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Abstract

In pursuit of advancing the field of geoenergy, this thesis presents a Thermo-Hydro-
Mechanical-Chemical (THMC) model specifically derived for the simulation of Carbon
Capture and Storage (CCS) processes. The introduced model addresses the dynamic
interactions of gas migration, water transport, and mechanical deformation in deformable
porous media. Building upon mixture-coupling theory and based on non-equilibrium
thermodynamics, the model introduces novel perspectives and governing equations that
capture the complexities of two-phase fluid dynamics and the details of chemical
reactions within a geological context. Moreover, central to this thesis is the
characterisation of the coupling effects among fluid phases, solid deformation, and
thermal properties, which are crucial in determining the efficiency and sustainability of
CCS operations. Through comparison with experimental data from the literature, the
developed model showed good agreement with the data. Sensitivity analyses within the
studies further shed light on the critical roles of relative permeability and saturation,
revealing the subtleties of frictional behaviour and its implications for fluid flow in

porous media.

Additionally, the model is further extended by incorporating chemical reaction dynamics,
providing insights into the significant influence of calcite dissolution on porosity and
permeability alterations. The simulations reveal that chemical reactions are not simply a

secondary factor but a driving force in the evolution of geological storage properties. The



research findings also indicate that temperature variations significantly affect dissolution

processes, with long-term implications for porosity and permeability.

As the global community confronts the challenges of climate change, the importance of
refining CCS strategies cannot be overstated. This thesis extends the existing mixture
coupling theory for two-phase transport, accounting for energy losses from two-phase
interactions (friction) and solute transport within the mixture. Additionally, it integrates
a chemical coupling process into the two-phase model (dissolution process) by utilizing
the concepts of affinity and extent of the reaction. Furthermore, thermal coupling is
included to develop a novel two-phase THMC coupled model that can be used to simulate
CCS process, primarily for academic purposes, with the potential for real-world field
applicability through further extensions. Future research directions are proposed to
further fine-tune the model, ensuring that it remains responsive to the complex and

evolving demands of environmental sustainability and energy management.
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Chapter 1: Introduction

1.1  Overview and Background
1.1.1 Global Warming

Human activities have become one of the major sources of harmful gases known as
greenhouse gases (GHG). GHG include CO, , methane, nitrous oxide, ozone, and other

gases. They represent one of the most significant problems threatening the environment.
GHGs do not trap sunlight directly; instead, they predominantly trap outgoing long-
wavelength radiation from the Earth's surface, rather than incoming solar radiation. This

process causes heat to be retained in the atmosphere, leading to global warming and

climate change. CO, naturally exists in the atmosphere and is necessary for life to

continue. The plant system on Earth forms the basis of life, and plants rely on CO, for

photosynthesis. In addition to trees, marine plants and plant-like organisms are the

primary sources of oxygen in the atmosphere. Marine plants are responsible for 70% of
the atmosphere's oxygen; they absorb a considerable amount of CO, and produce oxygen

(Kumar et al., 2021).

CO, gas by itself is not the most effective element among the GHG in term of the ability

to store and re-emit the thermal energy, some other gases have a higher ability to absorb

and trap the thermal energy in the atmosphere. However, there smaller quantity makes
them less effective than CO,. One way to determine the capability of a gas to trap the

heat in the atmosphere is global warming potential (GWP). GWP is an index that
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measures the ability of greenhouse gases to absorb the infrared thermal radiation over a

specific period, if added to the atmosphere. The GWP represented as a multiple of the

radiation absorbed by an equivalent mass of CO,, which serves as the reference gas with

a GWP value of 1.

However, the atmospheric lifetime of the gas is also considered in the GWP, for example,

methane has shorter lifetime than CO, but higher ability to absorb and radiate the thermal

infrared energy, because of that, the GWP for methane is higher when consider short time

period (ex. 20 years) but has a lower value when consider long period time (ex. 100

years). Table 1.1 shows a table of GHGs GWP at 20, 100, and 500 years period (Forster

etal., 2021).

Table 1.1: Atmospheric Lifetime and Global Warming Potential (GWP) of Various

Greenhouse Gases (Forster et al., 2021

Lifetime Radiative Efficiency | o 90 | gwp (100 | GWP (500
GHG (Wm?ppb, molar

(years) basis) years) years) years)
CO: Multiple 1.37 x 10°° 1 1 1
CH. 12 5.7 %10 83 30 10
CHa 12 5.7x10™ 81 27 7.3
N0 109 3x1073 273 273 130
CCIsF 52 0.29 8,321 6,226 2,093
CCLF» 100 0.32 10,800 10,200 5,200
CHCIF: 12 0.21 5,280 1,760 549
CH>F» 5 0.11 2,693 771 220
CH:FCF; 14 0.17 4,144 1,526 436
CF4 50,000 0.09 5,301 7,380 10,587
CoFe 10,000 0.25 8,210 11,100 18,200
SFs 3,200 0.57 17,500 23,500 32,600
NF; 500 0.2 12,800 16,100 20,700

Despite the fact that the CO, has relatively lower GWP compared to other greenhouse

gases, CO, is a significant concern and considered as the main gas that need to be

reduced now. This is because of the high quantity human produced annually, its long
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atmospheric lifetime, and its dominant role in driving human-caused climate change.
CO, is emitted in large quantities from activities like burning fossil fuels, deforestation,
and industrial processes, making it the most common greenhouse gas in the atmosphere.
Its long-lasting existence means that the CO, released today will continue to impact the
climate for many years. The other GHG either has lower quantity production or it is out

of our control to reduce. To show how dramatically the CO, is generated annually,
Figure 1.1 shows CO, emissions in the recent years, the significant quantity of CO,

produced makes it the most threating GHG that need to be under control. CO, emissions
have increased even more in recent years, which accelerate the danger of getting to a

point where reducing the CO, emission alone is not enough anymore
Figure 1.1: Global CO, emission by countries (Crippa et al., 2022)
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CO, increased since the Industrial Revolution due to the increasing demand for energy

and transportation. While natural sources like volcanoes and wildfires contribute to CO,

levels, human activities, particularly energy production and transportation, are the major

contributors to the rise in emissions. Figure 1.2 shows the CO, emission changes in the

main sector in the recent 30 years. As humans began cutting trees and burning fossil fuels,

they started producing an exponentially increasing amount of CO,, driven by population

growth and energy demand. This excess CO, raises atmospheric temperatures, leading

to polar ice melt, rising sea levels, and the destruction of marine reefs, all of which

threaten both wildlife and human habitats.

Figure 1.2: CO, emission changes in the main sector (1990-2021) (Crippa et al., 2022)
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The impact of CO, emissions on our atmosphere since 1850 resulted in an increase in

the average global temperature by approximately 1.2 °C as shown in Figure 1.3. Many
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governments and organizations established rules and regulations to deaccelerate GHG
emissions such as the agreement known as Paris agreement that aims to reduce the GHG
emissions and thus reduce the average global warming by 1.5 °C. However, until now,

there was no major change in the emission rate (Matthews and Wynes, 2022) .

Meanwhile, researchers found ways to use some GHG for human favour, such as CO, .

For example, CO, can be injected into the ground (CO, sequestration) to enhance oil

and gas recovery (Wei et al., 2020a).

Figure 1.3: Global temperature and atmospheric CO> change (Matthews and Wynes,

2022).
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Moreover, the energy transition presents a significant challenge. Given the current size
of the fossil fuel market in the economy, switching to green energy will require major
changes in investments and infrastructure, including power plants, automobiles
(switching to electric), and more. This transition could take decades to fully implement,

and certain parties may resist to protect their profitable investments in fossil fuels. In the
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meantime, Carbon Capture and Storage (CCS) offers a viable solution during this
transition period. Waiting for decades without addressing CO,, emissions could result in

irreversible environmental damage or significantly delay recovery.
1.1.2 Carbon Capture and Storage

Human activities have led to the massive extraction and burning of fossil fuels, releasing

enormous amounts of carbon dioxide into the atmosphere and contributing to climate
change, as fossil fuel combustion converts stored carbon into CO, . While it might seem

that the simple solution is to stop burning fossil fuels, this is far from easy due to the
complicated balance required by the energy trilemma. Our global infrastructure relies
heavily on fossil fuels to ensure energy security, providing a stable and reliable energy
supply. Additionally, energy equity demands that energy remains affordable and
accessible, particularly in regions where alternatives like renewables are not yet easy to
access. Meanwhile, environmental sustainability calls for urgent reductions in greenhouse

gas emissions. Given these complexities, Carbon Capture and Storage (CCS) has emerged
as a necessary solution. By capturing and storing CO, emissions from fossil fuel use,

CCS allows us to continue meeting energy demands while mitigating environmental
impact. Thus, CCS plays a critical role in the transition toward a more sustainable energy

future.

Carbon Capture and Storage (CCS) is a crucial technology designed to mitigate the
impact of greenhouse gas emissions by capturing CO, produced from industrial and

energy-related processes before it reaches the atmosphere. The CCS process involves
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three main steps: capture, transport, and storage. CO, is first captured from sources such
as power plants and industrial facilities using various methods, including pre-combustion,

post-combustion, and oxy-fuel combustion techniques. Once captured, the CO, is then

transported, typically via pipelines, to storage sites. Finally, the CO, is injected into deep

underground geological formations, such as depleted oil and gas fields or saline aquifers,
where it is securely stored for long periods, preventing it from contributing to atmospheric

greenhouse gas levels.

Todays, CCS reflects both significant progress and ongoing challenges. The number of
CCS projects globally continues to grow; in 2023, the projected CO, capture capacity

for 2030 increased by 35%, reaching approximately 435 million tonnes (Mt) per year,
while storage capacity announcements rose by 70%, bringing it to around 615 Mt per

year. Despite this progress, these figures represent only about 40% and 60%, respectively,
of the roughly 1 Gt CO, per year target set in the Net Zero Emissions by 2050 Scenario

(the International Energy Agency (IEA)).

Many countries are starting to implement CCS technologies to achieve their CO,

emission reduction targets. For instance, Indonesia is aiming to cut carbon emissions by
29% by 2030 and achieve net-zero emissions by 2050. The Indonesian government has
initiated 15 CCUS projects scheduled to begin by 2026, which include pilot programs,

feasibility studies, and phased implementation utilizing existing oil and gas infrastructure.

During the demonstration phase, CO, injection will expand to multiple wells at rates of

5002700 t/d over ten years. The final industrial phase targets large-scale CO, capture
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of 2700-30,000 t/d, injecting it into various sink locations to significantly reduce

emissions (Ramadhan et al., 2024).

Moreover, several large-scale CCS projects such as the Sleipner Project in Norway, the

Alberta Carbon Trunk Line in Canada, and the Quest CCS Project, have consistently
demonstrated high technical performance, storing significant amounts of CO, and
providing valuable insights into operational challenges. For instance, the Sleipner Project
has stored over 20 million tonnes of CO, since 1996, while the Weyburn Project in

Canada has safely stored over 35 million tonnes since 2000, showcasing CCS’s potential
for large-scale deployment (Ma et al., 2022a; Chadwick et al., 2010; Brown et al., 2017).
These projects emphasize the importance of reliable infrastructure, public acceptance,
and favourable regulatory environments. Key lessons learned include the feasibility of
large-scale CCS, effective integration with EOR (Enhanced Oil Recovery), and the need

for long-term monitoring. Despite these successes, challenges persist in scaling CCS for
lower concentration CO, sources and achieving broader commercialization without

relying on EOR. The ongoing efforts, such as the BD3 facility in Saskatchewan, highlight
progress but also underscore the need for continued innovation to address these

challenges (Ma et al., 2022a).

As CCS technology continues to evolve, there is a growing emphasis on increasing
efficiency and reducing costs associated with carbon capture, transport, and storage.
Recent studies, such as the work by Dods et al. (2021) explore advanced methods like
deep CCS, which target capture rates exceeding the conventional 90%. These approaches

have the potential to significantly reduce residual emissions from fossil-fuel power plants,
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potentially improving the need for extensive Carbon Dioxide Removal (CDR) techniques.
Furthermore, emerging policies in regions like the U.S. and Europe are increasingly
focused on maximizing the climate impact of CCS, with supportive frameworks being

put in place to encourage broader deployment and innovation.

There are three main methods to store CO,: terrestrial sequestration, geological

sequestration, and ocean sequestration (Punnam et al., 2022). Terrestrial sequestration
uses a natural process to absorb the emissions into minerals embedded in the soil ,

primarily as soil organic matter. Ocean sequestration also occurs naturally through the
dissolving process of CO, in the ocean. It has been estimated that half of the carbon

emissions produced each year are absorbed by these two natural processes, while the rest
accumulates in the atmosphere, causing the global warming phenomenon (Kelemen et

al., 2019). However, terrestrial sequestration and ocean sequestration can be enhanced
artificially using different techniques that allow the soil to absorb more CO, or by
dissolving more CO, into the ocean (Caserini et al., 2022; Kumar and Sangwai, 2023;

Wang et al., 2023b).

This research focuses on the third type of CCS, which is geological sequestration

methods. In this type of CCS, CO, is isolated from a large facility that produces
significant emissions, such as a power plant, by capturing the CO, before it is released

into the atmosphere. The CO, is then transported through pipelines, usually in liquid
phase at low temperatures near -52°C (Vilarrasa and Rutqvist, 2017), to the injection

location. The CO, is then heated up and pressurized in deep wells. The injected phase is
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usually in supercritical (Sc) or saturated brine (CO, dissolved in a liquid fluid). The Sc

phase is generally preferred since it possesses lower viscosity than the liquid phase and
exhibits higher density, enabling it to occupy less volume space in the formation. This

characteristic allows for more substantial long-term storage (André et al., 2007b).

Given the vast capacity of geological formations to store CO, and the potential for long-
term, secure storage, geological sequestration may be considered one of the most
promising methods for large-scale CO, sequestration. However, it also brings unique

challenges, which will be explored in the following chapters. By exploring the viability
and efficiency of geological sequestration, this research aims to contribute to a broader
understanding of how CCS can be modelled using a coupled constitutive framework and
simulated with the finite element method (FEM) for improved planning and a better

understanding of transport mechanisms.

1.1.3 Transport of a Mixture in Porous Media and Coupling Process

To better understand the CCS process, the transport of the mixture (CO, , water, solutes)

needs to be studied. The transport of a mixture in deformable porous media is a complex
process that many researchers have attempted to study. This process should consider the
transport of multi-phase fluid (liquid, gas, supercritical) and the chemical solutes such as

salts and other dissolved minerals in the liquid.

The mixture transport process in CCS is usually accompanied by chemical reactions
between the acidic fluid and formation minerals, changes in pressure and temperature,

and changes in many other parameters that affect the transport process (Dai et al., 2020).
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This complex relationship between parameters is called the coupling relation. The term
“coupled processes” is used when a particular process's parameters depend on another
process's solution. In the context of Thermo-Hydro-Mechanical-Chemical (THMC)
processes, coupling refers to the interdependencies among these four processes: thermal,
hydraulic, mechanical, and chemical. For example, if the pressure of the injected fluid
rises, the temperature is expected to increase as well, which will increase the velocity of

the fluid and accelerate the chemical reactions. This may lead to the dissolution of
minerals such as calcite (CaCO,), thus increasing the porosity (Zhang et al., 2016;

Rathnaweera et al., 2017; Siqueira et al., 2017; Akono et al., 2019; Tao et al., 2019; Bager

and Chen, 2022). On the other hand, increasing the temperature to a certain level may
decrease the solubility of CO, in liquid water, thus reducing the acidity of the liquid

solution (increasing the pH level) (Abidoye et al., 2015; Peng et al., 2015; Vilarrasa and
Rutqvist, 2017; Luo et al., 2022). This will decrease the dissolution rate of the calcite and
may lead to precipitation, which could decrease the porosity. This is just one example;
however, the pressure, temperature, viscosity, density, state of the fluid, and thermal

properties are all incorporated into the coupling process.

Fortunately, the coupling process can be anticipated by deriving a fully coupled
framework to simulate the transport process. However, the downside is that such a model
can become complicated and solving it requires significant computational power
(Vilarrasa et al., 2010; Park et al., 2011; Vilarrasa and Rutqvist, 2017; Buchwald et al.,
2021; Ladd and Szymczak, 2021). Furthermore, many models are not fully coupled but
are simpler and relatively easier to compute, making them useful tools when high

accuracy of the results is not a requirement (Kolditz et al., 2012).
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1.1.4 Types of Geological Sequestration Based on Targeted Formation

Many formations can be used to store CO, , and their suitability depends on the goal and

application. Examples of applications and mechanisms used to store CO, through CCS

include improving oil and gas recovery (Khurshid and Fujii, 2021; Wei et al., 2020a; Jia
et al., 2019; Zhu et al., 2018a; Zhou et al., 2017; Cavanagh and Ringrose, 2014; Adu et
al., 2019; Chaturvedi and Sharma, 2023), enhancing methane gas recovery (Mazzotti et
al., 2009; Maet al., 2017; Wang et al., 2017; Fan et al., 2019b), storing by mineralization

(Luo et al., 2012; Meng et al., 2021), and storing by dissolving CO, in deep saline

aquifers (Jayasekara and Ranjith, 2021; Stewart and Riddell, 2022; Wang et al., 2023a3;

Wang et al., 2022; Riaz and Cinar, 2014).

The state of the fluid (liquid, supercritical, saturated brine), along with the temperature
and pressure at which CO, is injected, depends on the formation pressure, temperature,
and the desired state. Some researchers suggest that injecting CO, at a cool temperature

may cause a shrinking effect in the formation and thus induce high mechanical stress,
potentially leading to fracture instability for the formation and the caprock (Ma et al.,
2017; Vilarrasa and Rutqvist, 2017). Furthermore, many researchers have investigated
the risk of leakage from the caprock, which prevents CO, from escaping to the surface
(Ellis et al., 2013; Wertz et al., 2013; Yamamoto et al., 2013; Jayasekara and Ranjith,
2021). The caprock, typically a very low permeability shale layer, might fracture if the
pressure of the reservoir exceeds a certain limit (Kaldi et al., 2013; Khazaei and

Chalaturnyk, 2017). Such leaks could cause an environmental disaster, affecting nearby
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water reservoirs, underground freshwater sources, rivers, or lakes (Petit et al., 2021;

Lichtschlag et al., 2021).

As mentioned, injecting CO, can be done in a liquid, supercritical, or brine-saturated

state. The liquid state is the least common option due to the extremely low temperature
requirement (approximately -52°C) to keep the fluid in a liquid state and the potential for
creating fractures in the caprock layer (Vilarrasa and Rutqvist, 2017). On the other hand,

brine saturation occurs when CO, is dissolved in a liquid solution and injected into the

well as a liquid. Alternatively, CO, can be injected in a supercritical state (ScCO,),

where it is neither a liquid nor a gas. At a pressure of 7.38 MPa and a temperature of
32.8°C (Jayasekara and Ranjith, 2021), the viscosity of CO, dramatically decreases
compared to its liquid phase, and its density increases compared to the gas phase, resulting
in a fluid with relatively low viscosity and high density. This has the advantage of easy
injection due to the low viscosity and the reduced volume occupied by the fluid due to its

high density (250-700 kg/m?3) (Vilarrasa and Rutqvist, 2017).

The advantages and disadvantages of each injection scenario can only be accurately

estimated using a robust, fully THMC-coupled mathematical model.

1.2 Importance of Modelling the CCS Process

As mentioned earlier, modelling the transport of mixtures for the CCS process is crucial

due to the importance of understanding the benefits and assessing potential risks in the

long term. Scientists face many decisions before injecting CO, into deep geological

formations, such as which rock formation should be chosen and at what pressure,

34



temperature, and state the CO, should be injected. To answer these questions, scientists

must create and simulate models with different scenarios and select the optimal options.

Enhancing the modelling techniques for CCS includes improving model accuracy,
complexity, and computational efficiency, introducing new modelling approaches to the
CCSfield, and integrating different modelling approaches. One early mention of the CCS
concept, albeit indirectly, can be found in a paper by Nobel laureate in Chemistry Melvin
Calvin, published in Science in 1976 (Calvin, 1976). Calvin discussed the importance of

carbon management and briefly mentioned the idea of underground storage of CO,. The
concept of CCS, as we understand it today, capturing CO, from industrial and energy-

related sources, transporting it to a storage location, and isolating it from the atmosphere
long-term, began to gain traction in the late 1990s and early 2000s (Stevens et al., 2001;
Bachu et al., 1994; Gunter et al., 1993; Bowker and Shuler, 1991). This field has been
developed by many scientists and engineers worldwide, drawing upon disciplines such as
geology, chemistry, physics, engineering, and environmental science. Researchers
continue to improve and enhance the accuracy of these models. Given the complexity of
the process and the variety of scenarios in which the CCS process can be implemented,
significant research has focused on improving CCS modelling. Enhancing the models
typically aims to improve the accuracy of predicted results. However, since CCS is a
relatively new application with limited actual case studies, determining accuracy remains
challenging. Today, there are some published data about ongoing CCS projects that have
been used by researchers to validate their model accuracy (Alcalde et al., 2021; Ahmadi

Goltapeh et al., 2022; Rahman et al., 2022; Hill et al., 2020; White et al., 2020; Rangriz
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Shokri et al., 2021; Matter et al., 2009; Bissell et al., 2011; Li et al., 2016; Khazaei and

Chalaturnyk, 2017; Petit et al., 2021).

Improving the modelling framework is crucial to maximizing the benefits of the CCS
process. The complex process needs continuous enhancement, especially for the coupling
process that includes chemical transport, thermal transport, multi-phase flow, mass
transfer, porosity evolution, and changes in permeability. The aim of this research is to
advance the modelling process by enhancing the coupling terms between the thermal,
hydrological, mechanical, and chemical processes to develop a more accurate reactive

model.

1.3  Methodology Overview

Many scientists focus on mathematical approaches, wherein a constitutive framework is
created, and the coupling process is embedded within the main governing equation. There
are two principal approaches to these mathematical models: mechanical approaches and
energy approaches. The energy approaches include mixture theory and mixture-coupling
theory. The distinctions between the mechanical and energy approaches, as well as
between mixture theory and mixture-coupling theory, will be discussed in the next

chapter.

Mathematical models are further classified by their reactivity into reactive and non-
reactive models. The process of modelling the transport of a mixture in porous media is
complex, involving both physical and chemical interactions. A reactive model accounts
for the chemical reactions occurring between the transported fluid and the formation of

rocks/minerals. These reactions affect the properties of the host porous media, and
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subsequent changes are integrated into the calculations of the transport process. The
choice between reactive and non-reactive models depends on the specific characteristics
of the storage site and the level of detail required by the study. For sites with negligible
reactivity or where the interest's timescale is relatively short, a non-reactive model may
serve the purpose.. Conversely, for sites with significant reactivity or studies that require
long-term analysis, a reactive model is likely to provide a more accurate prediction of

CCS performance.

1.3.1 Current Modelling Methodologies

Currently, many researchers utilize the mechanical, mathematical approach to describe
the movement of fluid mixtures in deformable porous media (Schrefler and Xiaoyong,
1993; Thomas and Sansom, 1995; Gawin et al., 2003; Seetharam et al., 2007; Graziani
and Boldini, 2012; Gawin and Sanavia, 2009). However, this approach has some
challenges when it comes to chemical reactions. The challenge lies in accurately
modelling the complex interactions and energy exchanges involved in chemical reactions
within the porous media. Without a thermodynamic framework, these models might
struggle to capture the full extent of these interactions, leading to less precise or
incomplete predictions of material behaviour. This is why some researchers (Laloui et al.,
2003; Chen et al., 2009b; Siddique et al., 2017; Islam et al., 2020) prefer to use the energy
approach (mixture theory) to create a reactive THMC-coupled model. On the other hand,
the mixture-coupling theory (Chen and Hicks, 2011; Heidug and Wong, 1996) is
relatively new and appears not yet implemented for such multi-phase fully coupled
models. The mixture-coupling theory has its own advantages, and this research will focus

on utilizing it to model a multi-phase reactive fully coupled THMC model for the CCS
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transport process. The thermodynamic approach in constitutive modelling (such as
mixture-coupling theory) offers an advantage by ensuring models align with the
fundamental laws of thermodynamics, thus avoiding thermodynamically unrealistic
results. This method provides a structured framework that facilitates accurate integration
of various coupled processes, including mechanical deformation, fluid flow, heat transfer,
and chemical reactions. As a result, it yields more reliable and broadly applicable models
for predicting the behaviour of subsurface rocks in geo-energy applications (Siddiqui et

al., 2024).

The approach proposed by Heidug and Wong (1996) provides a general framework for
modelling single-phase mixture transport in porous media. The literature review (Chapter

3) will discuss the advantages of the mixture-coupling theory.

1.3.2 Software

Currently, multiple simulation software tools are available that can model a mixture's
transport in porous media. For instance, the TOUGHREACT and TOUGH2 code family,
widely used for simulating CCS processes, were originally developed by Lawrence
Berkeley National Laboratory and have since been commercialized. Many researchers
include TOUGH?2 in their CCS studies, attempting to enhance the modelling process by
integrating multiple codes (Zhu et al., 2018b; Taron and Elsworth, 2009; Lei et al., 2020)
or by investigating the effects of specific parameters such as temperature (Xu and Pruess,
2001) , chemical reactions (Xu et al., 2003; Xu et al., 2010; Liu et al., 2011), or porous
media methodology such as porosity and permeability (Zhang and Liu, 2016) , or

analysing the leakage risk from the caprock (Shevalier et al., 2014; Pruess, 2005).
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Other software tools include PHREEQC, OpenGeoSys (OGS), PFLOTRAN,
MINTEQAZ2, and SUPCRT92 (Luo et al., 2022). These computer codes rely on various
numerical computation algorithms, which are sometimes combined with relatively simple

governing equations, to simulate the transport process.

COMSOL Multiphysics® software will be used in this research. It is a general-purpose
finite element method (FEM) simulation tool that features built-in basic physics tools
such as Darcy's law for fluid dynamics, heat transfer, and transport of solute in diluted
media. Although these built-in physics tools are based on basic equations, fortunately,
these equations are flexible and can be manually modified to match the final constitutive

governing equations that will be derived in this research.

1.4 Research Problem and Knowledge Gap

1.4.1 Current Challenges in Research

Recent research has extensively modelled the transport of mixtures in porous media;
however, the coupling of THMC models remains imperfect and is far from being "fully
coupled'. Current models lack the ability to address strong coupling for multi-phase
mixture transport, particularly between chemical reactions and other parameters such as

temperature, pressure, stress, porosity, and permeability.

Existing approaches that simulate the CCS transport process in deformable porous media
have primarily been derived using the mechanical approach. On the other hand, general
approaches like the mixture-coupling theory, which are capable of adapting to chemical
coupling, could be utilized for the CCS transport process. Including the coupling of

thermal effects, pressures, mechanical stress, and chemical reaction influences in all

39



governing equations is essential. Employing such an approach to model CCS could lead
to a more accurate representation of the coupling process between thermal transport, fluid
pressures, solid mechanics, and chemical reactions (THMC). More details about the
research gap will be discussed in the literature review chapter (Chapter 2) by reviewing

research conducted in this field and identifying what is missing.

1.5  Aim and Obijectives of the Study

1.5.1 Aims of the Study

The primary objective of this research is to develop an advanced and reliable reactive

two-phase THMC coupled model that can simulate the CO, injection process through

rock/soil formations. This new model will simulate the coupled chemical and physical
reactions between liquid, gas/supercritical phases and the host rock/soil formation. The
process is complex, and the mixture-coupling theory approach will provide a solid
foundation for such a model. The literature suggests that there is room for such

development, which may become a valuable tool for the industry in the future.

This research aims to advance the existing model further and improve the coupling
relations of the THMC framework specifically for the CCS injection process. This
improvement is achieved through rigorous derivation of coupling terms, grounded in
thermodynamic principles. The mixture-coupling theory, a relatively new approach used
in various fields such as radioactive waste transport (Chen, 2013), will be adapted to

model the transport process of CO, after it is injected into deep aquifer formations during

the CCS process. The final constitutive framework should be capable of simulating a fully
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coupled THMC process with high accuracy and expandable potential for future

improvements.

This new model aims to improve our understanding of the coupled THMC processes
occurring as the gas/liquid mixture is transported through deformable porous media (earth
formations). It should help the industry, particularly during the planning phase, and may

be used by oil companies. The injection of CO, will enhance oil production and reduce

the greenhouse gas effect on the climate.

1.5.2 Study Objectives

To achieve the research target, the main research is broken down into four key objectives,
each including theoretical modelling and numerical simulation. The objectives are

summarized as follows:

1. Create a Coupled HMG Model

Develop and validate a comprehensive two-phase Hydro-Mechanical-Gas (HMG) model
by extending an existing Hydro-Mechanical (HM) model (Chen and Hicks, 2011) to more
effectively reflect the interactions between gas and liquid flows. This model, which
integrates the gas phase into the Helmholtz free energy balance using phenomenological
equations, is applied in a two-dimensional finite element simulation to accurately
describe multi-phase flow in porous media. The model's validation involves comparing
simulation results against benchmark experiments from the literature, ensuring its

accuracy and applicability for studying complex geoenergy processes.
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2. Develop the Model to Capture the Chemical Transport Process (HMGC)

In this step, the model will be developed to capture the coupled chemical transport process
(HMGC). The relationship between the solute transport and the driving forces will be
established using phenomenological equations, and new parameters are expected to
appear in these equations. The effects of these parameters on the transport process will
be investigated by conducting a sensitivity analysis. At this stage, the HM-coupled model
remains non-reactive since no chemical reactions are considered yet. The model will be
validated using literature experiments before the sensitivity analysis. This chapter will
provide a better understanding of the coupled relation between the two-phase flow of the
mixture in the CCS process.

3. Extend the Model to Include Reactive Processes with Dynamic Porosity/

Permeability
Here, the model will be turned into a reactive model by including the coupled chemical

reaction (dissolution). The chemical reaction between the CO, in the aquatic phase/solid

minerals will be coupled with the physical reactions of the saline water/porous media.
The chemical affinity will be used as a driving force for the chemical reactions. This step
will be considered a key step in this research. A conceptual experiment will be simulated
to investigate the effect of the chemical dissolution of calcite on dynamic porosity and

permeability.

4. Adding the Thermal Transport Process (THMGC)

Adding the thermal component will be the final step in this research. The thermal aspect

is critical in the carbon sequestration process under non-isothermal conditions. In real-
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world scenarios, injecting CO, thousands of feet underground requires high pressure,

which creates high-temperature gas flow. The formation fluids are transported as a
mixture, causing thermal exchange with the rock/soil medium. The chemical reactions
between the gas/rock/soil/liquid may be affected by temperature and other physical

processes. This coupled effect will be investigated in this chapter of the research.

1.6 Significance of the Study

This research makes important contributions to the development of CCS by improving a
fully coupled two-phase Thermo-Hydro-Mechanical-Chemical (THMC) model. The
model introduces several key innovations, including the extension of Mixture-Coupling
Theory to simulate energy losses, solute transport and chemical reactions, all coupled
with heat transfer processes, which have not been extensively studied in previous CCS
models. One of the primary advancements lies in improving the accuracy of two-phase
fluid dynamics and chemical reaction simulations, leading to better predictive capabilities
in CCS models. By incorporating thermal coupling and chemical dissolution processes,
the model offers a more realistic representation of CCS operations under varying
environmental and geological conditions. Moreover, it addresses phenomena that have
been largely unexplored, such as the interaction between two-phase flow and chemical

reactions, which gives a better understanding the efficiency of CO: sequestration.

In addition, this research is among the first to apply Mixture-Coupling Theory in the
context of CCS, providing a novel approach to understanding the interaction between

mechanical deformation, chemical reactions, and fluid transport. This new perspective
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expands the scope of CCS modelling and lays a foundation for future studies to expand

upon these methods.

1.7 Thesis Structure

This thesis primarily consists of a collection of published papers, each forming a main

chapter:

Chapter 2: Presents a literature review on CCS research, discussing coupled modelling
approaches used in CCS and other transport applications in porous media involving multi-

phase fluids. It reviews current research and identifies gaps.

Chapter 3: Extends the Hydro-Mechanical (HM) coupled model to a two-phase Hydro-
Mechanical-Gas (HMG) model. Three constitutive governing equations are established
for the solid, liquid, and gas phases. The model is validated using data from two published

experiments.

Chapter 4: Extends the HMG model to include the chemical transport process and the
energy loss due to two-phase interaction (friction). Two new coupling terms are added to
the governing equations, introducing new parameters. A sensitivity analysis is conducted
after the model is validated through Finite Element Method (FEM) simulations, with

results compared to published experimental data.

Chapter 5: This chapter makes the model reactive by including chemical affinity and the
extent of reaction in the derivation process. The model can now consider the dissolution

process of solid minerals. Additionally, porosity changes dynamically, coupled with
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strain, pressure, and chemical processes. The relationships between changes in

permeability and other parameters are investigated alongside porosity.

Chapter 6: Introduces the thermal coupling process, making the model fully reactive and
coupled. The impact of adding thermal transport to the CCS transport process is
examined. Two cases are solved numerically and compared to illustrate the significance

of thermal transport.

Chapter 7: Discusses the overall conclusion, model limitations, and suggestions for future

work to improve the newly developed reactive two-phase fully coupled model.

1.8 Conclusion

This chapter introduced the effects of GHG and CCS process. It discussed the importance
of enhancing mathematical models for such complex processes. The aims and objectives
of this study were outlined, establishing four main objectives to achieve a fully coupled
THMC framework. The mixture-coupling theory approach was selected for modelling due
to its advantages over other approaches and its relatively unexplored application in CCS.
Numerical solutions will be implemented using COMSOL Multiphysics® software. This
research is critical as CCS represents one of the few viable solutions to mitigate the
impending global warming crisis. Accurate modelling of this process is crucial for

effective simulation and strategic planning.

The next chapter will present a literature review of existing models established to simulate
the transport of a mixture in a deformable porous medium. It will highlight their
differences and further explore the current knowledge gaps, setting the groundwork for the

research that unfolds in the subsequent chapters.
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Chapter 2: Literature review

2.1 Background

Carbon Capture and Storage (CCS) is a complicated process, involving various phases
that contribute to its complexity. These phases, each with its unique properties and
behaviours, play a major role in the effectiveness and efficiency of CCS operations. This
section discusses these critical phases, shedding light on their significance in the broader

context of CCS.

A typical interaction in CCS processes is between liquid water (or saline water) and CO,

gas (or supercritical). When CO, is introduced into subsurface reservoirs, it often

encounters resident brine or liquid water. This interaction can lead to various phenomena,

such as the dissolution of CO, into the water and creation of carbonic acid H,CO,, which

can influence factors like reservoir pressure, buoyancy-driven flow, trigger chemical

reactions, and overall storage dynamics (Song et al., 2023).

At certain depths, depending on the pressures and temperatures, CO, gas may transform

into its supercritical state, showing behaviour of both liquids and gases. Supercritical
CO, (ScCO,) is denser than its gaseous state, making it a favourable candidate for deep
storage in saline aquifers. Its interaction with liquid water is critical, especially given the
unique phase behaviour and solubility dynamics at these conditions (Rutqvist and Tsang,

2002; André et al., 2007b).
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Another example of a multiphase interaction for CCS, is in case of depleted gas

reservoirs, often considered for CO, storage, still contain traces of methane gas. When
CO, is introduced into these reservoirs, it doesn't simply displace the methane; the two

gases can mix, creating a composite phase with changed properties. This interaction can
influence the storage capacity, pressure dynamics, and may enhance the potential for
methane recovery. To address the complexities arising from such multiphase interactions,
the development and application of Equations of State (EoS) and constitutive models for
gas mixtures have become crucial. These models enable the prediction of phase
behaviour, thermodynamic properties, and fluid dynamics of the CO2/methane mixtures
under varying reservoir conditions. By incorporating EoS and constitutive models into
reservoir simulations, engineers can more precisely estimate storage capacity, understand
pressure dynamics, and optimize strategies for enhanced methane recovery (Ershadnia et

al., 2021; Fan et al., 2023).

CO, plays a transformative role in enhanced oil recovery (EOR) processes. When
injected into oil reservoirs, CO, interacts with the resident liquid oil, potentially swelling

it, reducing its viscosity, and enhancing its mobility. This interaction not only optimizes

oil extraction but also offers a dual benefit of sequestering CO, in the process (Zhu et

al., 2018a; Jia et al., 2019; Khurshid and Fujii, 2021).

Over the years, multi-phase modelling techniques and approaches have evolved to
address these challenges. From fundamental models in the early days of CCS to modern
simulations that leverage advanced computational techniques, the field has come a long

way (Veveakis et al., 2017; Nardi et al., 2014; Song et al., 2023). Current state-of-the-art
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models consider multiple factors and interactions, offering good accuracy and insight.
For example, both the mixture theory approach (Heidug and Wong, 1996; Coussy et al.,
1998) and the mechanics approach (Lewis and Schrefler, 1998b; Lewis and Schrefler,
1987) have been developed to handle multi-phase systems. Numerical methods also have
evolved to adapt to such simulation challenges (Rutquvist et al., 2002; Pruess et al., 2004;

Hu et al., 2022; Rutqvist, 2017; Favier et al., 2024).

Many challenges remain in the current models and require more development. For
instance, there is a lack of models that effectively handle the complex chemical coupling
processes involving variables like porosity and permeability within a thermo-hydro-
mechanical system, especially when considering both liquid and gas phases. These gaps
in knowledge and modelling capabilities will be discussed more thoroughly in a

subsequent section.

This literature review focuses on the concepts of multi-phase systems in CCS, examining
the complexities of phase interactions and tracking the development of modelling
methods over time. It highlights major works while identifying ongoing challenges that

shape the current research in CCS modelling.

By presenting a comprehensive overview of existing knowledge and recent
advancements, this review sets a good foundation for introducing novel research
contributions. It highlights the evolving nature of CCS modelling and shows the critical
role of innovative approaches in addressing the challenges posed by multi-phase systems,

ultimately contributing to more effective climate change mitigation strategies.
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2.2 The Importance of Multi-Phase Modelling in CCS

To develop accurate and reliable models for CCS, a deep understanding of each individual
phase is required. In many applications, a simple one phase transport framework can be
sufficient for the modelling. The model can still have coupling equations such as a
thermo-hydro-mechanic-chemical (THMC) model; however, the interaction in the model
is between one flowing fluid and the solid matrix only. In real applications, the single-
phase model does not consider the existence of other fluids. Other fluids could be gas,
supercritical or liquid. They can either pre-exist in the porous media or be mixed with the
primary fluid and injected into the porous media. An example of pre-existing fluid in a
solid matrix is underground water, oil, and natural gas. Examples of mixed fluids are a

CO, /N, mixture which used sometimes in the injecting process (Wu et al., 2020; Zhou

et al., 2015; Pesavento et al., 2017).

However, in case of CCS, modelling the systems as single-phase phenomena can lead to

significant inaccuracies. For instance, ignoring the gaseous phase of CO, during

injection can result in overestimations of sequestration capacity. Moreover, single-phase
models might not capture crucial phase transition dynamics, risking safety assessments
(Kelemen et al., 2019). Moreover, ignoring the interaction between the supercritical/gas
phase and liquid phase (water/solute solution) will result into inaccuracy estimation of
the potential chemical reaction that may occurs due to the reaction of carbonic acid and
solid menials in the formation. This reaction is crucial of estimation of porosity and
permeability change that effect many other parameters such as pressure and mechanical

properties of the solid matrix itself (Abidoye et al., 2015).
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Geological CCS is challenging because it occurs deeply underground, and the transport
of the mixture cannot be directly observed by researchers. However, theoretically,
researchers can model the transport of the mixture after understanding what are the
materials and minerals that exists in the reservoir, the phase of each element, as well as
the condition parameters such as the pressure, temperature, acidity level (pH) of the

fluids.

There are many types of geological reservoir that can be used to store CO, . Deep saline

aquifer is a common choice, where global saline aquifers have the potential to store

between 20% and 500% of the total CO, emissions projected over the next 50 years

(Birkholzer et al., 2009; Shukla Potdar and Vishal, 2016). In this case, the water exists in
liquid, and vapour states, while the injected fluid may be in liquid (dissolved CO2 in
brine), gas, or supercritical phase. The injected fluid phase may change depending on
reactivity (dissolution/precipitation), miscibility, or changes in pressure and temperature.
Predicting these phase interactions is challenging, especially when considering coupling

relations.

While modelling the interaction of multi-phase transport is a bit tricky, understanding the
fundamental of the transport for each phase is essential. Over the last century, researchers
established fundamental laws that are still used today for such modelling process. These
laws include Darcy law for fluid transport, Fourier’s law for thermal transport, Fick’s law

for chemical diffusion, and Terzaghi effective stress principle for the mechanical

interaction. For example, for liquid phase (l), that has viscosity of v', intrinsic
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permeability of k' , relative permeability k ", and gradient liquid pressure Vp', it will

has liquid flux u' that can be determine by:

Ikrl

u' =-k " vp' (2.1)

The diffusion of the chemical ¢ withing the liquid phase then can be calculated using

Fick’s law:

J*=-DVc° (2.2)
where J° is the diffusion of the chemical in the liquid phase, D is the chemical diffusion

coefficient, and Vc* is the gradient of chemical concentration.

For the thermal transport, the heat flux by conduction " can be determine by knowing

the thermal conductivity A and the temperature T as:

q =-AVT (2.3)
For deformation calculation of the porous media, the effective stress can be calculated

using Terzaghi effective stress principle as:

o' =c—p'l (2.4)

where ¢’ is the effective stress tensor, ¢ is the total stress tensor, and | is the unit tensor.

Accurate multi-phase modelling is important for assessing the feasibility, safety, and
financial viability of CCS projects. Proper modelling can lead to better yield, safer storage
scenarios, and more efficient operations. By that said, the more accurate the model in
capturing the change in the crucial variables of the process the more valuable it become

to the industry sectors and engineering applications.
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But multi-phase modelling is not without its challenges. Factors like phase transitions,
variable properties across phases, and intricate phase interactions add layers of
complexity to the modelling process. Moreover, from a computational standpoint, multi-
phase models require more intensive resources due to increased degrees of freedom and
non-linear interactions (Bager and Chen, 2022; Buchwald et al., 2021). In fact, this
complexity of the multi-phase modelling made some of well-known advanced approaches
limited when it comes to multi-phase transport, one example is such the traditional

mixture theory approached (Siddiqui et al., 2024; Siddique et al., 2017).

In conclusion, multi-phase modelling is essential in CCS systems. As the analysis
continues, the importance of precise, thorough, and detailed multi-phase modelling

becomes more apparent for understanding the complexities involved in CCS processes.

2.3 Analysis of Phase Couplings in Multi-Phase Systems

Understanding the state of the art in coupling modelling is important for pushing the
boundaries of CCS technology. It not only informs the development of more accurate and
reliable models but also guides practical implementation strategies that ensure the

effective and safe storage of CO,.

Multi-phase models can incorporate secondary flow into the equations. This type of
model has high complexity, especially if it is a fully coupled model such as a THMC full
coupling model. The coupling process of THMC model can be broken down into three
main processes as follows (Manninen et al., 1996; Yin et al., 2011; Zhang et al., 2012;

Tao et al., 2019):
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e Mechanical processes are coupled with the hydraulic and thermal process
(poroelasticity process), where the porosity and permeability may also be
affected.

e Hydraulic processes are coupled with the thermal process.

e Chemical reaction processes:

» Reactive chemical processes are coupled with the hydraulic
process.

» Reactive chemical processes are coupled with the mechanical
process Via porosity changes due to dissolution and precipitation.

» Reactive chemical processes are coupled with thermal processes

via the change in temperature-dependent chemical reaction rates.

In general speaking, the chemical reaction is the most complicated process among the

THMC process (Zhang et al., 2015).

2.3.1 Hydro-Mechanical Coupling (HM) (Poroelasticity)

At the intersection between the fluid and solid rock formation is called the hydro-
mechanical (HM) coupling. The injected CO, affects the pore pressure within the
reservoir, leading to changes in the mechanical behaviour of the rock. From potential
deformations in the reservoir to concerns about caprock integrity, understanding this
coupling is critical for ensuring the safe and efficient storage of CO, (Rahman et al.,
2022; Gaus et al., 2005; Kaldi et al., 2013; Khazaei and Chalaturnyk, 2017; Ahmadi

Goltapeh et al., 2022). The HM coupling fundamentally connects pore pressure to the

effective stress in porous media. Effective stress is the stress carried by the solid matrix,
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which is reduced by pore pressure. When pore pressure increases, the effective stress
decreases, potentially causing rock deformation or failure, especially in cases involving
cracks. As deformation increases, pore spaces expand, reducing pore pressure. This
interplay is crucial in CCS, where crack growth can lead to enhanced permeability,
impacting storage integrity and fluid migration pathways. The HM coupled model has
been extensively studied by numerous researchers such as (Lewis and Schrefler, 1998a;
Sanavia et al., 2002; Fall et al., 2014b; Chen and Hicks, 2011; Chen, 2013). Meanwhile,
other scholars have employed the HM coupled model specifically to explore carbon
storage processes (Figueiredo et al., 2015; Bjgrnara et al., 2014; Unger and Kempka,
2015; Alonso et al., 2012; Bea et al., 2012; Chen et al., 2019; Sampath et al., 2020; Bai

and Tahmasebi, 2022).

Poroelasticity theory is a common way to describe the mathematical relation of HM
coupling, this relation originally developed by Biot (1955), also called general Biot’s
consolidation theory. | can be applied for isotropic linear elastic system such as

deformable porous media as (Detournay and Cheng, 1993) :

% :(K _%]gkké}j +2G&; —¢pho, (2.5)
K
=1 (2.6)

where G is the rock shear modulus, p®=p* —p' is the capillary pressure, p* is

supercritical phase pressure, p' is the liquid phase pressure, K and K are the bulk
modulus of solid matrix and the bulk modulus of the solid grain respectively, ¢ is Biot’s

coefficient, o is the stress tensor, and J;is the Kronecker delta. This equation
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represents the physical behaviour of porous materials that deform under mechanical stress
and involve the movement of fluid within the pores. It describes how the solid matrix of
a porous material responds to external forces (such as pressure) and how this deformation
affects the fluid flow within the material. Biot’s consolidation theory is established for
fully saturated conditions, which means only the liquid phase exists; however, it can be
extended to unsaturated conditions (two-phase), as shown in the work of Lewis and

Schrefler (1987).

2.3.2 Hydro-Mechanical-Chemical Coupling (HMC)

Saline aquifers are among the common storage sites for CCS. In these aquifers, water

carries a mix of dissolved salts, minerals, and organic compounds. When CO, interacts

with this brine (a mixture of water and dissolved minerals), it can trigger a chain of
chemical reactions. This hydro-chemical coupling, where fluid interactions lead to

chemical alterations, will affect CO, solubility, the porosity and permeability of the

reservoir. Such changes can, over time, either enhance storage capacity (e.g., by
increasing porosity through dissolution) or pose challenges, such as when mineral
precipitation reduces formation porosity and permeability. Addressing these challenges
is essential for ensuring the long-term success of carbon storage (Darmon et al., 2014;
Zhou et al., 2016; Wang and Bauer, 2019). An example of hydro-chemical coupling is
solid dissolution in carbonic acid; this chemical process leads to shrinkage in solid
volume (increase in porosity and permeability), while the result of the dissolution is an
increment in fluid mass and volume. The change in porosity/permeability and the

increment in the mass/volume will influence the hydraulic pressures of the system.
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Beyond fluid dynamics, the chemical reactions initiated by CO, injection have

mechanical implications too. Minerals dissolve or precipitate due to these reactions, and
they can alter the mechanical properties of the reservoir rock. This mechanical-chemical
coupling is significant when considering factors like fracture propagation, rock strength,
and the long-term stability of the storage site (Fischer et al., 2013; Klein et al., 2013;
Carroll et al., 2016; lyer et al., 2022; Bemer and Lombard, 2010). Moreover, as the
surface area of the solid increases due to the chemical dissolution process or mechanical
deformation, the chemical reaction such as dissolution also increases (Xu et al., 2017;

Rochelle et al., 2004; Gholami et al., 2021).

Mathematically, relating chemical transport to the HM process can be done by utilizing
Fick’s law. However, Fick’s law describes the movement of chemical species driven by
a concentration gradient only. Since it is also affected by the movement of the fluid phase
(flow), the Advection-Diffusion-Reaction Equation can be used to describe this process

(Bird et al., 2006):

8ct +v'.Vc* =DV +R 2.7

Physical meaning of the equation can be explained as:

oc

: Represents the time rate of change of the concentration c* at a point.

v' -Vce: Represents advection, which is the transport of c®due to the velocity of the

medium Vv'.
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DV’c®: Represents diffusion, where the substance spreads out due to concentration

gradients, governed by Fick’s Law.

R: Represents reaction, which accounts for the generation or depletion of the substance

due to chemical reactions.

Moreover, the chemical reactions can also be linked to the chemical potential x via

affinity A (driving force of the reaction). The chemical potential is a fundamental concept
in thermodynamics that represents the change in a system's free energy as particles are
added, while keeping temperature and volume constant. It is essentially the potential
energy associated with the addition of one particle to a system. In this case, the chemical
potential can be used to couple the chemical reaction to the thermodynamics of the

system.

In non-equilibrium thermodynamics, the Gibbs-Duhem Equation can be written as

(Katchalsky and Curran, 1965):

k
ydT —Vdp +> n,d s =0 (2.8)

i=1

where T is the absolute temperature, » is the entropy, V is the volume, n, are the moles
of the i-th component, ; is the chemical potential, and p is the pressure. This equation

connects the chemical potential to the entropy and the other thermodynamic elements,

thus linking chemical reactions to the system via affinity.
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2.3.3 Thermo-Hydro-Mechanical (THM) Coupling

Introducing CO, into a reservoir means there is heat energy to consider, too. The
temperature changes accompanying CO, injection can influence both fluid behaviour

and rock mechanics, adding more complexity to the process. This thermo-hydro-
mechanical coupling is especially relevant in deep reservoirs where even slight
temperature variations can have clear effects on storage dynamics (Yue et al., 2022; Ma
et al., 2022b; Wang et al., 2023c). The THM coupled model is an extension of the
coupling relationship of the HM model that includes the heat transfer process. In this
model, two coupling processes are created. The first one describes the thermal-elasticity
process (TM), which represents the thermal stress and expansion of the solid matrix. The
second one is the poroelasticity prosses (HM), which represents the deformation of the
porous media. The TH relation should also be considered in the fully coupled models
since heat affects fluid viscosity, which affects fluid flow and pressure. Figure 1 shows
these coupling processes. Many researchers have investigated and tried to conduct a good,
fully coupled THM model (Chen et al., 2014; Chen et al., 2009a; Wang et al., 2014; Tong
et al., 2010; Thomas et al., 1998). The THM-coupled approach is also used to model the

CO, injecting process (Vilarrasa et al., 2017; Li and Laloui, 2016a; Li and Laloui, 2017).

58



Heat transport Water and gas flow
Pore pressure generation

Fluid viscosity

Heat convection

Stress-strain

Figure 2.1: THM triangle coupling relationship (Wang et al., 2014)

2.3.4 Thermo-Hydro-Mechanical-Chemical (THMC) Coupling

In complex scenarios, various interactions play a crucial role. Factors such as
temperature, fluid dynamics, rock mechanics, and chemistry intersect and influence one
another. The THMC coupling embodies this complexity in CCS modelling, necessitating
a comprehensive approach to accurately represent the relationship of these factors. The
THMC coupled model is particularly challenging because it combines both physical
processes and chemical reactions. As fluids navigate through porous media, they initiate
chemical reactions. Significantly, these reactions, which involve minerals undergoing
dissolution or precipitation, can markedly affect porosity and permeability. This is
because the dissolution/precipitation process can either enhance permeability by
dissolving minerals that may obstruct flow or reduce it when extra solid particles
accumulate. To illustrate this, Figure 2 provides a visual representation of the intricate
relationships inherent in THMC coupling, while Table 1 lists specific minerals that play

a crucial role in the chemical process of CO, sequestration. A focal point will be the shift
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in porosity-permeability, which serves as a vital link connecting the chemical reactions

to the overarching physical model.

Table 2.1: Minerals that may considered in the coupled chemical process (Zhang et al.,

2015).
Mineral Chemical compositions
Primary mineral
Quartz Sio,
Calcite CaCO,
Oligoclase CaNa,AlSi1,0,,
Smectite-Na Ny ;M3 g 6A L 755,605 (OH ),
Chlorite Mg, sFe,sAl,Si 0, (OH ),
Kaolinite AlSi0;(OH),
K-feldspar KAISi O
Secondary mineral
Magnesite MgCO,
Low-albite NaAlSi O,
Siderite FeCO,
Ankerite CaMg,;Fe,, (CO3),
Dawsonite NaAICO, (OH ),
Smectite-Ca CaysMY Al 778156:0, (OH ),

The chemical process may include swelling of the solid matrix in shale media, chemical
osmosis, hydration, and mineral dissolution/precipitation (Zheng and Samper, 2008).
Many attempts have been made to model a fully coupled THMC model that may simulate

a more realistic scenario of injecting CO, (Zhang et al., 2015; Zhang et al., 2016; Yin et
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al., 2011). Some examples of the chemical reactions that may occurs between the injected

CO, and formation that involves minerals mentioned in Table 1 are discussed in the next

section.

o
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Figure 2.2: THMC coupled process (Tao et al., 2019)
2.3.5 Software and Simulation Tool

When considering the simulation software for this research, several options are available,
however, since this research goal is to model and derive a rigorous mathematical model,
then even general finite elements solver (FEM) software could be a good option.
COMSOL Multiphysics is a finite element coupling capabilities and advanced features,
making it a prime candidate While tools like PHREEQC specialize in chemical reactions,
they lack the ability to simulate mechanical physics. TOUGHREACT and SCALE?2000,
as noted by André et al. (2007a). However, these software programs use their own

mathematical approach, which is unlike this research, limited to non-deformable porous
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media. Since this research focuses on the rigorous derivation of mathematical equations
rather than FEM simulations, COMSOL Multiphysics seems to be a good choice. The
software is easy to use and can efficiently handle complex coupled physical and basic
chemical reactions which is fine for validation purposes. Furthermore, COMSOL was
chosen due to its ability to support fully coupled modelling, alongside its Segregated
approach for solving complex equations. It is worth mentioning that integrating
COMSOL with PHREEQC through ICP could enhance its utility, combining COMSOL's
strengths in solute transport simulation with PHREEQC's geochemical analysis
capabilities, as supported by researchers like Nardi et al. (2014) and Sainz-Garcia et al.
(2017). However, COMSOL on its own is capable of simulating basic chemical reactions,
which is sufficient for the objectives of this research. The goal of this research is not to
simulate a large number of chemical reactions but to create coupled equations linking
hydro-mechanical physics with chemical reactions and thermal physics. In such a case,
using a few chemical reactions within COMSOL alone will result in faster and more
computationally efficient simulations. While ICP allows for capturing more complex
chemical reactions through PHREEQC, it has some drawbacks. Introducing third-party
software increases the processing load and slows down the process, posing challenges for

simulating complex coupled systems that require rapid, automated iterations.

2.4 Modelling Carbon Sequestration

There are three major types of carbon sequestration: terrestrial carbon sequestration,
geological sequestration, and ocean sequestration. This research will focus on modelling

geological sequestration, such as CO, injection. The model that will be established at the

end of this research will simulate the transport process of the gas/liquid mixture through
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the injected formation, which could be oil and gas reservoirs, saline aquifers, or coal
seams (Ma et al., 2017). The transport of fluid mixture in deformable porous media can
be modelled using continuum mechanics and thermodynamic approach. Two main
approaches are commonly used to model a coupled mixture transport in a deformable

porous media: the mechanics approach and the mixture-coupling theory approach.

The CO, injection process will create a chemical disequilibrium and hence initiate a

chemical reaction. The reaction can be caused by the formation of water, host aquifer (ex.
siliciclastic or carbonate), caprock (the seal), or borehole material. This chemical reaction
will affect the porosity and, thus, the permeability of the porous medial (the host

formation). The change in permeability will have a direct influence on the CO, injection
rate, while porosity will affect the storage capacity. CO, capturing and storing in

geological formations can be done using different methods. These methods include

structural/stratigraphic trapping, where CO, is physically trapped beneath impermeable
rock layers, and diffusion/solubility trapping, which involves the dissolution of CO, into
formation water. Mineral trapping occurs when CO, reacts with reservoir rock and brine
to form stable minerals. Residual trapping happens when CO, is immobilized in pore

spaces of rocks due to capillary forces, preventing further movement. (Zhou et al., 2017;

Shukla Potdar and Vishal, 2016).

CO, trapping mechanisms function over different timescales. Structural trapping occurs
immediately as CO, is contained by the reservoir. Solubility and mineral trapping take

years to millennia, as CO, dissolves in brine or forms stable compounds. Residual
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trapping is relatively quick, with capillary forces holding CO, in place. The success of

these methods depends on factors like rock porosity, permeability, and caprock quality.

The ideal phase for storing the CO, is the supercritical condition (31.04 °C and 7.38
MPa); however, it is not a necessary condition. Supercritical CO, reacts differently than
CO, solution, where CO, the solution is more chemically reactive than Supercritical
CO, . Moreover, the supercritical phase is a high-density phase which allows occupying
less volume space. Usually, the CO, hydro-mechanical injection process dissolves the

CO, into the water to create a CO, solution to inject or inject CO, in the supercritical

phase (as in most cases).

A solution containing carbonic acid H,CO, is considered as the injection fluid. For
carbonate aquifer, the chemical reaction between CO, solution and Water/formation

rocks can be written as (André et al., 2007a):

CO, +H,0 < H,CO, (2.9)
H,CO, < H* + HCO, (2.10)
Calcite + H* < HCO, + Ca** (2.11)
Dolomite + 2H* < 2HCO, + Ca®*+ Mg** (2.12)
Siderite + H* < HCO,™ + Fe*” (2.13)
H,0 + CO, + CaCo, <> Ca(HCO,), (2.14)

The precipitation Ca(HCO,), is a primary cause of the reduction in permeability in

carbonate media.
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For Ca-rich feldspar (Gunter et al., 1997b), trapping could be in a mineral phase (calcite):

CaAl,Si, O, (anorthite) + CO,,,+ 2H,0

2(aq)

(2.15)
— CaCo, (calcite) + AlSi,O, (OH), (kaolinite)

For K-rich feldspar in saline solutions (Johnson et al., 2001) have postulated the

precipitation of a different carbonate mineral:

KAISi,O, (K-feldspar) + Na*+ CO,,,,+ H,0 = NaAICO,(OH), (dawsonite)

2(aq)

(2.16)
+ 3Si0, (quartz/chalcedonyi/cristobalite) + K*

Other silicate mineral reactions might trap CO, as a dissolved species such as

bicarbonate (Gunter et al., 1997b):

7NaAlSi,O, (albite) + 6CO,,, + 6H,0 = Na-smectite

2(aq)

(2.17)
+6HCO, +Si0, + 6Na*

Two reactions have been suggested that could cause porosity reduction within the base
of shales (Johnson et al., 2001; Johnson et al., 2004). The first is dawsonite precipitation,
as detailed in equation (2.16), which can increase the solid volume of the reaction by
between 17-25.4%. The second, more critical, the reaction is Fe-Mg-carbonate

precipitation, as represented by magnesite:

KAISI O, (K-feldspar) + 2.5Mg,Al,O,,(OH), (Mg-chlorine) + 12.5CO,,,,

— KAISi,0,,(OH), (muscovite) + 1.5A1,Si,0,(OH), (kaolinite) + (2.18)

12.5MgCO, (magnesite) + 4.5Si0, (quartz/chalcedony) + 6H,0
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The reaction in equation (2.18) can give a solid volume increase to about 18.5% and

reduce shale porosity to approximately 50% (Rochelle et al., 2004).

Researchers such as Li et al. (2022) investigated the kinetic equations of mineral trapping
reactions for long-term CCS geological storage (10,000 years). They found that different
kinetic rate equation approaches greatly affect simulation results. They tested five main
approaches (transition state theory rate equation TST, L.A. rate equation, H.T. rate
equation, and BSZ rate equation). The study shows that different reaction rate equations

influence how quickly minerals trap CO, over time. Linear equations are the most

responsive, while nonlinear equations reduce the reaction rate by up to 58%. Although
the overall trend in mineral evolution remains the same, the rate of sequestration varies
significantly. After 10,000 years, mineral trapping can differ by over 50% depending on
the equation used, highlighting the importance of selecting the correct reaction model for

accurate long-term CO, storage.

2.5 The Modelling Approaches

Researchers have been developing the modelling approaches for transport of mixtures in
porous media for many years, including its applications in areas such as CCS. To
understand current modelling frameworks, it is important to review the development of
approaches that have led to the current state. Many approaches have led to general
frameworks that can be used for any mixture fluid moving in deformable media such as
concrete, living cells/tissues, rocks, soil, and more. However, some of these models can
be very useful if adjusted and employed for CCS applications. In the following section,

the approaches reviewed are not necessarily developed specifically for CCS but are
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general transport models that have been adjusted in many cases to capture the CCS

process.

2.5.1 From Mechanics to Mixtures: A Historical Perspective

Two main approaches are used to model a coupled mixture transport in a deformable
porous media: the mechanics approach and the energy-based approach (such as mixture
theory). Historically, the foundational approach to modelling in CCS revolved around
classical mechanics. Using principles of continuum mechanics, early models provided
insights into the behaviour of geological transport during fluid injection and storage
(Grisak and Pickens, 1980; Biot and Temple, 1972; Meiri, 1981; Lewis and Schrefler,
1987). While effective for understanding basic dynamics, the mechanics-based approach

may oversimplify complex interactions, especially when multiple phases are involved.

The mechanic's approach is based on the classical consolidation theory described by
Terzaghi (1925) and Biot’s theory (Biot, 1941; Biot, 1955; Biot, 1962; Biot and Temple,
1972). The basic model describes a coupled relationship between stress-strain and pore
pressure, which is described as an HM-coupled model. The model was extended to

include the thermal process (THM).

Many researchers worked on developing a coupled THM model using the mechanics
approach (Ma et al., 2017; Fan et al., 2019a; Li and Laloui, 2016a; Lewis and Schrefler,
1998a). However, the injection process usually involves chemical reactions that may have
significant effects on the results. Researchers tried to establish chemical formulation
coupled with the system; however, the complexity of these chemical reactions makes it

tricky to develop it further using the mechanic’s approach.
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On the other hand, as researchers focus on understanding multi-phase systems, the
mixture theory which is based on energy approach became an important development.
Grounded in thermodynamic principles, this theory provided a comprehensive framework
for modelling the behaviour of multiple coexisting phases (Siddiqui et al., 2024). This
approach is often referred to as the ‘energy approach’ due to its reliance on non-
equilibrium thermodynamics. The mixture theory's ability to depict complex interactions
marked a significant leap in the understanding of CCS dynamics. Over the years, it
underwent refinements, adapting to the ever-evolving challenges posed by real-world

CCS scenarios.

This theory was first developed by Truesdell (1957). It is considered as a macroscopic
approach that is based on the second law of thermodynamics, where the entropy is
involved. It also incorporates continuum mechanics and non-equilibrium
thermodynamics (Chen and Hicks, 2010). This makes the mixture theory approaches
more flexible in dealing with coupled chemical reactions. By modifying and extending
the original theory, it is also used to model the coupled HM, THM, HMC and THMC
relations. Where Heidug and Wong (1996) present first coupled model that capture
hydration swelling of water-absorbing saturated rocks under isothermal condition.
Additionally, Coussy et al. (1998) made significant contributions to expanding the

mixture theory, specifically to encapsulate coupling effects.

The advantage of working with mixture coupling theory approaches when creating a
chemical coupling framework is the role of entropy, which represents a key factor. The
chemical potential can be linked to entropy through the Gibbs-Duhem equation in non-

equilibrium thermodynamics shown in equation (2.8), Then, the affinity of a reaction, A,
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which represents the driving force for any chemical reaction, links the chemical reaction
to the change in chemical potential, which is the driving force for the transport of matter

(Katchalsky and Curran, 1965):

Zn:yidni - _Ad¢& (2.19)

& is extent of reaction.

This creates a coupling between the entropy change and the chemical reaction, while the
energy losses from chemical transport can also be captured by employing the
phenomenological relations that will be introduced in the next chapters. This method
ensures that the frameworks are rigorously derived and maintain thermodynamic

consistency.

Moreover, the mixture coupling theory utilizes the balance equation for Helmholtz free
energy in a system composed of solid, water, and gas phases. This equation serves as a
fundamental basis for both the mechanical and mixture theory approaches. Assuming a
representative microscopic domain large enough to encompass all phases, its boundary S

is fixed to the surface, allowing only fluids (such as water or gas) to pass through:

D%L wdV =L on-vdS —L 4'T -ndS —L 4°T9 -ndS -T L ydV (2.20)

where: v is Helmholtz free energy density, ¢ is the Cauchy stress tensor, ' is the

chemical potential of liquid, #° is the chemical potential of gas, T is temperature, y is

the entropy production per unit volume. To further develop the framework, the balance

equations for solid mass, liquid, and other phases are written separately for each phase.
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By using entropy production and transport laws along with Darcy’s law, the basic
equation for deformation can be established. The coupling in mixture coupling theory is
derived from a coupling matrix based on Maxwell's relations. Additionally, Onsager's
reciprocal relations are applied, which state that the matrix of phenomenological
coefficients is symmetric. This process will be further clarified in the next chapter, where

each step of the derivation will be discussed.

Using the mixture coupling theory approach to derive constitutive models has the
advantage of automatically satisfying the laws of thermodynamics, giving them broad
applicability across various systems while ensuring accurate and physically consistent
results. The two main equations in this approach are the free energy and dissipation
functions. The remaining components of the model, such as chemical swelling stress,
stress-strain relationships, pore pressure effects, flow laws, and other key components,
can then be determined. It can be said that the main advantage of developing constitutive
models using a thermodynamics-based framework is that they ensure physically
consistent results in accordance with thermodynamic laws. This builds confidence in the

analysis by preventing unrealistic or inaccurate outcomes (Siddiqui et al., 2024).

On the other hand, many researchers such as Pesavento et al. (2012), have used the
classical mechanical approach to include some chemical coupling in their frameworks.
However, when modelling complex chemical reactions that need to be fully coupled with
other physics in the frameworks, it is easier to use the thermodynamic approach (e.g.,
mixture coupling theory), where deriving and relating the chemical reaction and energy

dissipation to entropy takes care of the coupling process (as done in Chapter 5).
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2.5.2 Mixture-Coupling Theory: Advancements and CCS Modelling

While various energy approaches based on mixture theory have emerged under different
names, they all align with modified mixture theories. However, there are differences in
derivation details. For example, Heidug and Wong (1996), used entropy in their method,
differing from Coussy et al. (1998). The main difference lies in the fact that Heidug did
not use the Balance of linear momentum equation in his derivation process but relied on
entropy. Chen and Hicks (2011) used this approach to improve Heidug and Wong (1996)
framework by considering unsaturated condition. Chen et al. (2016) later introduced the
term "mixture-coupling theory," refining the approach. This theory, leveraging Maxwell's
based relations and phenomenological equations, provides a strong framework for multi-
phase CCS modelling and has evolved to handle unsaturated and non-isothermal
conditions (Chen et al., 2016; Chen et al., 2018a; Chen et al., 2018b; Ma et al., 2022b;

Yue et al., 2022; Ge et al., 2023; Ma et al., 2023; Wang et al., 2023c).

The mixture-coupling theory relies on Maxwell's relation to establish coupling matrix,
and the phenomenological equations to establish well-constructed coupling in the final
framework. This approach combines the best aspects of earlier models, blending the
thorough analysis provided by mixture theory with the flexibility found in its later
versions. The mixture-coupling theory characterises the ongoing drive for improvement
in the field, representing a suitable way of multi-phase modelling for carbon capture and

storage.

Researchers developed the coupling relations within the mixture theory throughout the
years and extended it to include unsaturated rocks and non-isothermal conditions (Chen

and Hicks, 2010; Chen, 2013). Many research papers aim to conduct a full THMC model;
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however, only very few fully coupled models have been created, especially for a large-
scale problem such as the wellbore scale (Cailly et al., 2005; Gaus et al., 2008a; Yin et
al., 2011). Such fully coupled model simulation could analyse stress, pressure, heat
transfer and reactive chemical transport changes while injecting the carbon and predict
any flow leakage chance from the wellbore. This will prevent potential pollution and

protect underground water from such contamination.

Incorporating gas migration in a multi-phase fully coupled model is an advanced step

forward. However, this step is an essential step to model the CO, injection process. Many

researchers, such as Schrefler and Xiaoyong (1993), developed an HMG model based on
the mechanic approach. In the next chapter (Ch.3), the HMG fully coupled model will be
established based on the mixture-coupling theory approach. Although the final governing
equations are close to the mechanic approach done by Schrefler and Xiaoyong (1993),
the final governing equation of the solid matrix (mechanical part) is modified to capture
more details. In addition, it is important to develop a fully coupled HMG model based on
the mixture-coupling theory approach to add a coupled chemical reaction to the model.
The mixture-coupling theory approach is more adaptable for capturing the coupled
chemical reaction processes. Considering all the above, developing an HMG-coupled
model based on the mixture-coupling theory is the first step in modelling a reliable, fully

coupled THMGC model that can simulate the CO, injection process efficiently.

2.6 Surveying the Field: Recent Developments of Coupled Modelling of CCS

To accurately model and predict the behaviours and interactions inherent in CCS

processes, an approach of "coupled modelling” has become essential. Over the past

72



decades, numerous researchers have attempted to contribute to this field, each adding a

unique twist or innovation to the understanding of coupled phenomena in CCS.

The field of THMC modelling is quite large, and there are many studies in this area. In
this review, the research includes coupled and non-coupled models, general transport
models used for other applications (not directly related to CCS), and simulation studies
that do not reveal the mathematical derivation process. These studies have been excluded
from the review due to their indirect relevance or lack of benefit to this research, which
focuses on deriving a fully coupled THMC framework for CCS. After filtering these
studies, only a few stood out. These are the studies with clear mathematical derivations,
fully or partially coupled models, and are either directly related to CCS or can be

compared to the THMC model developed in the following chapters.

While general transport models for mixtures in porous media, including THMC-coupled
models, existed long before CCS technology was recognized, applying them to the CCS
process required adjustments to better capture the process with greater accuracy. CCS
modelling can be traced back to the early 1990s. One of the early studies, conducted by
Van der Meer (1992), was associated with the Sleipner Project in the North Sea, which
began in 1996 as the first large-scale CO, storage project. The study investigated the
feasibility of CCS, focusing on the technical feasibility, geological constraints, and
implications of storing CO, in aquifers. His modelling primarily addressed hydraulic
aspects, such as pressure changes, CO, plume migration, and the physical processes

involved in CO, injection and storage. However, the modelling and numerical

simulations were relatively simple compared to more advanced models developed later,
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which include the coupled processes (thermal, mechanical, and chemical) found in

modern THMC models. Van der Meer analysed two hypotheticals CO, storage reservoirs

to assess their potential for long-term carbon storage, providing insights into CO,
behaviour in underground reservoirs, including pressure effects, phase behaviour, and
caprock integrity. The study estimated the Sleipner project's capacity at 1.2 Gt. Since
then, more researchers have developed frameworks aimed at capturing the carbon

sequestration process more comprehensively.

Simtnek and Suarez (1993) conducted a study on the development of a model called

SOILCO2, which simulates CO, transport and production in soil. The model did not use

a mechanical approach or mixture theory as a fully coupled THMC model would. Instead,
it primarily focused on the thermal and hydraulic aspects of CO, transport in soil, without
considering the mechanical component. The model relies on process-oriented modelling,
primarily using Richards' equation for water flow and convection-diffusion equations for

gas transport, combined with empirical relationships for CO, production and temperature

effects.

In the following years, more researchers began publishing computer simulation results
for CCS in different scenarios. For example, the Alberta Research Council has many
publications (Gunter et al., 1993; Hitchon, 1996; Gunter et al., 1997a) that used two main
computer codes, STARS and PATHARC.94, to study CCS. STARS is a multi-phase
model capable of simulating hydrogeological processes. The studies predicted that up to

25% of CO, would dissolve into formation water, with the remainder as a supercritical

phase, migrating less than 5 km from the injection point. On the other hand,
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PATHARC.94 is used for reactive transport modelling, such as fluid-rock interactions
and reaction kinetics, and is based on a partially coupled (THC) framework. In the

simulations, the fluid phase was assumed to be saturated with CO,, and realistic mineral
dissolution rates were applied. The results predicted that significant CO, -trapping

reactions would have occurred in experiments at 105°C and 90 bar over a timescale of 6-
40 years. It was found that dissolution mechanisms were dominant in the early stages of
the simulations and were expected to occur closer to the injection well. Neither STARS
nor PATHARC.94 uses a fully coupled THMC framework, as they both lack the ability

to model mechanical deformation.

In the early 2000s, CCS models and simulations began to accelerate in the academic field.
Rutgvist and Tsang (2002) made a notable step in coupled modelling with their
integration of TOUGH2 and FLAC3D computer codes. Their work offered a good
platform for thermal-hydrologic-mechanical (THM) analysis in both fractured and
porous rock formations. The integration allows the model to adapt and reflect real-time
changes, that demonstrated the strength of this coupled approach in understanding CCS
dynamics. The published research introduces a basic mathematical model that primarily
uses a mechanics-based approach. They employed empirical hydromechanical coupling
relationships while the continuum equations were discretized in space using the integral
finite-difference method. Additionally, the sequential explicit solution applied in their

study could be insufficient for problems that exhibit rapid hydro-mechanical changes.

In 2004, TOUGHREACT, which can be considered an upgrade of TOUGH2, was
introduced. It is a numerical simulation program for reactive chemical transport,

developed by integrating geochemical processes into the existing framework of the non-
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isothermal, multi-component fluid, and heat flow simulator TOUGH2 (Pruess et al.,
2004; Xu et al., 2004a; Xu et al., 2004b; Pruess, 2005; Xu et al., 2005). The development
of TOUGHREACT enabled the modelling of reactive chemical transport processes in
addition to thermal and hydrological aspects. The key advantage of TOUGHREACT over
TOUGH?2 is its ability to model reactive chemical transport, in addition to the fluid and
heat flow capabilities that TOUGH2 already offers. TOUGHREACT integrates
geochemical processes such as mineral dissolution/precipitation, ion exchange, and
aqueous speciation, which are not included in TOUGH2. This allows for simulating
interactions between fluids and rocks during processes like carbon sequestration,
contaminant transport, and geothermal energy extraction (Xu et al., 2006).
TOUGHREACT is based on a mechanical approach, utilizing classical principles of fluid
mechanics, heat transfer, and geochemistry, rather than the mixture theory approach used
in some fully coupled THMC models. TOUGHREACT is not a fully coupled Thermo-
Hydro-Mechanical-Chemical (THMC) framework, though it does couple several key
processes. It does not simulate the mechanical responses of the porous media and cannot

consider the deformation of the porous media.

Since then, more researchers have focused on developing mathematical derivations of
transport models for the CCS process. For example, Bea et al. (2012) presents a process-
based reactive transport model to investigate CO, sequestration in ultramafic mine

tailings, focusing on natural CO, mineralization through the weathering of serpentine

and brucite minerals. The introduced model relies on Darcy’s Law for fluid flow and
Fick’s Law for vapor diffusion, combined with kinetic and equilibrium reactions for

geochemical processes. These are classic continuum-based reactive transport models, not
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a mechanical or mixture theory-based approach. However, the model is coupled in the
sense that it integrates thermal, hydrological, and chemical processes, making it a THC
model. The model includes unsaturated flow, vapor diffusion, and energy balance, fully
coupled with solute transport, gas diffusion, and geochemical reactions. Simulations
predict that CO, sequestration rates range between 0.6 and 1 kg/m?2/year, mainly driven
by the dissolution of serpentine and subsequent precipitation of hydromagnesite.
Limitations include the lack of mechanical coupling, the omission of barometric pressure

effects, and simplifications in CO, transport processes, leading to potential

underprediction of sequestration rates.

Kolditz et al. (2012) addressed deformable porous media in CCS modelling by presenting
a numerical framework for simulating two-phase flow in deformable porous media,

focusing on CO, sequestration in deep geological formations. The objective was to
model the interactions between fluid flow (CO, and brine), mechanical deformation, and
thermal effects during CO, injection into saline aquifers. The model accounts for fluid

motion via extended Darcy's law, the effective stress principle for solid matrix
deformation, and constitutive models for porosity and permeability as functions of fluid
saturation. The model uses a mechanical approach based on Biot's consolidation theory,
which describes the interaction between fluid flow and the deformation of the solid
matrix. This approach treats the solid and fluid phases separately, with the effective stress
principle applied to the solid matrix to account for mechanical deformation due to fluid
pressure changes. Three simulations were conducted, and the findings show that solid

deformation significantly influences CO, migration and stress distribution near the
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injection well, highlighting the importance of considering mechanical coupling in CO,

storage simulations. The limitations include potential challenges with phase changes in

CO, under different conditions, as well as the need for further validation with field data

and more realistic heterogeneous subsurface conditions.

Nasvi et al. (2014) also used a mechanical approach, specifically poroelasticity, to

describe the interaction between fluid flow (CO, ) and solid deformation (geopolymer).
The THM coupled model is used to address only one phase (CO,), using COMSOL

Multiphysics, with results validated against experimental data. The goal is to predict how
permeability and flow characteristics change under different conditions to ensure
wellbore integrity. Key findings indicate that permeability decreases with increasing
pressure due to pore volume shrinkage, and advection is the primary transport mechanism

during injection, with diffusion playing a minimal role. Darcy’s velocity, CO, pressure,

and concentration decrease with increasing confinement but rise with higher injection

pressure. This demonstrates geopolymer's superiority in CO,-rich environments

compared to conventional cement. The model excludes chemical reaction coupling and

sorption effects, which may affect real-world applicability.

Bea et al. (2016) presents a thermo-hydro-mechanical-chemical (THMC) coupled model
for analyzing fluid flow, heat transport, and geochemical reactions in deep sedimentary
basins influenced by glaciation cycles. The chemical reactions are integrated through
reactive transport, modeling mineral dissolution, precipitation, and ion exchange
processes in brine-dominated environments. This study introduces enhancements over

the previous one (Bea et al., 2012), where the new study incorporating mechanical
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deformation of the rock due to ice-sheet loading by solving stress-strain relationships for
the porous medium, adding terms for vertical strain and pore pressure evolution due to

oo,

ot

mechanical loading through %+ 4 =V.(kVP), where ¢ isthe loading efficiency

coefficient, o,, is the vertical stress, and P is the fluid pressure. Additionally, the study

models thermal transport and its coupling with fluid flow and chemical reactions,
accounting for heat transfer in the system. This introduces an energy balance equation

% +0-VT =V -(AVT ), where T is temperature and A is the thermal conductivity. The

model is simulated using the MIN3P-THCm reactive transport code, designed to simulate

these processes over long timescales.

Islam et al. (2020) used a mechanics-based approach to construct constitutive relations to
model leakage through compromised wells. The framework couple’s two-phase fluid
flow (liquid and gas) with solid-phase deformation. However, it does not incorporate
thermal or chemical processes, limiting the coupling scope to hydro-mechanical (HM)
coupling. The authors explore two computational schemes: one using capillary pressure
and gas pressure as primary variables (PP scheme) and the other using liquid pressure and
gas saturation (PS scheme). Innovations in this paper include the use of mass lumping
and upwinding techniques to improve numerical stability in heterogeneous media,
particularly in the context of fluid infiltration through compromised wells. These
techniques are validated against benchmark problems such as Terzaghi’s consolidation
and the Kueper and Frind tests. The study emphasizes the importance of selecting
appropriate primary variables and computational schemes for accurate modelling in

leakage scenarios, which is critical for assessing the risk of well integrity failures.
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Lu and Zhang (2020) improved the model further by using the Peng—Robinson equation
of state in a coupled THM model to simulate CO: sequestration in saline aquifers,
focusing on the interactions between CO: injection, temperature, pressure, and
mechanical deformation of geological formations. This enhancement incorporates
continuous physical property parameters (e.g., CO:z density and viscosity) using the Peng—
Robinson equation of state, allowing for more accurate predictions of CO: behaviour
during phase transitions. They used the Peng—Robinson pressure equation:

P= RT al) , Where P is the pressure of the gas, T is the

"V, -b V_(V,+b)+b(V, D)

temperature of the gas, R is the universal gas constant, V . is molar volume of the gas
(volume per mole) and a(T ) is attraction parameter, which is temperature-dependent,

and b is the repulsion parameter, representing the volume excluded by a mole of gas
molecules. Their framework provides detailed insights into spatial CO: distribution and
injection pressure, making it particularly valuable for preventing issues like caprock
fracture. It provides a more comprehensive treatment of phase changes and uses

COMSOL Multiphysics for efficient simulation.

Besides the above attempts to improve the model by incorporating continuous physical
property parameters, another study published by Carrillo and Bourg (2021) introduced a
new computational framework, the Darcy-Brinkman-Biot (DBB) model, for simulating
multiphase flow within and around deformable porous media. It combines the Darcy-
Brinkman formulation (for fluid flow) with Biot's theory (for mechanics) to represent
deformation in porous media. The DBB framework captures the interaction between fluid

flow, material deformation, and fracturing. Although it did not consider chemical or
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thermal coupling, the DBB model offers stronger two-way coupling between fluid and
solid phases, accounting for complex feedback mechanisms like flow-induced
deformation and fracturing. This is particularly advantageous in cases involving material

failure, which is more difficult to capture with earlier models.

In summary, the journey of coupled modelling in CCS has been one of innovation,
refinement, and continuous learning. Each study discussed above has contributed a
unique perspective, enriching the collective understanding of the field. As CCS
endeavours continue to grow in importance and scale, the insights and advancements in

coupled modelling will, without a doubt, play a crucial role in guiding future successes.

2.7 Knowledge Gaps

Although a significant development has been achieved in fluid transport in deformable
porous media and carbon sequestration throughout the years, all research done on this
subject is fairly new. Most of the studies were done either after the oil and gas industry
became a major source of the modern economy, where underground fluids transport
studies funded by oil companies, or after nuclear energy was discovered and radioactive
waste became an environmental issue. Moreover, carbon sequestration has started
recently, and therefore, long-term results are not available yet. Transport of multi-phase
fluid in deformable porous media is a complex process, and most models made too many
assumptions in an attempt to simplify the model. These assumptions reduce the results'
accuracy. The mixture-coupling theory approach has been widely wused in
Geoenvironmental Engineering to model the transport of fluids in a deformable porous

media; however, little research has been done on gas coupling.
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Moreover, there is no complete model that captures the full chemical coupling process
that can be used to simulate CO, injection. Especially the one that focuses on the effect

of the coupling relation between dissolution /precipitation and the variable value of

porosity/permeability.

Furthermore, some published research such as André et al. (2007a) has chemical
coupling but deals with one phase only. There is no good model, yet that can deal with
complicated chemical coupling progress that includes porosity and permeability variables
with the thermo-hydro-mechanical coupled system, especially when liquid and gas phases
are both considered. Moreover, much work remains to be done to understand the complex
inter-relationship between the different chemical reactions, especially for the caprock and
borehole wall (Rochelle et al., 2004). Although two decades have passed since this paper,
Khan et al. (2024) also noted that this knowledge gap still needs to be addressed.. They

concluded that CO, -brine-rock interactions involve complex chemical reactions, and our

understanding at the pore and grain scale is still limited. This gap raises concerns about

unexpected changes during CO, injection in geological carbon storage. Four key
reactions impact these systems: (1) CO, dissolving in brine, (2) secondary minerals
forming from CO,-enriched brine reactions, (3) interactions between water, rock, and
CO,, and (4) near-wellbore reactions influenced by factors like temperature, pressure,

and rock type. These processes can create nanoparticles, affecting pore structure and
potentially changing the wettability of the reservoir rock. Additionally, Lu et al. (2024)
highlighted the knowledge gap regarding the kinetics of such chemical reactions.

According to the U.S. Department of State's long-term strategy report (2021),
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technologies such as "enhanced mineralization™ are still in the early stages of research
and development. As a result, the potential for emissions reduction and the timeframes in
which these methods might be effective are uncertain. This is especially relevant in
addressing existing knowledge gaps in geochemical kinetics, highlighting the need to
overcome these scientific challenges to meet the urgent demands of climate mitigation
efforts. The paper also highlights another knowledge gap regarding the interactions
between primary and secondary minerals and emphasizes the need to understand how
these minerals are coupled and how their interactions influence one another. Hurter et al.

(2007) presented simulation results for a CO, injection project. The author suggested

that even though many simulators and codes are available today, they all have limitations.
The author stated that all simulators and codes have a shortcoming in common: the impact
of precipitation on the injecting process cannot be predicted accurately. This is because
of the lack of accurate generic relationships and correlations between pore space changes,
which results in permeability modifications. The author added that the existing research
is still fundamental in assessing the impact of precipitation. Audigane et al. (2007)

presented a two-dimensional reactive transport model of long-term storage of CO,. The

effect of mineral dissolution and precipitation on porosity is considered. TOUGHREACT
software is used to simulate the model. The author considers that coupled modelling of
geochemical reactions with multi-phase flow and transport remains a challenging task.
He advises improving the model by adding thermal coupling solid solution kinetics and

redox phenomena.

Gaus et al. (2008a) highlight the repeated emphasis on the importance of exploring the

connections between fluid flow, geochemistry, and geomechanics. They stress the need
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for further research to better understand how dissolution and precipitation processes
influence the relationship between porosity and permeability. This area of study is critical
to improving predictive models for subsurface behaviours, especially in the context of

carbon capture and storage (CCS) and other geotechnical applications.

The mixture-coupling theory approach will be used in this research because it can cover
the knowledge gap between the geochemistry and geomechanics fields. While
geochemistry science focuses on molecular reactions smaller than 1 nanometre in size,
geomechanics researchers have their approaches that deal with particles larger than 100
nanometres. The knowledge gap is between 1-100 nanometres, which has an excellent
coupling potential between the chemical and physical states. This gap can be covered by
developing a fully coupled thermo-hydro-mechanical-chemical-gas (THMCG) model
that is based on the mixture-coupling theory. Many researchers developed (THMC)
model; however, their models do not deal with coupled variable porosity/permeability

nor gas/liquid coupled phases.

Finally, most of the fully coupled codes are limited to single-phase liquid flow. In this
research, A fully coupled thermo-hydro-mechanic-chemical-gas model (THMCG) will
be developed. In addition to the contribution that will be made in the coupling process
between the chemical and THM process, the model will be modified to consider both gas

flow phase and liquid flow phase simultaneously.

The next chapter will develop a two-phase coupled transport model using mixture-
coupling theory. This model will then be validated against experimental data and findings

from other researchers. This two-phase model will serve as the foundation for subsequent
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thesis chapters, where it will be incrementally expanded to address additional

complexities.

2.8 Conclusion and Forward Trajectory

The development of a fully coupled THMC two-phase model for CCS applications
represents a key advancement in the field. Moving from a simpler two-phase HM model
to a complete THMC framework shows the importance of addressing all aspects of CCS
systems. This comprehensive approach is essential for effectively tackling the complex
interactions within CCS, ensuring a more accurate and reliable prediction of the system's

behaviour.

Moreover, the adoption of mixture-coupling theory within this research paves the way
for a more nuanced understanding of the interactions between various phases and
components within CCS systems. By meticulously incorporating coupling terms, this
model seeks to offer a more accurate representation of real-world phenomena, thereby

enhancing the predictability and reliability of CCS technologies.

As this research progresses, it will investigate the complexities of thermal, hydraulic,
mechanical, and chemical interactions within CCS systems, offering insights into their
synergistic effects. This comprehensive approach will not only address existing gaps in
the literature but also contribute to the development of more efficient, safe, and

economically viable CCS solutions.

Future chapters will meticulously detail the methodologies employed in the development
of the THMC model, along with a rigorous analysis of its performance under various

conditions. In Chapter 3, a two-phase fully coupled model will be established using the
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mixture-coupling theory, serving as the base model for the CCS THMC model. By
systematically enhancing the model with additional coupling terms in subsequent
chapters, a fully coupled two-phase THMC model will be developed by the end of this
research. This research will demonstrate the model's adaptability and potential to

accurately simulate complex CCS operations.

The culmination of this research is expected to offer a significant contribution to the field
of CCS, providing a robust tool for researchers, policymakers, and industry practitioners.
Offering a more detailed and integrated model aims to facilitate better decision-making
processes, optimise CCS operations, and ultimately contribute to the global effort to

mitigate climate change through effective carbon management strategies.
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Chapter 3: A Fully Coupled Hydro-Mechanical-Gas Model Based On
Mixture-Coupling Theory

Abstract

The interactions of gas migration, water transport and mechanical deformation of rocks
are significant for geoenergy industry (e.g., Carbon Capture and Storage, radioactive
waste disposal), however, the hydro-mechanical-gas coupled model remains a challenge
due to the gap between multiple disciplines (e.g. Geomechanics and Geoenergy). This
work presents a novel hydro-mechanical framework model of fully coupled two-phase
fluid transport in a deformable porous media through extending mixture-coupling theory
which is based on non-equilibrium thermodynamics. The main difference between the
mixture-coupling theory approach and other approaches (ex., mechanic's approach) is that
the mixture-coupling theory uses energy and entropy analysis by utilizing the unbalanced
thermodynamics, while the mechanic's approach analyses the stress-strain tensors. The
gas free energy has been included in the Helmholtz free energy balance equation. Three
main governing equations have been obtained for solid, liquid and gas phases. Benchmark
experiments and modelling based on classical continuum mechanics approaches are used
to validate the model by comparing the measured data to the simulation results. The
results have a good agreement with experimental data, demonstrating that gas migration
has a great influence on water transport and deformation of the solids. The novelty of this
study is that it is providing a new approach to study the multiphase flow coupling in

porous media rather than the classic mechanic’s approach.
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List of notations

d

Displacement tensor
Specific moisture capacity
Green strain

Green Strain tensor

Deformation gradient
The rock’s shear modulus
Unit tensor

Jacobian

Bulk modulus

Medium Intrinsic permeability
Bulk modulus of the solid matrix
Bulk modulus of water

Bulk modulus of gas.

Water intrinsic permeability

Gas intrinsic permeability

Water relative permeability

Gas relative permeability

Pore water pressure

Pore gas pressure

Average pressure in pore space
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m

m3/ m3

Dimensionless

Dimensionless

Dimensionless

Pa

Dimensionless

Dimensionless

Pa

mZ

Pa

Pa

Pa

mZ

m2

Dimensionless

Dimensionless

Pa

Pa

Pa



SW

Sg

o

P

Boundary attached on the surface

Saturation of water
Saturation of gas
Temperature
Piola-Kirchhoff stress

Time

Darcy velocity of pore water
Darcy velocity of pore gas
Arbitrary microscopic domain
Water velocity

Gas velocity

Solid velocity

Water viscosity

Gas viscosity

Water density relative to the unit volume of the

fluid—solid mixture

Gas density relative to the unit volume of the

fluid—solid mixture

Solid density relative to the unit volume of the

fluid-solid mixture

Water true mass density

Gas true mass density

m2
Dimensionless
Dimensionless
K

Pa

m/s
m/s
m3
m/s
m/s
m/s
Pa-s
Pa-s

kg/m3

kg/m3

kg/m3

kg/m3

kg/m3



l//pore

Water volume fraction
Gas volume fraction

Porosity

Helmbholtz free energy density

Helmholtz free energy density of the pore
Constituent

Free energy in the reference configuration

Cauchy stress tensor

Chemical potential of water
Chemical potential of gas
Strain tensor

Cauchy stress

Entropy production per unit volume

Volume fraction of pore water in the reference
configuration

Volume fraction of pore gas in the reference
configuration

Biot’s coefficient

Poisson’s ratio

Gradient

Partial Differential
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Dimensionless

Dimensionless

Dimensionless

J/m3

J/m3

Pa

J/mol

J/mol

Dimensionless

Pa

JIK-m3

Dimensionless

Dimensionless

Dimensionless

Dimensionless
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3.1 Introduction

Over the past years, fluid transport in porous media has become an area of great interest
for researchers. It is now considered an essential part of studies in the oil industries and
environmental institutes. However, modelling the transport of fluids in porous media is
complicated due to the coupled nature of the phenomena and the corresponding governing
equations with large number of variables. Many approaches have been developed to
capture the transportation process. Moreover, coupling between solid and fluid phases
can be modelled using two main approaches: the mechanics approach and the mixture-
coupling theory approach based on the mixture theory. The mechanics approach is based
on a classical consolidation theory described by (Biot, 1941; Biot, 1955; Biot, 1962; Biot
and Temple, 1972) and extended from the derivation of stress-strain balance equations.
Biot created a coupled relation between fluid flow and linear elasticity for solid
deformation (poroelasticity), which was used to calculate the deformation in the porous

media.

On the other hand, the mixture theory approach, developed by Truesdell (1957), Truesdell
and Toupin (1960), is based on the derivation of the energy balance equation of non-
equilibrium thermodynamics using continuum mechanics. Bowen (1980); Bowen (1982)
used the mixture theory to model incompressible fluids in porous media. The approach
maintains the individuality of the solid and fluid phases and takes into account the phase
interaction effects. Heidug and Wong (1996) present the first coupled model based on the
mixture theory that capture hydration swelling of water-absorbing saturated rocks under

isothermal condition
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Chen and Hicks (2011) used the mixture-coupling theory to model the hydro-mechanical
effect in unsaturated rock. Their model is a result of combining the non-equilibrium
thermodynamics and Biot’s poroelasticity. They built their model by deriving Darcy’s
law for unsaturated flow from the dissipation process and establishing a relationship
between stress and pore pressure changes using Helmholtz free energy. Chen and Hicks
proposed that their model is capable of capturing both small and large deformation of

rocks.

Nowadays, the mixture theory approach is widely used in various fields, including the
biomechanics field, where it is used to model the biological interstitial tissue growth,
solid tumours and blood flow (Please et al., 1998; Klika, 2014; Cardoso et al., 2013). The
mixture theory is also used in the oil field and earth sciences to model carbon capture and
storage, reservoir modelling and enhancing oil recovery. Furthermore, the mixture theory
method is used in the environmental field to study nuclear waste disposal and
groundwater contamination, and in construction studies, to analyse asphalt concrete

(Siddique et al., 2017; Krishnan and Rao, 2000).

The mixture-coupling theory can deal with molecular scale effects, and this gives it a
great potential to couple chemical reactions process with the hydro-mechanical
calculations. As a result, mixture-coupling theory can bridge the gap between the

geomechanics and geochemistry field.

The mixture-coupling theory may be used to couple multi-equations together, such as the
poroelasticity process (HM), the thermo-poroelasticity process (THM), the

poroelasticity-chemical reactions process (HMC) or all together as (THMC).
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In soil mechanics, gas migration in the unsaturated formation, such as soil and rocks, is
crucial. The big difference in viscosity, density and compressibility between the gas phase
and liquid phase cause a significant coupled impact on the hydro-mechanical part.

Additionally, gases such as CO, or other organic gases may have a considerable chemical

impact. In real applications, such as enhancing hydrocarbon production or carbon
injection and storage, gas migration needs to be considered. Therefore, including gas
migration in the mathematical model is a vital step. The existing mechanics approach can
handle coupled hydro-mechanics-chemical- thermal interaction. However, the chemical
coupling can be complicated and has many limitations when the mechanics approach is
used. Schrefler and Scotta (2001) used the mechanics approach to establish three coupled
equations that describe the mechanical behaviour, hydraulic behaviour of the water and
the hydraulic behaviour of the air. The equations were then solved numerically using the
finite element method. The model was validated by simulating an experiment of semi-
saturated soil behaviour, triaxial load experiment with clay specimen, and other two
examples. However, solving such a problem using the mixture-coupling theory is a step

forward.

In this work, anew model is presented based on the mixture-coupling theory approach.
the model will be used to capture and evaluate the hydro-mechanical effect of gas and

water flow in porous media.
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3.2  Physical Model

An arbitrary microscopic domain V , which is large enough to include all types of phases,
is selected. S is the surface boundary enclosing the domain V . Only fluids (e.g. water

or gas) are allowed to pass through the boundary.

3.2.1 Definition of flux, density, volume fraction and saturation

The mass flux of water and gas is defined as

" =p" (V' =Vv°), I° =p9(V® V") (3.1)

where the superscripts w , g and s denote water, gas and solid, respectively. p" , p° are
The mixture densities of water and gas are related to the volume of the mixture system.

v", vP®and v° are the velocities of each phase.

p" , p° arerelated to the true mass density (associated with the volume of phases) of

water p' and gas p’ through:

P =¢"p p°=¢4°p’ (3:2)

where ¢" and ¢° are the volume fractions of water and gas.

¢p=¢" +¢° (3.3)

¢ is the porosity.

The saturation of water and gas are:
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w_ ¢ ¢°
sv=f go-2 3.4
y (3.4)

Clearly, there is a relationship:

S9=1-S% (3.5)

3.2.2 Balance equation

The balance equation for Helmholtz free energy in a mixture system including solid,

water and gas is:

%L wdV :L on-v°dS —L L' 1Y -ndS —L £°1° -ndS -T L ydV

(3.6)

where: v is Helmholtz free energy density, ois the Cauchy stress tensor, " is the

chemical potential of water, w9 is the chemical potential of gas, T is temperature, y is

the entropy production per unit volume. Equation (3.6) is an extension of the Helmholtz
free energy balance equation under constant temperature presented by Heidug and Wong
(1996), by adding the gas flux to represent the free energy change due to gas flowing
into/out the selected domain. It is worth noting that this equation originates from a
mechanistic approach modelling background. While there are many common equations
between the mechanics approach and the mixture coupling theory approach, the key
difference lies in the use of the entropy production balance equation and thermodynamic

relations.

The material time derivative is
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%z@t +Vv -V (3.7)

in which &, is the time derivative and V the spatial gradient.
The differential form of the balance equation (3.6) for the free energy is expressed as
wHyYV-v' =V-(ev’)+V-(u"T")+ V- (¢°1°)=-T y <0 (3.8)

Balance equation for water mass is
D "dV )=—| I -ndS 3.9
ool prav)==f 1o (3.9)

The differential form is
P +p' Vv VDY =0 (3.10)

Balance equation for gas mass is
R(L gdv)z—j 1° .ndS (3.11)
Dt \W ¥ s '

The differential form is
PP+ Vv +V-19 =0 (3.12)
3.2.3 Entropy product and transport law

The entropy product arises from the dissipative processes, namely, the friction generated
at the solid/fluid phase boundary when the fluid moves through a solid matrix. The

entropy product can be divided into two parts: entropy induced by water fraction and gas
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fraction. By using non-equilibrium thermodynamics, the entropy production is described

by Katachalsky and Curran (1965) as:
1" v -1V =T y>0 (3.13)
The Darcy velocity of pore water u” and gas u® are:
u" =S"g(v"' -v°) (3.14)
u’ :S%ﬁ(vg —vs) (3.15)

Then, based on the entropy product T " =—1" -V4" and T 9 =—1° -V4° , the Darcy’s

Law for water and gas transport can be obtained through using Phenomenological

Equations (Chen and Hicks, 2011):

u, :—kwk—vrprW (3.16)
\'

_ K, <nyps 3.17

ug - gv_g p ( . )

where k,, k, are the intrinsic permeability for water and gas, k, and k  are the

rg
relative permeability, v" and v? are the viscosity, p* and p°? are the pore water pressure
and pore gas pressure. Darcy's Law can be derived using these phenomenological
equations that take entropy production into account, although this is not the most common
method. Usually, Darcy’s Law is derived in a simpler, empirical way. To determine the
Darcy coefficient, experimental data is needed, or it can be compared with other methods

to get accurate results.
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3.24 Hydro-mechanical framework equation

3.2.4.1 Basic equation for deformation

The soil/rock is assumed to be in mechanical equilibrium, so that V-6 =0. With the

entropy production (3.13) and balance equation (3.8), the equation for w can be written

as.
Y+ -V = (VY )+ VI 4 V18 =0 (3.18)

The classic continuum mechanics is used here to measure the rock’s deformation state.
Some basic relationships are needed: for an arbitrary reference configuration X, with
time denoted by t and position by x, the expression of Green strain E , and

deformation gradient F are expressed as:

OoX 1 T
F=— (X0 E=2(FTF-D) (3.19)

where | is a unit tensor.

The second Piola-Kirchhoff stress T is introduced to measure the stress in the reference

configuration, and it is related to the Cauchy stress ¢ by:

T=J"6F" (3.20)
where J is the Jacobian of F:
J v J =IWW (3.21)
av,

98



dV is the volume in the current configuration and dV, is the volume in the reference

configuration.

From the equation (3.10), (3.12) ,and (3.18), with equations (3.19) ,(3.20), and (3.21) it

leads to:
W =tr (TE)+ 2" m" + 1°m?¢ (3.22)

in which: ¥ = Jy is the free energy in the reference configuration, m” =J p” =S 7¢p/

is the mass density of the pore water ( # =w )/gas( =g ) in the reference configuration

3.2.4.2 Helmholtz free energy density of pore water/gas

The Helmholtz free energy density of the pore constituent, including water and gas, is

denoted as . . Then, based on classical thermodynamics, the free energy density of

pore space can be written as:
Voo =P +S" g " +S°p 1i® (3.23)
where p is the average pressure in pore space and is described as:
p=p"S" +p°S? (3.24)
By substituting equation (3.24) into equation (3.23), p can be eliminated as:
Vioe ==(P"S™ ) =(P9S?) + 42" (8" o' )+ " (8™ A" ) +4° (S°° )+ 4° (S° 7 )

(3.25)Applying Gibbs-Duhem equation in a constant temperature to pore water and gas

separately, it leads to:
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SWpW =lL'IWSWp;N

(3.26)
S9p° :ﬂgsgptg
and then, with equation (3.25) and (3.26), it leads to
l/./pore =_pWSW - pgs'g +:UW (SWP;N ) +:ug (S gptg ) (327)

3.2.4.3 Free energy density of the wetted mineral matrix

The free energy density of the wetted matrix can be obtained by subtracting the free
energy of pore water/gas from the total free energy of the combined rock/water/gas

system.

From equation (3.22) and (3.27), the free energy of the wetted mineral matrix is obtained

as:
(W=3¢ Ve ) =tr (TE)+po (3.28)
Where v =J¢ is the volume fraction of the pores in the reference configuration.
The dual potential can be expressed as
W =(¥ -1y, )-pv (3.29)
By substituting equation (3.28) into the time derivation of the equation (3.29), it leads to:
W =tr(TE)-pv (3.30)
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where W is a function of E ,and p, so the expression of T, and v can be given. Equation

(3.30) implies the time derivative of W (E, p) satisfies the relation:
W (E, p) =tr(TE) - pv (3.31)

and then

Tij=[ﬂJ ,u=—(ﬂJ (3.32)
oE; | on Je

and

(3.33)
T.ij = Lijkl Ekl -M ij F_’ (3-34)
o=M,E,; +Qp (3.35)

where the parameters L;,,,M; ,Q are as following group equations

ij

L-- — 8Tij — aTkl
“oleE, | | 6E, |
p N /p

o,
M"’:_(_—”j =[a_')] (3.36)
v ). \oE, ),

ij
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3.2.5 Coupled hydro-mechanical governing equations

3.2.5.1 Mechanical behaviour

Equations (3.34), (3.35) provided the general coupled equation for the mechanical

behaviour, water pressure, gas pressure, large deformation, and anisotropic condition.

This article focuses on the coupling of mechanical-water-and gas, so some assumptions

are made to simplify the discussion:

The mechanical behaviour is regarded to be a small strain condition, so the Green

Strain tensor E;; and Piola-Kirchhoff stress T, can be replaced by strain tensor

¢; and Cauchy stress o; .

T. =0, (3.37)

The parameters L, ,M; ,Q are material-dependent constants, and the material

ij !

is isotropic. Therefore, the tensor M ;; is diagonal and can be written in the forms

of scalars ¢ as

M, =5, (3.38)

ij

To avoid mathematical complexity, in this model, The porous media is assumed

to has a completely isotropic behaviour (isotropic material).

Based on the assumption (ii), the elastic stiffness L;, can be a fourth-order isotropic

tensor as
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2G
Lijkl =G (9, 5j| +5i|5jk)+(K —?)5 O (3.39)

ij

Here G denotes the rock’s shear modulus and K denotes the bulk modulus.

The assumption of small strain mechanics was applied at this point to simplify the
discussion. While this assumption is valid for most CCS modelling applications, in future
work, the model could be extended to account for scenarios where large deformations are
significant, such as in high-stress environments. This is why | maintained these

assumptions until the end of the derivation process.
With equations (3.38), (3.39) and (3.37), the governing stress equation (3.34) can be
simplified to

Gy = (K —%) £u Oy +2G € - 5@1 (3.40)

the incremental relationship between stress and pore fluid pressure is:

G, =—PJ; (3.41)

1
where p is the average pressure in the pore space, and
p=p"S" +p?S?=p"S" +p?-S"p°’ (3.42)

strain rate is related to the average pore pressure by

g = _%5” (3.43)

where K, is the bulk modulus of the solid matrix.
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and volume change is related to pore fluid pressure by :

o= —¢K£ (3.44)

Substituting equation (3.41) and (3.43) into equation (3.40):

£ = [1—-} (3.46)

The quantity ¢ is defined as the Biot’s coefficient and is related to the bulk modulus K

and K, as described in equation (3.46).
From equation (3.42), the average pressure can be rewritten as:
p=(S"+C,p°)p" +(S°-C,p°)p° (3.47)

w

where C, = E;S is the specific moisture capacity, and can be determined from the soil

water characteristic curve (SWCC) or by experiments (Van Genuchten, 1980b; Milly,

1982; Maina and Ackerer, 2017). p° =(pg —p" ) is the capillary pressure.

Then, equation (3.40) can be written as:
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ij

) G ). : W e\ ww e\

Ojj :(K _?jgkkgij +2G¢; _C(S +C,p )p J; _;(Sg -C,p )pgé}j
(3.48)

By assuming mechanical equilibrium condition do;; /0x; =0, and using displacement

variables d, (i =1,2,3) through ¢; =%(diyj +d;;), itleads to

szd+( G

1_20]V(V-d)—§v[(SW +C5p°)pw]_§v[(gg —Csp")pg]:o

(3.49)
In which & is Poisson’s ratio
3.2.5.2 Fluid-phase

By substituting water density equation (3.2), and saturation equation (3.4) in to water

partial mass equation (3.10):
(o g™ ) +p¢S" V-v* +v-(p:V¢SW (V' -v* )):o (3.50)
By using Darcy velocity equation (3.14):

(P'gs™) +p" 8" V-V +V-(g'u" )=0 (3.51)

By multiplying both side by the Jacobian J and using Euler identity as J =J V., and
v =J¢, the conservation equation of water can be written as:

(S g )+V-(A'u")=0 (352)
By expanding the derivation terms:

105



SYop" +S"vp" +S"vp" +V-(p'u")=0 (3.53)
By using assumption (i), and equation (3.38), equation (3.35) can be written as:

O={5,¢, +Qp (3.54)
The parameter Q can be obtained by eliminating © ,and &; by using equations (3.43),

and (3.44) into equation (3.54):

P .o P ).~
_¢_Ks —6”5"-[ —KJJFQIO (3.55)
<o
Q== (3.56)

Substituting equations (3.54), and Darcy’s law for water (3.16) in to equation (3.53):
" (£5;¢; +QP) A" +S" vpl +S vp! +V-p! (—kw k—V“VNVpW j: 0 (3.57)
v

By using displacement variables d, (i =1,2,3) through &; :%(di,j +d;;) , equation
(3.47) to eliminate the average pore pressure rate, and Q value from equation (3.56) into

equation (3.57):

§SwptWV-d+§K—_¢swptW (s" +C.p°)p" +§K—_¢8Wptw (s9-C.p°)p°

S S

+SYupt +SV P! + p (—kwk—v“v”VZpWJZO
Vv

(3.58)
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The water density change equation:

o W 1 0p" \op" w 1 .
o= | — =p 3.59
t t ( ;N apw j 6t t K p ( )

w

where K, is the bulk modulus of water

By combining (3.59) with (3.58) leads to:

(Swpfvv'd‘i‘LgK_q}SWptw (SW +Cspc)+sv:<¢p:v]pw n

S w

(3.60)

W c\ W W W krw w
—Swpt (Sg_csp )pg+s ¢pt +pt (_kwv_wvzp jzo

Separate the C, terms from the brackets and recall the definition of C_, then equation

(3.60) becomes:

W.. ﬂwwsw¢-w ﬂwg-g
g’SVd+(KSSS+ ij+K S*¥S9p

(3.61)

3.2.5.3 Gas phase

With a similar derivation process to section 2.4.2, the final gas governing equation can

be obtained:
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oV.d+| £ Psogo S |50, &P cagwyw
;sVd+(Ksss +Kng+KSSSp

(3.62)

Jr[g_¢89pC +¢]S"’ +[—kgkivngJ=0
K A

S

where K is the bulk modulus of gas.

3.3 Numerical solution

Many researchers (Schrefler and Scotta, 2001; Laloui et al., 2003; Hu et al., 2011; Kim
and Kim, 2013; Islam et al., 2020; Wei et al., 2020b) have used the drainage test
performed by Liakopoulos (1965a) as a benchmark test to validate numerical models for
unsaturated porous media. In this work, COMSOL Multiphysics software is used to
simulate the drainage test to validate the proposed model. Three physical domains: solid
mechanics, Darcy's law for water, and Darcy's law for gas were incorporated into the
model builder environment. The parameters for each physics domain were adjusted to
align with the governing equations previously outlined. The simulation results were then
compared with experimental data to evaluate the model's accuracy. However, since
Liakopoulos (1965a) only measured the water pore pressure and the water outflow rate
of the system, the rest of the results, such as air pressure, displacement, capillary pressure

and water saturation, are compared to Schrefler and Scotta (2001).

The objective of the Liakopoulos (1965a) experiment is to study the fully saturation
condition in a gradual desaturation state development. In the proposed experiment, 1.0 m
length and 10 cm diameter Perspex column was filled with Del Monte sand with top and

bottom exposed to the atmospheric pressure. The walls of the tube walls are assumed to
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be rigid and impermeable for both water and air (no lateral displacement at the sides
boundary and no flow). Tensiometers were used to measure the change of pore pressure
along with column height. Only gravitational force is considered in the process. The
column of sand is then constantly fed with water from the top until a constant flow rate
is established through the column, and the drainage flow from the bottom through a filter
becomes steady (inflow=outflow). After achieving the uniform flow condition, the water
flow supply from the top is terminated (considered as time t =0). The water then starts

to drain due to gravity.

In this numerical simulation, the capillary pressure calculation is valid for saturation
S" >0.91. The relative permeability is calculated using Brooks and Corey (1966) model
as following :

S =1-0.10152(-P )2k —1-2207(1-S" )2 (3.63)

w

Table 3.1 shows the experiment's parameter; however, some of these properties were
not provided by Liakopoulos himself, such as Young’s modulus and Poisson's ratio.

However, they were estimated by other researchers such as Lewis and Schrefler (1998b).

Table 3.1: Material parameters

Physical meaning Values and units
Young’s modulus E =1.3MPa
Water density p" =1000kg/m®
Gas density (air) p9 =1.2kg/m®
Solid density (sand) p° =2000kg/m®
Poisson’s ratio 0=0.2

Biot’s coefficient ¢=1

Porosity ¢=10.2975
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Intrinsic permeability of the solid K, = 45x107° m?

(sand)

Dynamic viscosity of water VW =1x107°Pas
Dynamic viscosity of gas (air) v?=1.8x10"Pas
Bulk modulus of water K, =2.0x10° MPa
Bulk modulus of gas (air) K,=0.1MPa
Bulk modulus of solid (sand) K, =1.0x10° MPa

For the numerical solution, assumptions have been made to conform with the laboratory
conditions; first, the drainage process occurs due to gravity force only along the vertical
direction. Second, at t =0, the porous media is fully saturated with water (S" =1).

Moreover, for the sake of simplicity, the porosity change is neglected in this simulation.

For the relations above, the capillary pressure should be constrained by P°>0.
Moreover, to have a stable numerical solution through the transition phase from fully
saturated to partially saturated state, a lower bound of 1x10*air relative permeability

k, is applied. This lower bound will simulate the micro-bubbles of the air while the

system was approximating to the fully saturated state (Schrefler and Xiaoyong, 1993; Hu
et al., 2011). For numerical convergence testing, several tests were performed, including
mesh refinement and timestep sensitivity analyses, under different boundary conditions
and saturation transitions to verify convergence behavior. The results were consistent,

showing minimal variation.
Boundary and initial conditions:

Liakopoulos (1965a) assumed that the lateral boundary of the tube is impermeable for
both water and gas. However, some researchers, such as Hu et al. (2011) suggested that

the interface between the sand column and the cylinder in Liakopoulos (1965a) drainage
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test might provide a fair passage for the air, and the experiment was not guaranteed to be
a gas-tight on the lateral boundaries. Hu et al. (2011) discussed this issue and compared
the two assumptions, and concluded that having a gas permeable lateral boundary in the
simulation gives a much better match to the experiment (outflow measurements). In this

paper, the boundary condition for the air pressure at the lateral walls, the top and the
bottom end of the sand column will be set as p® =p,, . For the initial conditions,
Narasimhan (1979) mentioned that at t =0, S™ =1 and the pressure head was zero

everywhere in the column as measured in several tensiometers distributed through the

column. Because of that, the initial gas and water pressure will be set as zero (

p" =0,p°® =0). Figure 3.1 shows the initial and boundary conditions for the experiment

simulation.
0.1m
«—>
Top boundary:
F 3
O P* =P
Initial conditions: O Lateral boundary:
P = Pan
pg :0 O p\r :pm“
p' =0 1.0 m d. =0
inflow = f’f P, g O
v Bottom boundary:
dx = . =
O pg :p(ﬂ?il
P’ =Pun
d_\_ = O_‘ d_'l.' = O
v O

Figure 3.1: Initial and boundary conditions for Liakopoulos (1965a) drainage test.
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Figure 3.2 compares the simulation results with Liakopoulos (1965a) experimental
results. The figure shows the water pressure change through the vertical distance of the
sand column at different time intervals (5, 10, 20, 30, 60 and 120 minutes). The numerical
and the experimental results have a good agreement after 20 minutes, however, prior to
this, the measured water pressure seems to decrease more slowly than the numerical
solution, which dropped more rapidly. Schrefler and Scotta (2001) and many other
researchers observed a similar phenomenon (Islam et al., 2020; Wei et al., 2020b; Kim
and Kim, 2013; Gawin et al., 1997; Bandara et al., 2016) and justify it to the simplified
model used for the simulation. In general, the differences between the simulation results
and experimental data could be attributed to the chosen solution strategies and the specific
framework used, as different approaches yield slightly different outcomes. This is
because each method relies on its own set of assumptions to simplify the derivation
process. For example, the assumptions listed in the "Mechanical Behaviour" section of
this chapter (Section 3.2.5.1) influence the results. Additionally, the simulation assumes
that the drainage process occurs solely due to gravity in the vertical direction, and changes
in porosity are neglected. Furthermore, some key material properties, such as Young’s
modulus and Poisson's ratio, were not provided by Liakopoulos himself and were reverse

calculated.

Figure 3.3 through Figure 3.7 compares the numerical solution with Schrefler and Scotta
(2001) simulation's results. There is a clear difference in the gas (air) pressure results, as
shown in Figure 3.4, where the pressure peaks in Schrefler and Scotta’s simulation shifted
down through the column more aggressively. These differences are due to some

differences in the governing equations and the numerical solution logarithm. However,
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Kim and Kim (2013) conducted an experiment and compared the result with Schrefler
and Scotta (2001) air pressure results and found that the air pressure peaks do not move
down in such a violent wayt is worth noting that Schrefler and Scotta’s (2001) research
provides a solid foundation for comparison and has been widely cited by others, including
Kim and Kim (2013) and Islam et al. (2020). While Kim and Kim focused on pressure
simulations and comparing various solution strategies, this study primarily explored other
aspects, such as displacement and water saturation. Therefore, benchmarking against their
work was not considered necessary, as it would not have provided additional insights
beyond the differences in air pressure results. The capillary pressure in Figure 3.5 is

expected to be slightly different from Schrefler and Scotta’s since it is directly related to
the air pressure values (p© = p? — p" ). Figure 3.6 shows the water saturation results. The

results seem close to Schrefler and Scotta’s data; nonetheless, differences are justified
because the water saturation calculation estimated based on Brooks and Corey (1966)
model is a function of capillary pressure, as shown in equation (3.63). Finally, Schrefler
and Scotta’s displacement results show almost the same trend but with 36% less
deformation than the mixture-coupling theory model, as shown in Figure 3.7. Though,
when the displacement is compared to other researchers such as Islam et al. (2020), the

results are almost identical.

Overall, the simulation results of the proposed model have a good agreement with
Liakopoulos (1965a) experiment’s results. The comparison between the proposed model
solution and Schrefler and Scotta (2001) shows close findings with some differences that
can be justified by the differences in the governing equations and the numerical approach.

However, these differences are still consistent with other researchers results, as discussed
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earlier. As there are no reliable benchmark experimental data that shows the exact air

pressure and solid-phase displacement, it is difficult to determine which model is more

accurate.
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Figure 3.2: Simulation results vs Liakopoulos’ experiment data (water pressure)

114



Height (m)

Figure 3.3: Simulation results vs Schrefler and Scotta’s results (water pressure)
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Figure 3.5: Simulation results vs Schrefler and Scotta’s results (capillary pressure)
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Figure 3.6: Simulation results vs Schrefler and Scotta’s results (water saturation)
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Figure 3.7: Simulation results vs Schrefler and Scotta’s results (displacement)
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Figure 3.8: Simulation results vs Islam et al. results (displacement)

Triaxial pressure device experiment:
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Liakopoulos (1965a) did not measure the gas pressure or flowrate in the conducted
experiment; thus, another experiment is required to validate gas pressure/flowrate results.
Popp et al. (2008) conducted a laboratory experiment using a triaxial pressure device with
ultrasonic sensors to measure gas flow speed. Researchers such as Fall et al. (2014a)
used this experiment to validate their HM model. The model proposed in this research
will be used to simulate the experiment and compared with the experiment results (Popp

et al., 2008).

Laboratory experiments were performed on the Opalinus Clay specimen (contains 6%
water). The specimen was sampled from Mont Terri (Switzerland). Triaxial loading,
strength, and gas injection tests were applied to the clay samples. The specimen was
150.45mm in length with 73.59 mm in diameter. The acoustic velocities and gas
permeability were measured parallel to the sample axis during the experiment. The top
and the bottom of the specimen were drilled, and nitrogen gas was injected at control
pressure in the central borehole from the bottom side of the sample. The gas flow rate at
the upper outflow borehole was then measured using ultrasonic sensors. A hydrostatic
loading with a constant confinement pressure was applied, and the gas (nitrogen) presser
increased as a step function. A detailed description of the experiment and characteristics

of the clay is given by Popp and Salzer (2007) and Popp et al. (2008)

A 2D model geometry is created in COMSOL Multiphysics with extra-fine triangular
mesh (as shown in Figure 3.9) to simulate and validate the proposed HMG model using
the experiment. The figure shows the boundary condition as described in the original

paper (Popp et al., 2008).
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Figure 3.10 compares the gas flowrate experiment data and the simulation result of the
proposed HMG model. During the experiment, the specimen started to crack (fails),

which induced a noticeable increment in the permeability at 13,150 sec.

The simulation result agrees with the experimental data in the elastic phase; however,
since the proposed model is an elastic-model and deals only with constant permeability,

the plastic deformation (crack) cannot be captured using such a model.
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Figure 3.9: 2D triangular mesh geometry created and solved using COMSOL
Multiphysics
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Figure 3.10: Simulation results vs experimental data

3.4 Conclusions

A Fully coupled hydro-mechanical-gas (HMG) model based on the mixture-coupling
theory approach for water and gas flow was developed in this research. The coupled
model is based on Helmholtz free energy equations and Biot’s model. The model takes
into consideration the coupled relation of solid deformation with the change in pressure.
The change in water saturation and relative permeability is also considered since gas flow
is included. The model was validated using Liakopoulos (1965) and Popp et al. (2008)
experiment’s data. The simulation results also compared to Schrefler and Scotta (2001)
solution. The model was solved numerically using COMSOL software (Finite element
method software). The required parameters, Initial and boundary conditions were chosen
from the available literature. The model showed good agreement with Liakopoulos’
experimental data. The air pressure results showed slight differences from Schrefler and

Scotta’s results, which could be justified by some differences in the governing equations
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and the choice of solution algorithm. Since Liakopoulos (1965a) did not measure the air
pressure, Popp et al. (2008) triaxial experiment’s data has been used to validate the gas
behaviour part. The gas flowrate from the simulation showed a good agreement with the
experimental data in the elastic phase. The model can be beneficial to many fields,

particularly oil field studies as a CO, injection simulation. This study offers

opportunities for further future research. For example, this study could be extended by
including a variable boundary condition to simulate a real case scenario, where the
pressure and the porous media are not controlled at boundaries. Furthermore, more
experiments on the flow of two-phase fluid in deformable porous media are required to

measure and validate the air gas pressure and solid phase deformation behaviour.

In the next chapter, the two-phase model will be further developed to include the transport
of chemical solutes. However, it will initially not account for chemical mass transport;
only the energy impacts of solute transport will be considered. The incorporation of mass
transport will be addressed in later chapters (Chapter 5 and 6). Additionally, the model

will also account for energy losses resulting from interactions between the two phases.
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Chapter 4: Two-Phase Interaction in Isothermal Hydro-Mechanical-
Chemical Coupling for Improved Carbon Geological Sequestration

Modelling

Abstract

Geological sequestration is an established method to store carbon deep underground.
Many studies have proposed coupled constitutive models that can simulate such a
complicated process; however, the coupling effect of multi-phase fluid flow and transport
of chemical solutes in the liquid phase remains to be investigated. This study presents a
multi-phase non-reactive hydro-mechanical-chemical constitutive framework under
isothermal conditions based on mixture-coupling theory. Non-equilibrium
thermodynamics is used to generate an entropy production equation, and
phenomenological equations use this to derive the chemical transport and interaction
between two-phase fluid flows. This study proposes novel terms in the final governing
equations. The model results are in good agreement with the results of a benchmark
experiment and those found in the literature; the model has been used to compare the
behaviour of carbon dioxide in the gas and supercritical phases. Sensitivity analysis was
conducted to determine the effect of the parameters in the new terms. Sensitivity analysis
revealed the significant impact of relative permeability and saturation values on the new
terms, emphasizing the importance of understanding frictional behaviour in porous media
for accurate fluid flow modelling and prediction. This study urges further
experimentation and model refinement to improve carbon sequestration modelling in

larger formations.
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List of notations

d Displacement tensor
c’ Specific moisture capacity
c” Chemical concentration of water
c’ Chemical concentration of the solute
E Green strain
E Young modulus
F Deformation gradient
G The rock’s shear modulus
I Unit tensor
17 Mass flux of the phase/species
J Jacobian
J’ Diffusion flux
K Rock’s Bulk modulus
K abs Intrinsic permeability
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K'B

rp

Sﬁ

Bulk modulus of the solid matrix

Bulk modulus of the phase/species

Phase/species relative permeability

mass density of the phase flows in the

reference configuration

Molar mass of the chemical solute

The outward unit normal vector

universal gas constant

Boundary attached on the surface

Capillary pressure

Phase/species pressure

Average pore pressure

Saturation of the phase/species

Constant temperature

Second Piola-Kirchhoff stress tensor

Time
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Vﬂ

\V pore

¢ﬂ

pore

Darcy velocity of the phase/species

Acrbitrary microscopic domain

Volume occupied by phase/species

Volume of the pore space

Dual potential

Phase/species velocity

Phase or species (s, w, |, Sc, ¢)

Phase/species viscosity

Phase density

Mixture density

Phase volume fraction (phase porosity)

Porosity

Helmholtz free energy density

Helmholtz free energy density of the pore

Constituent

Free energy in the reference configuration
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Cauchy stress tensor

Chemical potential of the phase

Strain tensor

Entropy production per unit volume

Porosity in the reference configuration

Biot’s coefficient

Poisson’s ratio

Gradient
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4.1 1. Introduction

Recent research has included novel studies on a fully coupled multi-phase hydro-
mechanical-supercritical-chemical phase transport model for carbon sequestration
applications (André et al., 2007b; Sasaki et al., 2008; Alonso et al., 2012; Nasvi et al.,
2013; Yamamoto et al., 2013; Li and Laloui, 2016a; Zhang et al., 2016; Islam et al., 2020;
Lu and Zhang, 2020; Bao et al., 2014) . These efforts aim to advance our understanding
and application of carbon storage techniques, contributing significantly to efforts to
mitigate our carbon footprint. Additionally, certain researchers are exploring how to
leverage the carbon sequestration process not just for environmental remediation, but also
as a means to enhance hydrocarbon production such as methane (Fan et al., 2019b; Fan
etal., 2023). Within the broader context of subsurface processes, recent studies have also
shed light on coal-water interactions and their influence on gas extraction from coal, as
well as on the multi-physics coupling involved in coal and gas outbursts (Liu et al., 2021a;
Liu et al., 2021b). The carbon sequestration process usually requires multi-phase flow
modelling because the storing process is often conducted in aquifers or formations that
contain other fluids, such as oil and natural gas. Early research, such as Meiri (1981) and
Schrefler and Xiaoyong (1993), attempted to develop a general two-phase hydro-
mechanical (HM) model to describe the transport of fluids (such as water) and air in
deformable porous media. Whereas Meiri (1981) used a basic model to simulate a 1D air
storage case, the Schrefler and Xiaoyong (1993) model was more advanced and had better
validation against known cases, such as Liakopoulos (1965b). However, the mechanical
governing equations were relatively simple, and the model lacked the ability to simulate

the effect of chemical solute transport and two-phase interaction energy dissipation on
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the total energy of the system. Later, Li and Laloui (2016b) proposed a coupled multi-
phase modelling framework for the carbon sequestration process in the supercritical
phase. The presented thermo-hydro-mechanical model (THM) simulated the supercritical

CO, (ScCO,) injection process. The main innovation of the model was thermal

coupling, in which the Joule-Thomson effect was incorporated into the THM model.
Although the presented model appeared to have a good thermal coupling capability, it is
a more simplified version with just mechanical coupling, and the transport of chemical
solutes being ignored. Moreover, the dissipation energy due to the two-phase interaction
fluids remained uninvestigated. Due to the complexity of chemical coupling transport in
the multi-phase, many researchers prefer to use simulators such as TOUGHREACT or

AD-GPRS/GFLASH to simulate the ScCO, sequestration process when chemical

transport and reactions are considered (Zhang et al., 2015; Wolf et al., 2016; Xu et al.,
2003; André et al., 2007b; Taron and Elsworth, 2009; Xiao et al., 2009; Xu et al., 2010;
Liu et al., 2011; Zhang et al., 2012; Zhang et al., 2016; Siqueira et al., 2017; Voskov et
al., 2017). The simulators have acceptable results; however, the scope of this research is
to focus on the mathematical derivation and governing equations rather than simulations.

Islam et al. (2020) presented a two-phase coupled model for a CO, sequestration project

to investigate the possibility of fluid leakage. The authors derived a general form of the
coupled equations and obtained two schemes: the capillary and gas pressure scheme and
the liquid pressure and gas saturation scheme. This method attempted to simplify the
solution of the numerical simulation while retaining the coupled HM interaction. The
model was then compared to others in the literature, such as those developed in Refs.

(Richards, 1931; Liakopoulos, 1965b; Kueper and Frind, 1991; Schrefler and Xiaoyong,

128



1993); however, the model neglected the chemical solute transport and friction results

from the interaction between solid/gas-Sc, solid/liquid, and liquid/gas-Sc flows.

The effects of transported solutes and the friction dissipation energy on some parameters
such as pressure, deformation, saturation and other properties due to the multi-flow of

ScCO, and formation liquid have yet to be fully explored. This study investigates the

effect of solute transport within a liquid on fluid energy and the effect of friction between
each phase. A mathematical model is developed using the mixture-coupling theory
approach. Mixture-coupling theory is an energy approach which was developed by
Heidug and Wong (1996). Since then, the model has been known by modified mixture
theory or mixture-coupling theory (Chen, 2010; Chen and Hicks, 2011; Chen et al., 2016;
Ma et al., 2020b; Abdullah et al., 2022). The mixture-coupling theory is modification of
the mixture theory by viewing a fluid-infiltrated rock/soil as a single continuum instead
of explicitly discriminating between the solid and fluid phase (Heidug and Wong, 1996).
Moreover, it overcomes the challenges in mixture theory and shows advantages over the
classic mechanics approach (Coussy et al., 1998). Additionally, Unlike the classical
mechanics approach, which uses the stress-strain tensor and balance of linear momentum,
mixture-coupling theory is based on non-equilibrium thermodynamics and uses energy
and entropy analysis. The difference between the two methods is discussed with more
detail in Refs. (Chen and Hicks, 2011; Abdullah et al., 2022). The mixture-coupling
theory, in contrast to some other energy approaches that also utilize non-equilibrium
thermodynamics, omits the momentum conservation balance equation. The objective of
this research is not to explore the differences between the mixture-coupling theory and

other methods. For that, readers are directed to Siddiqui et al. (2023), who discuss the
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THCM continuum modelling, emphasizing thermodynamics-based constitutive models

in depth.

The remainder of this paper is organised as follows. Section 4.2 introduces a model of the
transport of two-phase fluids in a deformable porous medium, before Sec. 4.3 models the
dissipation entropy of the system. Section 4.4 describes the coupling of the models in
Secs. 4.2 and 4.3 and develops the phenomenological equations of the system. Section
4.5 determines the constitutive equations, and Sec. 4.6 validates the model against

numerical simulations. The study and its contributions are listed in Sec. 4.7.

4.2 Physical model

This model considers the transport of two-phase fluids, ScCO, and saline water flows,

in a deformable porous medium under isothermal conditions. The couplings between the
fluids and deformation are considered. Because saline water consists of water and a
chemical (NaCl), the chemical transport modulus is also studied. To simplify the
discussion, the following are assumed: (1) chemical reactions, either between/within the
fluids or between fluid-solid, are not considered; (I1) the chemical solute/minerals only
exist in the liquid phase (saline water); (I11) carbon dioxide in the supercritical phase is
chemically non-reactive; (IV) the system is immiscible, in which the mass does not
exchange between the liquid and supercritical phases through dissolution; (V) the process
is under isothermal conditions; and (V1) the porous media has a completely isotropic
behaviour (isotropic material). These assumptions simplify the complex process of the
two-phase fluid transport model, but this simplification may affect what really happens

in real-world scenarios. Ignoring chemical reactions, assuming chemicals only exist in
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the liquid phase, and treating supercritical CO. as non-reactive simplify real-world
behaviours where chemical interactions often occur. The immiscibility assumption
overlooks mass exchange between phases, which is common in practical CCS scenarios.
Assuming isothermal conditions and isotropic porous media simplifies the model but
doesn't reflect the variability of temperature and material properties in real settings. The
assumption of linearity can make the model easier to solve but is typically unrealistic due

to the non-linear nature of fluid flow and deformation in porous media.

Although the assumptions above may seem to limit the scope suggested by the chapter
title, which focuses on improving CCS modelling, the novelty of this chapter lies in both
the extension of the model from the previous chapter and its application to CO. storage.
This chapter specifically incorporates dissipation energy from chemical solute transport
and phase interactions within a non-reactive model. These two innovations can have a

noticeable impact on CCS simulations under certain conditions.

To develop the constitutive model, an arbitrary microscopic domain which is large
enough to include all phases, with surface boundary S enclosing the domain V , is

selected. Only fluids are allowed to pass through the boundary.

Let the superscript Sc represent ScCO, and | represent saline water; the volume of the

two flows are V *° and V', respectively. If the volume of the pore space is V ™, the

following relationship can be obtained:

\/ Pore g Sc +V',¢=¢S°+¢',SS°+S':1, 4.1)
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where =V PN , ¢ =V *N  and ¢' =V ' are the volume fractions (porosity) of
the pore space, ScCO,, and saline water, respectively; S*° =V *°A/ " is the saturation
of the ScCO,;and S' =V '/ ™" is the saturation of the saline water.

The mixture density (mass divided by total mixture volume) can be linked to the phase

density (mass divided by phase volume) using

P =0'pl, p* =405, (4.2)

Sc Sc

where p' and p*° are the mixture densities and p; and pS° are the phase densities.

Any constituent in one phase follows a similar density relationship. For example, for the

chemical ¢ and water w in the saline water, the following holds:

P =o', piand p'=p" +p°, (4.3)
where 0, is the mass of the water divided by the total liquid (phase) volume and g/ is

the mass of the chemical divided by the total liquid (phase) volume, ,0C is chemical

mixture density.

4.2.1 Fluxequations:

Let g represent either the saline water flow | or supercritical Sc 002 flow Sc, as well as
the sub-constituents in saline water, such as water and chemical; the mass flux of 2z is

defined as

Iﬁ=pﬂ(vﬂ—vs), (4.4)
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where pﬂ Is the mixture density of g, v” isthe velocity of g, and v*is the velocity
of the solid.

The diffusion flux J7 of g, relative to the barycentric velocity can be expressed as:

Jﬂ:pﬂ(v”—v'),ﬁel, (4.5)
3 =p’ (V' =v*), pesc, (4.6)
where V' = ’D—IVW +p—|vc is the barycentric velocity of saline water.
P P

In Eq. (4.6), because we regarded the SCCO, flow to be composed of a single constituent,
v” = v* , which means the diffusion flux of the SCCO, flow is zero. However, in Eq.

(4.5), saline water flow contains water and a chemical; therefore, v = v' and v¢ = v'.

Considering the flux equation (4.4), the diffusion flux (4.5) can be written as

Jﬂzlﬁ—pﬂ(v'—vs). 4.7
4.2.2 Mass and energy balance equations
4.2.2.1 Helmholtz free energy

The Helmholtz free energy balance equation for the considered mixture system can be

written as (Heidug and Wong, 1996):

%(L wdV )=J~S ov’ -ndl“—(J.S Y7 e +L 7ol b +L ﬂclc)'nds -T _[/ v,
(4.8)

where v is the Helmholtz free energy density; 6 is the Cauchy stress tensor; n is the
outward unit normal vector; ,UW ,,Llsc, and ﬂc are chemical potentials of the water, Sc C02
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, and chemical (NaCl), respectively; .T . is the constant temperature; and 7 is the entropy

production per unit volume.

The material time derivative following motion of the solid is % = %+ ve -V () ; then,
the differential form of the balance equation of the free energy density can be written as:

w+yV-v® —V-(0V5)+V-(,uwlw + 15T +y°I°):—T y<0. (4.9

4.2.2.2 Fluid balance equation:

Because no reactions are considered, the change of mass is only through the flux;
therefore, the balance equation for the fluid can be expressed as (Chen, 2013; Chen et al.,

2018a):

%(jvpﬁdv )=—j5|ﬂ-nds : (4.10)

and the local form is:

o'+ p’VV V1P =0, (4.11)

4.3  Dissipation entropy

The entropy product results from dissipative processes, such as the friction generated at
the solid/fluid phase boundary when fluid moves through a solid matrix. Moreover, the
transport of the solute (chemical transport) has a dissipation effect. The entropy product
can be divided into three parts: entropy induced by the saline water fraction, entropy
induced by the supercritical fraction, and entropy by chemical transport. By using non-
equilibrium thermodynamics, entropy production is described by Katachalsky and Curran

(1965) as:
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0<Ty=—1"-Vi" —1*.Vi* -1°.Vi° (4.12)
The Darcy velocity U applies to both the liquid (including the chemicals/solute) and

supercritical, and can be written as

uI =SI¢(VI —VS), USCZSSC¢(VSC_VS)- (413)
Using the relationship in Eqgs. (4.7) and (4.13), as well as substituting the density

relationship (4.2) into Eq. (4.12) , the following is obtained.

0<Ty=-u"-Vp' -3 V(s — " )-u* -Vp*, (4.14)

in which —U' -Vp' represents the liquid Darcy velocity driven by liquid pressure pI ,

J°-V(u* — ") represents the chemical diffusion in the liquid water driven by chemical

potentials, and —usc-VpSC represents the supercritical Darcy velocity driven by

supercritical pressure.

Equation (4.14) describes the entropy production with the driving forces of each flow. To
describe the interaction between flows and driving forces as a linear relationship, the

concept of the phenomenological equation may be used (Chen et al., 2018a).
4.4  Coupled phases interactions and phenomenological equations

As each flux may influence another flux (coupled), the interaction between flows and
driving forces can be expressed as the linear dependence of the three flows on their

corresponding force equations (phenomenological equations). The three flows

piu', p¥u*, and 3¢, and the three major driving forces Vp',Vp* , and V(- u") can

be calculated using mass transport in isotropic media (Chen et al., 2018a; Karrech, 2013):
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L L c ¢ w
piu' =—p—1.1Vp'—p—ginS —LaV(u - "), (4.15)
| Sc
Sc,,Sc __ L21V | Lzzv Sc LV c W
pu __F p T T sc P —Ly (:u —H ), (4-16)
| Sc
C L L c c w
¥ =—=Lyp' =2 p* L V(4 - "), (4.17)
P Psc

where Lij are phenomenological coefficients.

Equations (4.15)-(4.17) describe the coupled fluid flows (liquid water/SCCO,) and

diffusion flux in the liquid phase (NaCl/liquid water) with the coupled influence of liquid

and supercritical pressures and chemical potential difference.

Since using chemical potentials is uncommon in geomechanics, it is replaced with
chemical concentration c¢c“. Using non-equilibrium thermodynamics, the difference in

chemical potential can be written as (Chen et al., 2018a):

| c
I rI [ P sc [ 1 ou c
U =—Ku —| VP =1, —Vp™ -1,p | ——=VC* ||, 4.18

ab: VW [ p 1 g;; p 2p| [CW acc j\] ( )

k pSC 1 aluc

Sc c c | Sc Sc c

u>* =—k,, V’SSC (—rg —SII Vp +Vp™ - o1, (C_W o Vet ||, (4.19)

¢ LIP|I I Lscpssc sc [
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coefficients can be defined as:

k Ko _ Ly r:—ﬂrz—l'13 r—_La
abs w | 271 112 L 113 L )
(p|) 11 11 22

L,, (pl) (pSCC) c'p oc

where K, is the absolute (intrinsic) permeabilities, kK, and K., are the relative

A . .- I Sc
permeabilities, v* and 1°° are the viscosities, and P° and P are the pore pressures,

each for saline water and . ., respectively. ¢* and c° are the mass fraction of water and

chemical solute (NaCl), respectively. Parameters I and I'; relate to the two-phase

friction/dissipation and I, and I, relate to the chemical transport energy dissipation.

Equation (4.18) contains the three coupling terms that effect the Darcy velocity of the

liquid phase (saline water): Vp' represents the main driving force, which is the pressure

|
gradient of the liquid; rl’D—S'CVpSC represents the effect of the supercritical-phase
Sc

Sc "4

friction/dissipation on the Darcy velocity of the liquid; and p°r (i s VCC]

represents the coupling effect between the supercritical-phase and solute. The same terms

apply to Eq. (4.19) for the second phase flow (supercritical).

The terms mentioned above represent the key findings of this study. The effects of these

coupling terms will be discussed in the subsequent section, where they are incorporated
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into the governing equations. Utilizing these phenomenological relations enables this

approach to capture the impact of each flow on the others, specifically in terms of friction.
45  Constitutive equations

The solid/rock is assumed to be in mechanical equilibrium (e.g. V-6 =0). Using the
entropy product in Eq. (4.12) and the free energy equation (4.9), the equation for

Helmholtz free energy density ¥ can be written as

YV -V = (6 VY )+ f VI 4 gV I 4 VT =0, (4.21)
To use classic continuum mechanics to determine the rock deformation, several basic
relationships are required. For an arbitrary reference configuration X at time t and

position x, the deformation gradient F and Green strain E can be expressed as

(Wriggers, 2008):

F=§—;(X,t),E=%(FTF—I), (4.22)

where | is a unit tensor. The second Piola-Kirchhoff stress tensor T is introduced to

measure stress in the reference configuration; the relationship between T and 6 is:

T=JF'F", (4.23)

where J is the Jacobian of F , expressed as:

1= G cave, (4.24)
dv,

where dV and dVO are the volumes of the current and reference configurations,

respectively.
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The following hold at the reference configuration:

Y =Jy,m’ =]p’ =15"¢pf (4.25)

where ¥ is the free energy in the reference configuration and m# is the mass density of
the three flows in the reference configuration. Then, using Egs. (4.11) and (4.21) with
Egs. (4.22)-(4.25), the differential form of the free energy in the refence configuration

can be written as:

W=tr (TE)+ 4" m" + pm + 1fme. (4.26)

45.1 Helmholtz free energy density of pore space

The Helmholtz free energy density of the pore, which contains saline water and CO, in

the supercritical phase, is denoted as ™" . From classical thermodynamics,
P = —pP S (1 P!+ P )+ ST u S (4.27)
where pP” is the average pressure in the pore space.
The derivative form can be written as:
= (S )+ (81 ) +a (S5 i) (4.28)
4.5.2 Free energy density of solid matrix

The free energy density stored in the solid matrix can be calculated by subtracting the

free energy of the pore liquid/supercritical J gy ™" from the total free energy of the

combined rock/liquid/supercritical system ¥ (e.g. ¥ -Jgyw ™). v=J¢ is the pore
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volume fraction in the reference configuration. Using Eqgs (4.26) and (4.28), the free

energy of the wetted mineral matrix is obtained as:

(‘P—J gy ) =tr (TE)+pPo.
The dual potential can be expressed as

W :(\P_‘]¢er//pore )_ppu.

Substituting Eq. (4.29) into the time derivative of Eq. (4.30) yields

W (E,p®)=tr(TE)-p°v,

where W is a function of E and p?; therefore, it can be written as

and

[aw } (aw j
Tij =| —— ,U=— 5 y
8Eij o op E,
T‘ij = LijkIEkI _Mij pp’
o=M,E; +Qp°,

where the parameters L, ,M;, and Q can be described as

ij
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(4.30)

(4.31)

(4.32)

(4.33)

(4.34)

(4.35)



oT.
M“,:_(_gj {a_”] | (4.36)
op” e, OBy ),

ov
5
op” .

by using the porosity definition in Eq. (4.11):

B B
—a(¢6tpﬂ)+(¢ﬁp§)v-vﬁ+v-|ﬂ:0. (4.37)

by using mixture density equation (4.2) and (4.37), then substituting into equation (4.7),
it leads to:

., oc” . Y B
S Uplﬁ_‘_plu Ve’ +Vv.-J37 =0. (438)
4.5.3 Governing field equations

4.5.3.1 Mechanical behaviour
To simplify discussion of the mechanical phase, three assumptions are made:

iv.  The mechanical behaviour is regarded as a small strain condition; therefore, the

Green strain tensor E;; and Piola-Kirchhoff stress T;; can be replaced by strain

tensor ¢; and Cauchy stress o , respectively.

T ~o. (4.39)
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Vi.

oo,

For mechanical equilibrium, it can be assumed that a_”:O' Additionally,
X .
J

L.,,M. , and Q are assumed to be material dependent constants. Moreover, the

ijkt + Vi

material is assumed to be fully isotropic, in which M is diagonal and can be

expressed as:

(4.40)

where ¢ is Biot’s coefficient.

The porous medium is assumed to exhibit completely isotropic behaviour; it is an

isotropic material.

The elastic stiffness L;,, can be written as a fourth-order isotropic tensor:

2G
Lijkl =G (é}ké‘jl +5il5jk )"'(K _?jé‘ij 5k| ) (4-41)

where G and K are the rock shear and bulk moduli, respectively.

The governing stress equation (4.34) can be written as

5, :[K —%)a’kk@j +2G &, —(pPS; . (4.42)

The porosity change is related to the strain and pore fluid pressure by

O=Cé +Qp°. (4.43)

From Heidug and Wong (1996), Q and £ can be expressed as:

c—9¢
KS

Q= (4.44)
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K

=1- . 4.45
g T (4.45)
The mechanical governing equation can be expressed as:
GV2d+( G )V(v-d)—;vpp:o (4.46)
1-26 ' '

where d is displacement and 0 is Poisson’s ratio. The average pore pressure in the pore

space can be expressed as (Lewis and Schrefler, 1987)

Scs Sc

pp:plsl_i_p :pISI+pSC—SIpSC. (447)
Then, by using Eq. (4.47), Eq. (4.46) can be expanded to the final governing equation for

the mechanic behaviour:

G

szd{ ejv(vd)—gv[(s' +otpt)p' |-¢v[(s® —c5p°)p5°}=o,

(4.48)

|
where c¢® ZZSF is the specific moisture capacity and p® =p* —p' is the capillary

pressure.
4.5.3.2 Fluid phase

Using Eq. (4.37), the balance equation for fluid component can be described as:

[N |
89’;_tpl+¢lpllv.vs+v,|'=o_ (4.49)
Then, by using Egs. (4.4), (4.43), (4.44), (4.47), and the relationship between the chemical

potential, temperature, molar mass, and universal gas constant (Katchalsky and Curran,

1965; Chen et al., 2018a) the final governing equation for the liquid phase is as follows:
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§SIV-d+(§K_S¢SISI+SI ¢ jp|+ K_S S|SScp5c+(_§K_S¢S|pc+¢js-l

K_w

pSc CWCC W
(4.50)

I

where M © is the molar mass, R is the universal gas constant, and K" and K *° are the

bulk modulus of water and the solid, respectively.
Similarly, the governing equation for the supercritical phase can be written as

¢S SCV~(§I+(§K_S¢SS°SS° +S9 K¢Sc J P>+ gK_fSSCS 'p' +(§K_S¢Ss°p° +¢JS'5°

k s Pse | s« 1 RT
+|:_v'kabs s [VD T psl.c VP s e Ve ]|=0

(4.51)
where K *° is the bulk modulus of ScCO,.

4.5.3.3 Chemical phase

The governing equation for the chemical transport (dissolved salt) can be derived using

Eq. (4.11):

P+ V-V +V-I°=0. (4.52)
By using Egs. (4.2), (4.7), (4.13), and (4.24) and assuming a small deformation (J =1),

the final governing equation for the chemical transport (salt) can be written as:

(#5'pl )¢t + plu' -Ve® +V-3° =0. (4.53)
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4.5.3.4 Extra terms and novelty

The final derived governing equations for the liquid and supercritical phases are relatively
similar to the classic transport equations for two-phase transport introduced by other
researchers (Schrefler and Xiaoyong, 1993; Abdullah et al., 2022; Islam et al., 2020).
Nevertheless, there are new coupling terms introduced in Eqgs (4.50) and (4.51) that did

not exist in previous research. For example, in the literature, the Darcy flow term only

contains the pressure of the liquid (e.g. V -k, kj' (Vp')), but in Eq. (4.50), new terms
v

Sc
are added. The first is the coupling term —rspoVp' , that determines the dissipation
|

energy from the liquid flow due to the supercritical/liquid interaction (friction). The

Sc

RT . . .
second term —r, o, ——Vc° represents the coupling relation between the solute in

c"c* M °

the liquid, supercritical fluid density, and liquid (saline water) flow. This term was used
in some papers to determine the osmosis effect on the transport in very low permeability
conditions (Chen et al., 2018a). Therefore, it is anticipated that the effect of this parameter
on pressure, temperature, and mechanical deformation would be relatively lesser than the

impact of the friction parameter.

The following section details the sensitivity effect of these terms on the main dependent
variables, such as pressure and displacement of solid porous media, and the estimates of
r, and r,. Parameters r, and r, are expected to have a negligible effect due to the low
energy dissipated during chemical transport. Moreover, the terms of the chemical
dissipation energy could be useful when caprock leakage is investigated (low

permeability) or when osmosis is present.
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Finally, in the proposed model, the coupling term between the transport equations of two-
phase is derived using the thermodynamics framework. This approach ensures that the
equations are more rigorous and systematic, as the entire constitutive model can be
obtained using a single driving force 'entropy production’. In contrast, other research in
the field, such as the work by Qiao et al. (2018), has used additional coefficients to

represent the mechanical influence between phases in their equations.

4.6 Validation and numerical simulation

This part of the article is divided into two sections: (6.1) validation of the general

equations, and (6.2) sensitivity analysis for the new friction term parameters r, and r,.

4.6.1 General model validation

The model is validated against results from experimental works reported in literature, and
the effect and importance of the new extra terms discussed in the sensitivity analysis
section. First, the constitutive equations are solved numerically using the finite element
method. Unfortunately, limited documented experiments have been conducted for a two-
phase flow in a deforming porous medium. Since there is no analytical solution for such
a complicated system, some researchers have attempted to validate their mathematical
models by comparing them to results of known cases (Meiri, 1981; Schrefler and

Xiaoyong, 1993; Gawin and Sanavia, 2009).

Liakopoulos (1965b) conducted an experiment consisting of a column filled with a porous
material to investigate water transport under unsaturated conditions. This experiment

became a benchmark, with many researchers, such as (Narasimhan and Witherspoon,
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1978; Gawin et al., 1997; Schrefler and Scotta, 2001; Laloui et al., 2003; Hu et al., 2011;
Kim and Kim, 2013; Islam et al., 2020; Wei et al., 2020b; Abdullah et al., 2022), using

the drainage experiment to validate their mathematical models.

In this research, the drainage experiment (Liakopoulos, 1965b) is used to test the general
governing equations of the fully coupled framework model and confirm that the new
terms do not cause numerical issues. The model is solved numerically using COMSOL
Multiphysics® (COMSOL, Inc.) software, and the results are compared to experimental
data. COMSOL Multiphysics is a numerical software that is widely used in both the
academic and industrial filed to solve relatively complex models using the finite element
method. COMSOL Multiphysics was chosen due to its flexibility in customizing
equations, its inherent Multiphysics capabilities, and the trustworthiness it demonstrated
in previous benchmark studies. This adaptability was essential given the uniqueness of
the research parameters and the need for specific modifications. In this model, both the
Darcy law physics, and solid mechanics physics were adjusted, and equations were solved
using an extra-fine triangle mesh setting. Liakopoulos only measured the liquid phase
pressure (water) and did not include data for the gas phase (air pressure), the Schrefler
and Scotta (2001) numerical results are used. Moreover, no chemical was included in this
experiment. Nevertheless, because this simulation aims to test the effect of the new
governing equations terms, the simulation results can be compared to the experiment and

other results.

Drainage test experiment:

The Liakopoulos experiment consisted of a sand column (Perspex and Del Monte sand).

The tube column was 1.0 m long and 10 cm in diameter. The bottom of the column was
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exposed to atmospheric pressure, and the tube wall was assumed to be rigid and

impermeable.

Tensiometers were used to measure the pore pressure change with column height. The
column was fed with water from the top to ensure a constant flow rate throughout the
column. When the drainage water at the bottom became equal to the filling rate, the water
flow supply from the top was stopped and the experiment started (considered as t=0). The

water continued draining from the tube due to gravity.

Water pressure measurements were taken at various times (t=5, 10, 20, 30, 60, and 120
min). The water saturation and relative permeability were calculated based on capillarity

pressure according to the Brooks and Corey (1966) model as follows:

" =1-0.10152(-2 )22k —1-2207(1-S")"%.  (4.54)

t

The above equations are valid in a porous medium with water saturation S* >0.91 and
capillary pressure p®>0. Moreover, for the numerical simulation, some assumptions

were set to ensure a stable numerical solution:

i.  The drainage flow occurs due to gravity and is in the vertical direction only.

ii.  When the experiment starts (t=0), the sand column is fully saturated (S" =1).

iii.  The porosity value does not change during the experiment.

Table 4.1 summarises the material data used for the numerical simulation. For parameters
not provided by Liakopoulos, such as Young’s modulus and Poisson’s ratio, values

estimated by other researchers were used (Schrefler and Xiaoyong, 1993; Schrefler and

148



Scotta, 2001). Figure 4.1 shows the initial and boundary conditions used in the numerical

simulation.

Table 4.1: Parameters used for Liakopoulos drainage test (Liakopoulos, 1965b).
Physical meaning Reference Values and units

Young’s modulus

Water density

Gas density (air)

Solid density (sand)

Poisson’s ratio

Biot’s coefficient

Porosity

Intrinsic permeability of the

solid (sand)

Dynamic viscosity of water

Dynamic viscosity of gas (air)

Bulk modulus of water

Bulk modulus of gas (air)

Schrefler and Scotta, )
(2001

Schrefler and Scotta, )
(2001

Schrefler and Scotta, )
(2001

Schrefler and Scotta, )
(2001

Schrefler and Scotta, )
(2001

Schrefler and Scotta, )
(2001

Schrefler and Scotta, )
(2001

Schrefler and Scotta, )
(2001

Schrefler and Scotta, )
(2001

Schrefler and Scotta, )
(2001

Schrefler and Scotta, )
(2001

Schrefler and Scotta, )
(2001
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E =1.3 MPa

Ar =1000 kg/m*®
p =12 kg/m®

o = 2000 kg/m®
=04

¢=1

$=0.2975

Ky, =4.5x107 m?
W =1x10"° Pass
1?9 =1.8x10"° Pas
K, = 2.0x10° MPa

K,=0.1MPa



Schrefler and Scotta, )

K, =1.0x10° MPa
(2001

Bulk modulus of solid (sand)

0.1lm

Top boundary:

pf=p..

Initial conditions: Lateral boundary:

5 =p,,
" =p..

b
p“' 0 10m d:‘. =

Bottom boundary:

Q O O O O
O O O O O

v O& 5 O

Figure 4.1: Initial and boundary conditions for Liakopoulos drainage test (Liakopoulos,
1965b).

Equations (4.50) and (4.51) contain the four parameters r,r,,r,, and r,. These

parameters must be obtained through laboratory testing. Typically, determining each
coefficient requires multiple experimental setups, with specific laboratory measurements.
As referenced by Katchalsky and Curran (1965), extensive research has been conducted
on determining the phenomenological coefficients. Detailed experimental approaches for
obtaining these coefficients can be found in various studies (Rastogi et al., 1969; Kedem
and Katchalsky, 1961; Panelli and Ambrozio Filho, 2001; Quibén and Thome, 2007,
Nath, 2024). These studies outline experimental protocols, such as measuring transport

processes, fluxes, and forces, which are used to compute the relevant coefficients.
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For now, the values will be estimated by trial and error. Parameters r, and r, relate to

the first new term, that represents the effect of the entropy generated by the two-phase

interaction, whereas r, and r, are linked to the loss caused by chemical transport in the
system. It has been observed, as discussed in the following section, that parameters r,
and r, have a more significant impact on pressure behaviour than r, and r,. This is
because the entropy generated due to the transport of such a small amount of chemical

(NaCl has a mass fraction of 0.1) is almost negligible; however, the friction induced by

the interaction between the multi-phase flow is much higher. Parameters r, and r, need

to be estimated based on the fluids, porous medium, and experimental setup. For now

there are assumed to be 0.1, while r, and r, are assumed to be 1. Figure 4.2 shows the

numerical results of the water pressure of the proposed coupled model compared to the
experimental results. The simulation was in good agreement with the experimental
measurements. However, at the start of the experiment (t=5 and 10 min), there was a shift
in the water pressure, which other researchers experienced when comparing their models
to the experiment (Schrefler and Xiaoyong, 1993; Schrefler and Scotta, 2001; Islam et

al., 2020).
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Figure 4.2: Liakopoulos (1965b) experiment vs simulation results of liquid pressure (
p') distributed through sand column at different times.

Figure 4.3, Figure 4.5, and Figure 4.6 show the numerical results of the proposed model
compared with the Schrefler and Scotta (2001) model. Figure 4.4 shows a 2D plot of the
air pressure moving through the column at various times. In Figure 4.3, the peak pressure
moves more aggressively across the sand column, with higher pressure values. This
behaviour was observed and discussed by Schrefler and Scotta (2001), who compared it
with other researchers. Hu et al. (2011) obtained results that are more similar to the
simulation results in this work, which is due to the assumptions made regarding boundary
conditions. In this simulation, the space between the sand and the tube walls was assumed
to be gas permeable, while in the original experiment, the boundaries condition was based
on the gas-tight assumption. However, researchers such as Hu et al. (2011) obtained a

better match with the experiment when the gas was assumed to have fair passage between
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the sand and inner wall of the tube. This could be an experimental error in which the
space between the inner wall and filling sand was not 100% insulated. Figure 4.4 shows

a 2D graph of the air leaking from the sides into the porous medium.
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Figure 4.3: Simulation and Schrefler and Scotta (2001) results for air pressure (p*?).
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Figure 4.4: Air pressure (p° ) distribution at 0, 10, 30, 60, and 120 min.
Figure 4.5 shows the water saturation of the sand column. Unfortunately, Liakopoulos
(1965a) did not measure the saturation in his experiment, and thus it not possible to
compare the values to the experiment’s results. The difference between the simulation
results and Schrefler and Scotta (2001) is partially due to the difference in the gas pressure
values. That is because the water saturation is a function of the capillary pressure that is

the difference between the gas pressure and the water pressure.

Figure 4.6 displays the mechanical deformation of the sand. The simulation results exhibit
qualitative similarity to (Schrefler and Scotta, 2001), although the magnitude is shifted
by approximately 0.1mm (36% less). This difference may be attributed to the variation in
the boundary condition, which affected the gas pressure and hence the mechanical
deformation. It is worth noting that other researchers (Islam et al., 2020) have reported

results closer to our simulation.
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Figure 4.5: Simulation and Schrefler and Scotta (2001) results for liquid saturation S .
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Figure 4.6: Simulation and Schrefler and Scotta (2001) results for mechanical
deformation of porous medium.
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Figure 4.7 and Figure 4.8 show the chemical transport (NaCl) in the system at different
times. As expected, the mass fraction of the sodium chloride was transported from the
top to the bottom of the column. The effect of transporting such a low concentration of
chemical in a low water flow (only gravity was considered) is minor. However, for the

case of CO, injection under high pressure and a higher chemical concentration (salts and

minerals), the coupling effect of the chemical transport is expected to be higher. It is
important to note that the solute transport behaviour in this model is based on theoretical
assumptions and was not part of the actual experiment, as solute transport was not
included in the experimental setup. For better validation, a dedicated laboratory
experiment may be conducted to further validate the model, which could be outlined as

future work.
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Figure 4.7: Mass fraction change due to diffusion (chemical transport) in sand column.
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Figure 4.8: Chemical concentration (mass fraction of NaCl) distribution at 1, 20, 60,
and 120 min.

Upon comparing the results from the column experiment simulations in Chapter 3 and
Chapter 4, it is clear that there are no noticeable differences between Figure 4.2 and

Figure 3.2. The differences observed are negligible, which can be explained by the slow

flow, mainly driven by gravity. The changes in the parameters r, and r, did not have a

significant impact on the simulation outcomes. The purpose of the initial set of
simulations (Figures 4.1-4.8) was to check the solute transport equation and ensure the
model was working as expected. This was to confirm the correct setup of the model,
including the chemical transport equation, which had not been tested in the earlier

chapter.

Another simulation was carried out to investigate the influence of the r-terms as part of

the sensitivity analysis. It was found that under conditions controlled only by gravity, the
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extra terms added to the model did not greatly affect the results. Therefore, direct

comparisons with the previous chapter were not considered necessary.

To better show the impact of the added terms, a sensitivity model with higher pressure
will be introduced. This model is designed to see how the new terms affect the system
under stronger conditions, such as faster flow rates. The main goal of these simulations
was to confirm that the extra terms and chemical transport equations worked as expected
and to study their effects under different conditions, providing a better understanding of

the model’s behaviour.
Sensitivity analysis

In this section, a sensitivity analysis for the new parameters r, and r,is conducted to

assess their impact on the transport process. To simplify the discussion, a conceptional
2D model is considered. The model is 50 cm x 20 cm of porous media (limestone rock
sample). The right-side boundary of the system is assumed to be impermeable, preventing
any fluid from passing through. The initial and boundary conditions are shown in Figure

4.9. For water saturation calculations, Van Genuchten relationship is used as:

2

k., =(S")"x 1-(1-[(3”“);}} (4.55)

where the water saturation can be calculated by:

1 -m

S" = [—p—CJMH (4.56)
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M and m are Van Genuchten parameter. The parameters of the model were obtained

from the literature and are listed in

Table 4.2. Under these conditions, the initial saturation S" is found to be 96.42%. To

simplify the discussion, the densities of CO, and water are assumed to remain constant.

Left boundary:

Top boundary: d, =0, No Flow

QO O OO OO0 OO O

p' =—035MPa
p* =74MPa
Initial conditions:
p =-5.7MPa

pi =7.1MPa

<
<
<
<

d,=d, =0

QOQLUOOOL O

Bottom boundary: d, =0. No Flow

Right boundary:
d.=0
d, =0

Figure 4.9: Initial and boundary conditions of rock sample

Table 4.2: Rock sample parameters.

Physical meaning

Young’s modulus

Water density

ScCO, density

Solid density

Poisson’s ratio
Biot’s coefficient

Porosity

Reference Values and units

Zhou and Burbey, ) _

(2014a E =33GPa
Zhou and Burbey, ) wo_ 3

(20142 £, =1000kg/m
Zhou and Burbey, ) sc_ 3

(2014a Ps; =660kg/m
Zhou and Burbey, ) s 3

(2014a p° =2600kg/m
Zhou and Burbey, ) _

(2014a 0=0.26
(Chenetal., 2016) ¢=1
Zhou and Burbey, ) $=0.123

(2014a
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Intrinsic permeability of the solid

Dynamic viscosity of water

Dynamic viscosity of ScCO,

Bulk modulus of water

(Assumed)

Zhou and Burbey, )
(2014a

Zhou and Burbey, )
(2014a

Zhou and Burbey, )
(2014a

Zhou and Burbey, )

K, =1.4x107° m?
VW =1x107° Pas
v =6x10"° Pas

K, =2.2x10° MPa

Bulk modulus of ScCO, (20142 Ks. =58 MPa

Bulk modulus of solid Zhou and Burbey, ) K, =74GPa
(2014a

Van Genuchten parameter (Chen et al., 2016) m =0.43

Van Genuchten parameter (Chen et al., 2016) M =51MPa

In this analysis, parameters r, and r, were simulated at different values to discern their

impact on the results. When a value was given to one parameter, the other was assumed
to be zero. The selection of these values was primarily driven by a trial-and-error
process. By exploring a range of values, the maximum and minimum thresholds at which
the model converged were identified. This approach was taken due to the absence of
available experimental data for these phenomenological coefficients, and hence, trial-

and-error provided a means to approximate these limits which found to be

r,r,=0.01~0.1.

Considering the compact size of the rock sample and the heightened pressure of the fluid,
permeability was assumed to be minimal. Such an assumption guarantees the fluid flows
at a satisfactory rate, preventing it from rapidly reaching equilibrium. Figure 4.10-12

show the liquid pressure, supercritical pressure, and solid deformation for r, and r, values
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of 0.01 and 0.1 respectively. The data displayed corresponds to the coordinate point (0.1,
0.25), centrally located within the conceptual 2D model. Parameter r, in the governing
equation for the liquid relates directly to the supercritical flow's impact on the liquid flow.
Notably, the figures reveal that the influence of r, is greater than r,. This prominence
arises from the elevated water saturation value, resulting in a reduced saturation level for

the supercritical phase (S' +S°¢ =1). Since the saturation value aligns with the capillary
pressure (as detailed in the Van Genuchten relations), it is contingent on both initial and

boundary conditions.

In Figure 4.13, which shows water saturation exceeding 96%, the implications of this
saturation are examined further: the energy losses stemming from the interaction between
the two-phase flow correlate directly with the fluid volume present within the pore

(saturation). The role of r, lead to increment in liquid and supercritical pressure. Upon
closer inspection, an elevation in r, values lead to an increase in both the liquid and

supercritical pressures, suggesting diminished energy losses from fluid interactions.
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Figure 4.11: Supercritical pressure at coordinate point (0.1,0.25) at different r, and r,

values.
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Figure 4.14-16 probe deeper into the sensitivities of parameters r, and r, across a

horizontal cross-section of the sample at the 2000-hour mark. From a detailed
examination, one discernible pattern is the apex of these parameters' influence post-entry
into the formation, a crucial juncture where the two flows converge and begin mixing.
This observation implies a localized, maximum interaction effect right after entry, which
then diminishes as the fluids travel deeper, hinting at lessening interactions or
stabilization of the two fluids over distance. The supercritical pressure in the plot seems
to increase sharply near the injection point. This is likely due to the complex interactions
between water pressure and the pressurized CO, flow. The pressure increase could also
be a result of the sudden applied pressure above the initial baseline, which may have

caused this phenomenon.

The modulation of these parameters indeed has pronounced effects on the outcomes.
However, these impacts are intrinsically tied to the saturation value. For instance, r,’s
sway is more pronounced when water saturation nears the supercritical saturation, a fact
buttressed by equations (4.50), and (4.51). Here, the relative permeabilities for water and
the supercritical phase get multiplied by r,, and r, respectively. On the other hand,
parameter r,, present in the supercritical phase's governing equation and associated with

the liquid's effect on the supercritical phase, registers negligible influence on the results.

Lastly, moving into the second term of the governing equation, the small effect of
chemical entropy is highlighted. It gains relevance predominantly in scenarios marked by
low permeability or evident osmosis. Yet, this term stands as a potential indicator for

tracking CO, leakage via low permeability caprock resulting from osmaosis.
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4.7 Conclusion

A fully coupled multi-phase HM-supercritical-chemical constitutive framework under
isothermal conditions was developed based on the mixture-coupling theory. The
phenomenological equations were used to establish two new terms describing the coupled
interaction between supercritical and liquid phases and chemical solute transport. The
model also considered coupling between the deformation of a solid and the change in
pressure. The coupled model was based on Helmholtz's free energy equations and Biot's
poroelasticity model. Experimental data were used to validate the model. COMSOL
Multiphysics® software was used to numerically solve the model through the finite
element method. The numerical simulation results were in good agreement with the

experimental results. The sensitivity analysis shows that the effect of the new terms is
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highly dependent on the relative permeability which can be directly related to saturation

value. A sensitivity analysis also shows that the value of the new terms parameters r, and
r, has a significant impact on the pressures and deformation if the saturation of the phase
is high. The solute transport parameters r, and r, seems to have less influence. However,
these terms are useful when investigating the osmosis effect or when CO, leakage

through low permeability caprock is considered. In this model, only one solute was
simulated; however, for a larger field, such as carbon sequestration in a large formation,
with more solutes present, a more significant impact is predicted. In summary, the good
agreement between the simulation and experimental results confirms the test's
fundamental validity. However, the newly introduced terms had minimal influence on the
simulation outcomes against the experimental results, leading to the inclusion of a
sensitivity analysis. This analysis assessed the potential impact of these terms under
extreme conditions, such as high pressures. The results suggest that dissipation due to
solute transport and two-phase friction has a minimal effect in slow-moving mixtures

with low solute concentrations.

The significance of this paper is its inclusion of energy dissipation due to both friction
and solute transport in two-phase interactions, influencing pressure, flow rate, and fluid
distribution. More experiments are needed to refine 'r' parameters at diverse injection
rates. The results are markedly influenced by dynamic viscosity, a vital element in the

abnormal behaviour of supercritical carbon dioxide.

In this chapter, the model has been adjusted to include only the energy losses from two-

phase interactions and chemical solute transport. In the next chapter, it will be further
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refined to account for chemical mass transfer resulting from chemical dissolution
reactions. Additionally, changes in porosity due to the dissolution process will also be
incorporated. Subsequently, a finite element simulation will be conducted to analyse the

effects of these enhancements in the reactive model.
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Chapter 5: Coupled reactive two-phases model involving dissolution
and dynamic porosity for deformable porous media based on Mixture-

Coupling Theory

Abstract

Carbon capture and storage (CCS) has attracted significant attention owing to its impact
on mitigating climate change. Many countries with large oil reserves are adopting CCS
technologies to reduce the impact of fossil fuels on the environment. However, because
of the complex interactions between multi-phase fluids, planning for CCS is challenging.
One of the challenges is the integration of chemical reactions with multi-phase hydro-
mechanical relationships in deformable porous media. In this study, a multi-phase hydro-
mechanical reactive model for deformable porous media is established by using mixture-
coupling theory approach. The non-equilibrium thermodynamic approach is extended to
establish the basic framework and Maxwell’s relations to build multiscale coupling.
Chemical reaction coupling is achieved through the extent of the reaction and chemical
affinity. The developed model can simulate CCS by considering the effect of calcite
dissolution on porosity and permeability. It has been found from the simulation that the
chemical reaction has a major influence on porosity and permeability change comparing
to both pressure and mechanical strain effect. Also, as the dissolution reaction takes place,
the stress/strain decrease on the solid matrix. The results of this study successfully bridge
the knowledge gap between chemical reactions and mechanical deformation.
Furthermore, insights from this model hold substantial implications for refining CCS
processes. By providing a more accurate prediction of pressure changes and
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porosity/permeability evolution over time, this research paves the way for improved CCS
operation planning, potentially fostering safer, more efficient, and economically feasible

climate change mitigation strategies.
51 Introduction

Carbon sequestration, particularly geological sequestration, plays a pivotal role in
addressing global carbon emissions and is a vital tool in the battle against climate change.

As carbon dioxide (CO,) levels in the atmosphere continue to rise, finding reliable and
effective methods to store it becomes necessary. One such method is by injecting CO,
deep into geological formations. In geological sequestration, CO, is injected in deep
formations either as a brine-gas-saturated mixture or supercritical phase (ScCO, ). It can

be sequestered in various types of formations, such as sandstone, saline aquifers,
dolomite, coal, and basalt formation. Chemical reactions are typically induced, and the

type and intensity of the reaction depend on the formation type and CO, phase (brine/
CO, mixture or ScCO,). Mineral carbonation can occur, resulting in the formation of

new minerals, such as iron, magnesium, and calcium ions, affecting the porosity and

permeability of the rock. This process is known as mineral trapping.

Each formation reservoir undergoes chemical reactions based on the primary minerals
present. Chemical reaction coupling is complex. It includes dissolution and precipitation,
which affect energy, fluid flow, porosity, and solid deformation. When dissolution
occurs, the resulting ions may react with other minerals and acidic solutions to produce

carbonate species (precipitation). The temperature and CO, solubility in the fluid directly
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affect the precipitation/dissolution process because they are related to the pH level of the
fluid (Luo et al., 2012; Rathnaweera et al., 2017). Chemical reactions can change the
physical properties, such as porosity and permeability, of the solid matrix and affect fluid
transport, in which mass flow is added to the liquid. The stress/strain ratio is also affected

by this process.

The effect of the chemical reactions between injected CO, and surrounding rocks on

formation porosity has been investigated in previous studies; however, most reactive
models consider only the effect of changing porosity on permeability (Xu et al., 2005;
Fischer et al., 2013; Klein et al., 2013; llgen and Cygan, 2016; Wolf et al., 2016; Zhou et

al., 2016; Dai et al., 2020).

Although several hydro-mechanic-chemical reactive models have been introduced in
recent years, a knowledge gap in mechanical-chemical coupling relations, specifically the
effect of the dissolution/precipitation process on the applied stress/strain on the solid
matrix, still exists. Some researchers such as Olivella et al. (1994) tried to develop a
comprehensive thermo-hydro-mechanical (THM) framework for the multi-phase flow of
brine and gas through saline media, which incorporated salt species dissolution,
precipitation, and deformation via a pressure solution. However, the framework lacked
coupling between strain—stress and chemical reactions. Guimaraes et al. (2007) attempted
to create a fully coupled model by combining the model introduced by Olivella et al.
(1994) and the approach of Gens et al. (2002) with reactive transport equations. However,
this model only accounted for the change in porosity (dynamic porosity) and thus
permeability due to chemical reactions, neglecting the effect of chemical dissolution on

the governing equations for deformation and stress. Yin et al. (2011) used a mathematical
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model derived by Lewis and Schrefler (1998b) to describe the two-phase transport of
fluids. Subsequently, the general transport of the solute equation was incorporated into
the model. However, the hydromechanical-chemical coupling was limited to the changes
in porosity and permeability without the governing equations for solid, liquid, and gas

being modified.

Some researchers attempted to create a coupling between chemical reaction and stiffness
of the material and the induced stresses, such as Mehrabi and Atefi-Monfared (2022). The
author introduced a model that predicts the spatial distribution of bio-cementation and the
resulting enhanced characteristics of microbially induced carbonate precipitation (MICP)
treated soils. However, the presented model can handle one phase flow only and more

advanced model is required for applications such as Carbon Capture and Storage.

In addition to the work of Mehrabi and Atefi-Monfared (2022), other researchers,
including Gawin et al. (2003), Kuhl et al. (2004), Gawin et al. (2008), Haxaire and
Djeran-Maigre (2009), Karrech (2013), Zhang and Zhong (2018) have explored the
coupling of chemical reactions with solid/stress equations. Recently, Yue et al. (2022)
proposed a single-phase transport model that includes dissolution and chemically reactive
processes (i.e., changes in porosity due to dissolution). They introduced the concept of
‘solid affinity’ to couple the dissolution reactions with the hydro-mechanical framework.
Although this model addresses the gap in the studies on mechanical-chemical coupling,
it only considers one-phase transport, limiting its usefulness for multi-phase flow
applications such as carbon sequestration. Moreover, the numerical simulation in that

study was simplistic and did not show the effect of the added term on the strain.
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One approach that promises to address the shortcomings of traditional models is rooted
in a method known as the mixture-coupling theory (Chen et al., 2018a). This method,
which was first presented by Heidug and Wong (1996), provides a unique interpretation
of fluid-filled rocks or soils. Rather than treating them as separate entities, it views them
as a unified whole. This shift in perspective addresses some challenges seen in standard
mechanics methodologies and presents clear advantages. While classical mechanics
typically hinges on the principles of stress-strain tensor and the balance of linear
momentum, the mixture-coupling theory turns to the realms of non-equilibrium
thermodynamics, focusing on an energy and entropy-centric approach. This method has
been distinguished and differentiated from others in several scholarly contributions, with

some pointing out its strategic omission of the momentum conservation balance equation.

With such advancements in modelling frameworks, two key questions remain:

e How can chemical reactions be effectively integrated into a multi-phase hydro-

mechanical-chemical system for CO, sequestration?

e How can the influence of these reactions on the hydromechanical framework be

accurately captured?

To address this research gap, this study presents a novel approach for modelling a reactive

multi-phase hydro-mechanical-chemical system for CO, sequestration using coupling

mixture theory. The proposed model is simulated under isothermal conditions, and a

theoretical CO, injection test into limestone sample rock is performed, considering only

the chemical reactions that lead to mineral dissolution. The extent of the reaction and
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solid affinity is applied to the model to capture the coupled effects of chemical reactions

on the hydromechanical framework. Objectives of this study can be set clear as:

e To present a novel approach for modelling a reactive multi-phase hydro-

mechanical-chemical system for CO, sequestration using coupling mixture

theory by applying the extent of reaction and solid affinity to the model, ensuring
the coupled effects of chemical reactions on the hydromechanical framework are
effectively captured.

e To simulate the proposed model under isothermal conditions by performing a

theoretical CO, injection test into limestone sample rock, focusing on chemical

reactions that lead to mineral dissolution.

It is important to note that the dissolution process in this study focuses on the
dissolution of minerals, such as calcium carbonate (CaCQOs), rather than mass
exchange between the two phases, as the system is assumed to be immiscible (i.e., no
mass exchange between fluid phases). A miscible system was avoided for now to
simplify what is already a complex framework. The approach in this thesis is to
introduce new processes incrementally, and for this chapter, incorporating minerals
dissolution is the primary innovation. Therefore, mass exchange between the two

phases has been left for future research.
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5.2 Mathematical model

When CO, is injected into a rock formation containing saline water, a considerable
amount of the CO, fluid dissolves in the water to create carbonic acid. In the proposed

model, a two-phase system consisting of a supercritical (Sc) fluid and liquid
saline/carbonic water is considered. An immiscible system where the change in mass due
to CO, solubility in saline water is not considered is assumed (CO, is assumed to be

already dissolved in saline water). Additionally, the system is assumed to be isotropic

under isothermal conditions.

In this paper, the model is defined by selecting an arbitrary microscopic domain of
arbitrary size that encompasses all phases, along with a surrounding surface boundary
that contains the domain. Fluids are the only substances allowed to pass through this
boundary. The subscripts " Sc ", "I", "w", and "c" refer to supercritical fluid, saline water,

water, and chemical solute (salt), respectively.

The volumes of saline water and supercritical fluid flows are identified as vV ' and vV *°,

respectively. The relationship between the pore space volume, V ™ and these volumes

can be expressed as follows (Bear, 2013; Lewis and Schrefler, 1987; Biot, 1955):

V pore :V Sc +V I,

b= +4 (65.1)

g5 4+8! =1,
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where ¢=V "/ is the volume fraction (porosity) ; ¢* =V A/ is the volume fraction
of the ScCO,; ¢' =V '/ s the volume fraction of saline water; the saturation of the
ScCO, is denoted by S =V %/ ™ ; while the saturation of saline water is represented
by S'=v'N ",

The relationship between the mixture density (mass over the volume of mixture) and the

phase density (mass over the volume of the phase) can be written as (Chen, 2013)

p =9 p|| ,
(5.2)
P> =4 p5;.
where the symbols p', p*° denote the mixture density, and p,, p5° denote the phase

density.

Based on the above relation, the water, chemical solute, and liquid mixture density can

be expressed as:

P =4'p
p°=4'p, (5.3)
p =p"+p°.

the variables p;' and p; denote the mass ratios of water and chemical, respectively, to

the total volume of the liquid phase.
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5.2.1 Flux and diffusion:

The mass flux of B, where S represents either the saline water flow 'I', or the

supercritical flow 'Sc', or any of the sub-constituents in saline water (i.e., water 'w' and

chemical 'c"), is defined as (Chen, 2013)

Iﬁzp”(vﬂ—vs), (5.4)
I” represents the fluid mass flux, p” denotes the mixture density of 8, and v# and v*°

refer to the velocities of £ and the solid, respectively. To express the diffusion flux J7”

in terms of the barycentric velocity, the following equations can be used (Maet al., 2021):

Jﬂ=pﬂ(vﬂ—v'),ﬁel,

(5.5)
I =p" (v -v¥),pesc
the barycentric velocity of saline water is denoted by V' :’O—va +p—|v°. the
P p

supercritical flow, since it is considered to be composed of a single constituent, then the

diffusion flux of the supercritical flow is 0.

Nether less, saline water flow contains water and chemical, v =v' and v¢ =V',

therefore, by using equation (4.4) and (4.5) the diffusion flux can be written as

J”=Iﬂ—pﬁ(v' —vs). (5.6)

5.2.2 Chemical reaction and dissolution

In this study, the dissolution rate is incorporated in the model through chemical affinity,

which is directly related to the extent of the reaction. Solute c is only transported in the
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liquid and does not react chemically. The reaction occurs only between the rock minerals

and carbonic acid.
The dissolution reaction can be expressed as (Katchalsky and Curran, 1965)

Vi X o)tV Y @y 2V, 2

(a) 1 (5.7)

where X Y are the reactants and Z is the product, v, v, ,and v, are the stoichiometric

coefficient for X Y , and Z.

There is a direct relation between the extent of reaction and the moles changes

dn.
_IZ d y
v wdé

where & is extent of reaction, dn, is the change in number of moles, V. pore volume. y

equals to 1 for products Z and -1 for reactants X ,Y and O for anything that does not join

the reaction. Furthermore, the driving force reaction (affinity) can be written as

(Kondepudi and Prigogine, 2014; Yue et al., 2022)

A=—> N My =v,M* i v MY v M ? (5.8)

where A isthe affinity, M isthe molar mass, and x is the chemical potential.
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5.2.3 Energy, entropy, and phenomenological equations:

5.2.3.1 Helmholtz free energy balance equation

The Helmholtz free energy balance equation in a mixture system comprising saline water,

ScCO,, and chemical solutes can be expressed as (Katchalsky and Curran, 1965; Heidug

and Wong, 1996)

%(L wdV ):L ov’ -ndS —(J‘S a1 +L Tt +_L ﬂc|c)'nd3 -T L ndv
(5.9)

In the above equation, the Helmholtz free energy density  is analysed in the context of
the Cauchy stress tensor o, the outwards unit normal vector (n), and the chemical
potentials for water x" , supercritical fluid £*°, and chemical solute °, at a fixed

temperature T , while considering the entropy production per unit volume y .

The balance equation of the free energy density can be presented in differential form as

follows (Chen et al., 2018a):
WYV V=V (0 )+ V(1 + 45T + 417 ) =T <0, (5.10)

It should be mentioned that the term 4°I° here represent the energy change caused by

the chemical mass exchanging with the surroundings.
5.2.3.2 Fluid mass balance equation:

The balance equation for the fluid component can be expressed as (Katchalsky and

Curran, 1965)

179



D p _ p B\ B £
E(jvp dv )_—jsl nds + [ pv/M7év (5.11)
where the last term in the above equation, i.e., J'V 7v”M PEdV | represents the change of

fluid components due to the chemical reaction.

The balance equation for the fluid component in the local form is (Chen et al., 2018a):

PP+ pPV VP — M PE=0. (5.12)

5.2.3.3 Entropy production equation

The dissipation in the mixture including solid/fluid friction can be expressed as

(Katchalsky and Curran, 1965; Ma et al., 2022b)

0<Ty=—1" V" =15 .Vi* —1°-Vi£ +AS, (5.13)
where 1" -V" , 1°°-V*  and 1°-V4© are the entropy productions caused by the mass
flow of the liquid (water), supercritical fluid, and transport of the diluted chemical,
respectively. A denotes affinity, and A& represents the entropy generated by the

chemical reaction.

The Darcy velocity, u, is for both liquids (including the chemicals), and supercritical

phase can be expressed as (Whitaker, 1986; Lewis and Schrefler, 1987)

u' =S'g(v' —v*),
(5.14)
uSc :SSC¢(VSC —VS).

The Gibbs—Duhem equation for the liquid and supercritical phases can be used to express

the pore liquid pressure and supercritical phase pressure as (Chen et al., 2016)
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vp' = p' Vi + piViE,
(5.15)
VP = pvu.
The relationships in equations (5.3), (5.6), (4.13), and (5.15) can be applied to describe

the diffusion of chemical c as J° =-J" , and equation (4.12) can be revised as

0<Ty=-u"-Vp'=J°-V(4 — " )-u* -Vp* +A¢, (5.16)
where —u'-Vp' represents the liquid flow driven by the internal liquid potential

difference, J°-V (" — ") represents the chemical diffusion in the liquid saline water

driven by chemical potential gradient, —u*® - Vp®° represents the supercritical flow driven

by the supercritical flow pressure difference, and A¢ represent the chemical reaction that

causes the dissolution of solid minerals.

Equation (4.14) describes the entropy production through thermodynamics fluxes and
their corresponding driving forces. The phenomenological equation concept can be used
to describe the interaction between flows and driving forces by assuming a linear

relationship between each flow and its driving forces (Chen et al., 2018a).

Several assumptions have been proposed in this model: (I) the chemical solute is present

only in the liquid phase (saline water) and does not chemically react; (II) the CO, in the

supercritical phase is considered chemically non-reactive; (111) the system is immiscible,
i.e., no exchange of mass between the liquid and supercritical phases via dissolution

occurs; (IV) some of the CO, s are already dissolved in the saline water to form carbonate

acid and can react with solid minerals (dissolution of solid minerals); (V) the process is
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under isothermal conditions; (V1) the porous media exhibits completely isotropic

behaviour (isotropic material).
5.2.3.4 Phenomenological equations

Due to the interdependence of fluxes in a coupled system, the relationship between flow
and driving forces can be expressed through linear dependence equations, also known as

phenomenological equations. In the context of mass transport in an isotropic medium, the

Lopsiu®,and J°) is dependent on their

calculation of the three major flows (p|u
corresponding driving forces (Vp',Vp*, and V(,u° —u" )) as (Heidug and Wong, 1996;

Chen et al., 2018a):

L L Cc C W
plu =—p—ﬁ1Vp'—p—;in5 —L V(- u"), (5.17)
| Sc
Sc,,Sc __ L21V | Lzzv Sc L V [ W 518
Psc U __F p _F P —Ly (/u —H ), (5.18)
| Sc
c L31 | L32 Sc c W
I =—=2vp' ——ZVp* L V(i -4 ), (5.19)
P Psc

where L; are phenomenological coefficients, and p, is the liquid phase density.

The equations presented above assume that the affinity is a scalar quantity and that the
system is isotropic. As a result, there is no coupling between the scalar term and the other
vectorial quantities, in accordance with the Curie-Prigogione principle. While this allows
the scalar term to be ignored, it also means that the coupling between diffusion and
chemical reactions cannot be accounted for in the phenomenological equations for an

isotropic system, as noted by Katchalsky and Curran (1965).
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Equations (4.15)—(4.17) describe the coupled diffusion flux and liquid water/flow, along
with the liquid/supercritical fluid pressures and chemical potential differences. Because
chemical potential is not common in the geomechanics field, it would be preferred to
replace it with chemical concentration c”. The relation between the chemical potential

and the solute mass fraction can be described as (Chen et al., 2018a):

o RT

= . 5.20
oct M *-c’ (5.20)
The following coefficients are defined.
kabs _T: Llllz ,I’lz—%,rz :_%'rs :_%’
(p, ) 11 11 22
L= i,Ll __ L31Ip|2 L9 =— ngspsz D= \|;33| %
L (,0|) (pScc) cp e
k oy 1 ouf
| i | C | C
u' =—k,, V'I (Vp _rlévi)s —1,p (CT P vee ||, (5.21)

Sc c
U = Ky [—rg%rw' FVp* - p, (Ci i VCCD’ (522
|

[ | Sc _Sc
J° =_(L#ij' —(L ';ZSC ]Vps‘: -Dp've?, (5.23)
p p

where v' is the viscosity of the liquid saline water and v*° is the viscosity of the

supercritical flow, k. is the absolute permeability of the porous media.
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5.2.4 Constitutive relations

Assuming mechanical equilibrium in the solid/rock, in whitch, V-6 =0, Helmholtz free
energy density equation can be derived by utilizing equation (4.12) and equation (4.9)

as:

AV V= (6 )+ VI 4OV TE 1OV +AE=0. (5.24)

Equation (4.21) outlines the free energy density in the current configuration. By applying
Fundamental principles of continuum mechanics (Wriggers, 2008) along with equation
(4.11), the equation can be transformed to its reference configuration as (Chen and Hicks,

2011; Heidug and Wong, 1996):

P =tr (TE)+ 4 m" + 4°m + 1°m° — A, (5.25)
where W=Jy,m” =J1p" =35"gp),c=J¢& Wis the free energy in the reference
configuration, while m” represents the mass density of liquid, supercritical and chemical
flow in the reference configuration, and ¢ is the extent of the reaction in the reference
configuration. Furthermore, T is the second Piola-Kirchhoff stress tensor, E is the Green
strain, A is the solid affinity and be expressed as A, =v,M * x*. J is the Jacobian

and can be expressed as J =%,J =JV-Vv®, where dV is the volume in the current

0

configuration, and dV ; is the volume in the reference configuration.
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5.2.4.1 Helmholtz free energy density of pore space

The Helmholtz free energy density denoted as ™ pertains to a pore containing

supercritical CO, and saline water. In compliance with classic thermodynamics:

wPt =—p"+S' Y pfu +S ¥ p (5.26)
k
p’ is the average pressure in the pore space, and k is the chemical species (e.g.,w , ¢ ).

If p® can be expressed as (Lewis and Schrefler, 1987)

pp:plsl+pSCSSC:pISI+pSC—SIpSC, (527)

then equation (5.26) can be revised as

P =—p'S' —peS T AS! (4 o + 4ol )+S TP (5.28)

5.2.4.2 Free energy density of the solid matrix

To calculate the free energy density stored in a solid matrix the free energy of the pore

pore

liquid/supercritical J gy is subtracted from the total free energy of the combined

rock/liquid/supercritical system, ¥ (e.g., ¥ —J gy ™*). If the pore volume fraction of
the reference configuration is represented as v =J¢, the differential term can be

expressed as follows:

(‘P —dgy™t) =W -(Jgy™m) =W -(39) "t —dgyPt. (5.29)

Equations (4.26) and (5.28) can be used to convert equation (5.29) to
(‘P—J py™ ) =tr (TE)+pPo-Ac. (5.30)
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The dual potential can be expressed as

W =(¥-3¢"V, )—P°0. (5.31)

By substituting equation (5.30) into the time derivative of equation (4.30), then

W (E,p®,¢)=tr(TE)-p v-Ac, (5.32)

the total deformation energy including reaction-induced energy can be written as:

. oW : oW oW
W (E, p°,c)=| — E. )P 4| — - 5.33
(E.p®.5) [65_] .,+[appj p +[6AJ $, (5:33)
U JpP¢ Eij ¢ E;.p°

where

Tij:[al} ,U:_[awp] ,Asz_(aﬂ] . (5.34)
By ), »° ), . o Je,

The above equations can be considered as an extension of Maxwell's relations, where
Maxwell's relations are a set of equations that relate the partial derivatives of

thermodynamic state functions with respect to their conjugate variables.

The equation frameworks for the stress, pore volume fraction, and chemical potential can

be written as

T.ij = Lijkl Ekl -M ii pp - Hijél (5.35)
o=M,E; +Qp® + D¢, (5.36)
A, =H;E; +Dp® +Y ¢, (5.37)

where parameters L,,M;,H; .Y ,D ,and Q are coefficients and can be expressed as

186



RN
ag Eijvpp ap E,_‘pP

(5.38)
_ [%j
g Ej.p°
5.2.5 Governing equation for the mechanical behaviour:
Assuming small strain condition yields
Eij ~ g vTij X Oy (539)

0o
Assuming mechanical equilibrium, it can be inferred that a—” =0. Moreover, L,,M;

j
X

, and Q are assumed to be material-dependent constants. Moreover, Additionally, it is

assumed that the material is fully isotropic, and therefore M is diagonal and can be

expressed as

M =§5ij’Hi szé}j’

(5.40)

j

where ¢ is Biot’s coefficient. Q & ¢ can be expressed as (Heidug and Wong, 1996):
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g9 K
Q= K g“:l—KS.

(5.41)
where K and K, are the bulk modulus and the bulk modulus of the solid matrix

respectively. £ can be assumed to be 1.

L is the elastic stiffness, and it can be described as a fourth-order isotropic tensor as:

2G
Lijkl =G (5|k 5jl +5i| 5jk )‘*‘(K _Tjé‘ij 5k| , (5.42)

where G is the rock shear modulus. From the assumptions and equations (5.40) and

(5.42),

ot :(K _%jékké}j +2G ¢ _é/ppé‘ij _wR§§kl7 (5.43)

U]

where @, can be expressed in terms of the bulk modulus, K , as @, =, K , where the

dissolution-induced stress can be expressed as

G =wKE (5.44)

Then,

ept =(K —%jékké}j +2G ¢, —¢pPo; ~ 0 KE5,. (5.45)

The volumetric strain due to dissolution can be expressed as (Tao et al., 2019)

o, —V——l M

= = 5.46
r Vg Py (1_¢) ( )
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where V ° is the current solid volume (i.e., the remaining solid matrix), VV; is the initial

solid volume (before dissolution), M * is the molar mass of the solid mineral, and p, is

the phase density of the solid mineral.

Then, the governing equation for the solid phase can be described as:

2 G ’ P = _
GV7d+&_29ijﬁm—CVp o VE=0, (5.47)

|
s

c’ = ZST is the specific moisture capacity and p° = p* —p' is the capillary pressure.

The final equation is:

X

pl(1-9)

G

VE=0.

2 . | s AC)nl Sc s ~C) ASC
GV d+( va(v-d)—gv[(s +c°p°)p ]—W[(S —c*p°)p J
(5.48)

It is important to note that if the mineralogy changes due to chemical reactions, the overall
stiffness of the rock may change including its shear modulus. However, in this research,

it is assumed that the shear modulus G is a constant value and does not change during

the chemical dissolution.

Note that the volumetric strain is negative because the solid volume decreases
(dissolution). A change in the solid matrix can result in a change in porosity. This relation

can be expressed as

O=_Cé, +QpP +DE. (5.49)

where D can be expressed as
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(5.50)

A change in porosity can be expressed as

gK_s¢[(Sl +Cspc)p' +(SSC _Cspc)pst+M: é (5.51)

X

=g +

5.2.6 Governing equation for the fluid phase transport

Equation (4.11) can be used to describe the balance equation for the liquid fluid itself as

(48'pl) +¢8'PIV-V +V-I' =3 /M Pé=0. (5.52)
Bel

Equation (5.52) represent the change in density for the liquid phase, the summation part
at the end of the equation take in account the change in density due to chemical reaction

(aqueous reactants and products) where g accounts for liquid reactant/product only.

Equations (4.4) and (4.13) can be applied to express the Jacobian and Euler identities as
J=JV-V’,u=J¢. Moreover, equation (4.18) can be used to obtain the following

equation:

S'vpl +8' (gg'“ +Qp° +D &) ol +S 'vp|

C

k ! ‘ 10 .
+V-pi {—kabs V—T[Vp' R ELvp* —rp| [CT af;c ve m—(VyMYuY ~v,M * 4% )=0.
Sc

(5.53)

The displacement variables, d, (i =1,2,3), through &, =%(di‘j +d”) can be revised as

8. & =V-d. (5.54)

ij “ii
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Using equations (5.27), (5.49), and (5.54) yields

¢ S CY\ .2 é/ ¢ c S ~CY\ A SC
S'p(S'+c p)p' +5 5 S i (8% —c*p°)p°

. <
¢S'pvd+ "

SI ID‘ SI ! S' |i'| V. | —k krl \V/ I ptlv S | i@,ucvc
+S'pIDE+S 'vp +S'vpl =P +V ! | Ky —-| Vp' =1, EVDP* —1,p) | TV
K v - c” oc

~J(v,MY 4 =y M ?ut)=0.
(5.55)

Finally, if J =1 (small deformation), the final liquid governing equation for the liquid is

given as

gs'v.d{i—fs's' +S' l%jp' +§K_¢s'ss°p5° +(—§K_S¢S'p° +¢js:" +'V'_Xxs'9é

X

v MY Y -V MZ Zz
1 RT Vzc°ﬂ—( MY, M) N
P

k o
_k i y2p! _p Py2pse _p
|: absV| ( p 1pSSCC p Zpl CWCC Mc

(5.56)
Similarly, for the supercritical phase,
g-¢ g-¢ f-¢ X

gSSCV'd‘F(?SSCSSC‘FSSC K{ijsc+?sscslp’| +(?Sscpc+¢js'sc+lvl_xslé

X

pl CWCC MC

(5.57)

Sc
{kt [Vzp*—a&rvzp'—up:s = A v2c°ﬂ=o.

Equation (5.57) disregards the chemical reaction between CO, and solid phases because

previous studies have shown that such reactions are slow and limited in the presence of

gaseous or supercritical CO, (Lackner etal., 1995; Andre et al., 2007a; Han et al., 2015).
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Instead, this study focuses solely on the chemical reaction between the fluid phase and
solid phase, assuming that the reaction occurs only between the aqueous and solid phases

when CO, dissolves in water to form carbonic acid. As a result, the direct chemical
reaction between CO, in its supercritical phase and solid minerals can be neglected.

Nevertheless, while the chemical reaction does not change the gaseous mass or density,

it changes the porosity and hence affect the gas transport.
5.2.7 Governing equation for the chemical phase transport

Using equation (4.11), then

(¢ p) +8 PV -V + V-1 — zvi M *é =0, (5.58)

for small deformation (J =1), with equation (5.6),

(48'pf ) +V-3“+V-(pfu' )- v M ¥E=0, (5.59)
The liquid phase is assumed to be incompressible, , if the mass fraction is defined as

«_P
I’

P

c then the chemical transport governing equation for the solute can be expressed

as

¢S|p||(fk +V-Jk+p,|u|-VCk _ZVkM ké+CkZZVkM ké}zol
k

(5.60)

where the superscript is the different chemical solutes in general form.

The key novelty of this study lies in the incorporation of additional terms into the

mechanical, liquid, and gas/supercritical phases. To the best of our knowledge, these
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terms have never been used in two-phase flow governing equations to couple chemical

reactions to a hydromechanical model for carbon capture and storage applications.

L
px (1-¢)

chemical reactions on the strain, providing relief for the strain in dissolution cases. In the

For the mechanical equation (5.48), the term V& represents the effect of

X

S'¢ is derived from D &, which is the coupling

liquid and gas/supercritical phases, MX
Px

effect of chemical reactions on porosity. This term reflects the impact of chemical
reactions on liquid and gas/supercritical flows through changes in porosity. Equation

(5.51) shows that porosity is also affected by changes in pressure and strain. For the liquid

phase, (vyMY u —v,M Zyz) represents the chemicals added to the aquatic phase

resulting from solid dissolution in liquid flow. Figure 5.1 demonstrates some of the cross-

coupling relations of the HMC coupled model.
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Solute transfer

e ——
ﬁ

Density, solid to liquid due to dissolution

Figure 5.1: Cross couplings relations of the HMC model: 1. Change due to strain term
ge, , 2. Effect the mechanical properties, 3. Change due to pore pressure term Qp* , 4.

Effect the pore pressure, 5. Change due to chemical reaction term D&, 6. Change in
reactive surface area

5.3  Validation and comparison with other models

The final governing equation (5.48) for the solid, equation (5.56) for the liquid, and
equation (5.57) for the supercritical phases present more comprehensive framework based
on a rigorous mathematical derivation. This is in contrast to the equations presented by
Abdullah et al. (2022), which serve as a special case of the present study, excluding
considerations of dissolution and dynamic porosity. When compared with the renowned
two-phase transport model by Schrefler and Scotta (2001), the fluid equations exhibit
similarities. However, their model omits the effects of chemical reactions (dissolution),
solute transport, and energy losses due to friction between the two-phase flow; barring

these elements, the equations appear congruent Notably, the chemical dissolution term in
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the equations parallels that in the governing equation of (Yue et al., 2022), where one-
phase transport dissolution effects are captured. This is also in line with the governing
equation modelled by (Karrech, 2013). Fall et al. (2014a) did account for a two-phase
flow but regrettably overlooked the chemical reaction aspect. Their governing equation
resonates with the one proposed in this study, but it lacks the chemical reactive term.
Conversely, their model can manage the effects of plasticity, which is not considered in
the present model. In summary, the governing equation introduced in this study
incorporates basic two-phase flow coupling terms, as validated in previous research by
Lewis and Schrefler (1987), Schrefler and Scotta (2001), and Abdullah et al. (2022).
Additionally, this equation integrates chemical dissolution effects, which have been
partially addressed in single-phase flow studies such as those by Karrech (2013) and (Ma
etal., 2022b). For further refinement, it would be beneficial to test these equations against
empirical data in future studies, enhancing our understanding of the coefficients'

empirical values.

The following simulation investigates the fully coupled effect, focusing on the coupling

effect of pressure, strain, and chemical dissolution on porosity change.

5.4 Numerical simulation

Numerical simulations will be used for the demonstration purpose of the novel coupled
equations derived in this paper. In the numerical section the focus will be on how the
chemical reaction will affect the two-phase pressure, saturation, strain and porosity. To
simplify the discussion, only one chemical reaction leading to dissolution is considered.
Additionally, as the objective of the simulation is to emphasize the novel aspects of the

equations, and since the presence of salt in saline water does not significantly affect the
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chemical reaction, the simulation will employ pure water instead of saline water to
exclude any potential confounding effects of salt. The primary chemical reaction has been

described in (Zerai et al., 2006) as follows:

CaCO,+H,0+C0O, = Ca* +2HCO;. (5.61)
In the numerical model, the dissolution of CO, is not simulated, as it is assumed that a
large amount of CO, is already dissolved in the saline water before the simulation begins

(i.e., at t=0This means that the liquid phase is mainly a carbonic acid solution. This

assumption, explained in Section 1V, simplifies the handling of CO, in the system. In the

COMSOL setup, the "Transport of Diluted Species” interface is used to model the
movement and distribution of solutes, representing the dissolved species without the need
to simulate the dissolution process. This method keeps the simulation efficient while still

capturing the key behaviour of solute transport in the system.

Mt
px (1-¢)

the solid phase, three primary coupling terms have a direct implication on two-phase flow

Moreover, In addition to the term V£ in the general governing equation for

through porosity change, as described in equation (5.51). These terms are mechanical

strain, pore pressure, and chemical reaction.
5.4.1 Study subject and geometry

To investigate the effects of these terms, a conceptual model, consisting of a block of
carbonate rock that contained calcite, with dimensions of 50 cm in length and 20 cm in

height, has been created. CO, under supercritical conditions is injected through the semi-
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saturated sample rock that has an initial water saturation of (SW )i =61.9% for atime t .

The system is assumed to be under isothermal condition with a temperature of T =350 K

Figure 5.2 shows the initial and boundary conditions of the system and the mesh

geometry/ horizontal cross section line along with cut point 1.

u,=0
Proy=10MPa no flow
H,0 no flow LI i iy ty oty = 0
— ‘ —-
co. —> (Pw);=7-8MPa 44—

D — (Pcoy); =8-5MPa 4 —_—
—_— —_—
—_— 4 —

[777777777 7777777777777 5, =-s5mpa
u,=0 p, =7.8MPa
no flow

Point 1

Horizontal cross-section line

Figure 5.2: Initial and boundary conditions for two-phase flow into carbonate rock
sample.

The dissolution of calcite by CO, has been extensively investigated (Plummer and

Wigley, 1976; Gaus et al., 2005; Kaufmann and Dreybrodt, 2007; lIzgec et al., 2008;

197



Matter et al., 2009; Xu et al., 2010; Van Pham et al., 2012; Peng et al., 2015; Gray et al.,
2016; Siqueira et al., 2017). Calcite usually exists widely in limestone formation but not
in other formations with less quantity, such as in shale formations (Gaus et al., 2005),
carbonate deep saline aquifers (Izgec et al., 2008), and basaltic rocks (\Van Pham et al.,
2012). This model is assumed to be a calcite-rich rock. The parameters used in the model
are listed in Table 1. A finite element general solver (COMSOL Multi-Physics®) is used
to solve the system. The reaction rate (dissolution rate) is highly dependent on the
temperature and pH level in the fluid (Matter et al., 2009). The kinetics of the reaction

rate is expressed as (Steefel and Lasaga, 1994)

n

r=K..Area 1—[&J : (5.62)

eq

The variable r in the equation above represents the rate of dissolution in moles per unit
volume of porous media, Area is the reaction surface area, Q isthe C," ions activity

product, K, is the equilibrium constant, & and n are constants, which are set as 1, and
K. isthe dissolution rate constant defined as (Steefel and Lasaga, 1994)
E (1 1
Ko =K, 5 Xp| ——2| —— : 5.63
e e p{ R (T 298.15]} (5:63)

where k,,; is the rate constant at 25°C, E, is the activation energy, R is the gas

constant, and T is the temperature (T = 350K). The following correlation can be used to
calculate the equilibrium constant for calcite minerals at given temperature (Plummer and

Busenberg, 1982):

log (K., ) =-1228.732-0.299444(T )+355T1ﬂ+485.818x log(T ). (5.64)
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According to (Gaus et al., 2005; Lee and Morse, 1999), the reactive surface area for

calcite in limestone Area is approximately 6.71x10°m?/g. The molar volume of
calcite is 36.93x10° m® /mol. E, and k,,, have been extracted from literature as k ,, =

1.6x10° mol m?* and E, =41.87 kJ /mol (Xu et al., 2003).

Table 5.1: Physical parameters used in the conceptional model (Zhou and Burbey,
2014b; Hart and Wang, 1995; Parkhurst and Appelo, 2013).

Physical meaning Values and units
Young’s modulus (Limestone) E =33x10° MPa
Liquid density o, =1000kg/m?
CO, density (Sc) ps =660kg/m®
Solid density p° =2600kg/m®
Poisson’s ratio 0=0.26

Biot’s coefficient ¢=1

Porosity ¢=0.123
Dynamic viscosity of liquid V' =1x107° Pas
Dynamic viscosity of CO, (Sc) v =6x10"°Pas
Bulk modulus of liquid K, =2.2x10° MPa
Bulk modulus of CO, (Sc) K, =58MPa
Bulk modulus of solid K, =74GPa
CaCO, chemical rate constant K ... =1.6x10"° mol/m?/s

Specific surface area A=6.71x10"?m?/g
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Equilibrium constant logK,, =3.88

For liquid saturation calculations, the Van Genuchten relationship is used. This
relationship is a widely used model in soil science and hydrology that describes the
relationship between the volumetric water content of soil and soil water potential. It can
be used to predict water movement in soils and rocks, estimate soil hydraulic properties,

and simulate soil-water—plant interactions, as in the following (Ma et al., 2020a):

2

k., —(S')Osxll—(l—(sl)i‘] } , (5.65)

K., —(18')0'5x[l(1(18')"1“j } , (5.66)

-m

1
| pC 1-m
S' = R +1| (5.67)

whereM and m are Van Genuchten parameters related to pore size and shape. For this

simulation, the values have been estimated as M =500kPa and m =0.43 (Rutqvist et

al., 2002; Van Genuchten, 1980a).

Finally, the change in permeability can be obtained using Kozeny-Carman relation

(Bitzer, 1996; Xu et al., 2003):

Ko = (Kas ) x(£]3 (MT (5.68)



where (kabs )i and ¢ are the initial instinct permeability and initial porosity respectively.

5.4.2 Simulation assumptions:

For the simulation, assumptions are made to ensure stability and simplify some
computational issues: (1) the rock is assumed to have a high percentage of calcite, which
maintains the dissolution reaction for the entire simulation time; (1) the energy
dissipation due to solute transport and the friction between the two-phase flow are zeros

(r,r,,r;,and r, inequations (5.56) and (5.57) are zeros); (111) because the sample is small
in size and reaches the equilibrium phase rapidly, the initial intrinsic permeability is

assumed to be extremely small (kabs =1.4x107" mz) in order to hold back the pressure

for a longer time; (1V) although the liquid in the formation is assumed to contain dissolved

CO, (carbonic acid), the properties of the liquid have been approximated as those of

liquid water.
5.4.3 Results and discussion

This study simulates the two-flow injection for 2000 h. Figure 5.3, Figure 5.4, and Figure
5.5 show the liquid pressure, supercritical pressure, and solid deformation, respectively,
across the sample distance. Because the sample size is relatively small, the simulation
time is approximately 2000 h or 83.3 d. The liquid and supercritical pressures show the
increase in the pressure across the sample rocks before it stabilises. Because of the
assumed chemical reaction in equation (5.61), part of the solid matrix is dissolved,
suggesting that the porosity will continue to increase until the solubility equilibrium is

reached. Figure 5.5 presents the horizontal displacement within the cross-section line
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(shown in Figure 5.2) of the sample rock. The displacement starts at a higher value and
decreases with time, this is because the differential pressure is high at the beginning
especially at the left boundary, then, the pressure starts to equalize through the pores of
the specimen and therefore the displacement decrease. Furthermore, the deformation is

relatively small because the Young’s modulus is high (33 GPa).
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Figure 5.6 displays the concentration of calcium ions that dissolve in the sample rock at
different time spans. The initial value of the concentration on the left boundary was
assumed to be zero. Thus, the concentration started at zero and increased while moving
to the right side of the sample. As expected, the concentration increased with time during
the chemical reaction and calcium ions increased. It is important to note that, in this case,
even though CO, dissolution was not considered, factors other than saturation influenced
the uneven distribution of calcium ions. Specifically, the coupling between porosity and
permeability plays a role. As dissolution increases, porosity and permeability also
increase, which enhances flow (related to Darcy's law and liquid flux) and, in turn, affects

the calcium ion concentration.

Figure 5.7-8 depicts the liquid and supercritical CO, saturation distribution across the
sample rock cross-section at different times. At the start of the simulation, the water/liquid
saturation starts at 61.9% and then the CO, starts to flow from the left side to the right,
and the liquid saturation starts to decrease. The liquid saturation in this study is
completely dependent on the capillarity pressure, p®, as per Van Genuchten (1980a)

relations shown in equations (5.65)—(5.67). Figure 5.9 shows the change in porosity and
permeability over time at Point 1, which is located in the middle of the sample. The results

show that the permeability at this point will almost double within 2000 hours.
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Figure 5.10 and Figure 5.11 show the three primary factors influencing porosity change
according to equation (50). Compared with pressure and mechanical strain, the chemical
reaction has the greatest impact on porosity. Figure 5.10 presents a comparison between

the chemical coupling term and the strain term, (<. , indicating that the chemical reaction

i
has a more significant impact on porosity change than mechanical strain. Similarly,
Figure 5.11 presents a comparison between the chemical term and the pressure term, Qp°

,showing that the chemical reaction has a greater effect on porosity than pressure. The
effects of the pressure and strain terms are relatively similar. compares the effects of
liquid pressure, supercritical pressure, and the extent of reaction on the volumetric strain
at Point 1 in the 2D rock sample. As the strain increases, the extent of reaction undergoes
exponential changes, emphasizing the importance of considering the coupling between
chemical reactions and mechanical behavior. In Figure 5.13 it can be seen that the
dissolution rate at across the horizontal section of the sample decreases as it approaches
kinetic equilibrium. Whilst the simulation results from this model are insightful,
assumptions underpinning the model introduce certain limitations. Key among these is
the presumption that the chemical solute exists solely in the liquid phase (saline water)

and remains chemically inert, with the supercritical phase of CO, also being treated as

non-reactive. This implies that any interactions between the supercritical and solid phases
are not captured by the model. Further, the system is considered immiscible, meaning that
there's no mass exchange between the liquid and supercritical phases via dissolution. This
phenomenon, which is anticipated to be prevalent in actual carbon sequestration
processes, is interlinked with temperature changes and variations in the pH levels of the

liquid phase, both of which influence the rate of chemical reactions. An additional
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limitation arises from the model's assumption of isothermal conditions and treating the
porous medium as an isotropic material, potentially deviating from real-world scenarios.

Moreover, in reality, after injecting CO, for a long period of time, the amount of calcite

in the formation will start to decrease, which would slow down the chemical reaction.
However, to keep things simple, it has been assumed that the calcite remains stable, so
this deceleration in the increase of porosity is not shown in the plot. Such a process
usually takes much longer in large reservoirs (possibly thousands of years) and would not

be noticeable in this 2,000-hour simulation test.
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Figure 5.10: Comparison between the porosity change due to strain term and chemical
reaction term across the horizontal distance of the sample rock.
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55 Conclusion

In this study, a novel approach for modelling a reactive multi-phase hydro-mechanical

chemical system for CO, sequestration using coupling mixture theory was presented.

Addressing the gap in the coupled relationship between chemical and mechanical
properties, it has been linked to stress/strain. The extent of the reaction and solid affinity
were employed in the model, spotlighting the interplay of chemical reactions within the

hydromechanical framework.

Simulations under isothermal conditions on limestone rock samples highlighted the
significant role of chemical reactions in dictating changes in porosity and mechanical
strain within geological formations. Observable changes in liquid pressure, supercritical

pressure, solid deformation, and porosity over time emphasized the primary influence of

210



chemical reactions. This research serves as a foundational benchmark for the carbon
sequestration domain. Offering a holistic lens, it enables professionals and researchers to
better understand chemical reactions' influence on the hydromechanical attributes of
geological formations, paving the way for more strategic carbon sequestration decisions.
Although only one chemical reaction is included in this formulation, additional reactions

can be incorporated using the same approach by following the outlined steps.

While promising, the proposed model operates under certain constraints, notably
assumptions of zero energy dissipation due to solute transport, friction between the two-
phase flow, and the approximation of liquid properties to water. Future research should
investigate the integrating of thermal coupling, precipitation processes, and accounting
for mass transfer between gas and the liquid phase to further refine the model's precision

and applicability.

While the hydro-mechanical (HM) coupling was validated in previous chapters, the
chemical reactive coupling in this chapter has not yet been validated against experimental
data. The validation of the chemical coupling in this chapter relies primarily on the
rigorous derivation process. The conceptual model simulation presented here serves as a
verification tool to ensure that the chemical coupling effects behave logically. For
instance, over time, increased dissolution leads to an increase in porosity, which in turn
raises permeability, and the ion distribution follows expected patterns. Other aspects of
the model, such as the evolution of concentration gradients (e.g., Ca*" ion distribution),

also align with theoretical predictions.

Currently, the coupled model is capable of capturing multi-phase transport, energy

dissipation from two-phase interactions, energy loss from solute transport, chemical
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reactions (specifically dissolution), and changes in porosity and permeability. However,
the model operates under isothermal conditions, which may not accurately reflect the real-
world scenario of CCS, where the deep formation aquifer has a different temperature than
the injected fluid. To address this limitation, the next chapter will introduce heat transfer
coupling to the model to account for non-isothermal conditions. Furthermore, the impact
of this thermal coupling will be thoroughly investigated to assess its influence on the

overall process of mixture transfer.
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Chapter 6: The Impact of Thermal Transport on Reactive THMC
Model for Carbon Capture and Storage

Abstract

Addressing current limitations in Thermo-Hydro-Mechanical-Chemical (THMC) models
is crucial for accurately simulating complex physical and chemical interactions in carbon
capture and storage (CCS) processes. This paper presents a new fully coupled THMC
model, specifically focusing on investigating thermo-chemo coupling (dissolution)
effects for CCS applications. The model is a further extension of the mixture-coupling
theory, which incorporates entropy and mass balance equations, phenomenological
equations, and Maxwell's relations to describe the intricate coupling between mechanical,
hydraulic, chemical, and thermal properties. The model considers a two-phase flow,
liquid and supercritical. By deriving new coupling terms from the phenomenological
equations, the model provides capacity to account for energy losses due to friction
between the two phases, along with energy losses arising from the transport of the solute
and the evolution of porosity/permeability. Furthermore, the model incorporates an
additional coupling term in the mechanical equation to represent the chemical dissolution
effect on volumetric strain relief. Two terms added in the liquid equation account for the
friction of newly dissolved minerals particles on liquid transport and the effects of
porosity changes on liquid flow through dissolution. Finally, Thermal transport coupling
is integrated into the model, as it is a crucial part of CCS applications. Numerical results

demonstrate that increasing temperature significantly decreases porosity due to thermal
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expansion, but thermal energy triggers chemical dissolution which in the long run
increases both porosity and permeability. Chemical dissolution has the most significant
incremental effect on porosity over time, while thermal expansion has the greatest impact
until thermal equilibrium is reached, with the direct impacts of pressure and strain on
porosity falling in between. This research presents a comprehensive coupling framework
that accounts for two-phase friction, the dissolution process, and changing permeability,

which gives it potential utility in the planning process for CCS applications.

6.1 Introduction

The threat of climate change grows each day, heralding disastrous effects on our planet's
natural life and prompting an urgent need for effective ways to mitigate global warming
(Masson-Delmotte et al., 2022; Portner et al., 2022; Vicente-Serrano et al., 2020). Carbon
capture and storage (CCS) technologies may form part of the solution to such problems
(Bui et al., 2018; House et al., 2011). Many countries have already adopted such projects.
For example, according to Xu et al. (2021) China has built and started constructing more
than 25 facilities related to CCS with an annual injection capacity of over 12 megatons.
Similarly, Norway, the USA, Australia, Canada, France, Germany, the United Kingdom,
and India already have built and are currently constructing CCS facilities with a capacity
of about 37 annual megatons. However, for the CCS process to be successful, it requires

optimization and a comprehensive understanding of the underlying mechanisms.

To address this need, researchers have turned their attention to Thermo-Hydro-
Mechanical-Chemical (THMC) coupled models in recent years. These models are crucial
for unravelling the complex interactions between thermal, hydraulic, mechanical, and

chemical processes during and after the injection process in CCS. While numerous studies

214



have explored different aspects of CCS, particularly process development and
optimization (Rutgvist et al., 2002; Ennis-King and Paterson, 2005; André et al., 2007b;
Taron et al., 2009; Liu et al., 2011; Rutqvist et al., 2011; Zhang et al., 2012; Karrech,
2013; Gan et al., 2021; Lei et al., 2020; Buchwald et al., 2021), existing multi-phase
THMC models have limitations in addressing thermal-chemo coupling and its effect on
porosity evolution due to the complexity of this process. For instance, Vilarrasa and
Rutgvist (2017) pointed out that the impact of geochemical reactions
(dissolution/precipitation) on the geomechanical properties of different rock types has not
been explored in detail. They argued that interdisciplinary collaboration between
geochemists and geomechanics experts is needed to clarify this coupled effect.
Furthermore, they noted that despite their importance, the coupled Thermo-Hydro-
Mechanical-Chemical processes have not been adequately investigated due to the high

computational cost involved, suggesting the need for more efficient numerical simulators.

The need to investigate the thermo-chemo effect of CO, dissolution on the CCS process

was raised up by other researcher such as Gaus et al. (2008b). The author highlighted the
necessity of creating an appropriate thermo-chemical coupling, taking in the account high
pressure, and investigate its effect on the porosity/permeability changes. These changes,
influenced by the precipitation and dissolution of minerals such as calcite, are particularly

significant near the CO, injection well.

While some researchers have considered the thermo-chemical effects for one-phase flow,
extending such fully coupled models to multi-phase flow presents another challenge due
to the complex interaction between the fluids. For example, Yin et al. (2011) presented

coupled THMC model to study transient stress, pressure, temperature, and solute
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concentration near the CCS injection point. The paper investigates the effects of injecting

CO, saturated water into a carbonate aquifer composed of pure calcite (CaCO,). The

changes in permeability due to dissolution were investigated. The model demonstrated
the significant impact of temperature and chemical reactions on the stress and pressure
around the injection area. However, the model was developed for one-phase flow only, a
limitation justified by the authors due to the problem's complexity. Moreover, the model
did not investigate the effect of the chemical dissolution on the solid rock mechanical

properties which should affect the stress and strain evolution.

A more refined single-phase model that focused on addressing the chemical dissolution
effect on the mechanical stress/strain issue is presented by Yue et al. (2022). The authors
introduced a general THMC reactive model based on mixture-coupling theory, taking
into account the dissolution process by utilizing chemical affinity. Within this model, a
new term was added to the mechanical governing equation to address the effect of
chemical dissolution on mechanical characteristics, among other terms. A numerical
simulation was applied to a quartz dissolution case. However, the model only considered
one-phase flow, and the coupling effects on pressure, temperature, and permeability

change were not tested.

To date, the effects of thermo-chemical coupling and the improved chemical-mechanical
coupling on the THMC system for CCS remain under-investigated. However, these
effects are anticipated to significantly influence the process. Addressing this issue, this
research presents a novel fully coupled multi-phase THMC model for CCS process. This

model investigates the impact of both thermal-chemo coupling and chemical-mechanical

effects on a two-phase transport process involving supercritical carbon dioxide (ScCO,)
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and saline water in deep aquifer. To achieve this aim, the mixture-coupling theory
approach (Chen and Hicks, 2011; Wang et al., 2023c; Siddiqui et al., 2023; Abdullah et
al., 2022) is employed, utilising the principles of non-equilibrium thermodynamics and

continuum mechanics.

Mixture-coupling theory was first proposed by Heidug and Wong (1996) and is grounded
in mixture theory (Terzaghi, 1925; Coussy et al., 1998). The methodology employs
entropy production equations, mass balance equations, and the Helmholtz free energy
equation. Maxwell's relations are used to create coupling relations between stress,
pressure, temperature, porosity evolution, and chemical affinity, while phenomenological
relations are employed to discern the coupling between each flow and its driving force.
The mixture-coupling theory approach presents a significant advantage over the
conventional mechanics approach for the thermo-chemical and chemical-mechanical
coupling, as it effectively bridges the scale discrepancy between geomechanics and

geochemistry (Ge et al., 2023).

This research introduces an advanced Thermo-Hydro-Mechanical-Chemical (THMC)
model, offering significant potential for more intricate and precise coupling within carbon
capture and storage (CCS) processes. It not only contemplates the impact of chemical
dissolution on mechanical stress/strain but also the interplay between chemical reactions,
temperature, and phase pressures. It considers two-phase friction, dissolution, and
permeability changes. Furthermore, the model integrates thermal transport, highlighting
the role of temperature in altering porosity and permeability due to thermal expansion
and chemical dissolution. Applicable for investigating CCS in reactive formations, this

comprehensive model provides crucial insights for the optimization and effective
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implementation of CCS technologies by yielding a deeper understanding of these

interacting processes.
6.2  Balance equations

The current model is underpinned by several assumptions. First, it is posited that the
system being considered encompasses a two-phase flow, specifically the liquid and
supercritical phases. Within this, it is assumed that only a dissolution chemical reaction

takes place. This reaction only transpires between CO, in the aqueous phase (dissolved

in water) and solids (through a minerals dissolution reaction). Secondly, the system is
presumed to be immiscible. In this context, the water and supercritical phases are separate
and invariant, with no mass interchange occurring between the phases. Lastly, it is
projected that the salts present in the saline water will not partake in the chemical reaction.
This underlying assumption is integral to the structure of the current model and the

interpretations drawn from it.
6.2.1 Density, flux, and diffusion definition

In this study, the 'mixture’ is defined as the amalgamation of all fluid phases. The
Representative Elementary Volume (REV), assumed to consist of deformable porous
media, is characterized by volume V and a boundary surface S, permitting only fluid flow
across the boundary S (see Figure 6.1). Owing to the temperature gradient within the
REV, thermal energy can be transferred, affecting both fluid and solid components. The

pore spaces are occupied by two fluid phases: saline water and supercritical carbon

dioxide (SCCOZ). The term 'porosity' (¢) is defined as the ratio of the solid matrix
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volume (V *) to the total REV volume (V), whereas the 'phase porosity' (¢”) equates to

the ratio of the phase volume (V #) to the REV volume (V ).

s v’ s
# = P=2d (6.1)

In this context, 'mass density' can be defined in two ways: 'mixture density' ( p”), based
on the total volume of the mixture's pore space, or 'phase density' ( pg ), which is
determined by the volume of the pore space specific to a phase S. The relationship

between these two densities is linked to the 'phase porosity' (¢”) as

P’ =¢"py (6.2)
Here, B represents sub-constituents' species in saline water (such as water, salt, etc.) or
phase g (liquid, supercritical). This paper will consider two fluid phases, the 'liquid’

phase 'I', and the 'supercritical’ phase 'Sc'. Furthermore, the liquid species include water
'w' and chemicals 'c', whereas the supercritical phase contains only one species, carbon

dioxide (CO, ). The densities can be defined based on equation (6.2) as:

Sc _Sc

p=¢'p =p"+p" pF =4 05, P =4p P =0 (6.3)

The mass flux | of saline water, the supercritical flow, or any sub-components present in
saline water, such as water and chemicals, are defined as follows:

17 = p’ (vﬂ —vs) (6.4)

v” and v° represent the interstitial velocities of the fluid and solid, respectively. The

diffusion in the liquid phase, J, can be depicted as follows:
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J""=p’3(vﬂ—v'), Lel (6.5)

for the liquid phase, the diffusion of chemicals can also be represented as a function of

flux, as follows:

I=V-p' (V' -v), Bel (6.6)

Boundary S “\ — Liquid Volume

. Solid volume

Supercritical volume ...

Figure 6.1: Representative Elementary Volume (REV)

6.2.2 Chemical reaction

If a chemical reaction take place between solid phase and aquatic solution, and the

reaction result of dissolution of the solid as: v, X ) +v Y ., >V ,Z

y¥ () then the change

(aq)

in extent of the reaction d & is described as:

dg:vi;i (6.7)

¢ is extent of reaction, X .Y ), Z 4, are the solid reactant, acoustic reactant, and the

(@)
acoustic product respectively. v*,v¥, and v* are stoichiometric coefficient, dn. is the
change in number of moles, V is the volume of the pore ,and y can be -1, 0, or 1 and

is reflect the reaction state (dissolution, no reaction, precipitation).
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The chemical affinity 'A " of the reaction can be defined as (Kondepudi and Prigogine,

2014):
A=_ZZViMiﬂi =VXMXﬂX +VyMY/JY _VZMZ/JZ (6.8)

where u is the chemical potential of the species and M ' is the molar mass.
6.2.3 Fluid mass balance equation
The mass balance equation for the REV is

3(] pﬂdv)=—j 1¥-ndS + [ zv/M #édv (6.9)

Dt \Jv s v '
where n is outward unit normal vector. the material time derivative can be introduced as

D _stivy (6.10)
Dt

then, the differential form of equation (6.9) can be written as

PP+ pPV N VN = M PE=0 (6.11)

6.2.4 Entropy balance equation

For an irreversible transport process, the alteration in entropy can be delineated in terms

of entropy flux interchange with the surroundings I, and the entropy per unit volume y

generated in the porous media due to irreversible heat and mass transfer, and chemical

reactions. As a result, the entropy balance equation can be expressed as follows:

%L 2"dV =—[1,-ndS + [ yav (6.12)
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where 1™ represents the mixture entropy density, encompassing both fluid and solid

phases. By applying the material time derivative, the differential local form can be

articulated as:

" +n"Vv 4Vl —y=0 (6.13)

The entropy flux 1, can be defined as (Katchalsky and Curran, 1965):

q _Zﬂﬂlﬂ q!
| =—4&=" =2 5V 6.14
; = = Wi (6.14)
q is the total heat flow, g’ is the reduced heat flow, T is the mixture temperature, z”

is the chemical potential of fluid S . The chemical potential can be expressed in term of

enthalpy h”, temperature T and entropy density as

u=h’-Tn’ (6.15)
the reduced heat flow which represents the heat exchange occurring via direct contact at

the boundary with the surroundings (heat transfer by conduction) is expressed as

q =-AVT (6.16)

where A is thermal conductivity.
6.3 Helmholtz free energy

6.3.1 The balance of internal energy

Taking into account only the mechanical work and heat exchange, and by disregarding
the heat change resulting from chemical reactions or any other point sources, the internal

energy balance equation can be formulated as follows:
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E"+£"V-V =V-(6v* )+V q'+V- D h1” =0 (6.17)

where ¢ is the Cauchy stress tensor.
6.3.2 Helmholtz free energy balance equation

Helmholtz free energy v of a mixture can be obtained by subtracting the contribution of

entropy Tn"™ from the internal energy &¢", as w=¢&" -T ™. using the material
derivative equation (6.10), the local form equation can be then described as

YAV V=" 4"V (T TV )" =T (5" +7"V-v°)  (6.18)

by substituting equation (6.13) and (6.17) into equation (6.18), it leads to

— =gV V4V (oV)-V-q —(T +T V-V )" V-3 W1V =TVl =Ty
(6.19)

6.4  Constitutive framework
6.4.1 Transport law, entropy production and phenomenological equations

In most literature, the transport of fluid £ in porous media simplified to a simple Darcy

velocity as

u” =S g(v/ —v*) (6.20)
The entropy production equation for the system can be written as:

0<Ty=-1,-VT =X 17.Vu/ +Aé (6.21)

Using equation (6.4) into entropy production equation (6.21):

0<Ty=-1,-VT =3 p(V/=v*)- V' + Aé (6.22)
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by replacing g with the three species w, ¢, and Sc, the equation can be rearranged as

0<Ty=-1,-VT = p" (V' —=v*)- V"
(6.23)
_pSc (VSC_VS).vﬂSC_pC (VC—VS)-V/JW +A6Z

Using Gibbs-Duhem relation, the relation between phase pressure and chemical potential

can be found as:

vp' = ' Vi + pi Vit
(6.24)
Vp* = pivu*

by using equation (6.20), and substituting equation (6.24) into (6.23)

0<Ty=-1,-VT —u'-Vp' =J° V(4 =" )-u* -Vp* + A& (6.25)
The above equation shows the entropy product due to five terms each containing flow
and driving force. Term —I, - VT is the entropy exchange driven by temperature gradient,
—u'-Vp' is the liquid flow driven by liquid pressure gradient, —u* -Vp*® supercritical
phase flow driven by supercritical pressure gradient, —J° -V(;f - ) is the chemical

diffusion in the liquid driven by chemical potential gradient, and finally, +A¢& is the
change in chemical extent driven by the affinity of the reaction. Since the last term driving
force is scalar quantity and not a vector, and as per Curie-Prigogione principle, this term
cannot be included in the phenomenological coupling relation (Katchalsky and Curran,
1965). To simplify the discussion, the convection heat transfer between the two fluids

flow is neglected.
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For isotropic medium, the phenomenological relation between four flows with three

driving forces as:

L L ¢ c_ W
pu :__1|1VpI __éinS _Llsv(lu —H )

pl Sc
c,,Sc L L c c w
pou® =—=2Vp' - =ZVp¥ — L,V (u - ")
pl pSc (626)

C L L C C w
J :__3|1va - 2i Vps —L33V(,u —H )
P Psc

The relation between chemical potential and the unitless mass fraction of chemical

species 'c', c® can be describes as:

ow _ RT (6.27)
oct M *-c’
R is gas constantand M ° is the molar mass of the chemical specie 'c".
If the following parameters defined as
kabs :I: L:-lz,r1=_%’r2z_%'rsz_::zj-'rzlz_%
(pl ) 11 11 22 22
(6.28)

|_I:_|—31pI K _I-e,zpsC D= Ly, Ouf

Ch R

Then the Darcy’s flows and diffusion can be introduced as:
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k, Pl o s 1op .
u' =k, V—I'[Vp' —rlévﬁ‘ -1,p (C—W v Ve

S

c k C p(‘;: c c 1 a/’lc c
u’ :_kabsv%(—g S|' Vp' +Vp* — pSs rA[CT o Ve D (6.29)

[ Sc _Sc
ch_(L/l)| }Vp'—[L ﬁSC jvaC_Dplvcc
p p

6.4.2 Mechanical deformation

Assuming mechanical equilibrium (V-6 =0), using the entropy production equation
(6.23) and Helmholtz free energy balance equation (6.19), the following equation is
established:
w+yV-v* =(6:VVS)—(T. +T V~vs)77m —Z,uﬂV-Iﬂ—Aé (6.30)
by substituting V- 17 from equation (6.11) in (6.30),
v +yV-v® :(G:VVS)—(T. +T V-vs)nm +

(6.31)
Y (4p" + i PPV v =i M PE) - AE

then by using equation (6.8), 3" (/v "M 7€) = A& =—u'v*M *& = —A & . The reactant
X is the solid component that dissolve within the dissolution reaction, and thus A, is the

solid affinity.

Finally, the free Helmholtz free energy equation can be presented as
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v +yV-v® :(G:VVS)—(T. +TV'VS)77m +
(6.32)
Z(’uﬁpﬂ_'_,uﬁpﬁv.vs)_Asé

where Asé signifies the alteration in the Helmholtz free energy of the solid stemming

from reactive dissolution.

If F,E, and T are the solid deformation tensor, the Green strain tensor and the second

Piola-Kirchhoff stress tensor respectively, the following equations can be presented as:

0 1, ¢
F:a—;(((x,t),E:E(F F-1) (6.33)

T=JF"6F" (6.34)
the Jacobian J is the determinant of the solid deformation tensor, and it is a measure the

volume change which can be describes as

J=—"+J=JV.V (6.35)
dv,

where dV is the volume at current configuration, dV, is the volume at the reference

configuration. Then, using equation (6.32), the free Helmholtz free energy equation in

reference configuration is

Y =tr(TE)+ 4" m" + 45°m> + 4°m® —JIp"™T —A ¢ (6.36)
where W =Jy, m” =Jp" =35"gp/, c=J& and they represent the quantities in the

reference configuration.
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6.4.3 Helmholtz free energy of pore space

The expression for the Helmholtz free energy of the pore space can be formulated as

y™" =—pP +S7 Pl (6.37)
kep

where the average pore pressure is defined as

SC 4 SC

p? =~S'p' +S%*p* =S'p' +p*-S'p* (6.38)

replacing £ with fluids species, equation (6.37) can be written as

w™ =—p® +S' (,uW o+ )+58Cﬂscp§§ (6.39)

and the differential form is

P =Pt A (S ) (S ) A (S ol )+ a (81 )

(6.40)
(8% P )+ 4 (8% )
the pore pressure derivative can be obtained from equation (6.38) as
pP=(S'+C°p°)p' +(S* -C°p®)p* (6.41)

|
where the specific moisture capacity is defined as C*° = ZS—C , and the capillary pressure
P

ispc :pSc_pI.
6.4.4 Free energy density of the solid matrix and Maxwell relations

the free energy for the of the system is the combination of the free energy of the liquid

phase, the free energy of the supercritical phase and the free energy of the solid
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(F-agy™e) =¥ -(Igp™ ) =¥ -(3g) ™" —Igy™  (6.42)

i B_ 7B _ 185840
since m” =J p” =JS "dpy, then

p'm” = (v pll) =0 (6.43)

also, from Gibbs-Duhem equation, the fluid derivative pressure can be expressed as

p’ =" ph i +n)T (6.44)

k ef
Assuming the value of C°p® is negligible, then, by using equation (6.36), (6.39), (6.40),
(6.43), and Gibbs-Duhem equation (6.44) with (6.41) into equation (6.42), the following
equation is obtained:
(‘I’—J py™) =¥ —(op™" ) =tr(TE)+ pPo—H'T ~A¢  (6.45)

where H® =J»°* =Jn" —Znﬂ is the entropy density of the solid matrix, v =J ¢
Let’s define the dual potential W  as

W =(‘P—Ul//p°re)—ppu (6.46)

if E,p®,c,and T are the state variables, and therefore W can be expressed as

W (E,p®,.T )=tr (TE)-vp® —-Ad—H'T (6.47)
since the dual potential is a function of E,p®,s, and T , the Maxwell relations can be

used as
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(6.48)
06 Je. wor T Je, o
then, W can be written as
W(E,pp,g;):(ﬂJ E[ﬂ] "
oE ij pP T ap Ej.cT
(6.49)

(aw j . (aw j :
+| — G+ — T
ag Ej.pPT ot Ej.p"g

Then, the following stress T'ij , porosity v, solid affinity A, and entropy of the solid H

are:

T, =LyEq -M;p' -H,;¢-FT (6.50)
O=M,E,; +Qp' +D¢+NT (6.51)
A, =H,E, +Dp' +Y ¢+VT (6.52)
H, =F,E; +Np' +V ¢+UT (6.53)

the above equations contain a set of 15 coefficients that need to be determined:

Ly M, H; . F;,Q.D.NY V U
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6.5  THMC governing equations
6.5.1 Solid phase behaviour

Equations listed in (6.50)-(6.53) illustrate the change in stress, porosity, solid affinity,
and entropy concerning the Green Strain tensor, fluid pressure, reaction extent, and
temperature. These equations are not limited to specific scenarios and have broad
applicability. Nonetheless, the derivation of the governing equations calls for
assumptions of small strain, isotropy, and symmetry. The small strain assumption allows

for substitution of Green Strain tensor E; and Piola-Kirchhoff stress T, with strain

tensor ¢; and Cauchy stress o , respectively as:

E ~¢,T.~0.,—02=0 (6.54)

ij ijr ij ij?
If the material assumed to be a fully isotropic and symmetric, then the following tensors

can be substituted with scalar coefficients utilizing Kronecker delta,

ij ij ! ij ij ?

where @, , ®,,and @, can be expressed as (Tao et al., 2019; Yue et al., 2022),

- (6.56)

o =Ka
a, is the thermal expansion coefficient of the solid. For coefficients Q and ¢, they are

defined as (Heidug and Wong, 1996):
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(6.57)

¢ is defined as biot’s coefficient, K and K* are the bulk modulus of the porous media

and the solid grain respectively. Coefficients N and D are:

N=—(C-¢)a, D= (6.58)
P

where D is the molar volume. Finally, the last coefficient L;,, is the stiffness tensor and

can be expressed as

2G
Lijkl =G <5|k 5j| +5i|5jk )‘*‘(K _?jé‘ij 6k| (6-59)

G and K are the shear modulus and the bulk modulus respectively.

Using equation (6.54), (6.55), and (6.59) to rewrite the stress T expression in equation

(6.50), and assuming J =1, the change in stress can be expressed as

VK &5,

~wTSs, (6.60)

i

. 2G ). ) .
o :(K —?Jgkkéij +2G & —g"ppdij —
where V * is the molar volume of the solid reactant.

by substituting the above equation with the average pore pressure derivative p° in
equation (6.41), and using the bulk modulus K and shear modulus G relationship as

G =3K (1-26)/2(1+0), where 6 is the Poisson’s ratio, the final governing equation

for the solid phase can be presented as:
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X

Vé-aT =0

Gv2d+( Gzejv(v-d)—é“v[(s'+CSP°)D'}—4V[(SSC‘Cspc)psc}l/_qj

(6.61)
where d is the change in the solid deformation. Moreover, the porosity can be expressed

as

O=C6 +QPP +DE+NT (6.62)

6.5.2 Liquid phase behaviour

To describe the liquid motion, the density definition is substituted by p' =¢S'p' and

flux definition 1” = p/u” in the mass balance equation (6.11) as:

(68'p ) +48' V-V +V-(plU') - yv/M =0 (6.63)

then multiply by Jacobian J and assuming uncompressible liquid, then,

(US 'p| ) +JV-(p|'u' )—J V"'MPE=0
(6.64)
by expanding the derivative term (uS 'p| ) and substituting with equation (6.62) for the

dynamic porosity v, then replacing the derivative of the average pore pressure p° with
equation (6.41) and the coefficients Q , D, and N with their values from equations

(6.57) and (6.58), equation (6.64) becomes:
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S'pi¢E; +S'pQ(S' +C7p7)p' +8'pIQ(S* ~C*p°)p* +DLS ' pf -

(-4)aTs ' pl +08'pl +08'p +V-(pju' )= xv’ME=0

(6.65)

according to Hosking et al. (2020), the relation between change in fluid density, pressure

and temperature can be described as:

bl =pl (Ki ! —a.T’j (6.66)

where K' is the bulk modulus of the liquid and ¢, is liquid thermal expansion

coefficient. Additionally, the strain &, :l(di +d;, ) ,where d, (i =1,2,3), then, the
2 ) )

displacement change can be expressed as

V-d=6.é, (6.67)

ij “ii
Finally, by assuming that the Jacobian J =1 (small deformation), and by using the

|
definitionof C*° = ZSF and the above definitions, equation (6.65) can be written to be the

governing equation for the liquid-phase as:

gs'v.d+(ﬂs's' +s! %}p' .

K

KS SISSCpSCcﬁ

(VyMYﬂY —v,M z/uz)
[

P

+M: &s' —(gK—_fés'W —¢js" —(£-9)aTS' - TS g+

k oy 1 RT
|: abs V| ( p 1 pss::; p 2p| CWCC M c

(6.68)
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6.5.3 Supercritical phase behaviour

By following the same steps, the supercritical-phase governing equation can be described

as:

. (S ¢ \.sc S0 .
Sc Sce Sc Sc Sc Scel 1l
S V.d+( 5 S84 KSC]p +osS%s'p
Mgy 0t 1S5 (£ - ) a TS -, TS 6.69
X KS p +¢ (é/ ¢)as S aSc S ¢ ( " )
Px

k Sc
+|:_kabs rSscC [Vzpsc — I3 p;IC v2p| _r4p|SSCC (Cwlcc E/ITC Vzccjjj| =0
|

<

it is worth to highlight that because it has been assumed that there is no direct chemical
reaction between the supercritical-phase and the solid-phase, one terms that appears in

the liquid-phase governing equation (6.68) has disappeared in equation (6.69). That term

(VyMY,uY —VZM zluz)
pll

and which has a physical meaning of converting the solid mass
to liquid as a result of the dissolution process.
6.5.4 Chemical transport

If the solute k 1 exists only in the liquid phase, then by using mass balance equation
of the chemical can be described by using equation (6.11), the definition of Darcy velocity
|

u', and flux 1“ and diffusion J* relationship in equation (6.6), the mass balance

equation for the chemical solute can be re-written as:

(48'pf ) +V-3“+V-(pfu" )=y M ¥ E=0 (6.70)
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k
the chemical fraction can be defined as ¢ = p_,l then the final governing equation for

P
the chemical phase transport is presented as:
¢S ' plck +v.3" + plu' -vek — yv*M *E 4k szk MKE=0 (6.71)
k
6.5.5 Thermal transport

the thermal balance equation for the mixture can be written as

q'S +q| +q'50+(qs+q| +qSC)V‘VS+V'q,+V.(hIII+hSCISC)=Q (6.72)
where the heat densities q° = p°c;T , q' =p'c T, and q* = p*c;T ; is the heat

capacity for B phase. Q is the heat change by the chemical reaction, to simplify the
discussion, the heat that may generated or absorbed by the chemical reaction will be

neglected in this model (€2=0). h' and h** are the enthalpy for the liquid-phase and

supercritical-phase respectively. The phase heat densities can be described as:

a°=(1-¢);, q' =¢'q;, 9% =4 qg; (6.73)
using equation (6.73) and ¢’ =S”¢, equation (6.72) in reference configuration can be

written as:

(1-0) pieiT ) +(u8" piouT ) +(v8* p5eiT ) +3V-q +IV.(h'1' +h*1%) =0

(6.74)

for small deformation where J =1, if the reduced heat flux q'=-AVT , , and

h* 1% = p3c > Tu, then equation (6.74) becomes:
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(1-0)piesT ) +(v8' i, T ) +(vS ¥ pSeiT ) = V.(AVT )+
(6.75)
pieiT V' + pie T Vu™ =0

Equation (6.75) is the final governing equation for the thermal transport of the system,
where 1=(1-¢)2° +2'S'¢p+2°S*¢; 2°,4', and 2% are the thermal conductivity

coefficient for the solid, liquid and supercritical phase respectively. If the porosity

assumed to be a constant, then v can be approximated to ¢ .

in equation (6.75), the coupling between thermal transport and the solid deformation,
pressure and chemical reaction is embedded in the derivative of the porosity term. As
equation (6.62), all these variables are included in the porosity change and thus the

coupling is implied.
6.6 Numerical solution:

The objective of this section is to underline the impact of thermal transport on the two-
phase THMC system for the CCS process. To do so, a comparison between a case under
isothermal conditions (HMC coupled model with no thermal transport) and a non-
isothermal case (THMC coupled model with thermal transport) is conducted. The
investigation includes a comparison between fluid pressure, solid deformation, chemical

reaction (dissolution rate), porosity, and permeability change.

The simulation is performed using a Finite Element Method (FEM). COMSOL
Multiphysics® software, a general FEM solver, is used to solve the governing equations.
The software allows the built-in general equations to be modified to align with the

equations introduced in this paper. However, it should be mentioned that the dynamic
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viscosity of the fluids is assumed to be constant despite the change in pressure and

temperature.

For the model itself, a conceptual 2D cylindrical model of limestone rock is considered.
The cylindrical sample is assumed to be 20cm in diameter and 100cm in length. The

sample is assumed to be rich in calcite minerals (CaCO,) and has an injection port (hole)

that is 50mm in diameter and 200mm in depth on one side (the left side) of the cylindrical

sample. The sample is initially semi-saturated with carbonic acid H,CO,. This

assumption is made because the system is assumed to be immiscible and does not account

for mass exchange between the injected ScCO, and the liquid (ScCO,dissolving
process); however, the chemical reaction only occurs when the ScCO, is dissolved in the
liquid (to create H,CO,). The supercritical carbon dioxide is then injected through the

injection port. The supercritical fluid is allowed to enter the sample only from the bottom
flat surface of the hole while the wall of the hole is considered isolated for both flow and

thermal transport.

Given that the focus of this paper is on the impact of thermal transport in THMC

modelling, two scenarios are compared. In the first scenario (HMC isothermal model),

the SCCO, is injected with a temperature equal to the initial rock temperature

T.. =T, =303K . In the second scenario (THMC non-isothermal model), the injected
fluid has a temperature higher than the rock's initial temperature
T., =350K >T, =303K | while the other side of the sample maintains a constant

temperature of 303K. A horizontal cross line is chosen to measure and plot the pressure,
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temperature, horizontal deformation, and dissolution rate. Also, a sample point in the
middle (point 1) is selected to measure and plot the porosity and permeability at different

times.

Figure 6.2 shows the initial and boundary conditions of the rock sample, as well as the

horizontal section line and sample point 1.

no flow SeCO, &
VA Y A B A A A B A A B L B S B A B A A A quufdmi.ﬂ‘m'e
SeCo, H,CO, + H,O mixture T 303K P
. —% p* =85MPa —_
. " ; — Pr=p
P =10MPa § p, =7.8MPa —_—
- rd Fd r £ 7 # 5 r rd F 5 A Fd rd £ & 7 rd rd A # 7
no flow
r' N AVAVAVAVAVAVAVAVAVAVAVI ‘
injection port Horizontal cross-section line
Point1

Figure 6.2: 2D model of cylindrical limestone rock sample with injection port in the
centre left side.

6.6.1 Chemical reaction

The chemical reaction will take place between the carbonic acid and the calcite. In reality,
the SCCO, dissolves in the saline water once the injection starts, which triggers the
dissolution chemical reaction. However, as the system does not take into account the
dissolving process (immiscible system), it is assumed that the CO, is already dissolved
in the water, and the reaction will commence immediately after the SCCO, injection

process begins. Furthermore, the dissolution reaction between carbonic acid H2C03 and
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calcite CaCO, is an exothermic reaction that generates heat. However, for the sake of

simplification, the heat produced by the chemical reaction is ignored in the numerical

simulation. The dissolution reaction can be expressed as follows (Zerai et al., 2006):

CaCo, +H,CO, = Ca®" + 2HCO; (6.76)

while the kinetic dissolution rate for the above reaction can be expressed as (Steefel and

Lasaga, 1994):

_ _Q
r—kraIeArea[l " ] (6.77)

eq
where r is the kinetic rate of the reaction (dissolution), krate is the rate of the reaction,

Area is reactive surface area, Keq is the equilibrium constant, and Q is the ions activity

product. To calculate the dissolution rate constant, the following equation is used (Steefel

and Lasaga, 1994):

E.(1 1
k .=k .exp|——2| —- 6.78

e p{ R (T 298.15)} (6.78)
krzs is rate constant measured at T =25C °, E, is the activation energy, and R is the
universal gas constant. Plummer and Busenberg (1982) presented a correlation as a

function of temperature T to calculate the logarithm of Keq for calcite in carbonic

mixture;

+485.818xlog(T ) (6.79)

log (K., ) =-1228.732-0.299444(T )+ w
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It should be noted that there is a difference between the rate of dissolution r in equation
(6.77) and the solid affinity rate As given by equation (6.52). While As is concerned with

how the thermodynamic favourability or "urge™ for the reaction to occur is changing over
time, the rate of dissolution r is concerned with how quickly the reaction is actually
occurring. They are both important aspects of understanding a chemical reaction, but they
provide information about different facets of the reaction dynamics, further details can be
found in (Zhang and Zhong, 2017a; Zhang and Zhong, 2017b; Zhang and Zhong, 2018;
Yue et al., 2022). Moreover, in this numerical simulation, the rate of extent of the reaction

is assumed to be equal to dissolution rate.
6.6.1.1 Saturation and dynamic permeability
The equation introduced by Van Genuchten (1980a) can be utilised to calculate the

saturation of both the liquid and supercritical phases. The liquid saturation is a function

of the capillary pressure p°, and two rock property-related constants: M and m. M

characterises the distribution of pore sizes - the greater the value of M, the smaller the
pores and the tighter the liquid is held within the solid matrix. Conversely, the parameter
m indicates the uniformity of the pore size distribution (Vereecken et al., 1989; Carsel

and Parrish, 1988; Ma et al., 2020b; VVan Genuchten, 1980a):

p° =
SV =|| — +1 ,
v (6.80)

then, the relative permeability for the liquid and Sc phase can be described as:
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12

K., =(s')°-5x[1(1[(s')nlwn (6.81)
K o (1—S')°'5{1—£1—[(1—S'); j ] (6.82)

The Kozeny-Carman relation is employed to gauge the change in permeability, which is

a function of the initial absolute permeability (kabs )i , the initial porosity @ , and the

current porosity value ¢ (Xu et al., 2003). It can be expressed as follows:

3 1-4 2
K s = (Kips )i x[gj (ﬁ] (6.83)

6.6.2 Properties and constants

The fluid and limestone properties and constants have been sourced from the literature.
Table 6.1 displays the properties and constants used for the fluid and solid phases, along

with their respective references.

Table 6.1: Properties/ parameters used in the simulation.

Physical meaning Reference Values and units
(Zhou and

Young’s modulus (Limestone) Burbey, E =33x10° MPa
2014b)
(Zhou and

Liquid density Burbey, p| =1000kg/m®
2014b)
(Zhou and

Carbon dioxide density (Sc) Burbey, Py =660kg/m’
2014b)
(Zhou and

Solid density Burbey, p° =2600kg/m’
2014b)
(Zhou and

Poisson’s ratio Burbey, 0=0.26
2014b)
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Biot’s coefficient

Porosity

Dynamic viscosity of liquid

Dynamic viscosity of carbon dioxide

(Sc)

Bulk modulus of liquid

Bulk modulus of carbon dioxide (Sc)

Bulk modulus of solid
chemical rate constant CaCO,
Specific heat capacity of SCCO,

Specific heat capacity of water

Specific heat capacity of limestone

Thermal expansion coefficient for
limestone

Thermal expansion coefficient for
water

Thermal expansion coefficient for
ScCO,

Van Genuchten parameters

Van Genuchten parameters

Reactive surface area for calcite

(Li and
Laloui,
2016a)
(Zhou and
Burbey,
2014b)
(Zhou and
Burbey,
2014b)
(Zhou and
Burbey,
2014b)
(Zhou and
Burbey,
2014b)
(Zhou and
Burbey,
2014b)
(Zhou and
Burbey,
2014b)
(Xuetal.,
2003)
(Sokama-
Neuyam et
al., 2022)
(Wagner and
Prui3, 2002)
(Waples and
Waples,
2004; Xiong
et al., 2020)
(Alungbe et
al., 1992)
(Irvine Jr and
Duignan,
1985)

(Teymourtash
etal., 2013)

(Rutqvist et
al., 2002)
(Rutqvist et
al., 2002)
(Gaus et al.,
2005; Lee
and Morse,
1999)
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c=1

$=0.123

V' =1x102Pa-s
v =6x10°Pa-s

K, =2.2x10° MPa

K. =58MPa
K, =74GPa
k =1.6x10"mol-m?.s*

rate

¢’ =0.895kJ-kg*-K™

¢l =4.180kJ-kg™-K™
c; =0.770kJ kg™ -K™

a, =9.9x10° K™

o, =2.1x10* K™

ag, =0.06K™
M =500kPa
m =0.43

Area =6.71x102 m’/g



(Gaus et al.,
2005; Lee
and Morse,
1999)

Rate constant @T =25C° %836;[ al., K., =1.6x10° mol-m*-s'
(Xu etal.,
2003)

Absolute permeability Assumed K, =14x10""m?

(Canakci et
. . al., 2007, _ .
Thermal conductivity for limestone Stylianou et A =2.4W/m-K
al., 2016)
- (Ramires et _ )
Thermal conductivity for water al., 1995) A, =0.6W/m-K
(Sokama-
Thermal conductivity for SCCO, Neuyam et A, =0.0339W/m-K
al., 2022)

Calcite molar volume V * =36.93x10"° m*/mol

Activation energy 41.87 ki/mol E, =

6.7 Results and discussion

Although CO, injection often leads to a potential decrease in temperature, this is not

always the case. A temperature decrease may occur in low-pressure formations; however,

this cooling effect is not universal across all formations or scenarios. In formations with
high geothermal gradients, for example, the injected CO, may maintain or even

temporarily increase the local temperature due to compressive forces and heat exchange

with the surrounding rock. Furthermore, the cooling effect may be less pronounced in
high-pressure formations, where CO, remains in a supercritical phase without significant

expansion, allowing for greater storage capacity due to its higher density. It is also
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important to note that the presented framework is capable of simulating the opposite

effect.

While the thermal energy related to chemical reactions has been ignored to simplify the
discussion, it is worth noting that the dissolution process of calcite in carbonic acid is
exothermic, with an enthalpy change (AH) of approximately -19.5 kJ/mol added to the

system.

For this study, in the first scenario, the first scenario, a non-isothermal case, SCCO, is
injected with a temperature T;, =390K | while the initial rock temperature is T; = 303K

, and the right boundary condition of the rock sample is kept constantat T, =303K . T,

remains constant to represent the far side of the rock formation in the CCS injection
process, which, in reality, is too distant for the temperature to change significantly over

time. Conversely, for the isothermal case, the injected temperature is assumed to remain

constantat T;, =1, =T, =303K .

Figure 6.3 illustrates the change in temperature across the rock sample. Given the
relatively small size of the sample and its high thermal conductivity, the temperature
stabilises rapidly, within 200h. As anticipated, the temperature has a significant impact
on the chemical reaction leading to dissolution. Figure 6.4 compares the reaction rate
between the isothermal and non-isothermal scenarios. The heightened reaction rate
resulting from the temperature increase leads to a quicker dissolution process, as shown
by the concentration of the dissolved calcite in Figure 6.5 for both isothermal and non-

isothermal conditions. Moreover, in Figure 6.4 , the rate of dissolution for the non-
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isothermal case follows the temperature distribution (Figure 6.3), stabilising at 200h.
Conversely, for the isothermal case, the constant temperature leads to a reduction in the

reaction rate over time as the reaction kinetics are approached.

The change in rock sample permeability is regarded as a critical factor in practical
applications. In CCS, an increase in permeability means it is easier to inject more carbon
without needing more advanced equipment to handle higher pressures. According to the
Kozeny-Carman relation, described in Equation (6.83), permeability is directly related

to dynamic porosity.
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Figure 6.3: Temperature change for THMC model in a non-isothermal system.
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Equation (6.51) indicates that there are four coupling terms that affect dynamic porosity

and thus, permeability. To investigate the effect of each term, the value of each

component at Point 1 is plotted in Figure 6.6. The terms are: strain component §&;

pressure component Qp”, thermal component NT , and chemical reaction component

D & . The strain component (&; has a negative value, indicating reduction effect on the

porosity, but it has a relatively small effect compared to the thermal and chemical effect.

The pressure term Qp" maintains steady positive values, as expected, demonstrating an

effect of pushing the pore from the inside out, and thus, increasing the porosity. Rock
properties such as Young's modulus directly influence the pressure coupling term, since
harder rock is more difficult to deform and thus, the effect of pressure on porosity is less

pronounced.

The thermal term NT has the most reduction effect on the porosity. Because the thermal
term is a function of the thermal expansion of the solid, as the solid heats up, it expands,
compressing the pores and subsequently reducing their size, which is evidenced by the
negative value on the graph. Furthermore, since thermal equilibrium reached quickly,
around 200h, the primary decline in the porosity term occurs within this timeframe. After
this point, the figure shows an almost steady flat line, indicating that the direct reduction
effect of thermal expansion has ended. The chemical term D& has also notable impact
on porosity by dissolving the solid and creating additional voids or pores in the solid
matrix. It is important to note that the chemical term is also coupled with the thermal part,
in which the kinetic and rate constants are functions of the temperature. Therefore, the

rate of the reaction will increase with the rise in temperature. While the rise in the

248



temperature of the solid matrix reduces porosity, the dissolution process will continue to

happen beyond the 3000h as shown in Figure 6.7 and Figure 6.8.

Figure 6.7 illustrates the change in porosity and permeability for r both the HMC and
THMC models over a period of 3000h. The porosity and permeability in the THMC have
more reduction due to higher heat transfer. However, Figure 6.8 presents the evolution of
porosity beyond the 3000h mark. A red circle and arrow highlight the area where the
porosity first decreases and then rises again, and this zone is separately depicted in Figure
6.9. The chemical dissolution process leads to an increase in porosity, which subsequently
returns to its initial value of 0.123 over a span of approximately 7.5 months, as
demonstrated in Figure 6.9. Following this period, the porosity continues to ascend,

reaching a value of 0.134 over 20 years, as depicted in Figure 6.8.
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Figure 6.6: & , Qp”, D&, and NT coupling terms of the dynamic porosity for
THMC model.
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Figure 6.9: The porosity returns to its initial value in about 7.5 months.

Figure 6.10 illustrates the horizontal displacement (deformation) of the porous media
across the sample for both isothermal and non-isothermal case scenarios. In the
isothermal model, there is more deformation up to 1000h. However, upon reaching
2000h, the displacement reduces. This reduction is a result of the chemo-thermal coupling
effect on the mechanical deformation term. As the temperature rises for the non-
isothermal condition, the dissolution rate accelerates, leading to an increase in porosity

and a lessening effect on the stress.

The deformation directly correlates with the capillary pressure P° and the physical
properties of the solid matrix. Figure 6.11 displays the inverse relationship between the

capillary pressure and the deformation of the porous media.
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Figure 6.12 and Figure 6.13 present a comparison of the liquid and supercritical fluid
pressure in both case scenarios (isothermal vs non-isothermal), demonstrating the impact
of temperature on pressure. The shift in pressure is associated with various physical

properties, but the dominant factor is the dynamic porosity (and subsequently, fluid
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permeability), which is tightly coupled with temperature via dissolution. Both isothermal
and non-isothermal cases start with nearly the same pressure, but as time progresses, the
pressure difference between the two scenarios increases. This is because thermal transport
accelerates the dissolution rate and enhances permeability over time. This also explains
why the pressure in the non-isothermal case reaches equilibrium more quickly than in the

isothermal scenario.

Figure 6.14 illustrates the permeability of the liquid (k, =k, -k, ), while Figure 6.15

presents the permeability for the supercritical phase. These plots reflect the Van

Genuchten equations, with relative permeability being a function of saturation, and

saturation in turn being a function of capillary pressure P°. The correlation between the

behaviour of liquid permeability and the liquid saturation (as seen in Figure 6.16) is
noticeable, with a similar correlation observed between Figure 6.15 and Figure 6.17 for

the supercritical phase. Furthermore, Figure 6.17 reveals that for the non-isothermal case

scenario, the SCCO, saturation S ¢ at the left boundary decreases, even as the SCCO,
permeability kSc increases (as shown in Figure 6.15). This is because the absolute
permeability is increasing as the porosity enlarges, which heightens the SCCO,

permeability(kSc =K oo K ) , even when the saturation is diminishing.
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Figure 6.17: SCCO, saturation for HMC vs THMC model.

In conclusion, the coupling effects in THMC are complex, even when the focus is solely
on the impact of temperature. There are both direct and indirect coupling mechanisms at
play. Direct coupling refers to the inclusion of the temperature term directly in the
governing equations of the solid, liquid, supercritical phase, and chemical reactions.

Indirect coupling, however, occurs when temperature affects porosity through the thermal
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expansion of the solid, which in turn impacts all other states. Additionally, temperature
influences chemical reactions (like dissolution), which affect porosity by increasing void

spaces (pores), once again affecting all states.

6.8 Conclusion

This research culminated in the development of a fully coupled Thermo-Hydro-
Mechanical-Chemical (THMC) model. This was derived utilising an energy approach
known as the mixture-coupling theory. This method employs the entropy balance
equation alongside the mass balance equation. Additionally, phenomenological equations
are utilised to determine the coupling effect between four flows and three driving forces.
Notably, Maxwell's relations were pivotal in revealing the intricate coupling amongst
mechanical properties (stress/porosity), hydraulic aspects (pressure), chemical reactions,

and thermal elements (temperature).

Five governing equations have been established to effectively capture the behaviours of
the solid, liquid, supercritical phase, chemical, and thermal constituents. The model takes
into account a two-phase flow consisting of a liquid phase and a supercritical phase.
Within the chemical reaction dimension, only the dissolution process has been
incorporated. A conceptual model was then numerically solved utilising the finite element

method via COMSOL Multiphysics® software.

The numerical model facilitated exploration of various aspects, including the impact of
temperature coupling on calcite dissolution during the injection process, and its
subsequent effects on pressure. The influence of temperature coupling was investigated

by juxtaposing a non-thermal transport Hydro-Mechanical-Chemical (HMC) coupled
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model under isothermal conditions with a THMC coupled model under non-isothermal

condition cases.

The results reveal that non-isothermal conditions significantly influence the dissolution
process, notably affecting porosity evolution, permeability, pressure, and strain. Porosity
evolution is governed by four primary coupling terms that depend on strain, pressure,
chemical reaction rate, and temperature. The numerical simulation shows that strain has
the least reduction effect on porosity and permeability, while thermal transport has the
most pronounced reduction impact until thermal equilibrium is reached. This leads to a
decline in porosity and permeability in the initial months of the injection process.
However, as thermal equilibrium is approached, chemical dissolution begins to increase

porosity and permeability again. As the reaction rate increases with higher temperatures,
both porosity and permeability increase, enhancing the injectivity of CO,. Moreover, the

influence of pore pressure on porosity is greater than that of strain, but less than chemical
dissolution and thermal effects. In summary, if chemical reactions are overlooked,
thermal transport decreases porosity, while pressure increases it. These effects are
dependent on the thermal expansion and mechanical properties of the solid matrix.
Additionally, a higher injection temperature leads to improved injectivity in the long run

for calcite-rich formations.

For future research, several recommendations can be suggested. These include
incorporating mass exchange between fluid phases, such as evaporation and solubility in
liquid water, which can influence the pH of the liquid. The relationship between solubility
in liquid water and temperature could improve the accuracy of the dissolution rate

prediction. Including convective heat transfer between fluids, and taking into account the
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precipitation process, which could have a significant impact on porosity, are also crucial
for future investigations. Additionally, the heat energy generated (exothermic reactions)
or absorbed (endothermic reactions) should be incorporated into the model for more
accurate predictions, as these reactions can significantly affect temperature, fluid

properties, and chemical reaction rates.

259



Chapter 7: Conclusion and future work recommendations

7.1 Conclusion

In the conclusion, this thesis walks through the process of creating a two-phase fully
coupled THMC reactive transport model for fluids in deformable porous media that can
be used in CCS application. The model is based on an energy approach that utilise
equilibrium thermodynamics and continuum mechanics to derive the main equations
(mixture-coupling theory). The aim of this research was to advance the existing model
further and improve the coupling relations of the THMC framework specifically for the
CCS injection process. This thesis employs a build-up method to develop complex
governing equations, starting with a basic two-phase novel model and progressively
building upon it in each chapter. Advanced finite element software has been used in each
chapter to demonstrate the capability of the model compared to some other existing ones.

The summary of the build-up progress can be layout as following:

Chapter 3: This chapter developed a hydro-mechanical-gas (HMG) model by extending
the mixture-coupling theory to include water and gas flow. It integrates Helmholtz free
energy equations and Biot’s model to examine the interplay between solid deformation
and pressure changes, including water saturation and gas flow effects. Validated against
experimental data from Liakopoulos (1965a) and Popp et al. (2008), and compared with
Schrefler and Scotta (2001) solutions, the model was numerically solved using COMSOL
software. It showed good agreement with experimental findings, with minor deviations
in air pressure results attributed to differences in governing equations and solution

algorithms. The model's gas flowrate validation indicated strong concordance in the
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elastic phase. Primarily beneficial for oil field studies, specifically in CO, injection

simulations, this study opens avenues for future research, suggesting the inclusion of
variable boundary conditions and further experiments on two-phase fluid flow in

deformable porous media.

Chapter 4: This chapter introduced a comprehensive multi-phase hydro-mechanical-
supercritical-chemical (HMScC) model under isothermal conditions, formulated using
mixture-coupling theory. It innovatively incorporates terms that describe the interactions
between supercritical and liquid phases and their coupling with chemical solute transport,
alongside considering the relationship between solid deformation and pressure changes.
Grounded in Helmholtz's free energy equations and Biot's poroelasticity model, the
model's validity was confirmed with experimental data and solved numerically via
COMSOL Multiphysics® using the finite element method (FEM). The results closely
matched experimental observations and the findings of Schrefler and Scotta (2001).
While the introduced terms' influence appears minimal due to the slow flow nature of the
experiments, it's anticipated that their impact would be more pronounced under
conditions of faster fluid injection, suggesting a potentially aggressive two-phase
interaction. The model currently simulates a single solute, but in larger applications like
carbon sequestration, the presence of multiple solutes could significantly enhance the

model's applicability and impact.

Chapter 5: This chapter introduced a cutting-edge methodology for modelling carbon
dioxide sequestration through a reactive multi-phase hydro-mechanical chemical system,
leveraging coupling mixture theory to bridge the existing knowledge gap between

chemical and mechanical interactions, particularly their connection to stress and strain.
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By incorporating reaction extent and solid affinity, the study illustrates the essential role
of chemical reactions within the hydro-mechanical context. Using limestone samples, the
simulations conducted under isothermal conditions underscored how chemical reactions
critically influence porosity and mechanical strain in geological formations,
demonstrating changes in liquid pressure, supercritical pressure, solid deformation, and
porosity over time. This work establishes a fundamental framework for understanding the
impact of chemical reactions on the hydro-mechanical properties of geological
formations, essential for advancing carbon sequestration strategies. However, the model
assumes negligible energy loss from solute transport and simplifies liquid properties,
indicating areas for future enhancements, such as incorporating thermal dynamics,

precipitation, and mass transfer processes to improve the model's accuracy and relevance.

Chapter 6: This chapter successfully developed a Thermo-Hydro-Mechanical-Chemical
(THMC) model, leveraging mixture-coupling theory and an energy-based approach that
integrates the entropy and mass balance equations, alongside phenomenological
equations to explore the interactions among mechanical properties, hydraulic pressures,
chemical reactions, and thermal elements. Key to this approach were Maxwell's relations,
which elucidated the complex interdependencies within the model. The framework
comprises five core equations addressing the behaviour of solid, liquid, supercritical,
chemical, and thermal elements, focusing on a two-phase flow and specifically modelling
the dissolution process in the chemical component. The model was executed through

COMSOL Multiphysics® using the finite element method.
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The study primarily investigated how temperature affects calcite dissolution during CO,

injection and its subsequent influence on pressure, contrasting the findings with those
from a non-thermal transport Hydro-Mechanical-Chemical model under isothermal
conditions. Findings indicate that non-isothermal conditions significantly impact
dissolution rates, affecting porosity evolution, permeability, pressure, and strain. Notably,
thermal transport had the most substantial effect on reducing porosity and permeability
until thermal equilibrium was achieved, after which chemical dissolution started to
reverse this trend, increasing both porosity and permeability due to higher reaction rates
at elevated temperatures. This enhancement in porosity and permeability boosts

injectivity in calcite-rich formations.

The study underscores the critical role of thermal and chemical dynamics in the injection
process, suggesting future research should address mass exchange between fluid phases,
the impact of temperature on liquid water's solubility and pH, convective heat transfer,

and the precipitation process to refine the model's accuracy and extend its applicability.

7.2 limitation, and future work recommendations

In this work, a fully coupled two-phase THMC has been established to simulate CCS
transport process, however, there is more work need to be done to improve the model

even further. Future research may investigate the following:

1. Miscible and Immiscible Systems: This research focused on immiscible systems
and assumed that CO: remained in its supercritical phase throughout the

simulations. However, at the reservoir scale, phase transitions between

supercritical CO: (SCCOZ) and gaseous CO: can occur due to variations in
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pressure and temperature. These transitions can significantly affect the behaviour
of CO:, including its solubility in water and its interactions within the porous
media. Future research should explore the impact of these phase transitions, as
well as the dynamic interaction between miscible and immiscible systems, to
better capture the complexities of CO: transport and storage in real-world CCS
scenarios.

Fractured Porous Media: This model did not explore fractured media; however,
many CCS applications exist in fractured environments. Injecting CO: into
fractured porous media might be more efficient due to increased permeability.
Heat Transfer Among Fluids: Besides heat transfer between the porous media

(solid phase) and the mixture (fluid phase), heat transfer occurs among the fluids
themselves (e.g., SCCO, and liquid water). This research assumed local

equilibrium, simplifying complex phase interactions into manageable
mathematical relationships. Future models could extend to non-local equilibrium
transport, although this might not be critical for CCS transport due to the typically
slow rates of transport where local equilibrium may closely approximate reality.

Energy from Chemical Reactions: This research did not include the heat energy
generated by exothermic reactions or absorbed by endothermic reactions.
Incorporating these energy changes in future models is crucial for more accurate
predictions, as such reactions can significantly influence temperature, fluid
properties, and chemical reaction rates.

Precipitation Processes: Although dissolution processes are included (as
described in Chapter 6, precipitation was not addressed. Adding precipitation
processes could be crucial for CCS, as various minerals might react, precipitate,
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and subsequently reduce both porosity and permeability, affecting injection rates.
Further chemical reactions should also be considered to simulate more complex
and realistic scenarios.

Isotropic vs. Anisotropic Porous Media: This research dealt only with isotropic
porous media, suitable for homogeneous formation layers distant from reservoir
boundaries. However, modelling transition zones between different formations
might require addressing anisotropic media, which could be explored in future

research.

Joule-Thomson Cooling: In scenarios where high-pressure CO, is injected into

pressure-depleted formations, the sudden pressure drop may induce a temperature
decrease, potentially freezing parts of the mixture near the injection bore and
temporarily reducing permeability. This effect, known as Joule-Thomson cooling,
was not included in this research but could be explored in future studies.

Field Data Comparison: While this research includes many simulation cases,
some against experimental data, it lacks comparison with field data directly
related to CCS processes. Future studies could employ 3D simulations or compare
findings with actual field data to validate the model against real CCS scenarios.
Elasticity: This model assumes that the solid porous media are elastic; however,
in reality, rocks can reach plastic deformation if the stress exceeds a certain value.
Different formations, such as clay, sand, dolomite, and others, have distinct
elastic/plastic properties. The impact of plasticity needs to be addressed in future

research.
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10. Swelling: The swelling effect that may occur when some fluids react with the
solid matrix, such as water and clay, was not considered in this model. Future
research could extend the model to include the swelling effect.

11. Challenges of Scaling to Larger Spatial Scales: The current model uses small
spatial scales in the simulations, which are suitable for proving the concept and
aid in computational efficiency and detail. However, scaling up to larger, real-
world scales may present additional challenges. These include the increased
computational cost of simulating larger domains, especially for 3D models.
Larger scales can introduce new complexities, requiring more advanced
numerical methods and higher computational power to maintain accuracy (such
as solving a large number of fine mesh elements). Future research should address
these challenges to better adapt the model for larger-scale applications, such as

industrial-scale CCS operations.

These recommendations aim to address current model limitations and expand the
applicability and accuracy of future simulations. By exploring and integrating these
enhancements, the model can better adapt to reflect the complexities of real-world
processes. This progression will not only improve predictive capabilities but also foster

more robust and comprehensive tools for scientific and industrial applications.
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