 1-3 (d) [6]. The technology is used to understand
and evaluate the effects of diseases, drugs, chemicals and food on humans. It was selected as
one of the top ten emerging technologies of 2016 in the world economic forum.

All in all, due to the easy visualization of microfluidic models, porous structures have been
fabricated on microfluidic models to study the multiphase behaviour in 2D porous media.



(a) Modular microreactor (b) Microfluidic bioreactor

Figure 1-3 application of microfluidics: (a) modular microreactor [3]; (b) microfluidic
bioreactor[4]; (c) clinical analysis [5]; (d) human organ simulated by microfluidics [6].
(Reprint by permission from the publisher)

1.1.3 Single straight microchannels as a simplified model for porous
media

According to a discrete-domain model from Cueto-Felgueroso and Juanes [7], porous media
can be conceptualized as an interconnected multistable microchannels network. The
macroscopic invasion behavior in porous media results from the collective microscopic
behavior of these microchannels. Therefore, before the main study of porous media in this
thesis, | simplify the model by starting with gas-liquid flow in a single straight microchannel.

A single straight microchannel, as the basic unit of a complex microfluidic model, is
fundamental and often addressed research topic[8]. 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 1-3 (d), multiple microchannels of different types are often
required. Due to the limited area of a micromodel, using meandering microchannels is often
a compromise. However, Dean vortices and other centrifugal effects then need to be
considered [9].



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 transport in the porous
media. But there are still some unknown phenomena and mechanisms to be explored. In this
thesis, the broad aims and goals are to improve the understanding of how gas and liquid flow
in microchannels as well as in porous media with uniform and hierarchical microchannel
networks. Especially, I focus on dynamics interaction between gas and liquid phases including
mass transfer on the interface and interfacial instability due to viscosity contract between
phases. To achieve the aim and goal, the initial objectives were detailly set as follows:

Single straight microchannel

Starting with a simplified model for porous media, the research focuses on the mass transfer
of deformed bubbles in straight microchannels:

1. Built microchannel test platform with high-speed imaging and fluid feeding system.

2. Study hydrodynamics of gas-liquid flow in straight microchannels with square and
rectangular cross-sections.

3. Develop 2D projection and 3D slicing method based on the digital image process
technique to measure the volume of bubbles especially deformed bubbles in
rectangular and square microchannels, separately.

4. Derive scaling laws of bubble volume, velocity and volume fraction to characterize
the micro-reactors.

5. Calculate the mass transfer coefficient on the base of bubble volume and derive
empirical correlations and a theoretical model to predict mass transfer coefficient.

Porous media

The research focuses on two-phase displacement after breakthrough, viscous-dependent
three-phase displacement in homogeneous porous media and hysteresis effect during cyclic
gas-liquid invasion in hierarchical porous media:

1. Build porous media test platform with high-speed imaging and fluid feeding system.

2. Design and fabricate hierarchical porous media with multiple levels of pore sizes to
mirrors the actual underground structure.

3. Draw flow regime phase diagram and compare it with the region boundaries
proposed by literatures. Visualize fingering displacement morphologies at
breakthrough moment and steady state.

4. Conduct quantitative study on the invasion velocity, saturation, complexity,
connectivity and permeability based on the digital image process technique.
Quantify the hysteresis effect during cycle injection by using Land model.

5. Explore the complete dynamical fingering evolution process before and after
breakthrough to reveal the underlying mechanism of invading dynamics.

6. Analyze local invasion behavior by microscopically observation and reveal the
mechanism of residue ganglia motion.






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 research
progress over the last few decades, from mass transfer of gas-liquid flow in a single
microchannel as a simple model, to multiphase displacement in porous media with
microchannel networks over the past decades.

2.1 Microchannel

Cross-shaped junction Cross Y-junction

I
T-junction Y-junction
|

Cross flow T-junction Co-flow
| | —

]

Figure 2-1 Junction configuration of 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 [10].

2.1.1 Flow pattern

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 [11],
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 literature, they share some
common characteristics:

e 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.

o  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
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.
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Figure 2-2 Comparison of the transition lines in gas-liquid flow pattern maps [12-14] and
the flow pattern in different regions. (superficial gas velocity j,; and superficial liquid
velocity j, are calculated by the flow rate divided by the channel cross-sectional area, i.e.,
Qs /Ac and Q. /A.. Reprint of churn image [12] by permission from the publisher)

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.[12], Akbar et al.[13] and Niu et al.[14]. Because their map was
based on limited experimental data and different microchannel geometers, there are
disagreements with boundaries. The transition line from slug to bubbly proposed by Triplett
et al.[12] is curved, while the one proposed by Niu et al.[14] is straight. In particular Akbar
et al.[13] didn't distinguish bubbly and slug flow. At the higher superficial gas and liquid
velocities, Akbar et al.[13] defined the regime as froth (dispersed) flow, while Triplett et
al.[12] and Niu et al.[14] 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.[14] didn’t distinguish the slug-annular and annular flow regime due to different
flow pattern definitions.

2.1.2 Mass transfer

In geological carbon sequestration, dissolution trapping is the most important way of
permanently sequestering CO.. The dissolution is the mass transfer process of carbon dioxide
to the aqueous phase. 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 between dispersed phases (bubble/slug) and continuous phase
(liquid), which was validated by using micro-P1V and CFD simulation in Figure 2-3 (c,d).

()
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0 Primary vortices % vortices 0

Secpndary vortices
% Primary vortices 0 Primary %
vortices

> Moving direction CFD
(d) V@
0

0.

Reverse flow Forward, flow

Figure 2-3 (a,b) Schematic diagram of recirculation [15]; (c,d) velocity profile from
experimental Micro-PIV [16] and CFD simulation [17]. (Reprint by permission from the
publisher)

Mass transfer between phases is described based on two-film theory, which is a classical
theory of mass transfer process at gas-liquid interface, proposed by Whitman [18]. 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
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concentration gradient (or partial pressure gradient) is zero. Therefore, the mass transfer
coefficient can be expressed as:

As for gas phase:

am

d_tG = k(;AB(P(;,b - P(;,i) (2-1)
As for liquid phase:

aMm

d_tL =k Ag(Ci — Cpp) (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. C, , 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 Az 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 i
G5 Pofilm | film

Liquid bulk

Gas bulk

>
Mass transfer direction

Figure 2-4 Schematic diagram of two film theory.

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: % =2 The

dat
volume of bubble decreases along the microchannel because of mass transfer, as shown in

Figure 2-5.
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According to ideal gas law, the mole mass of bubble can be represented as:

Mg = 2B (2-3)

RT

Substituting Equation (2-3) into Equation (2-2), the overall mass transfer coefficient of liquid
phase k, can be calculated:
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Figure 2-5 Schematic diagram of unit cell.

The key to calculating k; is to measure the bubble volume change rate %. As for most of

the studies, the actual parameter to be monitored is the length of bubble [19, 20]. To a first
approximation, bubble volume is calculated by multiplying the cross-section area of
microchannel and length of bubble Ls. 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 [21, 22]. 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 ji,
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 [23, 24]. The above assumptions for simplicity
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.
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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 [25, 26]. 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 [17].
Verification between numerical and experimental results can enhance the reliability of
conclusion.

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 [27]. Although the first scientific study was
conducted by Hill (1952) [28], the interfacial instability is called Saffman-Taylor
instability[29] due to Saffman and Taylor’s now-classical work in 1958 about essentially
identical liner-instability analyses of one-dimensional displacement [29]. Since then, this
beautiful physical phenomenon has attracted extensive attention. Various configurations have
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
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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. [30] 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

Rigid Hele-Shaw cell Elastic-walled Hele-Shaw cell

Figure 2-7 Fingering pattern in literature: (a) Hele-Shaw cell with rectangular configuration
[31]; (b) Hele-Shaw cell with radial configuration [32]. (Reprint by permission from the
publisher)

2.2.2 Phase diagram and finger pattern of two-phase displacement

Apart from the Hele-Shaw cell, the porous structure is also fabricated in porous media. The
holes are connected to each other, forming a microchannel network. Intensive work has been
conducted to study the instability dynamics at pore scale [33] and macroscale [34]. In
addition, microscale is also an interesting topic of research. In porous media with microscale
structures, related dynamic capillary pressure, relaxation time [35] and transient flow states
[36] play a significant role in the fingering displacement process. Depending on the
wettability of invading phase and defending phase, the displacement process is divided into
two types: drainage and imbibition. When non-wetting fluid displaces wetting fluid, 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.
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Ca = % (2'5)

Hi

M= iy (2-6)
Where, y; and p,; denote dynamic viscosity of the invading and defending phases,
respectively. u; is Darcy velocity of the invading phase, and o, 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) [37, 38].

e Viscous fingering (VF). In the region with lower Log:oM and high Logi10Ca, 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. [39]
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. [40] 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. [39]. Recently, Guo et al. [41] 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. [40]. The crossover zone between the CF
and VF is extremely narrow. The reason may originate from pore size distribution and domain
size.
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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. [39], Zhang et al. [40] and Guo et al. [41], respectively.).
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(a) Rough fracture

(b) Porous media

Figure 2-9 Fingering pattern in rough fracture [42] and porous media [43]. (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)
[44, 45] 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 [46], finger width [47], number of fingers [48], interface curvature [49-51],
breakthrough time [46, 48], invading area [52] and saturation [48, 53], fractal dimension [47,
541, and pressure difference [53, 55]. 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 [56, 57] and gradually modified [58-60] to
describe two-phase displacement process. After breakthrough, the evolution of displacement
pattern varies in different flow patterns. When the displaced area becomes maximum, a 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 [47].
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2.2.3 Three-phase displacement

In various geological gas sequestration procedures, invading gases like CO; or H; are injected
into aquifers containing multiple fluids, such as depleted oil reservoirs nearing the end of
exploitation following water/brine flooding. Often, to enhance storage efficiency or
subsequent extraction processes, operational strategies can be enriched by alternating
injections of multiple fluids, such as tertiary gas injection [61] and water-alternating-gas [62].
In this context, the gas interacts with both water and oil phases. Thus, it is imperative to
comprehensively understand the mechanisms underlying gas invasion into multi-fluid
systems within porous media.
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Figure 2-10 The wettability orders, spreading and wetting layers, and double displacement
events for various wettability and miscibility conditions during capillary-dependent three-
phase displacement in porous media. (Reprint by permission from the publisher)
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In three-phase displacement, the dynamics of gas (G) invasion into multi-fluids G—(L—L)
has greater complexity compared to liquid invasion L—(L—L). This complexity arises from
interface instabilities due to the significantly low viscosity of the invading gas and the coupled
interfacial interactions at the gas-liquid (G-L) and liquid-liquid (L-L) interfaces.
Mathematically, there are six potential three-phase displacement scenarios: Fi1—(F2—F3),
F1—>(F3—>F2), F2—>(F1—>F3), F2—>(F3—>F1), F3—>(F1—>F2), F3—>(F2—>F1). Itis conventionally
assumed that gas remains the most non-wetting phase throughout these displacement
processes. Together with conventional flow imaging platform [63, 64], X-ray micro-CT
scanning [65-67] and numerical approaches such as Lattice Boltzmann methods (LBM) [68-
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70], effects of saturation history [71, 72], wettability [73-75], pressure (Primkulov et al.
2019), spreading [76], and layer drainage [77] on the three-phase displacement have been
explored in porous media.

Singh et al. [78] reviewed capillary-dominated displacement in porous media. Alhosani et
al.[79] also summarized multiple displacement events for capillary-dominated flow
conditions, as shown in Figure 2-10. The most wetting phase typically occupies the smallest
pores, throats, and the wetting layers. Conversely, the most non-wetting phase tends to
predominantly reside in the central regions of larger pores, whereas the intermediate-wet
phase occupies medium-sized pores or forms spreading layers between the other phases.
However, apart from capillary-dominated displacement, research on viscosity-dominated
three-phase displacement are rare, and the pore-scale physics remains incompletely revealed
in the literature.

2.2.4 Hysteresis effect during cyclic gas-liquid invasion

Hydrogen is a promising green energy source that can be used to store excess electricity
generated due to erratic production of renewable energy sources such as wind, solar and
hydro. Underground hydrogen storage (UHS) is considered an effective way of storing
hydrogen [80]. The vast underground pore space can be used to store large quantities of
hydrogen.
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Figure 2-11 Scheme of the underground hydrogen storage facility [80]. (Reprint by
permission from the publisher)
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As shown in Figure 2-11, UHS entails both temporary storage and subsequent extraction
processes, which correspond to water-alternating-gas displacement of H; injection (drainage)
and withdrawal (waterflooding) [81]. In UHS, some H; may unavoidably be lost due to
residual trapping. The residual phase distribution is affected by hysteresis effect of saturation
[62] and relative permeability [82] during cycle injection influence. Over the past few
decades, numerous models have been developed to describe gas trapping.

Land Trapping Model (1968) [83] stands out as one of the most widely-utilized models,
defining ultimate residual oil saturation as a function of the initial water saturation.

<l 2-7)

I tcs

Here, S; and S, are initial saturation and residue saturation, respectively. C is the Land
trapping coefficient.

Carlson Trapping Model (1981) [84] is a simplified hysteresis model that requires the
bounding drainage and waterflood curves. The saturation of trapped phase is determined by
shifting the bounding waterflood curve to intersect the intermediate initial saturation at the
point of flow reversal.

Sy = Sr,max —AS (2-7)

Here, AS is the shift in the waterflood scanning curve with respect to the imbibition bounding
curve.

Jerauld Trapping Model (1997) [85] is an extension of the Land trapping model that
considers the “plateau” observed in the initial-residual curves for mixed-wet rocks.
Si
Sp = Tecs T (2-7)
A second tuning parameter b was introduced apart from the Land trapping coefficient C.

When b is equal to 0, this model becomes Land model. When b is equal to 1, the trapping
curve has a zero slope at S;, which is equal to 1.

These models play in important role in quantifying the strength of hysteresis effect of cyclic
invasion in subsurface storage and extraction application.

2.2.5 Heterogeneous porous structure

In addition to homogeneous porous structures, recent research endeavors have increasingly
focused on heterogeneous porous media, which closely mirrors the actual underground
structure. Heterogeneous structures encompass surface attributes such as wettability [86, 87],
as well as topological features like pore size distribution [88, 89] and connectivity [90].
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Figure 2-12 Invasion pattern in: (a) gradient porous structure [88]; (b) random porous
structure [87]; (c) layered porous structure[91]; (d) hierarchical porous structure[92].
(Reprint by permission from the publisher)

Figure 2-12 (a, b) illustrates that research on the impacts of geometry in literature is divided
into two categories: random and patterned structures. In patterned porous structures,
manipulating the pore size gradient along the flow direction has emerged as an effective
strategy for suppressing viscous fingering [88] and capillary fingering [89]. In random porous
structures, previous studies [86, 87] have explored the intricate relationship between
wettability and disorder, revealing that as disorder decreases, the interface tends to stabilize.

These studies only considered porous structures with a single level of pore sizes. However, in
natural subsurface rock formations and synthetic materials such as porous electrodes and
fibrous materials, porous structures typically have multiple levels of pore sizes. Previous
investigations have demonstrated that sharp stratification [93, 94], dual permeability [91, 95]
and dual porosity [96] within the porous structure profoundly influence fluid pathways
(Figure 2-12 (c)). The limitation is that these dual structures are directly segregated into upper
and lower layers.

In practical applications, beyond the evident layering, various levels of pore sizes are
commonly distributed throughout the entire porous domain. This configuration constitutes a
hierarchical or fractal structure characterized by dual/multiple permeability. As shown in
Figure 2-12 (d), Suo et al. conducted the numerical exploration of viscous fingering [97] and
capillary fingering [92] in hierarchically structured porous media. They provided
comprehensive insights into fluid-fluid displacement control in hierarchical porous media,
spanning a wide range of flow conditions from capillary- to viscous-dominated modes. They
uncovered three fluid-fluid displacement modes. The results show that a higher porosity of
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the second-order porous structure enables the displacement to maintain compactness across a
broad range of wettability conditions.
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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 micromodel (microchannel and porous media), 3D bubble reconstruction and
bubble volume calculation, image processing method and data processing procedure are
introduced.

3.1 Geometry of micromodels

Top view Side view
10 mm 15 mm 105 mm H(.
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Figure 3-1 Geometrical details of the rectangular and square microchannels (Papers i and
ii).
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 um. The accuracy of the width and depth is within +£10 um. The material is glass, so
it is intrinsically hydrophilic for water.
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Figure 3-2 Geometrical details of porous patterned microfluidic model (Papers iii and iv):
(a) dimensions with mm unit; (b) geometries of porous patterns; (c) cross section of the
channel.

Figure 3-2 shows the geometry of the porous media model with microchannel network,
manufactured at Dolomite company. The porous media model 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 of 110 um, 85 um and 63 um, respectively. Figure 3-2 (c) indicates the cross-
section of channels with the same depth D 100 um. 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 is fabricated by the etching process, which will further reduce the contact angle. The
contact angle measurements experiment (see the last row of Table 3-6) found that glycerol
has a similar static contact angle as the water.
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Figure 3-3 Geometrical details of the uniform and hierarchical porous media model (Paper
V): (a) The schematic diagrams of lower plate. (b) 3D printing of the uniform and
hierarchical micromodels, named as U-model and H-model respectively. The periodic
geometries of (c) the uniform model with 1%-order structure and (d) the hierarchical model
with 1%t-order and 2"-order structures.

The porous media micromodel is composed of upper and lower plates, both of which were
separately fabricated using resin materials through 3D printing. Both uniform and hierarchical
models have flat upper plates. As depicted in Figure 3-3 (a, b), screws along the model's edges
securely fasten the upper and lower plates. The porous structure was achieved by processing
the cylinders on the lower plate. Hierarchical structure (H-model) features dual permeability
through the inclus