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Abstract

With increasing interest in hydrogen as a clean energy carrier, understanding its behaviour in

subsurface porous media is essential for optimising geological storage systems. This PhD thesis

investigates the pore-scale dynamics of hydrogen-brine systems, focusing on hysteresis, capil-

lary pressure, and the role of Ostwald ripening in gas retention and connectivity. Traditional

models–largely based on hydrocarbon systems–tend to overlook gas redistribution mechanisms

like Ostwald ripening. This research addresses that gap by employing high-resolution X-ray

tomography combined with the computation of Minkowski functionals to examine hydrogen be-

haviour in Bentheimer sandstone, offering new insights into gas-phase connectivity and trapping.

The work comprises three experimental investigations. The first study examined hydrogen

and brine distribution during repeated injection and waterflooding cycles, with a 16-hour storage

period. Results showed preferential hydrogen accumulation in larger pores and demonstrated

that Ostwald ripening enhanced gas connectivity even in the absence of external flow. The second

experiment focused on capillary pressure and saturation changes across three injection–flooding

cycles. Residual gas saturation decreased from 40% in the first cycle to less than 18% by the

third, suggesting reduced hysteresis relative to conventional expectations and reinforcing the

significance of Ostwald ripening in mobilising trapped gas.

The final study extended the storage period to four days to observe longer-term effects

on hydrogen distribution and connectivity. Using both hydrophilic and hydrophobic porous

plates, contact angle measurements confirmed the water-wet nature of Bentheimer sandstone.

Observations revealed a decrease in gas saturation from 85% after initial hydrogen injection

to 22% after the third brine injection. These findings further highlight that hydrogen storage

hysteresis is less pronounced than predicted by classical models.

By advancing the understanding of pore-scale fluid topology and gas connectivity, this the-

sis contributes important insights toward the design and optimisation of subsurface hydrogen

storage systems, supporting the transition to cleaner energy solutions.
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3.13 Capillary pressure values as a function of water saturation, derived from the
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and connections at the initial stage. The darker green shade displays how the

configuration of gas changed after being left undisturbed for 16 hours (the red

dashed circles). This comparison visually highlights the improved connections

between the gas phase due to Ostwald ripening. (D= Drainage, I= Imbibition) . 104

4.10 The volume-weighted size distribution (a, b) and cumulative volume distribution

(c, d) of ganglia are shown for the third cycle of gas and brine injection. The

graphs compare the initial stage with the distribution after 16 hours of storage.

The shaded grey area represents the volume distribution across all pores. A dis-

tinct vertical segment in (b) and a highlighted region in (d) indicate the emergence

of a single large ganglion, which dominates the volume after storage. . . . . . . . 105

4.11 Measured differential pressures during the three drainage cycles, corresponding

to capillary pressure endpoints of 20, 9, and 3 kPa, following gas injection. The

results indicate consistent pressure stabilisation over the last 12 hours at each

injection. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

4.12 Estimated capillary pressure for drainage and imbibition measured on a 6003

voxel subvolume near the top of the sample. The black lines show independent

experimental measurements in the literature where Ostwald ripening is not con-

sidered [14]. The points are our measurements and the error bars represent the

uncertainty in the determination of capillary pressure and saturation from the

segmented images. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

4.13 The gas saturation profile averaged along the flow direction during three cycles of

hydrogen injection and water flooding across the length of a Bentheimer sample,

illustrating both the initial injection and after a 16-hour waiting period. The

black dashed line indicates the specific subsection selected for detailed analysis. . 108

4.14 Illustration of the variation in gas saturation profiles for sandstone samples from

the literature: Higgs et al. [15], Yekta et al. [16], Boon and Hajibeygi [17],

Goodarzi et al. [18], Thaysen et al. [19], Jha et al. [20] and Boon et al. [21]

including the present study. The error bars represent the uncertainty due to

image segmentation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

4.15 Measurements of interfacial area per unit volume between fluid-fluid and fluid-

solid phases within a subvolume over three cycles of gas and water injection

(D= Drainage, I= Imbibition). Results are presented for both the initial stage

and after a 16-hour storage period, alongside gas saturation trends. Error bars

indicate uncertainties in image segmentation. . . . . . . . . . . . . . . . . . . . . 110

18



List of Figures

4.16 The probability distribution of pore and throat radii occupied by hydrogen (green)
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Chapter 1

Introduction

This chapter provides an overview of the motivation for investigating hysteresis in multiphase

flow and its critical application to hydrogen storage, the central focus of this PhD research. It

begins by emphasising the urgent need for sustainable and clean energy solutions in the face of

growing global energy demands and climate goals, highlighting hydrogen’s role as a key enabler

of future energy systems. The discussion then explores the specific challenges associated with

hydrogen storage in porous media, where the complex dynamics of multiphase flow and hysteresis

significantly impact storage efficiency and reliability. The chapter concludes with a roadmap of

the thesis structure, outlining how subsequent chapters build toward a deeper understanding of

hysteresis in multiphase flow and its implications for scalable hydrogen storage solutions.

1.1 Global Energy Demands

The global energy landscape is undergoing a profound transformation, driven by the urgent

need to reduce carbon emissions and mitigate the effects of climate change. As illustrated in

Fig. 1.1, fossil fuels – specifically oil, coal, and gas – are the predominant sources of global energy

but are also the largest contributors to carbon dioxide (CO2) emissions, with oil contributing

11.84 billion tonnes, coal 14.98 billion tonnes, and gas 7.92 billion tonnes of CO2 annually [1].

This staggering impact on the environment emphasises the necessity of transitioning from these

carbon-intensive energy sources to renewable alternatives.

As nations worldwide work towards transitioning from fossil fuels to renewable energy sources,

hydrogen is emerging as a pivotal component of the future energy mix. With its dual capacity as

both an energy carrier and a storage medium, hydrogen holds the potential to address some of

the most pressing challenges in achieving a sustainable and resilient energy system. This global

shift towards hydrogen is reflected in numerous international initiatives and strategies aimed

at harnessing its potential to decarbonise critical sectors such as transportation, industry, and

heating.
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Figure 1.1: CO2 emissions associated with different energy sources, highlighting the significant
contributions of oil, coal, and gas to global carbon emissions [1].

In the UK, these global trends are mirrored by the nation’s ambitious targets for carbon

reduction and the energy transition. Projects like HyNet North West [34] exemplify this com-

mitment, leveraging salt caverns for hydrogen storage to balance energy supply and support

decarbonisation. Such initiatives align with the UK’s Net Zero target, which anticipates a hy-

drogen demand of up to 500 TWh/year by 2050 under high-resource scenarios. The growing

demand for energy in the UK, driven by industrial activities, population growth, and the in-

creasing electrification of various sectors, presents significant challenges to achieving the nation’s

carbon reduction goals. As the UK transitions towards a more sustainable energy mix, there is

a pressing need to develop reliable and scalable energy storage solutions that can complement

renewable energy sources such as wind and solar. In this context, hydrogen, with its versatility

as an energy carrier, is emerging as a crucial component of the UK’s strategy to meet these

demands while minimising carbon emissions.

The demand for energy in Great Britain fluctuates significantly throughout the year, as il-

lustrated in Fig. 1.2, which depicts the country’s daily energy usage from August 2021 to June

2024. The data reveals marked increases in gas consumption, particularly during the colder

months when heating needs drive demand up by approximately 2000 GWh/day. In contrast,

transport energy usage remains relatively stable across the year, with a daily demand of around

1500 GWh, which is predominantly met by fossil fuels. Electricity demand, although more con-

sistent, also exhibits seasonal peaks. Meanwhile, the contribution of renewable energy, despite

its growth, varies and still constitutes a smaller portion of the total energy mix. These seasonal

variations underscore the critical challenge of ensuring a reliable energy supply that meets de-

mand year-round, especially as the UK strives to reduce its reliance on fossil fuels and increase
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the share of renewable energy in its overall energy mix. Hydrogen emerges as a promising solu-

tion in this context, offering a versatile means of storing energy during periods of low demand or

high renewable generation and releasing it when needed. However, the effectiveness of hydrogen

as an energy carrier hinges on the development of efficient and safe storage systems.

Figure 1.2: Great Britain’s daily energy consumption (in GWh) from August 2021 to June 2024,
showing the seasonal variation in gas usage, electricity demand, and renewable energy generation.
The figure illustrates the significant fluctuations in energy demand across different months,
with peaks during colder periods due to increased heating needs. The data also highlights the
relatively stable transport energy usage and the growing yet variable contribution of renewable
energy to the overall energy mix [2].

As the UK works towards achieving its ambitious Net Zero target by 2050, hydrogen is

expected to play a pivotal role in the energy transition. Its ability to decarbonise sectors such as

transportation, industry, and heating has brought hydrogen to the forefront as a crucial energy

carrier in future energy scenarios. The versatility of hydrogen, coupled with its potential to

store and deliver energy from renewable sources, positions it as a key enabler of a sustainable

energy system. Projections from the UK’s Net Zero scenarios indicate a significant increase in

hydrogen demand by 2050. Under the High Electrification Scenario, it is estimated that 240

TWh/year of hydrogen will be required, potentially rising to 500 TWh/year under the High

Resource Scenario. Similarly, the National Grid’s Future Energy Scenarios predict that even

under a scenario of high electrification, hydrogen demand could reach 113 TWh/year, with a

possible rise to 591 TWh/year if hydrogen is widely adopted for heating. These scenarios reflect

the growing importance of hydrogen in the UK’s future energy landscape. These projections

underscore the critical need for efficient and scalable hydrogen storage solutions to meet future

energy demands [35,36].
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1.2 Grey, Blue and Green Hydrogen

Hydrogen can be produced through various methods, each with differing impacts on carbon emis-

sions and environmental sustainability. The most common form, Grey Hydrogen, is produced

from natural gas or coal through reforming or gasification processes, see Fig 1.3. However, this

method is highly carbon-intensive, releasing significant amounts of approximately 10 to 20 kg

of carbon dioxide per kilogram of hydrogen produced. As of 2022, grey hydrogen accounted for

around 98% of the global hydrogen supply, contributing significantly to global carbon emissions.

To address the environmental concerns associated with grey hydrogen, Blue Hydrogen has been

developed. Like grey hydrogen, blue hydrogen is produced from fossil fuels but incorporates

carbon capture and storage (CCS) technologies to mitigate emissions. The captured CO2 is

securely stored in geological formations, reducing the greenhouse gas intensity to around 72

gCO2e/kWh of hydrogen produced or even less. Despite its lower environmental impact com-

pared to grey hydrogen, blue hydrogen production in the UK remains limited, although several

projects, such as Acorn, HyTeeside, and HyNet, are currently in development.

Figure 1.3: The three primary methods of hydrogen production–Grey, Blue, and Green Hydro-
gen. Grey Hydrogen is produced from natural gas or coal through steam reforming and gasi-
fication, resulting in CO2 emissions. Blue Hydrogen follows a similar process but incorporates
Carbon Capture and Storage (CCS) technologies to reduce CO2 emissions. Green Hydrogen is
produced via the electrolysis of water using renewable electricity, resulting in the emission-free
production of hydrogen and oxygen [3].

On the other end of the spectrum, Green Hydrogen represents the most sustainable form of

hydrogen production. It is generated through the electrolysis of water, powered by renewable

energy sources such as wind or solar. This method produces hydrogen with minimal carbon

emissions, positioning green hydrogen as a critical player in global decarbonisation efforts. The
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UK has been actively developing its green hydrogen capacity, with around 14 sites currently

producing approximately 2.21 metric tonnes (26 GWh) of green hydrogen. The global market

for green hydrogen is expected to expand rapidly, with initiatives like Germany’s Salzgitter Green

Hydrogen Plant and the EU’s RePowerEU Plan illustrating its role in decarbonising industries

and increasing energy independence. These projects demonstrate the economic viability and

scalability of green hydrogen as nations push for a sustainable energy transition. While grey

and blue hydrogen dominate the current market, green hydrogen is anticipated to play a crucial

role in the UK’s strategy to achieve Net Zero by 2050, particularly in sectors where electrification

is challenging [37–39]. The focus of this research aligns with the broader goal of scaling up green

hydrogen production and storage to meet future energy demands sustainably.

1.3 Requirements and Infrastructure

As the world transitions to a low-carbon energy future, hydrogen is becoming increasingly vital

as a key energy carrier and storage medium. Projections from the UK National Grid Future

Energy Scenarios, alongside estimates from Gas Infrastructure Europe and the US DOE Na-

tional Clean Hydrogen Strategy, indicate a significant rise in hydrogen storage needs by 2050.

For instance, the UK anticipates a requirement of 56 TWh/year of hydrogen energy storage

by 2050 [40], while the EU and the US foresee needs of up to 450 TWh/year [41] and 264

TWh/year [42], respectively. These projections underscore the critical importance of developing

large-scale hydrogen storage infrastructure to ensure a stable and reliable energy supply. The

transition to a renewable-based energy system heavily depends on the availability of such storage

solutions to mitigate the intermittent nature of renewable energy sources, see Fig. 1.4.

Figure 1.4: Energy storage capacity in the UK as of 2019 across various technologies, using a
logarithmic scale. The graph illustrates the existing energy storage capabilities and highlights
the significant gap that needs to be addressed to meet future hydrogen storage requirements [4].
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Hydrogen storage in underground formations, such as salt caverns and aquifers, has been

practiced for decades, providing valuable insights into large-scale hydrogen storage. Projects like

France’s Manosque Salt Cavern facility and Germany’s HyPSTER program are at the forefront of

demonstrating how these technologies can integrate with renewable energy sources and stabilise

energy supply [43–45]. Figure 1.5 showcases various underground hydrogen storage projects

globally, including aquifer storage in Germany and France, salt cavern storage in the UK and the

US, and hydrogen storage for biomethane production in Argentina and Austria. These historical

and ongoing projects demonstrate the proven track record of underground hydrogen storage,

particularly the widespread use of salt caverns, which offer excellent containment properties and

the ability to store large volumes of hydrogen.

The experience gained from these projects is essential for the future expansion of hydrogen

storage infrastructure, especially as the demand for hydrogen continues to grow. The increasing

demand for hydrogen storage is reflected in the numerous projects currently being undertaken

worldwide, which are at the forefront of developing new technologies and expanding the capacity

of existing storage solutions.

Figure 1.5: Map showing ”Global Hydrogen Storage Projects Underway,” highlighting regions
where hydrogen storage is prioritised. The map illustrates global efforts to expand hydrogen
infrastructure, with salt caverns (blue) and depleted gas fields (pink) as key storage methods.
These projects underscore the strategic importance of hydrogen storage in supporting the transi-
tion to a low-carbon energy system, with ongoing developments across Europe, North America,
and other regions [1, 5].
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1.4 Hydrogen Storage in Porous Media

Hydrogen can be produced by several processes and it can be stored using different methods

such as bonding chemically in ionic and covalent compounds, absorbing in materials with a large

specific area or keeping it at high-pressure gas cylinders or cryogenic tanks [46, 47]. Since the

energy consumed to produce a unit of hydrogen is higher than released energy, hydrogen is not

considered as an energy source. However, it is capable of transporting and storing energy so it

can easily be converted into electricity or heat and be considered as an efficient energy carrier.

In 1915, gas storage in geological formations was accomplished in Canada for the first time and

in 1986, underground storage of gaseous hydrogen in large quantities was stated as the cheapest

method, according to Taylor et al. [20, 48].

Figure 1.6: Illustration of underground hydrogen storage from renewable energy sources, show-
casing various geological formations used for storage, including salt caverns, depleted hydro-
carbon reservoirs, and saline aquifers. The image highlights the integration of wind and solar
energy generation with hydrogen production via electrolysis, its distribution, and storage in
underground structures to balance energy supply and demand [6].

The reason for attention to underground storage energy is to regulate the fluctuations in the

consumption and production of energy. Temporary storing the excess of electricity in the form

of hydrogen in underground structures such as aquifers, caverns, or depleted natural oil/gas

reservoirs is already being demonstrated in projects like the UK’s Teesside Net Zero project,

which aims to use porous reservoirs to balance seasonal energy demands while reducing carbon

emissions. These initiatives highlight the feasibility and importance of such storage methods

for future energy resilience, see Fig. 1.6. The underground storage of hydrogen not only is

safer due to the absence of contact with atmospheric oxygen but also makes the operation
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economically viable [28,49]. Numerous authors have studied hydrogen storage in different aspects

of storage efficiencies such as cryogenic and compressed tanks, metals or chemical hybrids,

but not many reviews exist on the concept of underground hydrogen storage in the geological

formations [50–56].

1.4.1 Challenges

Hydrogen storage in underground reservoirs, such as depleted gas fields, presents unique chal-

lenges arising from its physical and chemical properties. As the lightest and simplest element,

hydrogen exhibits a low density (see Table 1.1) and low critical pressure and temperature, be-

having as a supercritical fluid under typical reservoir conditions. One of the primary challenges

is hydrogen’s limited solubility in water and brines, which varies with reservoir pressure, temper-

ature, and fluid composition. While solubility increases with pressure and exhibits a non-linear

relationship with temperature, it decreases in higher-salinity environments [57–59].

Table 1.1: Physical properties of hydrogen [28].

Properties H2

Molecular Weight 2.016
Density @ 25◦C and 1 atm 0.082 kg/m3

Viscosity @ 25◦C and 1 atm 0.89× 10−5 Pa·s
Solubility in pure water @ 25◦C and 1 atm 7.9× 10−4 mol·kg H2(g)
Normal boiling point −253◦C
Critical Pressure 12.8 atm
Critical Temperature −239.95◦C
Heating Value 120–142 kJ/g
Diffusion in pure water @ 25◦C 5.13× 10−9 m2/s

Another significant challenge is hydrogen’s high diffusivity, which promotes mixing with

other fluids in the reservoir, see Fig. 1.7. Its small molecular size results in a relatively high

diffusion coefficient that depends on factors like reservoir conditions, fluid properties, and tem-

perature. This mixing, driven by molecular diffusion and chemical potential gradients, can

lead to hydrogen loss or contamination, adversely affecting storage efficiency [60]. Hydrogen’s

low density and viscosity relative to reservoir fluids contribute to hydrodynamic instabilities,

such as gravity segregation, where buoyant hydrogen rises unevenly within the reservoir. Addi-

tional instabilities include viscous fingering, where hydrogen forms preferential flow paths during

injection, and lateral spreading, which can leave significant amounts of injected hydrogen unre-

coverable [61]. In depleted oil and gas reservoirs, miscible flow conditions dominate, increasing

the risk of hydrogen mixing with cushion gas or residual hydrocarbons and reducing the purity

of withdrawn hydrogen. Conversely, in aquifers without cushion gas, immiscible flow processes

like capillary trapping may occur, leading to inefficient displacement and challenging retrieval

during withdrawal cycles.
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Figure 1.7: Key challenges in underground hydrogen storage (UHS) within porous reservoirs,
including geochemical interactions between hydrogen and brine, hydrodynamic processes such as
gravity segregation and viscous fingering, dispersion and mixing with cushion or residual gases,
and the influence of microbial activity on hydrogen purity and reservoir conditions [7].

Hydrogen’s interactions with other fluids and reservoir rock are governed by properties such

as interfacial tension, wettability, and relative permeability, which have posed significant engi-

neering challenges in projects such as Germany’s large-scale aquifer storage pilot, where hydrogen

blending led to purity and recovery inefficiencies. These real-world difficulties underscore the

importance of addressing such factors for effective deployment [62]. These parameters influence

hydrogen’s mobility and distribution in porous media. For example, mixing with hydrocarbons

or cushion gas decreases hydrogen purity, impacting its utility in subsequent cycles.

Immiscible displacement, while enhancing retention, also poses risks of trapping, further

complicating recoverability [63]. Additionally, hydrogen storage may be influenced by microbial

activity within porous reservoirs, where specific bacteria can consume or produce hydrogen,

altering its purity or leading to byproducts that impact reservoir integrity. Such processes are

particularly relevant in aquifers and must be accounted for in reservoir management strategies.

The experience gained from these projects is essential for the future expansion of hydrogen

storage infrastructure, especially as the demand for hydrogen continues to grow. The increasing

demand for hydrogen storage is reflected in the numerous projects currently being undertaken

worldwide, which are at the forefront of developing new technologies and expanding the capacity

of existing storage solutions.

1.5 Research Motivation

Multiphase flow in porous media is a fundamental area of study with wide-ranging applications,

including enhanced oil recovery, carbon sequestration, and underground hydrogen storage. A
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critical aspect of these systems is the phenomenon of hysteresis, the history-dependent change

in multiphase flow properties which arises during cyclic processes such as injection and with-

drawal, significantly impacting fluid distribution, recovery, and trapping mechanisms. Despite

its importance, hysteresis in multiphase flow remains poorly understood, particularly at the pore

scale where key interactions between fluids and reservoir rock occur.

Hydrogen storage presents an ideal application to investigate hysteresis in multiphase flow

due to its reliance on cyclic injection and withdrawal operations. The storage process is in-

herently influenced by complex flow regimes, including capillary trapping, residual saturation,

and interfacial dynamics, all of which are governed by hysteresis. Current methods, however,

lack the resolution to directly observe and quantify these pore-scale processes under realistic

reservoir conditions.

To address this gap, this research utilises micro X-ray Computed Tomography (micro-CT)

to visualise and analyse fluid flow and phase distribution in porous media at high resolution.

This novel technique enables precise measurement of properties such as relative permeability,

saturation profiles, and trapping behaviour, offering unparalleled insights into the mechanics of

hysteresis and its implications for hydrogen storage. By focusing on the intersection of hysteresis

and UHS, this study aims to advance the fundamental understanding of multiphase flow and

inform the design of more efficient energy storage systems.

1.6 Aim and Objectives

The aim of this research is to investigate the role of hysteresis in multiphase flow within porous

media, with a specific focus on its application to underground hydrogen storage. By utilising

advanced imaging techniques such as micro-CT, the study seeks to enhance the understanding of

pore-scale fluid dynamics and their implications for hydrogen injection, storage, and withdrawal

processes. The objectives are as below,

• Quantify the effects of hysteresis on fluid flow properties, such as capillary pressure and

residual trapping, during cyclic injection and withdrawal.

• Study hydrogen-brine displacement processes to understand their relationship with hys-

teresis and recovery efficiency.

• Employ micro-CT technology to visualise and measure pore-scale fluid distribution, phase

interactions, and flow regimes under realistic reservoir conditions.

• Provide benchmark data to calibrate and validate pore-scale models that can be used to

predict the flow properties of hydrogen and other gases during repeated cycles of injection

and withdrawal.
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1.7 Structure of the Study

This thesis is structured into six chapters, each building towards a comprehensive understanding

of hysteresis in multiphase hydrogen-brine flow within porous media. The experimental focus

involves three hydrogen-brine two-phase flow experiments conducted under static conditions, us-

ing advanced X-ray tomography. These experiments represent a significant novelty by employing

hydrogen as a test fluid, refining the methodology with each iteration to achieve improved re-

sults, and leveraging pore-scale imaging to investigate the behaviour of hydrogen-brine systems

in unprecedented detail. The thesis will be structured as follows:

Chapter 2 begins with an overview of the fundamental equations and concepts governing

multiphase flow in porous media, followed by a synthesised review of pore-scale two-phase flow

studies, focusing on experimental investigations. The chapter highlights critical knowledge gaps,

such as the limited understanding of hysteresis during cyclic injection and withdrawal.

Chapter 3 examines hysteresis in hydrogen-brine flow using X-ray tomography. An unsteady-

state experiment with a Bentheimer sandstone sample to observe fluid distribution during

drainage and imbibition cycles.

Chapter 4 investigates three cycles of hydrogen injection and brine injection, with images

taken immediately after each cycle and after a 16-hour resting period. The chapter focuses on

the experimental setup, methodology, and the role of Ostwald ripening in hydrogen storage.

Chapter 5 explores unsteady-state hydrogen-brine flow through a Bentheimer sandstone

sample using porous plate experiments and high-resolution micro-CT imaging. It quantifies

capillary pressure, contact angle, and meniscus curvature over three imbibition cycles, showing

a progressive reduction in capillary pressure and residual gas saturation.

Chapter 6 summarises the key findings of this research and discusses their implications.

It also outlines potential avenues for future work, highlighting areas where further investiga-

tion could enhance understanding of hydrogen storage in porous media and improve storage

strategies.
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Chapter 2

Scientific Background

This chapter begins with an overview of the key principles of multiphase flow at the pore scale,

detailing the main forces that influence flow in porous media. It introduces Darcy’s law, which

applies to flow at larger scales. The chapter then delves into displacement processes such as

imbibition and drainage, which affect fluid movement. Additionally, it covers the connectivity

of gas ganglia and the flow regimes identified through X-ray imaging. Finally, we will identify

gaps in the existing literature and connect them to our experiments to emphasise the importance

and originality of our work.

2.1 Theory

Studying the rock-fluid system on a pore-by-pore basis results in a better understanding of

multiphase flow at larger scales, which is an important aspect in hydrocarbon recovery, carbon

or hydrogen storage and groundwater hydrology. Understanding pore-scale physics requires

investigation of the fluid flow dynamics and the processes that control the fluid movement in

porous materials [22, 64].

2.1.1 Darcy’s Law

The transport of fluids through reservoir rocks is complex and current theories of multiphase flow

are based on Darcy’s law, which is an empirical equation that relates the macroscopic velocity

(actually the flux or volume flowing per unit area) of a fluid to the average pressure gradient of

individual phases, see Fig. 2.1. For phase ’m’, it can be expressed as,

qm = −
krmK

µm

(∇Pm − ρmg), (2.1)

where the acceleration due to gravity is g and the volume of fluid flowing per unit of time per

unit of area is q . The viscosity, density and pressure of the fluid are given by µm, ρm and

Pm, respectively. K is the absolute permeability with a unit of length squared m2 or Darcy

and krm is the relative permeability [65, 66]. Generally, permeability is a measurement of

the ability of porous materials to conduct flow and if there is more than one fluid, the ability
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of each fluid is decreased by the presence of other fluids. In multiphase systems, measuring

the ratio of effective permeability of fluids (keff ) to the absolute permeability of the rock can

represent relative permeability, which has a first-order dependency on saturation and is typically

plotted against it. Relative permeability also depends on other properties such as wettability

and saturation history.

Figure 2.1: An illustration of a cylindrical core sample used to determine the absolute perme-
ability of a rock using Darcy’s law. K is the permeability, A is the cross-sectional area, L is the
length of the sample, Q is the volumetric flow rate, and P1 and P2 are the pressures at the inlet
and outlet, respectively.

In porous media, the wetting phase tends to coat the solid surfaces and occupies small pores

and corners, while the non-wetting phase resides in the centres of larger pores. This distribution,

influenced by surface wettability, affects the flow potential and relative permeability of each

phase. For example, in a water-wet system, gas (or oil) flows more readily through larger pores,

whereas water is confined to smaller spaces, leading to higher gas relative permeability at the

same saturation. The relative permeability curves differ depending on the saturation history,

such as during drainage, where the non-wetting phase displaces the wetting phase, and during

imbibition, where the wetting phase displaces the non-wetting phase. This difference, known as

hysteresis, results from varying pore-scale displacement mechanisms and fluid distribution, see

Fig. 2.2.

The relative permeability of multiphase flow in experiments can be obtained by ignoring

gravitational forces and assuming that two phases experience the same pressure drop [66]

krw =
qwµwL

∆PK
, (2.2)

krg =
qgµgL

∆PK
, (2.3)

where (L defines the sample length). Relative permeability has an impact on trapping; therefore,

calculation of fluid relative permeability helps to estimate ultimate recovery and productivity

besides planning operation of productions [22, 67].
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Figure 2.2: Example of relative permeability curves for drainage and imbibition for an oil-water
system, showing a distinct hysteresis effect, evident from the difference between the drainage and
imbibition curves for wetting and non-wetting phase [8]. This hysteresis is due to the differing
pore-scale displacement mechanisms and fluid distribution during the two processes. The arrows
indicate the direction of saturation change for each phase.

2.1.2 Porosity and Fluid Saturation

Porosity φ in a porous medium is the measure of the void spaces within the material, defined as

the ratio of the volume of these void spaces (pores) to the total volume of the medium, which

includes both the voids and the solid matrix,

φ =
void volume

total volume
. (2.4)

This characteristic can be expressed in two forms: total porosity and effective porosity.

Effective porosity φe is particularly significant in practical applications as it accounts for the

volume of connected void spaces that contribute to fluid flow through the medium, providing

a more accurate representation of the medium’s capacity to transmit fluids [66, 68]. Saturation

refers to the fraction of the pore volume occupied by a specific fluid phase in a porous medium.

In a multiphase flow system, the combined saturation values of all fluids (such as water, oil,

and gas) must sum to one, indicating that they collectively occupy the entire pore space. These

saturation levels are typically denoted with subscripts, such as Sw for water saturation, So for

oil saturation, and Sg for gas saturation. When a medium is fully saturated with a single fluid,

that fluid’s saturation is equal to one,

Sw + So + Sg = 1. (2.5)

Porosity and saturation are closely related concepts; the amount of void space, defined by

porosity, determines the capacity of the medium to hold fluids, while saturation indicates the

specific proportion of this void space that each fluid occupies.
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2.1.3 Interfacial Tension and Capillary Number

In the study of multiphase flow in porous media, understanding the forces at play is essential for

explaining fluid distribution and movement. Among these forces, interfacial tension, denoted as

σ, is the energy per unit area at the interface between two immiscible fluids. It arises from the

imbalance of intermolecular forces at the interface, causing the fluids to rearrange themselves to

minimise the surface area. For example, a gas bubble in water forms a spherical shape because

a sphere has the lowest surface area for a given volume, thus minimising the interfacial tension.

This property plays a crucial role in the distribution and behaviour of fluids within porous

media, influencing phenomena such as capillary pressure. The interfacial tension between the

two fluids influences the ease with which one fluid can displace the other. Lower interfacial

tension generally facilitates fluid displacement but may also lead to reduced trapping of the

non-wetting phase.

There is an empirical relationship between capillary pressure and saturation. The difference

of fluid pressures is assumed to be equal to the capillary pressure, which is assumed as a function

of wetting phase saturation only [69]. In a system of two-phase flow such as gas/water, the

capillary pressure is defined as a difference of pressure between gas and water

Pc = Pg − Pw, (2.6)

where c, g and w stand for the capillary, gas and water, respectively. The capillary pressure can

be calculated based on the Young-Laplace equation, where Pc is a multiplication of interfacial

tension (σ) and the curvature, found from the two principal radii of curvature (R)

Pc = 2σκ = σ(
1

R1
+

1

R2
), (2.7)

where κ is the total curvature of the interface. The radii of the curvature can be either positive

(bulging out) or negative (concave), see Fig. 2.3. For gas/water systems, if κ is positive, water is

at a lower pressure than gas; if κ is negative, it means water has the higher pressure. However,

it cannot be measured analytically for a complex rock system because of complicated pore

morphology and contact angle effects [66, 70].

By considering a constant pressure difference between phases, the equality between gas

pressure and water pressure can be assumed. If the effects of gravity are neglected then the

total Darcy flux (qt = qg +qw) can be written as a multiplication of mobility, permeability and

pressure gradient, where (ψt) is the total mobility

qt = −ψtK∇P. (2.8)

For a gas/water system, the total mobility can be written as follows [71],

ψt = ψw + ψg, (2.9)
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ψt =
krw
µw

+
krg
µg

. (2.10)

To examine the effect of flowrate, capillary number (Ca) is defined as a multiplication of

total Darcy flux by the average dynamic viscosity of the two fluids divided by interfacial tension

between two phases,

Ca = µqt/σ. (2.11)

At the pore-scale, if viscous forces dominate, Ca > Caυ, then Caυ approximately equals

to K/τξ, where τ represents the distance between pores and ξ is the mean radius of a throat.

Viscous effects can be ignored if Ca ≪ Caυ meaning that capillary forces dominate [22, 65,66].

Figure 2.3: Examples of flat, positive and negative curvatures. The principal radii of curvature
of this interface are denoted as R1 and R2.

2.1.4 Wettability and Contact Angle

Wettability is referring to the tendency of a solid surface to be preferentially wetted by one fluid in

the presence of another immiscible fluid. This property significantly influences the distribution

and movement of fluids within porous rock formations, affecting fluid recovery and reservoir

performance. In porous media saturated with water and oil, the rock can exhibit different

wetting preferences: water-wet surfaces favour contact with water, while oil-wet surfaces prefer

contact with oil. Most reservoir rocks display mixed wettability, with smaller pores typically

being strongly water-wet and larger pores exhibiting a range of wettabilities from water-wet to

oil-wet.

The characterisation of wettability is commonly achieved by measuring the contact angle

θ, which is the angle formed at the junction where the solid surface, gas/oil, and water meet.

This angle is influenced by various factors, including the mineral composition of the rock, the

chemistry of the formation brine, the composition of the gas/oil, and the reservoir tempera-

ture [72–74]. The contact angle provides a direct quantification of wettability, ranging from 0°

(strongly water-wetting) to 180◦ (strongly oil-wetting). The contact angle is measured in the

denser phase, typically water, at the point of three-phase contact, see Fig. 2.4. Wettability can

be understood through the balance of forces at the interfaces between the different phases, as

described by Young’s equation [66]:
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σms = σns + σcosθ, (2.12)

where σms and σns are the interfacial tensions between the solid and the non-wetting (m) and

wetting (n) phases, respectively, and σ is the interfacial tension between the two fluid phases.

The contact angle θ reflects the degree of wettability: θ < 90◦ indicates a wetting condition,

while θ > 90◦ indicates a non-wetting condition. Wettability can be assessed indirectly using

macroscopic measurements such as the Amott or USBM indices [75,76], or directly via contact

angle measurements on external surfaces [77], although this is challenging within porous media.

Figure 2.4: The wettability states of an oil droplet on a solid surface with water as the sur-
rounding phase. The contact angle θ is measured through the water. Contact angles below 90◦

indicate a water-wet system, while those above 90◦ indicate an oil-wet system.

Recent advancements in high-resolution imaging techniques, particularly pore-scale X-ray

imaging, have led to innovative methods for characterising wettability within the pore space.

Utilising micro tomography, specifically micro-CT imaging, allows for direct visualisation of the

pore space and measurement of the contact angle on rock surfaces under reservoir conditions,

see Fig. 2.5.

Figure 2.5: Visualisation of a contact angle (60◦) using automated code, identifying the same
point in the data visualisation software, and comparing it to a manual contact angle measurement
at the same location (61◦) [9].

This approach provides a more accurate measurement of contact angles by accounting for

geological textures, surface roughness, and displacement effects typically absent on ideal flat
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surfaces. Moreover, it enables the measurement of contact angles across numerous points within

multiple pores, enhancing the precision of wettability characterisation. Known as the geomet-

ric contact angle, it is measured between a vector tangential to the fluid-fluid interface and

the rock surface. Additionally, looking at changes in fluid configurations have facilitated the

calculation of the thermodynamic contact angle, associated with fluid displacement based on

energy balance. These innovations have significantly enhanced our pore-scale understanding of

wettability in complex systems and will be employed to determine contact angles in multiphase

experiments [78, 79].

2.2 Fluid Flow in Porous Media

Multiphase flow in porous media is observed in many natural and engineered processes such

as gas storage in oil reservoirs, enhanced oil recovery, manufacturing contexts, drug delivery,

wastewater treatment and fluid separation. At the pore-scale, capillary forces mainly control

the fluid displacement, which depends on the wettability and geometry of the porous medium. A

porous medium is made of void spaces which can be represented as a network composed of wide

regions, pores, connected via restrictions called throats. Flow can be transient displacement or

steady state. In steady-state conditions, both fluids flow through the media simultaneously at a

constant flowrate [80]. For transient displacement, a porous medium can have a different filling

sequences known as drainage or imbibition which apply to strictly hydrophobic or hydrophilic

systems. The process is called drainage when a wetting phase is displaced by a nonwetting

phase where the wetting phase moves from the pore centres to the corners of the pore spaces [66,

81]. Imbibition happens when the wetting phase displaces the nonwetting phase, the capillary

pressure is positive and contact angles are less than 90◦ [82].

2.2.1 Hysteresis

The relationship between the capillary pressure and saturation has been investigated in different

experiments which concluded that capillary pressure not only depends on the saturation but

also on the saturation history, which introduced a new concept known as hysteresis. The word

’hysteresis’ is an ancient Greek word meaning to lag behind or deficiency, which can express the

quantitative properties of a system [10]. Let us consider there is an input u and output w in a

system, increasing u results in a rise in w. If the input direction reverses, the pair u and w do

not follow the original path, Fig. 2.6. This behaviour of the system indicates that predicting the

output depends on the input and history of the process [83,84]. In other words, when a system

experiences a certain delay in a looping behaviour of the input and output graph, it means the

two process paths are not following the same track [85,86].

The hysteresis phenomenon has specific attention in a wide range of engineering disciplines

such as electrical engineering, civil engineering and petroleum engineering. Hysteresis is defined

based on the fundamentals of the fields and it differs from one field to another [87, 88]. How-

ever, in this report, the hysteresis phenomenon focuses on the area of multiphase flow. The
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concept of hysteresis was first introduced for magnetism in the 1910s. Many papers have stud-

ied how hysteresis behaviour can affect rocks and fluid properties and how understanding this

new phenomenon can help to improve the performance of reservoir productions [89]. Studying

hysteresis is also important for oil and gas reservoirs because of the significant effects that it

has on the accuracy of the reservoir simulation results. Ignoring hysteresis leads to large errors

in the simulation results, therefore this phenomenon should be accounted for and considered in

the modelling processes.

Figure 2.6: Hysteresis behaviour illustrated in input-output graphs. The left graph shows
a smooth hysteresis loop where the output w lags behind the input u, resulting in a delay
and looping behaviour. The right graph represents an idealised rectangular hysteresis loop,
highlighting two distinct process paths ( ρ1 and ρ2) that do not follow the same track, illustrating
the system’s nonlinearity and memory effect [10].

2.2.2 Two-Phase Flow

2.2.2.1 Capillary Pressure and Saturation

Capillary pressure is one of the important factors in multiphase flow, geological CO2 sequestra-

tion, water-alternating gas injection and enhanced oil recovery methods [90–93]. Having a better

understanding of hysteresis in capillary pressure can help to gain the knowledge of the distribu-

tion of saturation in the reservoirs and accurate process designs. There are several methods to

measure capillary pressure on rock samples [94]. One of the major static methods is mercury

injection, used to interpret the size of restrictions (throats). It only works for primary drainage

and it is not useful for the study of hysteresis [95].

Another technique to measure capillary pressure was proposed by Hassler and Brunner [96]

known as the centrifuge technique. This technique only works for the denser phase (water)

displacing oil and again cannot be used to study hysteresis because only one phase can displace

the other [97].

The porous-plate technique is considered the most accurate way to measure capillary pressure

where fluid is injected at a known pressure and the non-wetting phase cannot escape because

of the presence of a low permeability high-capillary-entry-pressure porous plate. Although, it

takes weeks or months to reach the equilibrium state for each point of capillary pressure, it can
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be used to investigate arbitrary displacement cycles [98, 99].

As most of the mentioned experimental techniques have the difficulty in the measurements,

several studies developed mathematical models for hysteresis in capillary pressure. Killough [100]

developed an empirical model which reproduced the hysteresis curve by applying saturation

history. Although his model is accurate, experimental data are needed to provide parameter

values for his equations. Ismail et al., [101] studied water-oil capillary pressure in a carbonate

reservoir and proposed a model by using Killough’s equation. While Killough mainly studied

two-phase flow systems, Leverett [102] suggested a new model for three-phase systems. Based

on Leverett’s assumptions a new model was developed and proposed by Parker and Lenhard.

This model expressed a new scaled saturation-capillary pressure function. Comparing this model

with experimental results showed a good agreement [103].

More recently, some advanced methods have been developed such as X-ray CT [104], Nu-

clear Magnetic Resonance (NMR) [99], Capillary Pressure and Resistivity Index by Continuous

Injection (CPRICE) [105]. These techniques can overcome the limitations of conventional meth-

ods. For example, the Nuclear Magnetic Resonance technique reduces the time requirement

and X-ray computed tomography provides direct observation of pore network structure during

multiphase flow [106–108]. This method helps to have a better understanding of pore networks,

pore size distribution and pore network tortuosity [109]. However, the complexity and small

sizes of the pore structure make it difficult for direct images of multiphase flow in porous media

as it requires a lot of 3D image processing and a high computational power [110].

The only new method that can be used for measuring the capillary pressure is X-ray imaging

and by applying Eq. 2.7, the capillary pressure for displacement can be calculated from interfacial

curvature [111]. X-ray imaging provides a method to measure curvature that I will apply in my

work.

2.2.2.2 Interfacial Area

Since capillary pressure is not a unique function of saturation, we need to describe it through

another variable as well. Hassanizadeh and Gray [112] proposed that capillary pressure could

be described by a unique function of saturation and interfacial area. The problem though has

been the measurement of interfacial area. Culligan et al. [113] presented a measurement of

interfacial per volume based on micro-CT images. Cheng et al. [114] studied the interfacial area

per volume between wetting and non-wetting fluids and they observed that the interfacial area

per volume of the capillary-dominated interfaces lifts the pressure-saturation hysteresis. Chen

et al. [115] used a two-dimensional micromodel and proposed that each system has a unique

pressure-saturation-interfacial area.

Porter et al. [116] verified the Cheng et al. findings by using three-dimensional micro-

CT. They showed defining the main branches can describe the relationship among capillary

pressure, saturation and interfacial area without scanning the curve data. The relationship

between interfacial area and saturation based on pore sizes and also capillary pressure-saturation

relationship was predicted by Diamantopoulos et al. [117].
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2.2.2.3 Pore Size Distribution

Pore size distribution refers to the variety and abundance of pores of different sizes within a rock

matrix. Understanding the distribution of pore sizes is crucial because it directly impacts the

rock’s ability to store and transmit fluids. The pores within a rock can range from nanometers

to millimeters in diameter, and their distribution can be influenced by several factors including

the rock’s genesis, mineral composition, and diagenetic history. These pores are often intercon-

nected, forming a network that dictates the flow paths of fluids. The geometry and connectivity

of these pores are essential parameters that influence the rock’s porosity and permeability, as

explained in subsections 2.1.1 and 2.1.2. There is no single definition of “pore diameter” or “pore

size,” as each method of determination uses a model suited to the specific experiment. Similarly,

”void space” typically refers to the space between solid surfaces. The irregular network of pores

in rocks includes narrow constrictions called throats or necks and larger spaces known as pores,

see Fig. 2.7.

Figure 2.7: Schematic of pores and throats in a gas/water system. The diagram illustrates the
larger pore spaces known as pores and the narrow constrictions called throats that interconnect
them, highlighting the pathways for fluid flow and storage within the rock matrix.

.

Measurement of pore size distribution is typically carried out using techniques such as mer-

cury intrusion porosimetry (MIP) [118], nuclear magnetic resonance (NMR) spectroscopy [99],

and micro-CT [107] scanning. MIP involves forcing mercury into the rock pores under controlled

pressures and measuring the volume of mercury intruded to infer pore sizes. NMR spectroscopy

exploits the magnetic properties of hydrogen nuclei in the pore fluids to determine pore sizes

based on relaxation times. Micro-CT scanning provides high-resolution, three-dimensional im-

ages of the rock’s internal structure, allowing for detailed analysis of pore geometry and connec-

tivity [119,120].

In the context of hydrogen and brine systems, understanding pore size distribution is par-

ticularly important. Hydrogen, being a small and light molecule, can diffuse through very small

pores, but its storage and transport are influenced by the rock’s microstructure. Brine, which

has a higher viscosity and density, will interact differently with the pore surfaces, affecting its

flow and retention. The interplay between these fluids and the rock’s pore size distribution can

significantly influence properties such as relative permeability, capillary pressure, and wettabil-

ity.
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2.2.3 Gas Trapping and Movement

One of the aspects of gas storage is that the trapping and movement of gas in its own phase might

be affected by the transport of dissolved gas. In oilfield operations, it is commonly assumed that

the dissolution of hydrocarbons is insignificant and that hysteresis is caused by the displacement

between completely immiscible phases. This assumption is reflected in the use of hydrocarbon-

water properties to describe gas storage. However, both with hydrogen and carbon dioxide, this

assumption is not valid [121–123].

2.2.3.1 Ostwald Ripening

The movement of gas through Ostwald ripening is crucial for understanding the behaviour of

trapped gases in porous structures. When a gas phase exists in porous media, such as subsurface

reservoirs or sedimentary rock formations, variations in pore size and interfacial tension create

non-uniform capillary pressures. From Henry’s law a higher gas pressure, or capillary pressure,

leads to a higher solubility of the gas in water. These differences drive a diffusion process

where dissolved gas molecules move from regions of higher concentration, associated with higher

capillary pressure, to areas of lower concentration. As gas dissolves and diffuses through the

aqueous phase, smaller gas bubbles, which experience higher internal pressure, shrink, while

larger bubbles with lower internal pressure grow. This process, driven by the lower solubility in

smaller bubbles, gradually leads to a redistribution of gas, where larger bubbles dominate, and

the system moves toward equilibrium with a more stable gas configuration, see Fig. 2.8.

Figure 2.8: Schematic illustration of Ostwald ripening. Differences in local capillary pressure
lead to differences in the concentration of dissolved gas and result in concentration gradients in
the aqueous phase and diffusion of dissolved gas away from regions of high capillary pressure.

According to Henry’s Law, dissolved gas concentrations in the aqueous phase depend on the

partial pressure of gas at the gas-liquid interface. In the context of Ostwald ripening, Henry’s

Law helps explain how dissolved gas diffuses to eliminate concentration gradients between dif-

ferent regions of gas ganglia (bubbles). The result is that smaller bubbles, with higher internal

pressures and lower solubility, dissolve more readily, while larger bubbles accumulate the diffused

gas, reinforcing the process of bubble coarsening.
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In a gas-brine system, the equilibrium concentration of gas depends on the gas pressure, Pg,

as described by Henry’s law:

C = HPg, (2.13)

where C is the concentration of gas dissolved in the aqueous phase in units of mol ·m−3, Pg is

the gas pressure in Pascals and H is the Henry’s law constant with SI units of mol ·m−3 ·Pa−1.

Consequently, the typical concentration gradient between ganglia can be approximated as

∆P =
σ

r
, (2.14)

∆C ≈
Hσ

r
, (2.15)

assuming that the pressure variation between ganglia is on the order of a characteristic capillary

pressure, with σ denoting the interfacial tension and r representing a characteristic radius of

curvature for a gas-brine meniscus.

The diffusive flux F of dissolved gas, in units of mol · s−1, is governed by Fick’s law:

F =
DA∆C

M
, (2.16)

where D is the diffusion coefficient of gas in the aqueous phase, A is a representative pore

cross-sectional area, and M is the characteristic diffusion length.

This flux allows us to approximate the time scale required for the complete dissolution of a

ganglion, as observed in experiments:

t =
n

F
, (2.17)

where n represents the number of moles of gas in the ganglion. Applying the ideal gas law,

PV = nRT, (2.18)

where V is the ganglion volume, T is the temperature, and R is the universal gas constant, we

estimate the dissolution time. Here, we assume that all gas is lost through Ostwald ripening,

neglecting the alternative possibility that very small ganglia might migrate through the pore

space and merge with larger neighboring ganglia.

The time required for small ganglia to dissolve can be estimated as

t ≈
P V rM

DAHσ
. (2.19)

In porous media, understanding how Henry’s Law interacts with Ostwald ripening is essential

for various applications. In enhanced oil recovery (EOR), for example, the dynamics of gas

movement are critical for optimising injection strategies of gases like CO2, which can lead to

more efficient oil displacement. Similarly, in carbon sequestration, Ostwald ripening affects
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the stability and migration of CO2 trapped in subsurface formations. By promoting a uniform

capillary pressure through gas redistribution, the system minimises its energy, resulting in a more

stable gas distribution. This illustrates the complex relationship between gas solubility, capillary

pressure, and fluid mechanics in porous media, guided by principles like Henry’s Law [124–126].

2.2.3.2 Péclet Number

The concept of the Péclet number is pivotal in various fields, including chemical engineering,

hydrology, and environmental engineering. For instance, in subsurface hydrology, the Péclet

number helps in understanding the dispersion of contaminants in groundwater. In chemical

reactors, it assists in designing efficient systems by balancing advective and diffusive transport to

optimise reaction rates and product distribution. In the context of gas transport in porous media,

such as the hydrogen-water system, the Péclet number aids in predicting how gases will move

through the porous structure, considering both the flow dynamics and the molecular diffusion.

The Péclet number (Pe) is a dimensionless quantity used extensively in the study of transport

phenomena within fluid mechanics and porous media. Named after the French physicist Jean

Claude Eugène Péclet, it quantifies the relative importance of advective transport (due to bulk

fluid motion) to diffusive transport (due to molecular diffusion) within a flow system. The Péclet

number is particularly useful in characterising the transport of quantities such as heat, mass, or

momentum in various engineering and scientific applications.

In porous media, the Péclet number provides insights into the dominant transport mecha-

nisms and helps in predicting the behaviour of fluids under different flow conditions. It is defined

by the following equation:

Pe =
q · l

D
, (2.20)

where q is the Darcy velocity, representing the volumetric flow rate of fluid per unit area of the

porous medium. The term l is the characteristic length, often taken as the average distance

between the centres of two neighbouring pores, and D is the diffusion coefficient of the solute

in the solvent [127, 128]. The Péclet number allows for a distinction between different regimes

of transport: low Péclet Numbers (Pe < 1): Diffusion-dominated transport. In this regime,

molecular diffusion is the primary mechanism for the movement of solutes, and advective trans-

port is relatively insignificant. This is typical in systems with low flow rates or high diffusivity.

High Péclet Numbers (Pe > 1): Advection-dominated transport. Here, the bulk fluid motion

predominantly drives the transport process, overshadowing the effects of molecular diffusion.

This scenario is common in systems with high flow rates or low diffusivity.

2.2.3.3 Minkowski Functionals

To quantitatively analyse the morphology and topology of the gas and brine phases within

a porous medium, Minkowski functionals were employed. These functionals provide a rigor-

ous mathematical framework for describing the geometrical properties of structures in three-

dimensional space, making them highly valuable in the study of multiphase flow in porous
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media. Four key functionals are considered in this study: volume, surface area, mean curvature,

and connectivity [129,130].

The volume functional (S) represents the total space occupied by a given phase. In the

context of core flooding, it corresponds to the saturation of gas and brine, which is a fundamental

parameter in understanding displacement and trapping mechanisms. The gas saturation (Sg)

is calculated based on the volume of gas present in the pore space relative to the total porous

volume.

The surface area functional (a) measures the total interfacial area between different phases,

such as gas-brine, gas-solid, and brine-solid interfaces. The specific interfacial area provides

insights into phase distribution and fluid-fluid interactions, which influence capillary trapping

and displacement efficiency.

The mean curvature functional (κ) is related to the shape of the fluid interfaces and can be

used to infer capillary forces within the pore structure. It can be related to the capillary pressure

(Pc) through the interfacial tension (σ) using the Young-Laplace equation (Eq. 2.7) [111]. By

analysing the distribution of mean curvature, it is possible to understand the stability of fluid

configurations and how they evolve over time, particularly during imbibition and gas trapping

processes.

The Gaussian curvature (κG) characterises the intrinsic curvature of an interface and is

defined at each point as the product of the two principal curvatures:

κG = κ1 · κ2, (2.21)

where κ1 and κ2 are the maximum and minimum curvatures at a surface point. Positive Gaussian

curvature indicates cap-shaped regions, while negative values correspond to saddle-shaped areas.

Importantly, the Gauss–Bonnet theorem links geometry and topology by relating the integral of

Gaussian curvature over a closed surface (M) to the Euler characteristic (χ) of that surface [131–

133]: ∫
κG dM = 4πχ. (2.22)

The connectivity functional is linked to the topology of the fluid phase, describing how

isolated or connected the gas structures are within the porous medium. The Euler characteristic

(χ) serves as a quantitative measure of pore structure connectivity. Specifically, it represents

the number of discrete objects (ganglia) minus the number of redundant loops and enclosed

voids within those objects. A higher (more positive) Euler characteristic indicates more isolated

clusters, whereas a lower (more negative) value suggests greater connectivity through loops

and throats. This metric effectively captures connectivity changes in multiphase systems –

for example, the coalescence of small gas clusters into a continuous gas phase during Ostwald

ripening results in a decrease in χ reflecting improved connectivity [134].
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2.3 X-ray Imaging

Over the last two decades, pore-scale imaging has developed rapidly to describe the geometry

of the rock and the multiphase flow dynamics. In 1987, Flannery et al. [135] obtained grey-scale

images by a scanner. The images contain details of the pore space of rocks for segmentation.

Development of this imaging technique continued by building a laboratory facility (Australian

National University in collaboration with the University of New South Wales) to image a wide

range of rock samples and predict different properties of fluids [136]. An image can be two

or three dimensional and is defined by f(x, y, z). Each value represents the brightness of the

pixel/voxel, as shown in Fig. 2.9. They can be represented in different types such as 8bit, RGB,

16 bit or 32 bit float.

2.3.1 Micro-Computed Tomography

Computed tomography can be described in four types: conventional, high resolution, ultra high

resolution and microtomography with the scale of resolution mm, 100 µm, 10 µm and µm,

respectively. The simplest elements of X-ray tomography are the X-ray source and a signal set

of X-ray intensity measurements, known as a view. In computed tomography, multiple sets of

views of an object are required over a range of angular orientations. The X-ray intensity, the

spectrum of X-ray energies generated and the size of the focal spot are required to determine

the effectiveness of X-ray on a sample.

Figure 2.9: Continuous image projected onto a sensor array (discretised values), (1) 2D and (2)
3D.

When photons interact with solids, they transmit through the materials and the attenuation

of X-ray follows Lambert-Beer’s law. This law is only valid if all photons have the same energy

and wavelength [137],
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I = I0exp(−λx), (2.23)

where x is the length of the X-ray path through the material, λ is the linear attenuation coefficient

for the material being scanned and I0 is the initial X-ray intensity. The quality of an image is

directly related to the quality of detectors. Several detectors show the amount of gathered data

and the amount of an averaged sample can be determined from the size of an individual detector.

Fitting the sample inside of the field view and avoiding any movement of the sample during the

scan is necessary. Reconstruction is a method to convert sinograms into two-dimensional image

slices to have a range which is determined by the computer system [11, 137]. The use of micro-

CT scanning for imaging rock samples began gaining prominence in the early 2000s [138]. This

technique employs a laboratory-based instrument equipped with its own X-ray source, as shown

in Fig. 2.10.

A three-dimensional representation of rocks and fluids is produced from a series of two-

dimensional projections taken at different angles. The energy spectrum generated from micro-

CT machines is in the range 30-60 keV with corresponding wavelengths 0.04-0.1 nm, which

produces images of around 10003-20003 voxels. Two factors governing the image resolution are

the sample size and the proximity of the sample to the beam. When the images are obtained,

they are reconstructed and aligned as 3D images. Noises and artefacts should be removed

before the segmentation step – the process of classifying each voxel in the 3D image into distinct

material or fluid phases based on greyscale intensity. Then, the images are segmented into the

grain and different fluid phases such as water, oil or gas [137,139].

Figure 2.10: Diagram of a micro-CT system. The X-ray source, rotating sample stage, and flat-
panel detector are shown, illustrating how the instrument generates radiographic projections of
a rock sample. These projections are then reconstructed into tomographic images and 3D voxel
data for detailed analysis [11, 12].
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2.3.2 Synchrotron Tomography

Recently, synchrotron light has been used to explore the dynamic displacement processes of

multiphase flow in porous media. The history of synchrotrons starts in 1873, when Clerk Maxwell

changed the understanding of light. Some years later, this theory was expanded and X-ray

light was identified. In 1946, the first synchrotron was built and designed to study collisions

among high energy particles. Over the years, the number of experiments using synchrotron light

increased and in 1980, the UK’s first synchrotron radiation source was established at Daresbury

in Cheshire. Today, there are around 40 large synchrotron light sources around the world to

support a wide range of experiments with different applications in e.g. health and medicine,

engineering, environmental science and many more [140].

A synchrotron is a circular particle accelerator that uses a guiding magnetic field to increase

the kinetic energy of beam particles. The fast-moving charged electrons produce very bright

light, known as synchrotron light. It is 10 million times brighter than the sun and millions

of times brighter than light produced from conventional sources. This method has a great

advantage for capturing sample images, as it provides a higher time resolution compared to

the lab-based micro-CT. In a lab-based micro-CT a conical X-ray beam makes geometrical

magnification, while the X-ray beam for the synchrotron light source is almost parallel, which

results in a stronger intensity at synchrotron sources. A polychromatic X-ray beam is created in

the synchrotron and it passes through the monochromator, and a thin scintillator screen detects

the high flux of X-ray and converts it into visible light [141]. An example of synchrotron light

building is shown in Appendix Fig. A.1.

2.4 Literature Review

This section reviews recent studies on two-phase flow dynamics within porous media, particularly

concerning gas-liquid systems like hydrogen and water. As these processes are fundamental to

various energy and environmental applications, including underground hydrogen storage, under-

standing the interplay of factors such as hysteresis, capillary pressure, wettability, and Ostwald

ripening is critical. We will examine recent experimental and numerical studies, highlighting

advancements in measurement techniques like micro-CT imaging and in situ observations. By

synthesising findings from the latest research, this review aims to provide a comprehensive

overview of the current state of knowledge, identify gaps, and outline future directions in the

study of two-phase flow (hydrogen-water) in porous media.

2.4.1 Two-Phase Flow

Core flooding experiments, micro-CT imaging, and microfluidic devices are commonly used to

study two-phase flow. These techniques allow for the visualisation and quantification of fluid

distributions and flow patterns at the pore scale. For instance, micro-CT imaging provides

detailed 3D images of fluid saturation and distribution within rock samples, offering insights

into phenomena like snap-off and capillary trapping. Numerical simulations, including pore-
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scale modelling and continuum-scale approaches, are used to predict two-phase flow behaviour

in porous media. These models help in understanding complex interactions and scale-up from

laboratory experiments to field-scale applications. Advances in computational power and algo-

rithms have enabled more accurate and detailed simulations, capturing the impact of pore-scale

heterogeneities and fluid properties [137,142,143].

Recent studies have focused on the unique characteristics of hydrogen in two-phase flow,

particularly in the context of UHS. Due to hydrogen’s low viscosity and high diffusivity, it

exhibits different flow behaviour compared to other gases like methane or CO2. For instance,

hydrogen tends to migrate through preferential pathways in heterogeneous rock formations,

affecting storage efficiency and recovery. Recent experimental work has demonstrated that

capillary trapping can significantly reduce hydrogen recovery, and small-scale heterogeneities

in rock samples can lead to unexpected flow and trapping behaviours. Accurately modelling

two-phase flow remains challenging due to the complexity of interactions between the phases

and the porous medium. Factors such as pore-scale heterogeneity, wettability alterations, and

the presence of mixed-wet systems add layers of complexity. Additionally, phenomena such

as Ostwald ripening, where dissolved gases can affect the redistribution of phases, are often

overlooked but crucial for accurate modelling [144–147].

2.4.2 Distribution of Hydrogen at the Pore Scale

Earlier studies using X-ray imaging focused on studying unsteady-state two-phase displacement,

which provided valuable information on trapping and recovery efficiency for carbon dioxide stor-

age and oil recovery applications, but it is not known if hydrogen behaves similarly in subsur-

face rocks [148–151]. Recent studies have used non-invasive high-resolution 3D X-ray imaging

to study hydrogen trapped within rock that is otherwise saturated with water. These studies

have revealed that hydrogen can be trapped to a significant degree, which may impact the ef-

fectiveness of storage and retrieval processes [144, 152]. Boon and Hajibeygi [17] characterised

hydrogen transport in geological porous media, using medical X-ray CT scanning. At the cen-

timeter scale, the interplay of capillary and viscous forces determines the amount of hydrogen

trapping. Jangda et al. [153] studied cyclic hydrogen flow visualisation experiments on a layered

rock sample with varying pore and throat sizes showed that hydrogen follows larger pores and

throats through low permeability layers during drainage. Imbibition unexpectedly resulted in

higher hydrogen saturation due to rock heterogeneity.

These findings emphasise the importance of considering small-scale heterogeneity and disso-

lution effects in reservoir models for efficient underground hydrogen. Thaysan et al. [152] showed

that during secondary imbibition, hydrogen recovery decreased with pressure, with lower recov-

eries at higher pressures. They suggested that future hydrogen storage operations in porous

media should consider more shallow and lower-pressure sites to optimise recoverability.
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2.4.3 Hydrogen-Wettability

Several methods have been employed in recent studies to investigate hydrogen wettability, such

as measuring contact angles, using the tilted plate technique [148], the captive bubble cell ap-

proach [149], direct X-ray imaging inside the rock [150] and in microfluidics devices [151]. These

studies have found similar contact angles for hydrogen, methane, nitrogen, and carbon dioxide,

despite the different multiphase flow parameters expected for hydrogen and water due to the

interplay of viscous, capillary, and gravitational forces [151,154–156]. Jangda et al. [144] initially

investigated the trapping of hydrogen after injecting brine that was both pre-equilibrated and

non-pre-equilibrated with hydrogen at high pressure and high temperature. They found average

contact angles of 54◦ and 53◦, respectively, with a reduction in residual saturation using non-

H2-equilibrated brine, suggesting that hydrogen dissolution affects the gaseous phase presence.

Iglauer et al. [148] investigated hydrogen wettability of reservoir rocks at various geo-storage

conditions. They found increasing pressure, temperature, and organic surface concentrations

increases hydrogen wettability. However, in all cases hydrogen was the non-wetting phase in the

presence of brine.

Recently, physicochemical interactions of hydrogen with a solid surface on wettability has

been studied on sandstone rocks. For the first time, Higgs et al. [150] studied the charac-

terisation of the wettability and interfacial tension of a hydrogen-brine-quartz system, using

in situ methods for contact angle measurements. They continued their work on Underground

Hydrogen Storage (UHS) in Bentheimer sandstone and found that hydrogen has low relative

permeability and significant capillary trapping, resulting in a residual gas saturation of 0.4.

Micro-CT imaging confirmed a water-wet system with slight hysteresis. High capillary numbers

increased initial gas saturation, but high capillary pressures pose challenges for commercial ap-

plication [15]. Jha et al. [20] used X-ray imaging to examine the hydrogen saturation in initially

brine-saturated sandstone. These studies found initial hydrogen saturation of up to 65% after

primary drainage and a maximum residual saturation of 41% after imbibition. They also inves-

tigated the H2/brine/rock wettability and measured the contact angle by direct measurement

on the images using the method of AlRatrout et al. [157] that we will employ in our work.

Reviewing these papers leads to the conclusion that hydrogen is a non-wetting phase, which

occupies the centre of the largest pores.

2.4.4 Capillary Pressure

Yekta et al. [16] studied capillary pressure and relative permeability for hydrogen-water systems.

They conducted a series of steady-state core floods using a Triassic sandstone sample and mea-

sured capillary pressures using the mercury injection method. The results of capillary number

calculations showed a capillary-dominated flow regime for the hydrogen-water system. They

also reported the interfacial tension value between hydrogen and water 0.051 N/m, which is less

than the interfacial tension for a methane-water system at the same experimental conditions.
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2.4.5 Hysteresis

An underground hydrogen storage project generally follows a cyclic operation with alternate pe-

riods of injection and withdrawal, depending on energy demand and the type of storage field used.

The timing of injection and withdrawal can vary based on seasonal energy demand. These cycles

involve primary drainage (hydrogen injection), secondary imbibition (hydrogen withdrawal), and

secondary drainage (re-injection) followed by repeated withdrawal and injection. This is differ-

ent from carbon dioxide storage, where only primary drainage (initial injection) and secondary

imbibition (water displacement and capillary trapping) occur. The design and management of

hydrogen storage require the consideration of hysteresis during multiple cycles of drainage and

imbibition; this hysteresis controls the amount of hydrogen that can be recovered and how much

is trapped in the pore space [20, 28,121,158].

To thoroughly examine hysteresis, it is imperative to study multiple fluid injection cycles.

The reason for this is that capillary pressure is not solely dependent on saturation, but also on the

saturation history [84–86]. Hysteresis is caused by different displacement processes and trapping

at the pore scale. Hysteresis in capillary pressure – the pressure difference between the gaseous

and aqueous phases – leads to differences between primary drainage, imbibition and secondary

drainage, as illustrated schematically in Fig. 2.11. Herring et al. [159] used time-resolved X-ray

imaging to study three cycles of drainage and imbibition with supercritical CO2 and brine. They

observed increased trapping after the first cycle, possibly due to dissolution effects in subsequent

cycles during the 30 pore volumes of water flooding, whereas we find reduced trapping.

Figure 2.11: A schematic of the traditional model of hysteresis in capillary pressure. It is
assumed that subsequent displacements, regardless of starting and finishing capillary pressure
and the order of imbibition and drainage, cannot lie in the capillary pressure-saturation plot
outside the bounds indicated for imbibition and secondary drainage. We will show that Ostwald
ripening facilitates the repositioning of gas within the pore space, leading to reduced trapping
and capillary pressures that lie outside these bounding curves.

Recent work by Kumbhat and Ebigbo [160] underscores the significant role of hysteresis
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in underground hydrogen storage, showing that hysteresis affects UHS operations, particularly

during early cycles. They found that relative permeability hysteresis leads to increased hy-

drogen trapping, resulting in a less mobile plume and a more dispersed hydrogen mass. This

behaviour negatively impacts hydrogen recovery, particularly in initial storage cycles. Pan et

al. [161] studied also the effects of relative permeability hysteresis on UHS in saline aquifers

and their results showed that lowering the hydrogen withdrawal factor reduces the efficiency of

hydrogen extraction from storage, but it also leads to higher purity in the withdrawn hydrogen

gas. Additionally, this adjustment influences the flow dynamics, affecting the interaction be-

tween hydrogen and brine and altering the overall performance of the storage system. Lysyy et

al. [162] examined hydrogen storage in aquifers and found that neglecting relative permeability

hysteresis significantly impacts the accuracy of storage estimates, leading to an overestimation of

annual working gas capacity by 34% and recovered hydrogen volume by 85%. Hysteresis causes

reductions in both working gas capacity and recovery factor, with a 15% decrease observed after

the first cycle. Furthermore, it influences injection and withdrawal rates, ultimately reducing

the efficiency of hydrogen recovery.

Recent studies have further advanced the understanding of hysteresis and capillary trapping

in hydrogen storage. For example, Khan et al. [163] performed a pore-to-reservoir scale analysis

of capillary trapping in underground hydrogen storage and their findings suggest that capillary

forces play a significant role in hydrogen entrapment, leading to increased hysteresis and reduced

recovery in subsurface environments. Shiran et al. [164] showed that higher injection rates

enhance hydrogen saturation. However, cyclic injection and withdrawal resulted in increased

residual hydrogen trapping after each cycle, which they attributed to hysteresis effects. The

authors suggested that hydrogen dissolution into brine might contribute to this residual trapping;

however, their experiments did not involve pre-equilibrated brine. This contrasts with our

findings, where pre-equilibration of brine with hydrogen minimised dissolution effects and led to

reduced residual trapping over three cycles.

Bahrami et al. [165] developed a quasi-2D microfluidic system to investigate hydrogen-water

flow dynamics and their findings highlight the preferentially non-wetting nature of hydrogen in

porous media and the significant hysteresis between drainage and imbibition stages. Lysyy et

al. [154] conducted microfluidic experiments and observed that an increase in the capillary num-

ber enhances hydrogen saturation following the drainage phase. Adding to this understanding,

Yu et al. [166] analysed the effects of pore geometry and injection rate on residual trapping

through dead-end bypassing. Their findings revealed that a higher pore height-to-width ratio

increases residual trapping up to a critical threshold before decreasing and that a converging-

shaped pore reduces trapping volume. Song et al. [167] observed that flow is more obstructed

in regions with low pore-throat ratios and that flow behaviour changes suddenly when tran-

sitioning from wide pores to narrow throats. In addition, Wang et al. [168] studied hydrogen

transport under varying wetting conditions and found that less water-wet conditions led to fewer

instances of snap-off and greater storage efficiency during drainage, promoting the formation of

larger hydrogen clusters during imbibition.

Regardless of the type of displacement, for immiscible phases with no alteration of wettability,
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in capillary equilibrium, it is impossible for the capillary pressure to lie outside the region

between the secondary drainage and imbibition values for subsequent displacement cycles [66].

However, if the gas has any solubility in the aqueous phase, there is an additional constraint:

local differences in local capillary pressure lead to slightly different solubilities, resulting in

concentration gradients of dissolved gas. The dissolved gas will diffuse to achieve a constant

concentration in the aqueous phase, which is only possible once the local capillary pressure is

everywhere constant. This leads to rearrangement of the gaseous phase, over time-scales of hours

to days at the millimetre scale mediated by transport of dissolved species in a process called

Ostwald ripening [169].

2.4.6 Ostwald Ripening

Another aspect of hydrogen storage is that the trapping and movement of hydrogen in its own

phase might be affected by the transport of dissolved gas. In oilfield operations, it is commonly

assumed that the dissolution of hydrocarbons is insignificant and that hysteresis is caused by

the displacement between completely immiscible phases. This assumption is reflected in the use

of hydrocarbon-water properties to describe hydrogen storage. However, both with hydrogen

and carbon dioxide, this assumption is not valid [121–123].

Several studies have investigated the effect of Ostwald ripening in porous media on the

distribution of gases, such as carbon dioxide and air. Zhang et al. [29] explored hydrogen injection

and withdrawal dynamics, comparing results with a parallel nitrogen experiment. Their findings

revealed the disappearance of smaller hydrogen ganglia and expansion of larger ones maintaining

the overall gas volume–a phenomenon not observed with nitrogen, where the fluid configuration

remained unchanged. They suggested that this redistribution of hydrogen is facilitated by

Ostwald ripening. Singh et al. [170,171] explored Ostwald ripening in different pore geometries

and their simulations demonstrated that Ostwald ripening plays a crucial role in heterogeneous

or fractured porous media, influencing gas storage in transition zones between oil and water.

Garing et al. [146] and De-Chalendar et al. [122] conducted comprehensive studies combin-

ing experimental observations and theoretical analyses. Their research evaluated how Ostwald

ripening influences the micro-scale distribution of carbon dioxide within pores. In line with

these studies, the experiment by Boon et al. [21] demonstrated that during no-flow periods,

medium-sized hydrogen ganglia fragmented, while larger ganglia grew, providing direct evidence

of Ostwald ripening.

Blunt [169] predicted the rearrangement of gas under capillary-gravity equilibrium and deter-

mined the time required to reach these states. His research showed that significant reorganisation

of gas can occur over periods ranging from hours to months and across distances from millime-

tres to centimetres. However, the impact on residual saturation and capillary pressure hysteresis

has not been quantified: this is the aim of this research.

Hysteresis in capillary pressure and relative permeability for repeated cycles of gas injection

and withdrawal has been studied in the literature [172–175]. However, there has been no dis-

cussion of time-dependent behaviour due to Ostwald ripening and the difference with oil/water
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systems where this effect is negligible. Herring et al. [176] used time-resolved X-ray imaging to

study three cycles of drainage and imbibition with supercritical CO2 and brine. They found

more trapping after the first cycle, whereas we find less, but their result could be due to dissolu-

tion in subsequent cycles during the 30 pore volumes of water flooding. Recently Li et al. [177]

found Ostwald ripening was identified as a key phenomenon affecting long-term CO2 storage

during CO2-WAG injection experiments in carbonate rocks. This process, driven by diffusion,

allows for the local reconnection of capillary-trapped CO2, potentially reducing the amount of

CO2 trapped over time and enhancing its migration. Although capillary trapping is crucial for

maintaining CO2 storage, Ostwald ripening facilitates gas ganglia rearrangement due to con-

centration differences in dissolved CO2, gradually moving the system toward gravity-capillary

equilibrium. The study found that while the height of the transition zone where capillary trap-

ping occurs is relatively small (less than 1 meter), the time required for equilibrium to be reached

is substantial—ranging from 0.36 to 2 million years, depending on the rock type.

Several studies have investigated hydrogen storage in sandstone under various conditions,

as summarised in Table 2.1. Higgs et al. [150] highlighted that the recovery of hydrogen gas

from porous reservoir rocks is significantly influenced by the wettability of the sandstone. They

reported that the hydrogen-brine-quartz system exhibits a water-wet nature, enabling a large

percentage of gas to be recovered. A more recent study by Higgs et al. [15] measured relative

permeability hysteresis during co-injection core floods of hydrogen and water. Their findings

indicate that capillary trapping results in a high residual gas saturation, which significantly

impacts the injectivity and the storage efficiency of hydrogen. Jangda et al. [144] identified

that the strongly water-wet nature of Bentheimer sandstone contributes to reduced capillary

hysteresis, thereby enhancing fluid displacement efficiency during hydrogen storage. We will

study Bentheimer sandstone in this study as an exemplar of a permeable formation used for

hydrogen storage.

2.5 Research Questions

Hysteresis is a critical phenomenon in multiphase flow, describing the non-unique relationship

between capillary pressure and saturation. Its understanding is particularly crucial in the context

of hydrogen storage, where efficient injection and withdrawal depend on minimising trapping

and maximising recovery. Hydrogen storage in porous media poses unique challenges due to its

susceptibility to hysteresis effects, which traditional hydrocarbon models fail to adequately cap-

ture. By addressing these limitations, this research aims to enhance the reliability of hydrogen

storage systems. This work leverages Minkowski functionals–saturation, interfacial area, curva-

ture, and Gaussian curvature–which offer a complete geometric description of fluid behaviour

in porous media. While these functionals have theoretical significance, their role in hysteresis

has remained underexplored, primarily due to the lack of experimental techniques capable of

capturing these properties at the pore scale. Recent advances in high-resolution X-ray tomogra-

phy now provide the tools to bridge this gap, enabling a detailed investigation of the interplay

between Minkowski functionals and hysteresis.
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The research addresses the following scientific questions:

• How does the trapping of hydrogen in porous media evolve during repeated injection and

withdrawal cycles?

• How does Ostwald ripening influence these changes, and what implications does this have

for residual saturation and recovery efficiency?

• Can high-resolution X-ray imaging reveal reduced hysteresis and trapping during cyclic

hydrogen injection compared to traditional hysteresis models that neglect Ostwald ripen-

ing?

• What is the role of Minkowski functionals in characterising hysteresis, and how do their

interrelationships influence capillary pressure and fluid connectivity?

2.5.1 Scientific Significance

This research contributes to the growing field of hydrogen storage by addressing key challenges

in the understanding and modelling of hysteresis in multiphase flow. By studying the interplay

of Minkowski functionals and leveraging high-resolution X-ray imaging, this work advances the

theoretical understanding of hysteresis while providing experimental data that challenge tradi-

tional hydrocarbon-based models. The outcomes of this research have significant implications

for renewable energy technologies, particularly the development of reliable and efficient under-

ground hydrogen storage systems. The insights gained may also extend to related fields, such

as carbon sequestration and hydrology, where hysteresis also plays a critical role.

To achieve the stated objectives, high-resolution three-dimensional X-ray imaging experi-

ments were conducted using Bentheimer sandstone as the porous medium. This experimental

apparatus enabled the direct observation of gas-phase rearrangements, quantification of pore

occupancy, and estimation of capillary pressure from meniscus curvature. Additionally, the ex-

periments systematically analysed the time-dependent effects of Ostwald ripening on hysteresis,

residual saturation, and recovery efficiency. The data collected provides a foundation for es-

tablishing a unique relationship among Minkowski functionals and understanding their role in

multiphase flow hysteresis.
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Table 2.1: Summary of published pore-scale hydrogen displacement in sandstone and experimental conditions.

Study Sample Displacement P & T Main Results Year

Jha et al. [20] Gosford sandstone Unsteady-state 0.1 MPa, ∼20°C Sandstone aquifers are favourable
for hydrogen storage.

2021

Lysyy et al. [158] Berea sandstone Steady-state 3 MPa, 30°C Strong hysteresis effects during pri-
mary drainage, imbibition, and sec-
ondary drainage.

2022

Thaysen et al. [19] Clashach sandstone Unsteady-state 2 MPa, 20°C Higher pressures lead to increased
hydrogen trapping and lower recov-
ery, while high capillary numbers
improve recovery.

2022

Rezaei et al. [178] Sandstone Unsteady-state 0.1-20.68 MPa,
80°C

Rock type influences hydrogen flow,
pressure reduces permeability, and
salinity has minimal effects.

2022

Boon and Hajibeygi [17] Berea sandstone Steady-state 10 MPa, 18°C Capillary forces can create barriers
that temporarily prevent hydrogen
from moving freely, leading to in-
creased overall hydrogen coverage.

2022

Higgs et al. [147] Bentheimer sandstone Unsteady-state 2.13 MPa, 24.85°C Hydrogen behaves similarly to
methane in shallow and low-
pressure reservoirs.

2023

Zhang et al. [29] Bentheimer sandstone Unsteady-state 1 MPa, 23°C After 12 hours of no flow, a signif-
icant rearrangement of trapped hy-
drogen occurred, driven by Ostwald
ripening, which helped reduce capil-
lary pressure hysteresis.

2023
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Jangda et al. [144] Bentheimer sandstone Unsteady-state 10 MPa, 50°C Hydrogen dissolution into brine is a
critical factor for understanding hy-
drogen recovery during underground
storage.

2023

Dokhan et al. [179] Bentheimer sandstone Unsteady-state 1 MPa, 20°C Gas expansion increased the aver-
age gas saturation and, during with-
drawal, can enhance hydrogen re-
covery by remobilising trapped hy-
drogen.

2024

Goodarzi et al. [18] Bentheimer sandstone Unsteady-state 1 MPa, 25°C Ostwald ripening, driven by the dif-
fusion of dissolved gas in brine, leads
to less hysteresis and improved con-
nectivity in H2 storage.

2024

Bijay et al. [180] Berea sandstone Unsteady-state 20 MPa, 20°C Early H2 breakthrough and low ini-
tial saturation were observed due to
the formation of capillary fingers.

2024

Medina et al. [181] Silicon-wafer Unsteady-state 3 MPa, 20°C Hydrogen saturation, contact an-
gle, and dissolution depend on brine
type, salinity, and pressure.

2024

Jangda et al. [153] Clashach sandstone Unsteady-state 10 MPa, 50°C Capillary pressure complicates
fluid displacement in heterogeneous
rocks.

2024

Higgs et al. [15] Bentheimer sandstone Steady-state 2.12 MPa, 25°C High capillary numbers are needed
for complete pore space saturation.

2024
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Chapter 3

Trapping, Hysteresis and Ostwald

Ripening in Hydrogen Storage

The contents of this chapter have been published in:

S. Goodarzi, Y. Zhang, S. Foroughi, B. Bijeljic, M. J. Blunt, “Trapping, Hysteresis and Ostwald

Ripening in Hydrogen Storage: A Pore-Scale Imaging Study,” International Journal of Hydrogen

Energy, vol. 56, pp. 1139–1151, 2024.

3.1 Summary

This study used X-ray tomography to investigate hysteresis during repeated hydrogen injection

and withdrawal in a Bentheimer sandstone sample. An unsteady state experiment evaluated the

distribution of hydrogen and brine after drainage and imbibition cycles, with imaging conducted

immediately after injection and 16 hours later. Hydrogen was injected at 1 MPa and ambient

temperature over three cycles, followed by water flooding. The results revealed capillary pressure

hysteresis and hydrogen migration via Ostwald ripening, driven by gas diffusion in the brine.

These processes were characterised by analysing interfacial curvature, area, connectivity, and

pore occupancy. Hydrogen preferentially occupied larger pore spaces, consistent with water-

wet conditions. After 16 hours, hydrogen aggregated into larger ganglia, with a single large

connected ganglion dominating the volume. The Euler characteristic decreased over this period,

indicating improved connectivity. The work implies that Ostwald ripening – mass transport of

dissolved gas – leads to less hysteresis and better connectivity than would be assumed ignoring

this effect, as done in assessments of hydrocarbon flow and trapping.

3.2 Materials and Methods

3.2.1 Rock Sample

Bentheimer sandstone is a highly homogeneous and well-sorted quartz sandstone. It originates

from the Lower Cretaceous period and is primarily found in the Bentheim region of Germany.
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Chapter 3 3.2. MATERIALS AND METHODS

This rock has been widely studied and is recognised for its consistent properties, making it

a standard material in geological and petrophysical research. Bentheimer sandstone has high

porosity (approximately 20-25%) and permeability (ranging from 1 to 2 Darcy). These properties

make it ideal for experiments requiring detailed fluid flow and pore structure analysis. The

mineral composition is predominantly quartz (approximately 90-95%), with minor feldspar and

clay minerals [182]. The grains are well-rounded and cemented with silica, contributing to the

rock’s mechanical stability.

Among other potential rock types, see Fig. 3.1, Bentheimer sandstone stood out for its unique

combination of desirable properties. For instance, Berea sandstone, another widely used rock,

is known for its moderate porosity (15-20%) and permeability, but it can exhibit heterogeneity

in mineral composition and pore structure, complicating experimental repeatability [183, 184].

Similarly, Fontainebleau sandstone, while highly homogeneous and composed predominantly of

quartz, has much lower porosity (7-10%), making it less suitable for experiments that require

high pore connectivity [185].

Figure 3.1: Comparison of three commonly used sandstone types in experimental studies. The
top row shows macroscopic views of Berea sandstone (a), Fontainebleau sandstone (b), and
Bentheimer sandstone (c), highlighting differences in texture and colouration. The bottom row
shows microscopic views or pore structures, illustrating variations in grain shape, size, and
porosity [13].

This sandstone was chosen for this experimental studies due to its uniform pore structure

and predictable behaviour under laboratory conditions. Its high porosity and permeability facil-

itate the visualisation and quantification of fluid flow and transport properties using advanced

techniques like X-ray micro-tomography. Additionally, the well-documented properties of Ben-

theimer sandstone in the literature [176, 186, 187] provide a robust baseline for comparison and

validation of experimental results. Its consistent properties allow researchers to isolate and

study specific physical phenomena without the complications of heterogeneous materials. By

centralising this information, this subsection serves as a reference point for understanding the

relevance of Bentheimer sandstone in the context of this thesis. Details provided here will be

referred to throughout the experimental chapters as needed.
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3.2.2 Fluid Properties

For this experiment, hydrogen was selected as the gas phase, and brine doped with potassium

iodide (KI) was used as the liquid phase. The doping process was essential for improving

the contrast between gas, water, and rock phases during imaging. Potassium iodide (KI) was

dissolved in deionised water to increase the brightness of the fluid phases, making them more

distinguishable in the resulting CT images. The presence of KI, with its higher atomic radius,

enhances phase contrast, enabling clearer imaging of the different fluid phases within the rock’s

pore network. Results from the doping process, shown in Fig. 3.2, demonstrate the optimal

contrast achieved, where KI significantly improved the differentiation between phases. The

greatest contrast between the phases was observed when KI was dissolved in deionised water

with a weight percentage of 3.5%, as indicated in Fig. 3.2 (b). The fluid properties, including

dynamic viscosity and interfacial tension are summarised in Table 3.1.

Figure 3.2: Three contrast scan images for the injection of deionised water-Potassium iodide,
KI, solutions (2.5 wt.% -, 3.5 wt.% - and 4.5 wt.% -KI) into a Bentheimer sample.

Table 3.1: Thermophysical properties of the fluids used in the experiment, including density
(ρ) measured at ambient temperature, dynamic viscosity (µ), and interfacial tension (σ). The
values for brine are sourced from [29,30], while hydrogen properties are obtained from [31].

Fluid ρ (kg.m−3) µ (Pa.s) σ (N.m−1)

Water–3.5 wt% KI 1011 0.821× 10−3 7.29× 10−2 (σwg)

Gas–H2 0.0354 8.8× 10−5 7.29× 10−2 (σgw)

3.2.3 Sample Preparation

The sample preparation process began with drilling a rock core of 12.8 mm in diameter and

approximately 60 mm in length–larger than typical samples in the literature–constrained only

by the available space in the CT scanner. After drying the sample in an oven for 24 hours, it was

securely enclosed in a rubber sleeve. The rubber sleeve plays a crucial role in the experimental

setup by providing flexibility, chemical resistance, and a reliable seal, preventing interaction with

the confining fluid and isolating the sample from external influences. To further ensure sealing

integrity, PTFE tape was wrapped around the sleeve to prevent gas leakage, and aluminium foil
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was applied to seal the sample ends. Additional details about these materials can be found in

Appendix B.1.

3.2.4 Experimental Procedure

The experiment was conducted under capillary-controlled conditions and with unsteady-state

flooding. During the experiment, the pore pressure (the pressure of fluids within the pore spaces

of the rock) and confining pressure the external uniform pressure applied to the sample from all

directions, simulating in-situ stress) were maintained at a constant level of 1 MPa and 2 MPa,

respectively, and the temperature was kept at 25◦ C. The capillary number (Ca) is calculated

from Eq. 2.11 for 3 cycles, see Table 3.2. To investigate the saturation history, the flooding

cycles were repeated three times, with the brine flow rate (0.06 ml/min) being held constant

while the gas flow rate was varied.

Table 3.2: Capillary numbers, Ca = µq / σ, where µ is the viscosity of the injected fluid, σ is
the interfacial tension, and q is the Darcy velocity for the flooding cycles.

Cycle Flooding step Flow Rate
[ml.min−1]

Ca[gw] Ca[wg]

1 1st Drainage 2.00 3.22× 10−7 -

1 1st Imbibition 0.06 - 8.93× 10−8

2 2nd Drainage 0.40 6.45× 10−8 -

2 2nd Imbibition 0.06 - 8.93× 10−8

3 3rd Drainage 0.08 1.29× 10−8 -

3 3rd Imbibition 0.06 - 8.93× 10−8

The protocol for initiating the unsteady-state two-phase flow micro-CT imaging experiment

was as follows:

1. The sample was securely enclosed within a silicone rubber to prevent any interaction with

the surrounding fluid. The top and bottom parts of the rubber were connected to the

production and injection pieces, respectively, as shown in Fig. 3.3.

2. The coreholder was then positioned within the micro-CT scanner (Zeiss Xradia 510), and

the necessary flowlines and pumps were set up to introduce the fluid phases. Further

details on the pump types and materials can be found in Appendix B.3. To eliminate any

air and prepare for hydrogen injection, the sample, lines, and gas pump were thoroughly

vacuumed for several hours to ensure that no potentially hazardous hydrogen-air mixture

could form. Basic health and safety precautions were followed throughout the procedure,

with further details provided in Section 3.4.

3. The confining and back pressures of 1 MPa and 2 MPa, respectively, were applied. The

pressure drop across the sample was accurately measured with a differential pressure trans-

ducer (Keller PD-33X), which was connected to the sample’s inlet and outlet, with a

precision of ±0.03 kPa, see Appendix B.4 for more details.
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Figure 3.3: A schematic diagram for the two-phase hydrogen-brine experiment conducted with
the X-ray microtomography scanner (micro-CT). The arrangement of the core holder, pumps,
flow lines, valves, and pressure transducer used in the experiment are represented in the diagram.
The micro-CT enclosure is indicated by the black dashed line.

4. The initial phase of the experiment involved scanning a dry sample. Subsequently, brine

was introduced into the sample at a flow rate of 0.1 ml/min, starting from the bottom of

the sample to achieve full saturation of the pore space. The brine flow rate was increased

after 18 hours by 0.5 ml/min and the pressure drop was continuously monitored until it

stabilised. At this stage, the sample’s absolute permeability was determined as 1.4±0.1 D

(1.4×10−12±0.1×10−12m2), as measured under the experimental conditions, more details

are provided in Appendix B.2. The low flow rate brine injection continued overnight at

0.05 ml/min and the brine-saturated sample was simultaneously scanned.

5. Three flooding cycles were conducted consecutively using the same procedure, with the

gas flow rate being reduced. Each cycle began by introducing 10 pore volumes (15 ml) of

gas at a specified flow rate. For cycle one the gas flow rate was 2 ml/min, for cycle two

was 0.4 ml/min and for cycle 3 was 0.08 ml/min. The duration of gas injection varied

across the cycles, with a time of 2 hours for cycle 1, 8 hours for cycle 2 and 12 hours for

cycle 3.

6. Once the gas injection (drainage) was completed after 2 hours, the valve was closed, and

the gas pump was switched off. A bottom-to-top scan of the sample was performed for 12

hours, with each scan divided into six sections overlapping by 25%. Subsequently, after

an additional 4 hours had passed, making it a total of 16 hours since the gas injection was

stopped, images of sections 2 and 5 were captured over a period of four hours.

7. Ten pore volumes of brine were then injected (imbibition) at a steady flow rate of 0.06
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ml/min for 6 hours, followed by another 12 hour bottom-to-top scan of the sample. After

a further 4 hours, images were taken of sections 2 and 5.

8. After completing the three cycles (steps 5-7), a scan of the entire sample was carried out

24 hours later to evaluate the residual gas content.

3.2.5 Image Acquisition

The imaging was performed using the Zeiss Xradia 510 X-ray scanner equipped with a flat panel

detector. Further details about the scanner are provided in Appendix B.5, while the exposure

time and number of projections are summarised in Table 3.3. The X-ray source was configured

with a photon energy of 80 keV and a power of 7 W, with a 360° rotation angle of the sample.

A single air filter was utilised between the source and sample. The detector provided three-

dimensional images with a voxel size of 5.8 µm, which determines the spatial resolution of the

scan and was selected to achieve a balance between resolution and scan duration. During each

scan, a total of six images were taken with a vertical overlap of 4 mm to ensure the entire

length of the sample was captured. In total, the images covered 2069 voxels in the x-direction,

2187 voxels in the y-direction, and 9594 voxels in the z-direction. Further details regarding

the selection of scanning parameters, including projection number, exposure time, and voltage

settings, are provided in Appendix B.6.

Table 3.3: Summary of scanning parameters for the Zeiss X-ray instrument used in the exper-
iment. Initial scans include dry, wet, gas injection, and water injection steps, each comprising
six overlapping sections to cover the entire sample length. After 16 hours, additional detailed
scans of sections 2 and 5 were performed to monitor localised changes over time.

Step Sections Exposure
time [s]

Projections Total time
[mins]

Dry scan 1-6 1.2 3001 120× 6
Wet scan 1-6 1.2 3001 120× 6
Gas injection 1-6 1.2 3001 120× 6
Water injection 1-6 1.2 3001 120× 6
16 hours storage 2,5 1.2 3001 120× 2

3.2.6 Image Processing

Image processing is a vital step for preparing datasets and extracting quantitative information.

This involves preprocessing operations, such as noise reduction with Gaussian or median filters,

to improve clarity and minimise artefacts, ensuring datasets are optimised for analysis. Seg-

mentation, a key step in isolating regions of interest like solid phases or fluid boundaries, was

performed using methods such as watershed segmentation and interactive thresholding. Spe-

cialised software like Avizo (ThermoFisher Scientific) [188, 189] was employed for visualisation,

segmentation, and analysis of complex 3D datasets. Its advanced tools enable 3D reconstruction

and interactive exploration, making it ideal for micro-tomography data. Additionally, ImageJ,

with its customisation and automation capabilities [190,191], complements workflows for specific
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tasks. By integrating these tools, the transition from raw data to actionable insights is achieved,

enabling accurate and reproducible measurements that align with research objectives.

The image processing workflow began with reconstructing all the images to make them

compatible with the Avizo software for further processing [192]. Since the sample was captured

in six individual scans that covered its entire length, these scans were stitched together to form a

single, continuous image of the whole sample, as shown in Fig 3.4. Any unwanted regions, such

as the rubber, were cropped out after stitching. This process was repeated for the other scans

as well. Once the scans were stitched and the extraneous parts removed, the two-phase images

were registered to the dry scan, allowing for a direct comparison of the pore-throat structures

to facilitate detailed analysis. Then, we applied a non-local mean filter to reduce noise in our

images [193].

Figure 3.4: Schematic illustrating the stitching of six overlapping sections to produce a complete
3D image of the Bentheimer sandstone sample. Each section was scanned with an overlap to
ensure high-resolution reconstruction. The resulting images achieved a spatial resolution of
5.8 µm/voxel. A selected subsection, with dimensions of 2069 × 2187 × 1142 voxels, was
extracted for further detailed analysis in this study to investigate localised pore-scale features.

Next, we used the Interactive Thresholding technique in Avizo to segment the gas, brine,

and rock phases. This method involves selecting grayscale intensity ranges for each phase,

allowing for precise and real-time adjustments to ensure accurate separation. By combining

visual feedback with histogram analysis, this approach ensures that transitions between phases

are well-defined, even in areas with overlapping intensities. The segmentation process enabled

the extraction of key parameters such as curvature, surface areas, and fluid saturation.
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3.2.7 Uncertainty in Image Processing and Segmentation

To ensure the reliability of the image processing and segmentation, we took several steps to

check and reduce uncertainty. First, we carefully filtered and enhanced the raw images to

remove noise and make the boundaries between gas, brine, and rock clearer. We also tested

different segmentation methods, such as watershed and interactive thresholding, and chose the

one that gave the most accurate results for each set of images, as different experiments can

produce images with different levels of contrast and detail. When setting the final thresholds to

separate the phases, we used both automatic tools and visual checks to make sure the phases

matched what was seen in the original greyscale images. We also did simple tests by adjusting

the threshold slightly to see if it changed the calculated pore volumes and fluid saturations.

Finally, we looked through slices of the images by eye to confirm that the phase boundaries

looked realistic throughout the whole sample. These steps helped us to be confident that the

measured values, such as gas saturation and pore structure, are trustworthy.

3.3 Results and Discussion

In this section, we present the key findings from our experiments. Section 3.3.1 details the

pore-scale analysis derived from raw images. Section 3.3.2 explores the movement of gas within

discrete ganglia, confirming gas migration towards larger bubbles after 16 hours. In Section 3.3.3,

we describe the gas saturation profiles measured across the sample during three cycles of gas

injection and water flooding. We also include a gas saturation profile for a sub-volume, both

at its initial state and after 16 hours of waiting. Section 3.3.4 focuses on the local capillary

pressure observed after gas and water injection during these three cycles. Section 3.3.5 presents

the measurements of fluid-fluid and fluid-solid specific interfacial areas, plotted alongside the

gas connectivity data from Section 3.3.6 and a quantification of the Péclet number. Finally,

Section 3.3.7 characterises the pore occupancy, including the distribution and arrangement of

the fluids within the pore space.

3.3.1 Three-dimensional Raw Images

3.3.1.1 Greyscale Images

After analysing the full-cycle core flooding experiment, we observed the dynamic behaviour of

gas, brine, and rock phases across multiple drainage and imbibition steps, see Fig. 3.5. The

greyscale images illustrate how gas distribution evolves as brine is injected and displaced over

successive cycles. While these images provide a broad overview of the fluid displacement process,

a closer examination of a specific subvolume reveals additional insights into the behaviour of

trapped gas over time.

Figure 3.6 focuses on a selected region within the sample, comparing its state immediately after

gas injection to its configuration following 16 hours of undisturbed storage. Two key phenomena

emerge: (i) some gas clusters shrink (blue dashed circles), and (ii) previously disconnected gas

pockets merge, increasing phase connectivity (red dashed circles).
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These observations indicate that gas redistribution occurs within the pore space even without

active flow, likely driven by mechanisms such as Ostwald ripening. This provides direct evidence

that, beyond primary drainage and imbibition, gas mobility and connectivity continue to evolve

at the microscale, influencing long-term storage and recovery processes.

3.3.1.2 Segmented Images

Due to the scanning procedure described in Table 3.3, the sample was scanned after a 16-

hour waiting period only for Sections 2 and 5. These specific sections were selected for further

analysis to better capture the effects of gas redistribution over time. Figure 3.7 illustrates the

arrangement of gas in the pore space after gas injection (drainage) and during the first two

imbibition (water flooding) cycles.

The dashed lines in the figure highlight the rearrangement of gas and brine phases between

the initial scan and the 16-hour storage scan at each stage. For example, the red and yellow

dashed outlines emphasise regions where significant gas redistribution or dissolution occurred,

demonstrating changes in phase occupancy and connectivity. We did not include the third

imbibition because, after the third cycle, all the hydrogen dissolved in the brine, as confirmed

by the absence of any visible gas phase in these regions.

Figure 3.5: Two-dimensional cross-sections of three-dimensional raw images of the Bentheimer
sample before and after the three cycles of hydrogen injection (drainage) and water flooding
(imbibition): the rock, gas and brine are medium grey, black and light grey, respectively.
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Figure 3.6: Two-dimensional cross-sections of three-dimensional raw images of the Bentheimer
sample before and after 16 hours of undisturbed gas storage. The blue dashed circles indicate
gas shrinkage, while the red dashed circles highlight increased gas connectivity. These features
illustrate the redistribution of gas within the pore space, revealing the effects of Ostwald ripening
over time.

Figure 3.7: Two-dimensional cross-sections of three-dimensional raw images of the Bentheimer
sample before and after 16 hours of undisturbed gas storage. The dashed circles highlight regions
where gas redistribution occurs over time, which enhances phase connectivity.

3.3.2 Analysis of Discrete Ganglia

3D images of gas phase ganglia trapped inside the rock are shown in Figs. 3.8. These images

were obtained for a sub-volume image size of 900 × 900 × 1373 voxels located near the top of

the sample (this is the central part of section 5, shown in Fig. 3.4). The trapped ganglia were

imaged after injecting gas and water to the initial state and then waiting for 16 hours for cycles
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one and two. During the drainage stage, hydrogen injection followed by an additional 16-hour

waiting period resulted in the formation of a single, large connected ganglion which is shown in

green.

Figure 3.8: 3D visualisation of hydrogen gas distribution within the pore space during the first
and second cycles of gas injection (drainage, D1, D2) and subsequent water flooding (imbibition,
I1, I2). Distinct colours represent individual hydrogen gas ganglia, illustrating their distribu-
tion and size. After 16 hours of storage, the ganglia experience growth, leading to improved
connectivity and the formation of larger, interconnected pathways. This enhanced connectivity
is particularly visible in the zoomed-in regions on the right, where the hydrogen gas, depicted
in green, occupies a more continuous and connected structure within the pore network.

Additionally, we measured the ganglion size distributions in the sub-volume shown in Fig. 3.4,

which revealed a significant movement of gas bubbles towards larger ganglia, spanning several

pores, after gas injection and imbibition, see Fig. 3.9. It should be noted that the total gas volume

remains approximately constant. Figure 3.10 illustrates the cumulative volume distribution of

ganglia. The graph highlights the phenomenon of bubble rearrangement, as smaller bubbles

tend to disappear and contribute to the larger bubbles [169,170].

After 16 hours, one large ganglion dominates the volume, as evidenced by the vertical portion
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in the cumulative curve at a large volume. This feature permits the withdrawal of hydrogen

through a connected pathway, thus highlighting its potential significance in the remobilisation

of gas. This is aligned with the previous studies of gas-brine systems, where a significant

rearrangement of the trapped gas was observed after brine injection [29,146].

Figure 3.9: The volume-weighted size distribution of gas ganglia, analysed in the sub-volume,
reveals a significant shift towards larger ganglia spanning multiple pores after gas injection and
imbibition, while the total gas volume remains approximately constant. The distributions are
shown for the first (a,b) and second (c,d) cycles of gas and brine injection, using a uniform bin
size in logarithmic space. The grey-shaded area represents the volume distribution of all the
pores.

3.3.3 Gas Saturation Profile

The cross-sectionally-averaged gas saturation along the entire sample length was measured, as

depicted in Fig. 3.11. The flow rate used in the drainage cycles decreased from the first to the

second to the third cycle with a consequent decrease in hydrogen saturation. The maximum

average gas saturation reached was approximately 30 ± 2% . The residual hydrogen saturation

was approximately 10 ± 2%, but hydrogen was dissolved near the inlet and was completely

dissolved in brine after the third imbibition cycle. We also plotted a gas saturation profile for a

sub-volume located near the top of the sample (section 5, illustrated in Fig. 3.4). A comparison

was made between the gas saturation during the initial cycle and after an additional 16-hour

storage period, following three cycles of fluid injection, as shown in Fig. 3.12. The analysis

indicated that gas saturation in the studied volume slightly increases after 16 hours, suggesting

that a small amount of gas may have migrated upward from lower sections of the sample.
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Figure 3.10: Cumulative volume distribution of hydrogen gas ganglia within the sub-volume near
the top of the sample is presented for the first (a,b) and second (c,d) cycles of gas and brine
injection. In each graph, the red line represents the initial stage immediately after gas injection,
while the blue line shows the distribution after 16 hours of storage. Over time, smaller bubbles
gradually merge or dissipate, contributing to the growth of larger ganglia spanning multiple
pores. Although the total gas volume remains approximately constant, the curves illustrate
the transition towards a more connected gas structure. The vertical segment in the cumulative
curve after 16 hours indicates the dominance of a single large ganglion, which enables hydrogen
withdrawal through a continuous pathway.

Figure 3.11: Gas saturation profile measured from segmented images during three cycles of gas
injection and water flooding at different gas flow rates and a constant water injection rate along
the length of a Bentheimer sample. Gas is dissolved near the inlet after the water flooding
stages. The subsection studied for further analysis is shown by the black dashed line.
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Figure 3.12: The gas saturation profile of a sub-volume located near the top of the sample
during three cycles of gas and water injection, including both the initial injection and after an
additional 16-hour storage period. The region considered is indicated by the black dashed box
in Fig. 3.11.

3.3.4 Capillary Pressure Analysis

Figure 3.13 presents the capillary pressure distribution for all cycles within a sub-volume of

500 × 500 × 500 voxels (part of section 5, shown in Fig.3.4). The capillary pressure at each

stage was determined using a curvature-based measurement approach, previously established

in the literature [111, 194]. To calculate capillary pressure, the interfacial curvature between

hydrogen and brine was extracted from the segmented pore-scale images. The mean curvature

was obtained by averaging the curvature distribution, and the Young-Laplace equation [66] was

then applied to derive capillary pressure, as explained in Chapter 2, Section 2.1.3.

The measurement of capillary pressure provides an average value and showed the capillary

pressure after drainage is slightly higher than that after imbibition with no significant difference

after the Ostwald ripening process. Nevertheless, the accuracy of the pressure measurements

is limited due to the inherent uncertainty in the estimation of interfacial curvature from the

pore-space images. The analysis of the capillary pressure data did not reveal any clear trends

between the initial state and the 16-hour waiting period, as the results can fluctuate either

upward or downward, with any changes potentially being drowned out by measurement errors.

3.3.5 Measurement of Interfacial Area

We conducted measurements to quantify the specific interfacial areas, defined as the area per

unit volume (500 × 500 × 500 voxels, part of section 5, shown in Fig.3.4). The interfacial areas

between water and gas, as well as between the fluids and the solid rock surface, were measured

both at the initial state and after a 16-hour waiting period, as shown in Fig.3.14.
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Figure 3.13: Capillary pressure values as a function of water saturation, derived from the mean
interfacial curvature during gas injection (D) and water flooding cycles (I). Different shades rep-
resent drainage and imbibition phases, with paired shaded markers (initial vs. 16-hour storage)
indicating temporal variations. Dashed lines connect the initial and storage steps. The error
bars reflect uncertainties arising from image segmentation in both capillary pressure and water
saturation measurements.

Figure 3.14: The interfacial areas per unit volume for water-solid, gas-solid and gas-water in
a voxel subvolume during three cycles of gas injection (Drainage = D) and water flooding
(Imbibition = I), including both the initial stage and after an additional 16-hour storage period.
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The results confirmed that the sample is water-wet, as indicated by the consistently higher

water-solid interfacial area compared to the gas-solid interfacial area. This suggests that water

preferentially adheres to the rock surface. The observed variations in interfacial area are closely

linked to changes in water saturation (Sw), shown on the secondary y-axis. Initially, during

drainage cycles, lower water saturation values correspond to an increase in the gas-solid inter-

facial area, as gas displaces water and makes greater contact with the solid. Conversely, during

imbibition, higher water saturation reduces gas presence, leading to a decrease in the gas-solid

interfacial area while the water-solid interfacial area increases.

Over the 16-hour waiting period, the water-solid interfacial area shows a slight decline,

suggesting minor water redistribution or film thinning due to capillary forces. In contrast,

the gas-solid interfacial area increases, which can be attributed to gas redistribution through

mechanisms such as Ostwald ripening, where gas tends to migrate to larger pores or less water-

wet regions, enhancing its contact with the rock surface. The gas-water interfacial area, which

is relatively small compared to the other interfaces, follows a decreasing trend with increasing

water saturation, implying that as water saturation rises, gas becomes more isolated in the pore

space, resulting in a reduced interface between the two phases.

3.3.6 Fluid Connectivity and Péclet Number

Here, I took a closer look at the connectivity of fluids within the pore space, evaluating it

qualitatively and quantitatively. We achieved this by isolating fluids from segmented images

and giving each one a distinct colour in the isolated phase, see Fig. 3.8. Table 3.4 provides

a quantitative assessment of fluid connectivity from the Euler characteristic, measured in a

sub-volume image size of 900 × 900 × 1373 voxels located near the top of the sample (section

5, shown in Fig. 3.4) as in the previous section. The Euler characteristic, or Euler number,

represents the number of objects (ganglia) in a phase, minus the number of redundant loops

within those ganglia. A large positive Euler characteristic indicates that the phase is trapped

within numerous discrete ganglia, while a large negative Euler characteristic suggests a phase

that is interconnected with many loops [134].

To ensure accuracy in our measurements, we have filtered out any features smaller than 10

voxels in size. As expected the Euler characteristic is negative after drainage, when the gas is

well connected in the pore space, and positive after imbibition when the gas is trapped. In all

cases, we see that after waiting 16 hours the Euler characteristic decreases: this indicates an

improvement in connectivity. This result is consistent with the formation and swelling of a single

large connected ganglion shown in Fig. 3.10, and an overall tendency for the gas to congregate

in fewer, larger ganglia as a result of Ostwald ripening, Fig. 3.9.

To understand the nature of displacement and fluid arrangement we also calculated the

Péclet number, which is defined as the ratio of advective to diffusive transport of gas in a

material [127, 128]. The Péclet number is given by Pe = q·l
D

(Eq. 2.20), where q is the Darcy

velocity (volume of injected fluid flowing per unit time per unit area), l is the average distance

between the centers of two neighboring pores, and D is the diffusion coefficient of the gas in

84



3.3. RESULTS AND DISCUSSION Chapter 3

brine, measured outside a porous medium. For the hydrogen-water system, D is 5.13 × 10−9

m2/s [195] and l is 150 µm obtained from a pore-network analysis of the pore space described

in the next section [196]. Equation (2.20) compares the transport of hydrogen in its own phase

by advection according to Darcy’s law to the timescale for the diffusion-driven transport of

hydrogen dissolved in the aqueous phase. A more detailed discussion of the Péclet number and

its implications is provided in Section 2.20. The values are shown in Table 3.5.

This analysis indicates that even during displacement, transport of dissolved gas can be

significant in comparison with advective displacement. With the exception of the first drainage

cycle, the time for hydrogen to move a pore length is shorter by diffusion through brine, than

by displacement in its own phase. This indicates that in our experiments, with time-scales for

displacement of order an hour and waiting times of 16 hours, diffusive transport in the aqueous

phase can play a significant role in the redistribution of the gas phase.

Table 3.4: The Euler characteristic of a gas undergoing an unsteady-state two-phase experiment,
both for the initial state and after 16 hours, following three cycles of hydrogen and brine injec-
tion. The results indicate that higher Euler characteristic values correspond to lower gas phase
connectivity, with imbibition steps generally showing less connectivity compared to drainage
steps. Over time, the decreasing values suggest an increase in gas phase connectivity.

Normalised Euler characteristic [mm−3]

Cycle Flooding step Initial 16 h storage

1 1st Drainage –5 –16

1 1st Imbibition 18 10

2 2nd Drainage –4 –8

2 2nd Imbibition 30 14

3 3rd Drainage –3 –4

Note. The Euler characteristic was measured on segmented images of a sub-volume

and normalised to the total volume.

Table 3.5: The Péclet number, Eq. (2.20), for gas undergoing an unsteady-state two-phase
experiment, presented for three cycles of hydrogen and brine injection. The results demonstrate
a significant decrease in the Péclet number during imbibition steps compared to drainage steps,
indicating that diffusion plays a dominant role in mass transport during imbibition. The first
drainage cycle exhibits the highest Péclet number, suggesting that advective transport is more
significant in this phase. The Capillary number values are provided to illustrate the balance
between viscous and capillary forces during each step.

Flooding step Darcy velocity Capillary number Péclet number

[mm.s−1] Ca Pe

1st Drainage 0.260 3.22× 10−7 7.61

1st Imbibition 0.008 8.93× 10−8 0.23

2nd Drainage 0.052 6.45× 10−8 1.52

2nd Imbibition 0.008 8.93× 10−8 0.23

3rd Drainage 0.010 1.29× 10−8 0.30

3rd Imbibition 0.008 8.93× 10−8 0.23
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3.3.7 Pore and Throat Occupancy

To understand the Bentheimer sandstone’s pore structure and connectivity, we utilised differen-

tial imaging based on segmented X-ray scans [197]. Figure 3.15 presents three distinct represen-

tations of the sample: the dry scan, the segmented pore space, and the solid grain distribution.

These images were used to quantify the total porosity, which was calculated as 22.6%, and to

characterise the structural arrangement of the rock.

A pore-network analysis was performed on the segmented image to identify pores and throats,

where pores represent the larger void regions and throats are the narrow restrictions connecting

them [198]. The probability distributions of pore and throat sizes, also shown in Figure 3.15, re-

veal a mean pore radius of approximately 30 µm [30,53] and a mean throat radius of 24 µm [66].

These measurements indicate that the pore space is well-resolved using X-ray imaging and pro-

vides key information about the connectivity and geometry of the pore network. These baseline

measurements and visualisations serve as critical groundwork for interpreting fluid behaviour

within the pore network. The subsequent discussion on pore occupancy will build on this analysis

to explore how gas distributes and interacts with the sandstone’s pore structure under different

displacement conditions.

Figure 3.15: A two-dimensional cross-section of the dry scan of the Bentheimer sandstone sam-
ple (a), alongside segmented images showing the pore space (b) and solid grain distribution (c).
These visualisations, derived from X-ray imaging, were used for pore-network analysis. The
graph on the right (d) presents the probability distributions of pore and throat radii, character-
ising the structural variability of the sandstone’s pore network.
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Figures 3.16 and 3.17 display the pore and throat size distributions, along with the volume-

weighted fraction of gas-filled pore elements determined using a generalised pore network extrac-

tion tool. This method involves using the extracted pore network structures from the dry scan

image as an image analysis tool [196]. Specifically, during pore network extraction from the dry

scans, the inscribed spheres in each pore (a wide region in the void space) and throat (a restric-

tion between pores) identified by the pore network extraction are calculated. These inscribed

spheres were identified using the maximal ball method described by Dong and Blunt [199], and

the generalised network extraction algorithm of Raeini et al. [198].

Figure 3.16: Volume-weighted histograms of gas and water occupancy as a function of pore
and throat radius, analysed during the first cycle of gas injection following water flooding. The
first row (a-d) and third row (i-l) depict the probability distributions of pore and throat radii
across different flow stages, while the second row (e-h) and fourth row (m-p) illustrate the
corresponding volume fraction distributions. Green represents gas (hydrogen), blue represents
water, and grey indicates the overall size distribution of all pores and throats. Each column of
the figure corresponds to a specific stage of the process, comparing the initial state of injection
and the state after a 16-hour storage period for drainage and imbibition.
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In pores, the largest spheres centered on each pore, which lie completely in the pore space,

are identified. In throats, the largest spheres that can fit in the void space centred on the

throat surface are identified. The inscribed spheres represent the local maxima (dilations) and

minima (constrictions) in the distance map of the pore space, which are the locations where a

non-wetting phase resides when it has just entered a pore or throat during drainage or the last

location within a pore or throat where it can reside during imbibition.

Figure 3.17: Volume-weighted histograms of gas and water occupancy as a function of pore
and throat radius, analysed during the second cycle of gas injection following water flooding.
The first row (a-d) and third row (i-l) depict the probability distributions of pore and throat
radii across different flow stages, while the second row (e-h) and fourth row (m-p) illustrate the
corresponding volume fraction distributions. Green represents gas (hydrogen), blue represents
water, and grey indicates the overall size distribution of all pores and throats. Each column of
the figure corresponds to a specific stage of the process, comparing the initial state of injection
and the state after a 16-hour storage period for drainage and imbibition.

To determine which fluid resides in each inscribed sphere, we spatially registered the micro-

CT images to each other so that the same voxel in each of the images corresponds to the
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same physical location in the sample. The mean square grey-scale value differences between the

different images were minimised for this purpose. The images containing the inscribed spheres

labeled with their corresponding pore number or throat number (as extracted from the dry

scan) were then overlaid on each image acquired during the flow experiments. Based on the

fluid phase which dominantly fills (more than 50%) the inscribed spheres of a pore or throat in

the micro-CT image, we considered that phase as occupying the pore or throat.

Figure 3.16 indicates that after the first drainage, gas displaced brine from the larger and

medium-sized pores, leaving most of the smaller pores filled with brine, consistent with the sys-

tem being water-wet. The resolution of the images is, however, insufficient to measure contact

angle directly. Little change in occupancy was seen after 16 hours, implying that ganglion rear-

rangement is not principally the migration of gas into larger pores, but instead the aggregation

of ganglia to occupy several connected pores. After imbibition, gas tended to be trapped in

some of the larger and medium-sized pores, but again little change in occupancy was observed

after 16 hours, see Fig. 3.18. As shown in Fig. 3.17, we noticed a similar trend of gas filling in

the pores and throats for cycle 2.

Figure 3.18: Comparison of volume-weighted histograms showing gas occupancy distributions as
a function of pore and throat radii during the first cycle of gas and water injections, highlighting
the small differences between initial conditions and after 16 hours of storage.

3.4 Health and Safety

Working with gas in a laboratory environment involves several safety risks that must be carefully

managed to ensure the safety of people and the integrity of the experiment. For example, hy-

drogen is a highly flammable gas, and its unique physical properties require specific precautions,

especially when used in combination with other substances like brine. This section outlines the

key safety risks, measures, and protocols implemented during hydrogen-brine experiments.

3.4.1 Hydrogen Hazards

Hydrogen is highly flammable and can ignite at low concentrations (as low as 4% in air). The

ignition energy for hydrogen is very low, meaning that even static electricity can ignite it. When

hydrogen mixes with air or oxygen, hydrogen forms highly explosive mixtures. The wide range
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of concentrations (4% to 75% in air) makes these mixtures dangerous even in small amounts.

Hydrogen molecules are very small and can easily leak through tiny openings, including through

some materials that are impermeable to other gases. Hydrogen is difficult to detect without

specialised equipment because it is colourless and odourless. This increases the risk of undetected

leaks. Several standard safety measures were adopted during hydrogen-brine experiments to

mitigate the risks associated with hydrogen. The experiments were conducted in well-ventilated

spaces with hydrogen detectors placed near potential leak points. Since hydrogen is prone to

leakage due to its small molecular size, pressure systems were regularly tested for leaks using

soap solutions or electronic leak detectors before each experiment [200,201].

3.4.2 Storage and Handling of Hydrogen

Hydrogen cylinders were stored upright in a well-ventilated area, away from direct sunlight, and

secured to prevent them from falling over. Appropriate gas cylinder signage and fire hazard

warnings were clearly posted in the storage area. Only regulators designed specifically for

hydrogen were used to prevent accidents caused by incorrect equipment. All valves were opened

slowly to minimise the risk of pressure surges. Before introducing hydrogen into the experimental

setup, special attention was given to preparing the system to ensure a safe and controlled

environment. The lines and the experimental chamber were vacuumed to remove any residual

air, moisture, or contaminants. This minimised the risk of forming explosive hydrogen-oxygen

mixtures and reduced the possibility of hydrogen interacting with impurities, which could affect

experimental results or compromise safety.

Brine is highly corrosive to many metals, including those commonly used in hydrogen han-

dling systems. To avoid equipment degradation and potential leaks, corrosion-resistant materials

such as stainless steel and compatible plastics were used in the apparatus.

3.4.3 Safety Protocols for Brine

Brine, due to its high salinity, is highly corrosive and poses additional safety challenges in

laboratory experiments. Its corrosive nature can degrade materials in the experimental setup,

particularly metals, leading to equipment failure or leaks. To address this, only corrosion-

resistant materials, such as stainless steel or compatible plastics, were used for components that

come into contact with brine. Regular inspections of the equipment were conducted to identify

any signs of corrosion, ensuring timely maintenance or replacement of affected parts. Contact

with brine can also cause irritation to the skin and eyes. To prevent exposure, laboratory

personnel wore appropriate personal protective equipment (PPE), including gloves, goggles, and

lab coats. Any accidental spills were promptly cleaned using appropriate neutralising agents

to prevent long-term damage to surfaces or equipment. Waste brine was disposed of according

to environmental and chemical safety regulations, ensuring minimal environmental impact and

adherence to laboratory safety protocols [202,203]
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3.4.4 X-ray Safety Considerations

In addition to the safety precautions associated with hydrogen handling, high-resolution 3D X-

ray micro-computed tomography systems require strict adherence to radiation safety protocols

to protect laboratory personnel from potential harm. X-ray systems emit ionising radiation,

which can pose significant health risks, including damage to living tissue and an increased risk

of cancer with prolonged or excessive exposure. Although modern X-ray systems are designed

with shielding to protect operators, safety measures must still be rigorously enforced. The X-

ray CT system used in the experiments was enclosed within a fully shielded cabinet, designed

to contain and block harmful radiation. The shielding materials, typically lead or other dense

metals ensured that X-ray exposure outside of the system remained well below permissible limits.

The X-ray CT system was equipped with interlock systems that automatically disable the X-ray

source if the enclosure is opened or if there is a system malfunction. This safeguard prevents

accidental exposure during the operation or maintenance of the equipment [204].

Radiation levels around the X-ray system were continuously monitored using dosimeters to

ensure that the radiation levels remained within safe limits. Access to the X-ray scanning area

was restricted to trained personnel only. All operators of the X-ray CT system underwent spe-

cialised training in radiation safety and proper system usage. To reduce the risk of unnecessary

radiation exposure, the X-ray system was operated only for the duration required to capture the

necessary scans. The system was powered down when not in use to prevent inadvertent X-ray

emissions [205].

3.5 Final Remarks

This study investigated the effects of drainage and imbibition cycles on hydrogen saturation in a

Bentheimer sandstone sample (12.8 mm in diameter and approximately 60 mm in length), with

high-resolution imaging used to track gas distribution. Imaging was conducted after each hydro-

gen or water injection, as well as 16 hours post-injection, to assess fluid redistribution over time.

A progressive reduction in flow rate across successive drainage cycles led to a corresponding de-

cline in hydrogen saturation, with a peak average gas saturation of approximately 30%. Residual

hydrogen saturation was measured at around 10%; however, hydrogen dissolution was observed

near the inlet and became complete in brine after the third imbibition cycle. These findings

provide valuable insight into hydrogen retention and transport mechanisms within porous media.

The main conclusions of the work are as follows:

1. Hydrogen is the non-wetting phase and tends to occupy the larger regions of the pore

space. It is trapped by the injection of water in the largest pores.

2. Even with no flow there is a significant rearrangement of the hydrogen within the pore

space over length-scales of a centimeter and time-scales of 16 hours. We hypothesise that

this is caused by Ostwald ripening: the transfer of gas dissolved in the aqueous phase to

equilibriate the local capillary pressure.
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3. Ostwald ripening leads to the aggregation of hydrogen in larger ganglia with, in most cases,

a single large ganglion dominating the volume.

4. The connectivity of the gas phase also increases after 16 hours, as quantified by the Euler

characteristic.

Our work implies that there may be less hysteresis in hydrogen storage than implied by the

use of models based on hydrocarbons which ignore Ostwald ripening. This is favourable for

hydrogen injection and withdrawal.

The next chapter will extend this study to work on more representative pressures to acquire

higher-resolution images to investigate the effect of pressure changes on the behaviour [206].

Additionally, it would be valuable to inject brine that is pre-equilibrated with hydrogen to

avoid the complicating effects of dissolution. The porous plate technique could be used to allow

a higher initial hydrogen saturation to be reached in drainage. More accurate measurements

of capillary pressure over a wide saturation range may allow the determination of a model of

capillary pressure hysteresis applicable for hydrogen storage.

92



Chapter 4

Ostwald Ripening Leads to Less

Hysteresis during Hydrogen

Injection and Withdrawal

This chapter builds directly on the findings from Chapter 3, addressing the limitations identi-

fied in the earlier experiment, such as lower pressure conditions and hydrogen dissolution into

the brine. By using pre-equilibrated brine and a porous plate method at more representative

pressures, this stage refines the experimental design to achieve higher hydrogen saturations and

more accurate measurements.

The contents of this chapter have been published in: S. Goodarzi, G. Zhang, B. Bijeljic, M. J.

Blunt, “Ostwald Ripening Leads to Less Hysteresis during Hydrogen Injection and Withdrawal:

A Pore-Scale Imaging Study,” International Journal of Hydrogen Energy, vol. 114, pp. 475-485,

2025.

4.1 Summary

This study explores hydrogen storage in Bentheimer sandstone using high-resolution 3D X-ray

imaging during hydrogen injection and brine flooding cycles. The results reveal a reduction in

hysteresis during hydrogen injection and withdrawal, attributed to Ostwald ripening–transport

of dissolved hydrogen in the aqueous phase to balance local capillary pressure. Hydrogen sat-

uration reached 82% after injection, while the residual saturation decreased significantly from

40% in the first cycle of brine injection (imbibition) to less than 18% in the third. End-point

capillary pressure during gas injection was directly measured as 20, 9, and 3 kPa in the first,

second, and third cycles, respectively. During the imbibition steps, the gas saturation decreased

consistently, reflecting reduced trapping effects and improved gas connectivity. After 16 hours of

rest, a single large connected ganglion formed, further reducing the Euler characteristic per unit

volume from -10 mm−3 to -23 mm−3 during the third drainage cycle. These findings highlight

that traditional hysteresis models that ignore the effect of Ostwald ripening over-estimate the

amount of residual trapping in hydrogen storage.
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4.2 Materials and Methods

4.2.1 Porous Plate

Porous ceramic plates are crucial components in core flooding experiments, serving to control

the flow of different fluid phases through the rock core. These plates are typically made from

materials like alpha alumina, which have a specific pore size that allows the wetting phase to pass

through while preventing the non-wetting phase from penetrating when a threshold pressure

is applied. For experiments using porous ceramic plates, one or two plates were employed,

depending on the setup. The hydrophobic plate, being water-repellent, prevented water from

escaping the rock sample, ensuring it remained saturated within the sample. Conversely, the

hydrophilic plate acted as a gas barrier, allowing only water to pass through while confining the

gas inside.

After selecting the hydrophilic porous plate for this experiment, it was cut to match the

diameter of the rock sample. To improve water distribution, grooves were added to one side of

the plate, see Fig. 4.1 for a schematic representation of the plates. To measure the differential

pressure across the sample, small holes were drilled in the porous plate to align with the injection

piece. To prevent gas from escaping through these holes, glue was applied around the drilled

areas, ensuring a secure seal.

Figure 4.1: Schematic of the hydrophilic porous plate used in the experiment, highlighting key
features. Grooves were added to enhance water distribution, and Peek tubing was incorporated
for differential pressure measurement. The inset illustrates the plate’s pore structure and the
water-wetting properties, depicted by the contact angle (θ).

4.2.2 Equilibrating Brine with Gas

A crucial step in the experimental process involved equilibrating the brine with hydrogen gas

before injecting it into the sandstone sample. The high-pressure reactor used in this study was

a Parr Instrument Company Bench Top Reactor, see Appendix B.4, designed to safely handle

elevated pressures and temperatures while providing a controlled environment for experiments.
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This reactor featured a chamber with a capacity of 1 litre, capable of storing liquid samples

under high-pressure conditions. Equipped with advanced temperature and pressure controls,

the reactor allowed precise adjustments to simulate a wide range of experimental conditions.

Its robust construction, using materials compatible with reactive gases such as hydrogen and

nitrogen, ensured chemical durability and operational safety.

Additionally, the reactor was equipped with a stirrer drive, facilitating uniform mixing of

reactants during experiments. The brine was placed in the reactor, and hydrogen gas was

gradually injected into the chamber while compressing the gas to reach the desired pressure.

Once the target pressure was achieved, the brine was stirred gently at a low speed for 24 hours

to ensure complete saturation with hydrogen. This preparation step was critical to ensure that

the brine was fully equilibrated with hydrogen, replicating the conditions necessary for accurate

and reliable experimental results.

4.2.3 Rock and Fluid Properties

Bentheimer sandstone, known for its uniform pore structure, was selected for this investigation.

This material has been extensively used as a benchmark in prior studies [176,186,187], it offers

a consistent framework for comparative analysis. Detailed information about the properties and

characteristics of this rock can be found in Chapter 3, Section 3.2.1.

The overall porosity of the Bentheimer sandstone sample was determined to be 20.4% using

differential imaging techniques [197]. In this method, the porosity is identified by subtracting

a dry image of the sample from one where it is fully saturated with a high-contrast solution.

Figure 4.2 presents the porosity distribution along the sample length, revealing a relatively

uniform profile, which underscores the homogeneity of the sandstone.

Figure 4.2: Porosity distribution along the length of a Bentheimer sandstone sample (60 mm in
length), demonstrating a relatively uniform porosity profile. The porosity values were derived
through imaging techniques, with an associated error of 0.05% due to image segmentation pro-
cesses. The slight variations observed are attributed to inherent heterogeneities in the sample
and the precision of the imaging methodology.
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The rock sample was prepared by drilling a cylinder with a diameter of 12 mm and a length

of approximately 60 mm. To optimise phase contrast during imaging, the aqueous (wetting)

phase was doped with 20% weight percent Potassium iodide (KI) dissolved in deionised water.

The details of the doping process are elaborated in Chapter 3, Section 3.2.2. A summary of the

fluid properties, including dynamic viscosity and interfacial tension, is provided in Table 4.1.

Table 4.1: Thermophysical properties of the fluids used in the experiment, including density
(ρ) measured at ambient temperature, dynamic viscosity (µ), and interfacial tension (σ). The
values for brine are sourced from [29,32], while hydrogen properties are obtained from [31,33].

Fluid Density ρ Viscosity µ Interfacial Tension σ

[kg.m−3] [Pa.s] [N.m−1]

Water–20 wt.% KI 1263 0.821× 10−3 7.23× 10−2 (σgw)

Gas–H2 0.0354 9.11× 10−6 7.23× 10−2 (σgw)

4.2.4 Experimental Procedure

To investigate gas behaviour, cycles of injection and withdrawal were performed to achieve

varying levels of saturation-high, medium, and low. The sample was kept at a constant confining

pressure of 10 MPa and maintained at a pore pressure of 8 MPa under ambient temperature

(25◦C). The pressure difference between the inlet and outlet was measured using a pressure

transducer, see Appendix B.4 for more details. The experiment was conducted under capillary-

controlled conditions and with unsteady state flooding. The capillary number (Ca) is calculated

from Eq. 2.11 for 3 cycles, as tabulated in Table 4.2.

The experimental sequence was as follows.

1. The sample was initially prepared by ensuring it was completely dry and sealing it within

a nitrile rubber enclosure to prevent any interactions with the confining fluid, as explained

in Chapter 3, Section 3.2.3. Before connecting the top and bottom parts of the rubber

enclosure, a water-wet porous ceramic plate, matching the diameter of the sample, was

placed within the enclosure. This plate worked as a barrier, keeping the gas inside the

sample and providing a uniform saturation after fluid injection while allowing the flow

of the aqueous phase. The upper part of the rubber was connected to the production

component, while the injection component was linked to the lower part, as illustrated in

Fig. 4.3.

2. Prior to introducing brine into the sample, we employed a high-pressure reactor to equili-

brate the brine with hydrogen (mixing at 176 rpm), ensuring that the brine was thoroughly

saturated with hydrogen gas.

3. The sealed sample was then located within the micro-CT apparatus. Flowlines and pumps

injected the fluid phases and applied confining and back pressures. A Keller PD-33X

differential pressure transducer was connected to the top and bottom of the sample to

measure differential pressure during fluid injections, with a precision of ±0.03 kPa. To
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eliminate any air and prepare for hydrogen injection, the sample, lines, and gas pump were

thoroughly vacuumed for several hours, ensuring that no potentially dangerous hydrogen-

air mixture could form.

4. The experiment began by scanning the dry sample at a confining pressure of 2 MPa with

zero pore pressure. Next, 100 pore volumes of brine were introduced from the bottom,

allowing the pore space to gradually reach full saturation. Once saturated, the sample was

scanned again under conditions of 8 MPa pore pressure and 10 MPa confining pressure.

5. We executed three consecutive flooding cycles, each following a similar procedure. In each

cycle, we introduced gas from the top of the sample under a specified differential pressure.

The first cycle aimed to achieve high gas saturation, and it took 2 days to stabilise at 20

kPa differential pressure, as shown in Table 4.2. The second cycle was designed to target

medium gas saturation, requiring 3 days to reach a steady state at 8 kPa differential

pressure. The last cycle was intended to achieve low gas saturation, and it took 4 days to

reach a differential pressure of 3 kPa.

6. Following the completion of gas injection (drainage), the valve was closed, and the gas

pump was turned off. A comprehensive bottom-to-top scan of the sample was conducted

over 7.5 hours, divided into six sections with a 25% overlap. After an additional 8.5 hours,

totaling 16 hours since the cessation of gas injection, images of all sections were captured.

7. After completing the gas injection and scanning phases, 2 pore volumes of brine were

injected, maintaining a constant flow rate of 0.06 ml/min for a period of 45 minutes. The

experiment was performed under conditions controlled by capillary forces.

8. After completing brine injection, the entire length of the sample was scanned from bottom

to top for 7.5 hours. Eight and a half hours later, images were taken of sections 1 to 6.

9. Upon completion of the three cycles, a final bottom-to-top scan of the sample was con-

ducted 24 hours later to assess the residual gas content.

Table 4.2: Capillary numbers, Ca = µq / σ, where µ is the viscosity of the injected fluid, σ is
the interfacial tension, and q is the Darcy velocity for the flooding cycles.

Cycle Flooding step Ca[gw] Flow rate Capillary pressure

[ml.min−1] [kPa]

1 1st Drainage - - 20

1 1st Imbibition 1.1× 10−7 0.06 -

2 2nd Drainage - - 9

2 2nd Imbibition 1.1× 10−7 0.06 -

3 3rd Drainage - - 3

3 3rd Imbibition 1.1× 10−7 0.06 -
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Figure 4.3: Schematic of the experimental apparatus used in the study. The diagram highlights
the arrangement of the flow cell, injection and receiving pumps, multiphase and confining flow
lines, and the pressure transducer. The dashed box marks the micro-CT exposure region, where
high-resolution imaging of the flow processes was conducted

4.2.5 Image Processing

The same scanner and image acquisition parameters as described in Section 3.2.5 were used in

this study. The scan times and parameters are summarised in Table 4.3. This time, however, the

entire length of the sample was scanned after 16 hours to achieve a more accurate quantification

of fluid behaviour following storage. Each scanning session captured six overlapping images,

ensuring complete coverage of the sample’s length, with a vertical overlap of 4 mm, see Fig. 4.4.

The generated three-dimensional images had a voxel size of 5.4 µm, covering 3023 voxels along

the x-axis, 3064 along the y-axis, and 11586 along the z-axis, resulting in over 100 billion voxels

in total.

Once the images were obtained, reconstruction, normalisation, registration, cropping, and

stitching were performed using Avizo (ThermoFisher Scientific) to create three-dimensional ren-

derings of the gas, water, and rock at each cycle [192]; more details are provided in Chapter 3,
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Section 3.2.6. To reduce image noise, a non-local mean filter was applied [193].

Image segmentation was performed using the seeded watershed algorithm [207] to accurately

delineate phase boundaries and minimise misclassification caused by partial volume effects. In

this method, a greyscale intensity range was assigned to each phase based on prior knowledge of

material properties. These predefined intensity ranges served as initial seeds, ensuring that the

segmentation process was constrained to realistic phase distributions. The watershed algorithm

then expanded these seeds based on intensity gradients, allowing segmentation to grow propor-

tionally while ensuring that phase boundaries were formed at the steepest gradient points. This

approach effectively minimised over-segmentation and provided a precise distinction between

different fluid and solid phases within the sample, see Fig. 4.5. By applying this method, key

parameters such as gas saturation, ganglion sizes, fluid connectivity, and surface areas involving

solid-fluid interactions were extracted with high accuracy.

Figure 4.4: Schematic representation of the Bentheimer sandstone sample used for analysis. The
full sample has a height of 60 mm and a diameter of 12 mm. A subsection scan (13.8 mm ×

12 mm × 12 mm) was extracted for further analysis, as shown in the magnified region. Within
this subsection, a smaller volume (140 × 166 × 40 voxels) was selected for a closer examination
of fluid distribution within the solid rock structure.
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Table 4.3: Summary of scanning parameters for the Zeiss X-ray instrument used in the exper-
iment. Initial scans include dry, wet, gas injection, and water injection steps, each comprising
six overlapping sections to cover the entire sample length. After 16 hours, additional detailed
scans of sections 1 to 6 were performed to monitor localised changes over time.

Step Sections Exposure
time [s]

Projections Total time
[mins]

Dry scan 1-6 1.2 3001 75× 6

Wet scan 1-6 1.2 3001 75× 6

Gas injection 1-6 1.2 3001 75× 6

Water injection 1-6 1.2 3001 75× 6

16 hours storage 1-6 1.2 3001 75× 6

Figure 4.5: A small section of two-dimensional raw greyscale images is shown: raw (a) and after
filtering (b). Segmentation (c) highlights distinct phases: hydrogen gas (green), brine (blue),
and rock (grey). The three-dimensional subvolume (right) visualises the distribution of hydrogen
and brine within the pore space of Bentheimer sandstone.

4.3 Results and Discussion

In Section 4.3.1, we analyse the greyscale images, which demonstrate improved uniform hydrogen

distribution compared to the experiment in Chapter 3. Our examination focuses on discrete

ganglia to validate the process of gas aggregation into larger bubbles following an additional

waiting period of 16 hours. These results are presented alongside a discussion of gas connectivity

in Section 4.3.2. In Section 4.3.3, we examine the dynamics of capillary pressure following gas

and water injections over three cycles. We discuss the gas saturation profiles observed across

the entire sample during three cycles of gas injection and subsequent water flooding in Section

4.3.4. Finally, the measurements of specific interfacial areas between gas-water, gas-rock, and

water-rock, as well as details of pore occupancy, including fluid distribution and arrangement

within the pore space are provided in section 4.3.5.
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4.3.1 Raw Greyscale Images

Significant improvements in the experimental apparatus and methodology have allowed for im-

proved hydrogen saturation and reduced dissolution effects, as evidenced by the greyscale images

captured at various experimental stages. These improvements are demonstrated in Figure 3.5,

which highlights much more uniform saturation across all cycles compared to Figure 3.7, Chap-

ter 3. This uniformity can be attributed to the use of a hydrophilic porous plate combined with

brine pre-equilibrated with hydrogen. By pre-equilibrating the brine, the complicating effects

of hydrogen dissolution during the injection phases were minimised, resulting in a more stable

and homogeneous hydrogen phase distribution throughout the sample.

Figure 4.6: Two-dimensional slices of three-dimensional raw images from the sandstone sample
illustrate changes observed before and after a 16-hour storage period. In these images, rock is
depicted in medium grey, gas in black, and brine in light grey.

Figure 4.7 examines a subvolume extracted from the sandstone sample, showcasing the spatial

distribution of gas, brine, and rock phases both at the initial state and after 16 hours of storage.

The dashed circles in the images identify regions where significant rearrangements in the gas

phase have occurred, leading to changes in connectivity and morphology. These observations

suggest localised redistribution of the gas phase during storage, likely influenced by capillary
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pressure adjustments or minor dissolution and re-precipitation effects.

The improved visibility of phase boundaries in the raw images underscores the effectiveness

of the methodological improvements. The stabilisation of the gas phase through brine pre-

equilibration ensured more reliable and reproducible observations of redistribution phenomena,

further validating the robustness of the experimental approach.

Figure 4.7: Two-dimensional cross-sectional views of the segmented three-dimensional images
depicting the gas, brine, and rock phases in black, white, and grey, respectively, for the first
cycle at the initial state and after 16 hours of storage. The dashed lines highlight regions where
noticeable rearrangements of the gas phase have occurred, leading to changes in connectivity.

4.3.2 Fluid Configuration and Connectivity

Figure 4.8 displays the side view of three-dimensional images of the gas phase captured at an

image size of 2150 × 2150 × 2560 voxels (Fig. 4.4, located upper part of the sample). These

images were obtained after the initial stage of gas injection and water flooding, followed by

each cycle being observed for an additional 16-hour waiting period. Each colour in the figures

represents a discrete ganglion of gas: a wide variety of colours reflects a poorly connected phase,

whereas a narrow range of colours indicates a well-connected phase. During the drainage cycles,

after injection of hydrogen and an additional 16-hour waiting period, a single large connected

ganglion formed, as highlighted with the black arrow (Fig. 4.8, 2ndD-16 h storage).

Additionally, during the imbibition cycles, after water injection and another 16-hour wait, the

results revealed increased gas connectivity, with larger and more unified ganglia forming (Fig. 4.8,

2ndI-16 h storage). This observation shows the dynamic nature of gas phase rearrangement,

driven primarily by Ostwald ripening, which allows smaller ganglia to dissolve and migrate,

ultimately joining larger structures.

Further insight into the enhanced connectivity is provided in Fig. 4.9, displaying a magnified

view of gas phase ganglia. These images are extracted from a sub-volume of 166 × 140 × 40

voxels (upper part of the sample, illustrated in Fig. 4.4). The visual comparison between the

initial stage (light green) and the expanded volume after the 16-hour storage period (dark green)

distinctly illustrates the transition from a fragmented to a more connected gas phase.
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Figure 4.8: The three-dimensional images illustrate the distribution of hydrogen within the pore
space following three cycles of gas and water injections (D= Drainage, I= Imbibition). Diverse
colours distinguish discrete gas ganglia: after a 16-hour storage, these ganglia merge, resulting
in improved connectivity. The presence of connected ganglia, highlighted with a black arrow,
demonstrates the influence of storage on hydrogen redistribution and pore-scale connectivity.

This evolution is indicative of gas mass transfer mechanisms, which preferentially stabilise

larger ganglia while reducing the overall capillary pressure. This suggests that allowing sufficient

time for storage can mitigate residual trapping, enhancing the mobility and hydrogen withdrawal

efficiency in subsequent injection and withdrawal cycles. There is a tendency to see more gas in

the centre of the sample near the injection inlet (the lower part of the sample). This could be

due to channelling from the injection port, or diffusion of hydrogen through the nitrile sleeve.

To remove this artefact, we perform the remaining quantitative analysis on the upper part of

the images, away from the inlet.

In Figure 4.10, the ganglion size distribution within section 5 (Fig. 4.4) illustrates the gas

movement across the last cycle following the injection of hydrogen and after water flooding. The

volume-weighted fraction of ganglia sizes, plotted logarithmically against gas volume, displays

a significant shift of gas bubbles towards larger ganglia from the initial stage to the 16-hour

storage, observed consistently after both gas injection and water flooding. This trend parallels

the hydrogen distribution within the pore space, as shown in Fig. 4.8. Despite nearly constant

overall gas volume, the ganglia distribution (Fig. 4.10, c,d) reveals a process of smaller bubbles
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merging with larger ones [169, 170]. The results for the first and second cycles are provided in

Appendix C.1 and C.2.

Figure 4.9: Zoomed-in images of the gas phase structures after initial displacement and then after
waiting for 16 hours. The lighter green shade represents the gas arrangement and connections
at the initial stage. The darker green shade displays how the configuration of gas changed after
being left undisturbed for 16 hours (the red dashed circles). This comparison visually highlights
the improved connections between the gas phase due to Ostwald ripening. (D= Drainage, I=
Imbibition)

After 16 hours, a significant increase in the volume of the single largest ganglion is evident,

especially in cycle 3. This characteristic facilitates hydrogen withdrawal through connected

pathways, indicating its potential role in gas remobilisation. These observations align with prior

studies on gas-brine systems, highlighting significant rearrangements in trapped gas following

brine injection [21,29,146].

For a comprehensive quantitative evaluation of fluid connectivity, Table 4.4 shows the com-

puted Euler characteristic using a sub-volume image size of 1723 × 1723 × 1461 voxels (section

5, Fig. 4.4). The Euler characteristic is a topological measure that helps quantify the connec-

tivity and structure of complex shapes or configurations, such as the arrangement of gas ganglia

within porous media. It is calculated by subtracting the number of redundant loops or holes

(loops that can be removed without cutting a ganglion into two pieces) from the number of

distinct components or objects present in the system (gas ganglia).
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Figure 4.10: The volume-weighted size distribution (a, b) and cumulative volume distribution
(c, d) of ganglia are shown for the third cycle of gas and brine injection. The graphs compare
the initial stage with the distribution after 16 hours of storage. The shaded grey area represents
the volume distribution across all pores. A distinct vertical segment in (b) and a highlighted
region in (d) indicate the emergence of a single large ganglion, which dominates the volume after
storage.

Table 4.4: Normalised Euler characteristic [mm−3] throughout three cycles of hydrogen and
brine injection, capturing the initial state and the subsequent 16-hour storage period.

Normalised Euler characteristic [mm−3]

Cycle Flooding step Initial 16 h storage

1 1st Drainage –98 –

1 1st Imbibition +23 +18

2 2nd Drainage –16 –29

2 2nd Imbibition +35 +22

3 3rd Drainage –10 –23

3 3rd Imbibition +29 +22

Note. The Euler characteristic was measured on segmented images of a sub-volume
and normalised to the total volume.

To facilitate comparison across different sub-volumes, we compute a normalised Euler char-

acteristic by dividing the Euler characteristic by the volume of the sub-image in mm3. This

normalisation yields a density-like measure, allowing us to account for the influence of volume

size on connectivity calculations and to make direct comparisons between different conditions
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or stages of the experiment. A positive value implies many discrete ganglia and disconnected

or poorly connected gas while a negative value shows a well-interconnected phase containing

numerous loops [208].

Following gas injection (drainage), the observed negative Euler characteristic signifies robust

gas connectivity within the pore network. Conversely, the positive values observed after water

flooding (imbibition) are consistent with gas trapping. For all cycles, a consistent decrease in

the Euler characteristic after 16 hours denotes improved connectivity. This aligns with the

formation of a single, expanded ganglion and the observed pattern of gas merging into larger

ganglia due to Ostwald ripening (Fig. 4.10).

4.3.3 Quantification of Capillary Pressure

Capillary pressure refers to the equilibrium pressure difference between two immiscible fluid

phases in porous media [66], as mentioned in Chapter 2, Section 2.1.3. The analysis of capillary

pressure involved measuring capillary pressure endpoints after drainage in each of the three

cycles, with varying pressures: 20, 9, and 3 kPa, following gas injection, shown in Fig. 4.11. These

measurements align well with independent measurements of the mercury injection capillary

pressure (MICP) [22] once we have corrected for differences in interfacial tension.

Figure 4.11: Measured differential pressures during the three drainage cycles, corresponding to
capillary pressure endpoints of 20, 9, and 3 kPa, following gas injection. The results indicate
consistent pressure stabilisation over the last 12 hours at each injection.

Additionally, we compared the capillary pressures measured during injection of gas (drainage)

and water flooding (imbibition) using the porous plate technique on Bentheimer sandstone for a

gas/water system [14]. We estimated the capillary pressure as a function of local saturation in

a subvolume of 600 × 600 × 600 voxels (part of section 5, Fig. 4.4), from the average interfacial

curvature of the gas-water menisci and then applying the Young-Laplace equation [66], the
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same method as mentioned in Chapter 3, Section 3.3.4. The interfacial curvature and local

water saturation were measured within the same subvolume. The capillary pressure derived

from curvature analysis agrees with the direct pressure measurements to within experimental

uncertainty, see Fig. 4.12.

Less trapping was observed after the second imbibition cycle than after the first. Further-

more, a drop in gas saturation occurred in the third cycle as under a low imposed pressure, gas

cycled back into the injection pump. During this cycle, intermittent gas connections and discon-

nections led to fluctuations in the recorded differential pressure readings. Subsequent imbibition

during the third cycle revealed even less gas trapping.

Figure 4.12: Estimated capillary pressure for drainage and imbibition measured on a 6003 voxel
subvolume near the top of the sample. The black lines show independent experimental mea-
surements in the literature where Ostwald ripening is not considered [14]. The points are our
measurements and the error bars represent the uncertainty in the determination of capillary
pressure and saturation from the segmented images.

The results in Fig. 4.12 have three features which cannot be explained by a traditional

hysteresis model Fig. 2.11, but which are fully consistent with the analysis of connectivity

presented previously.

1. The residual hydrogen gas saturation decreases from the first to second imbibition cycle

and is further reduced after the third cycle. This is only possible because the gas phase

rearranges and reconnects, allowing more displacement in subsequent injection cycles.

2. There is a tendency for the capillary pressure to increase on waiting after imbibition and

to decrease after drainage. Without Ostwald ripening the capillary pressure should be

constant once flow has stopped.
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3. Related to point 2, this leads to less hysteresis between drainage and imbibition, once the

gaseous phase has been allowed to rearrange to achieve local capillary equilibrium. The

results suggest – within experimental uncertainty – a unique capillary pressure with no

hysteresis, as indicated by the trend line. However, there is no theoretical reason why

hysteresis is eliminated: there is still trapping, likely contact angle hysteresis and different

pore-scale displacement processes. What we can say though is that there is significantly

less hysteresis than observed when Ostwald ripening can be ignored.

4.3.4 Gas Saturation Profile

The gas saturation was measured throughout the entire sample, as presented in Fig. 4.13. With

successive drainage cycles, pressure differences were progressively adjusted, resulting in a reduc-

tion in hydrogen saturation. The hydrophilic porous plate technique facilitated higher initial

hydrogen saturations by effectively manipulating capillary forces, enhancing hydrogen retention

within the pore spaces. The peak average hydrogen saturation achieved was around 82 ± 2%,

with the largest measured residual hydrogen saturation averaging around 40 ± 2%, consistent

with previous measurements on sandstones [20, 150]. The comparison in Fig. 4.13 between ini-

tial gas saturation and that after a further 16-hour storage period during the three cycles of

fluid injection revealed a consistency in total gas saturation: this indicates that the gas phase

rearranges in the pore space – there is no injection or production. However, fluctuations in

the saturation profiles were observed after 16 hours, which suggests local gas redistribution and

migration, likely driven by Ostwald ripening [169].

Figure 4.13: The gas saturation profile averaged along the flow direction during three cycles
of hydrogen injection and water flooding across the length of a Bentheimer sample, illustrating
both the initial injection and after a 16-hour waiting period. The black dashed line indicates
the specific subsection selected for detailed analysis.

Furthermore, the stability of the gas distribution across cycles, as indicated by the near-

uniform profiles along the sample length, highlights the effectiveness of hydrogen retention in
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Bentheimer sandstone. However, small variations in saturation between the inlet and outlet

during storage may reflect differences in local pore structure and capillary forces, which could

lead to heterogeneous gas displacement dynamics.

A comparison of specific gas saturations (Sgi and Sgr) from studies in the literature using

sandstone samples is provided in Fig. 4.14. The relatively high Sgr (40%) observed in these

experiments may be partially attributed to the pre-equilibration of brine with hydrogen. This

procedure likely reduced gas dissolution during injection, enhancing retention in the pore struc-

ture.

Figure 4.14: Illustration of the variation in gas saturation profiles for sandstone samples from
the literature: Higgs et al. [15], Yekta et al. [16], Boon and Hajibeygi [17], Goodarzi et al. [18],
Thaysen et al. [19], Jha et al. [20] and Boon et al. [21] including the present study. The error
bars represent the uncertainty due to image segmentation.

Additionally, the 16-hour waiting period may have allowed Ostwald ripening to occur, en-

abling the redistribution of gas and stabilising larger gas clusters. While these conditions likely

played a role, other factors, such as pore structure and capillary forces, may also have con-

tributed to the observed values. Compared to Jha et al. [20], who reported a higher residual

saturation, the differences can be attributed to variations in pore structure and capillary pres-

sure dynamics. Finally, the consistency of trends across studies, despite variations in Sgi and

Sgr magnitudes, underscores the importance of experimental parameters such as pressure, flow

rates, and capillary forces.

The gas injection rate, although not kept constant in this study (pressure-controlled) to

focus on saturation effects, remains a critical parameter influencing storage and recovery per-

formance [209]. Higher injection rates typically accelerate gas saturation and enhance initial

storage efficiency by rapidly displacing brine [164]. However, they may also amplify pressure

gradients, leading to increased capillary trapping in smaller pores and potentially reducing re-

covery efficiency. In contrast, lower injection rates promote a more uniform gas distribution by

allowing equilibrium between phases, even at the cost of extended operational durations. Con-
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versely, water injection was conducted at a constant flow rate, ensuring steady and controlled

imbibition.

4.3.5 Wettability Characterisation

4.3.5.1 Specific Interfacial Area

The specific interfacial area per unit volume (600 × 600 × 600 voxels, upper part of the sample,

shown in Fig. 4.4) was calculated for fluid and solid phases both initially and after a 16-hour

storage period, as shown in Fig. 4.15. The results confirm the water-wet nature of the sample,

as indicated by the consistently higher water-rock interfacial area compared to the gas-rock

interfacial area. This preference reflects the natural tendency of water to maintain contact with

the solid surface in a water-wet porous medium.

During the storage periods, the water-rock interfacial area exhibited a notable decline fol-

lowing water injection. This reduction suggests a relaxation process in which water redistributes

to energetically favourable configurations, thereby decreasing its contact with the solid surface.

Similarly, the gas-rock interfacial area consistently decreased after gas injection, particularly in

the second cycle. This observation reflects the displacement of gas from regions in contact with

the solid surface, likely driven by capillary forces that favour water-solid interactions. The gas-

water interfacial area, although smaller in magnitude, also exhibited a slight reduction during

the waiting period, which may be attributed to minor equilibration processes between the two

fluids under static conditions.

Figure 4.15: Measurements of interfacial area per unit volume between fluid-fluid and fluid-
solid phases within a subvolume over three cycles of gas and water injection (D= Drainage, I=
Imbibition). Results are presented for both the initial stage and after a 16-hour storage period,
alongside gas saturation trends. Error bars indicate uncertainties in image segmentation.
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The gas saturation data reveal a consistent trend as gas saturation remains stable after

injection and during the storage periods across all cycles. This constancy confirms that no

additional gas displacement or production occurs during storage. Despite this stability, the

observed reductions in gas-solid and gas-water interfacial areas indicate a redistribution of the

gas phase within the pore network. This redistribution likely reflects pore-scale adjustments,

such as the coalescence of gas ganglia into larger, more stable structures, driven by mechanisms

like Ostwald ripening.

These findings are consistent with other works [18,153,165], which also confirmed the water-

wet nature of the sample. In that study, the water-rock interfacial area decreased slightly during

the waiting period, while the gas-rock area increased. However, the present study, conducted

under higher pressure conditions, demonstrates more consistent trends, particularly for the gas-

rock interface.

4.3.5.2 Pore and Throat Occupancy

To better understand the spatial distribution of gas and brine within the pore structure, both

immediately after fluid injection and following a 16-hour storage period, a detailed 3D pore and

throat occupancy analysis was performed on the middle part of the sample. This analysis is

based on pore network structures extracted from dry scan images, as described in Chapter 3,

Section 3.3.7. The methodology was applied across all experimental cycles, with results for gas

injection and subsequent water flooding provided in the Appendix C.2. However, in this section,

we focus on the first drainage and imbibition phase to illustrate the key mechanisms governing

fluid redistribution, see Fig. 4.16.

Following the initial drainage phase, gas displaced brine from the majority of the pore space,

resulting in a high initial gas saturation. During subsequent imbibition, water infiltrated the

pore network, trapping gas within larger and medium-sized pores due to capillary forces. The

distribution of gas and brine at this stage is consistent with a water-wet system, where water

preferentially occupies smaller pores and throats, while gas remains trapped in larger elements.

After the 16-hour waiting period, some changes in the pore and throat occupancy were ob-

served. The probability distribution of pore and throat radii occupied by gas and brine, as well

as the volume fraction of each phase over time, is presented in Fig. 4.17. Redistribution of the

trapped gas phase suggests potential mechanisms such as Ostwald ripening, led to a reorganisa-

tion of the trapped gas phase. However, overall there was little change in pore occupancy with

gas preferentially in larger elements, as expected.

4.4 Health and Safety

In this chapter, the experimental procedure involved equilibrating brine with hydrogen gas using

a high-pressure reactor before injecting it into the sandstone sample. The general health and

safety measures related to hydrogen handling, brine storage, and X-ray safety remain the same

as outlined in Chapter 3, Section 3.4, and only the additional safety considerations specific to

reactor operation are detailed here.
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Figure 4.16: The probability distribution of pore and throat radii occupied by hydrogen (green)
and water (blue) is shown for the first cycle. (a)-(c) and (g)-(i) show the initial occupancy
immediately after imbibition and after 16 hours, highlighting the redistribution of fluids within
pores and throats. (d)–(f) and (j)-(l) illustrate the volume fraction of hydrogen and water as a
function of pore and throat size, demonstrating the extent of gas entrapment and subsequent
fluid redistribution over time.
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Figure 4.17: Comparison of volume-weighted histograms show the probability distribution of
pore (a) and throat (b) radii occupied by water immediately after first imbibition (pink) and
after 16 hours (striped). The histograms illustrate a shift in gas occupancy, particularly in
smaller pore and throat sizes, indicating redistribution over time.

The Parr Bench Top Reactor used for equilibrating brine with hydrogen operates under el-

evated pressure and temperature conditions, requiring strict adherence to pressure vessel safety

protocols. The primary risks associated with its operation include high-pressure hazards, po-

tential hydrogen leaks, and mechanical failures. To mitigate these risks, the following safety

measures were implemented:

• The reactor was fitted with pressure relief valves and pressure gauges to continuously mon-

itor internal conditions. Experiments were conducted within the recommended operating

limits of the reactor, and safety interlocks ensured that excessive pressure buildup was

prevented.

• Since hydrogen is highly flammable and prone to leakage, the reactor system was tested

for leaks before each experiment using soap solution tests. Gas flow rates were carefully

controlled to avoid sudden pressure fluctuations.

• Hydrogen was introduced gradually to minimise rapid pressurisation risks. The system

was vacuumed before hydrogen injection to eliminate residual oxygen, reducing the risk of

explosive gas mixtures.

4.5 Final Remarks

In this study, we performed a series of porous plate experiments to measure capillary pressure

and saturation, involving three cycles of hydrogen injection followed by water flooding on a

Bentheimer sandstone sample, 60 mm in length and 12 mm in diameter. The experiment was

conducted at 25◦C and 8 MPa under capillary-dominated conditions. Pre-equilibrated brine

was used to ensure no significant dissolution of hydrogen in the brine during either drainage

or imbibition, even at pressures as high as 8 MPa. High-resolution images (5.4 µm voxel size)

were captured to observe the pore-scale configuration of gas after each injection. Following each

gas and water injection, a 16-hour no-flow period was implemented to examine the hydrogen
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distribution during the gas storage phase. As a result, the peak average hydrogen saturation

achieved was approximately 82%, while the largest measured residual hydrogen saturation av-

eraged around 40%. Additionally, the meniscus curvature between gas and water provided an

independent estimate of local capillary pressure. Our results indicate the following.

1. Once flow has stopped, the gas redistributes within the pore space without altering the

overall volume. Our hypothesis attributes this phenomenon to Ostwald ripening which

leads to a uniform local capillary pressure mediated by transport of dissolved gas in the

aqueous phase.

2. This rearrangement leads to better gas connectivity and, in most cases, the growth of a

single, large connected ganglion.

3. The capillary pressure measurements are not consistent with traditional hysteresis mod-

els. Repeated drainage and imbibition cycles led to lower residual saturations. This was

associated with pore-scale rearrangement of gas in the pore space leading to better connec-

tivity. The experimental data acquired so far may suggest less hysteresis between drainage

and imbibition than conventionally assumed. This enhances hydrogen recovery during the

imbibition stages of the hydrogen injection-production cycle and suggests good viability

for renewable hydrogen storage in subsurface porous media structures.

In this chapter, the storage time for hydrogen trapping was 16 hours. In the next chapter, we

will extend the storage duration to four days, allowing for a longer-term analysis. This will be

combined with intermediate imaging and higher-resolution CT scans to enable a more detailed

investigation of interfacial curvature and contact angle. This approach may provide deeper

insights into the correlation between local capillary pressure and Ostwald ripening. A key focus

of future work will be measuring capillary pressure at the endpoints of both imbibition and

drainage. This will be complemented by differential pressure measurements to more precisely

determine capillary pressure throughout the injection process.
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Pore-scale Insights into Wettability

and Curvature for Hydrogen Storage

This chapter extends the work presented in Chapter 4 by addressing remaining limitations, such

as the relatively short storage period and the need for more detailed pore-scale characterisation.

By increasing the storage time from sixteen hours to four days and incorporating intermedi-

ate imaging, this experiment provides a clearer picture of how gas redistribution and Ostwald

ripening evolve over longer periods. The findings contribute to an ongoing research effort that

aims to integrate experimental data with numerical modelling. While this chapter has not yet

been published as a standalone study, the data and results will form part of a forthcoming

publication in collaboration with modelling researchers. The aim is to provide a benchmark ex-

perimental dataset to calibrate and validate a pore network model of displacement and Ostwald

ripening [210].

5.1 Summary

This chapter investigated hydrogen and brine flow dynamics in Bentheimer sandstone under

high-pressure conditions using X-ray micro-CT imaging, with a focus on a longer storage time.

By employing a porous plate arrangement with both hydrophilic and hydrophobic plates, the

experiment assessed gas saturation, wettability, capillary pressure, and interfacial curvature.

Following an initial hydrogen injection, three successive brine injections were performed, with

fluid redistribution monitored over a four-day storage period rather than just 16 hours. The

results showed notable changes in gas-phase connectivity due to Ostwald ripening, where smaller

gas clusters dissolved and reprecipitated onto larger ones. Gas saturation initially reached 82%

after hydrogen injection and progressively decreased to 40% after the first brine injection, 30%

after the second, and 20% after the third. Contact angle measurements confirmed a strongly

water-wet system, with values around 50°, consistent with Bentheimer sandstone’s hydrophilic

nature. Direct curvature measurements from segmented images provided independent estimates

of capillary pressure, which agreed well with the experimental measurements. Minkowski func-

tionals further quantified pore-scale structural evolution, highlighting reductions in residual gas
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saturation across successive imbibition cycles. The observed reduction in capillary pressure

hysteresis suggests improved gas redistribution and connectivity over time. These findings con-

tribute to a more detailed understanding of hydrogen trapping and storage mechanisms in porous

media, with implications for subsurface energy applications.

5.2 Materials and Methods

5.2.1 Disks, Rock and Fluid Properties

To achieve better flow control during the experiment, two porous ceramic plates were used.

Their hydrophilic and hydrophobic properties provided selective phase control, improving the

stability of saturation within the rock sample. For further details on the plate preparation and

functionality, refer to Chapter 4, Section 4.2.2. The design and function of the porous plates are

shown in Fig. 5.1.

Bentheimer sandstone was chosen for this study due to its extensive use in laboratory exper-

iments and suitability as a benchmark material, as discussed in Chapter 3, Section 3.2.1. The

cylindrical core sample measured 12 mm in diameter and 37 mm in length, the latter chosen

to accommodate scanner limitations and ensure the entire sample could be imaged effectively.

The overall porosity of the sample was measured at 23% using the same method as mentioned

in Chapter 4, Section 4.2.3.

The aqueous (wetting) phase used in this study was prepared by dissolving 20wt.% potassium

iodide (KI) in deionised water to enhance phase contrast during imaging. This allowed for a

clear distinction between the fluid phases in the pore network. Relevant gas properties included

a dynamic viscosity of 5.99× 10−6 Pa.s [31] and an interfacial tension of σ = 7.23× 10−2 N.m−1

with brine [33].

Figure 5.1: Illustration of hydrophilic and hydrophobic porous plates. The hydrophilic plate,
depicted on the left (a), allows water to pass through while acting as a barrier to gas. The
hydrophobic plate, shown on the right (b), repels water, ensuring it remains confined within
the rock sample. Insets highlight the pore structure of each plate, with the respective wetting
properties depicted by contact angles (θ) of water.
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5.2.2 Experimental Procedure

The experimental procedure aimed to evaluate gas saturation after repeated water injections,

focusing on the quantity of trapped gas at high initial gas saturation levels. Water was injected

three times under a pore pressure of 3500 kPa and a confining pressure of 4500 kPa, while

maintaining a temperature of 25◦ C. The capillary number (Ca) is calculated from Eq. 2.11 for

3 cycles, see Table 5.1. The steps for initiating the unsteady-state two-phase flow micro-CT

imaging experiment were as follows:

1. For fluid preparation, the brine was equilibrated with hydrogen gas in a high-pressure

reactor at a mixing rate of 176 rpm. This process ensured that the brine became fully

saturated with hydrogen before being injected into the sample.

2. The experimental sequence then proceeded with the preparation of the sample. The rock

sample was thoroughly dried and enclosed in a nitrile rubber sleeve to prevent interaction

with the confining fluid. Two porous ceramic plates, one hydrophobic and the other

hydrophilic, were placed at opposite ends of the sample. The hydrophilic plate acted as

a barrier to retain the gas within the sample, while the hydrophobic plate ensured that

water remained inside the sample during gas injection. The upper portion of the rubber

was connected to the production assembly, and the lower end was linked to the injection

assembly, as shown in Fig 5.2.

3. The coreholder was placed inside a Heliscan micro-CT scanner, and the required flowlines

and pumps were configured for fluid phase injection. To remove any air and prepare for

hydrogen injection, the sample, lines, and gas pump were thoroughly vacuumed for several

hours, ensuring the prevention of any potentially hazardous hydrogen-air mixture.

4. A confining pressure of 4.5 MPa and a pore pressure of 3.5 MPa were applied. To accurately

monitor the pressure drop across the sample, a differential pressure transducer (Keller

PD-33X) with a precision of ±0.04 kPa was used. The transducer was connected to

the sample’s inlet and outlet through holes drilled in the porous plates, ensuring reliable

pressure measurements.

5. The experiment began with scanning a dry sample. Brine was then introduced from the

bottom at a flow rate of 0.1 ml/min to ensure full saturation of the pore space. After

18 hours, the flow rate was increased to 0.5 ml/min while continuously monitoring the

pressure drop until stabilisation. At this point, the absolute permeability of the sample

was determined to be 1.5 × 10−12 ± 0.1 × 10−12m2 under experimental conditions, with

details of the measurement method provided in Appendix B.2. The low-flow-rate brine

injection was maintained overnight at 0.02 ml/min while the brine-saturated sample was

scanned.

6. The first gas injection (drainage) began at a low flow rate to allow gas to enter the sample

while the scanner was active, making it possible to observe gas bubbles entering from

117



Chapter 5 5.2. MATERIALS AND METHODS

the top. For the first cycle, gas was injected at 0.5 ml/min, with half a pore volume

introduced initially, followed by a quick scan to assess gas saturation. This process was

repeated incrementally to complete the first drainage step.

7. After the gas injection was completed, the valve was closed, and the gas pump was switched

off. A full-length helical scan was then performed at a low resolution to evaluate overall

saturation distribution and volume. Additionally, a region-of-interest (ROI) scan was

conducted at a finer resolution, focusing on the middle section of the rock.

8. After allowing a few hours for gas equilibrium, brine was then injected (imbibition) at a

steady flow rate of 0.05 ml/min for approximately one hour. Following this, all valves

were closed, and the sample was scanned. The sample was left undisturbed for four days,

during which scans were performed twice daily to monitor fluid rearrangement over time.

Figure 5.2: Schematic representation of the two-phase hydrogen-brine experiment using an X-ray
micro-CT scanner. The apparatus includes the core holder, pumps, flow lines, valves, pressure
transducer, and hydrophilic and hydrophobic porous plates. Hydrogen gas is injected from the
top, while brine, equilibrated in the stirred reactor, is injected from the bottom. The micro-CT
scanning region is highlighted within the black dashed enclosure.
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9. After four days, a second brine injection was conducted following the same injection and

scanning procedure. To complete three imbibition cycles, a third brine injection was

performed, followed by another four-day observation period with periodic scans.

10. Upon completing the three imbibition cycles, a final full-length scan of the sample was

conducted 24 hours later to evaluate the residual gas content.

Table 5.1: Capillary numbers, Ca = µq / σ, where µ is the viscosity of the injected fluid, σ is
the interfacial tension, and q is the Darcy velocity for the flooding cycles.

Cycle Flooding step Flow Rate Ca[gw] Ca[wg]

[ml.min−1]

1 1st Drainage 0.08 9.79× 10−10 -

1 1st Imbibition 0.05 - 8.39× 10−8

2 2nd Imbibition 0.05 - 8.39× 10−8

3 3rd Imbibition 0.05 - 8.39× 10−8

5.2.3 Image Acquisition and Processing

For 3D imaging, a Heliscan micro-CT scanner was utilised, operating at a tube voltage of 100

kV and a target current of approximately 50 µA. The exposure time and number of projections

are detailed in Table 5.2, while additional specifications regarding the scanner can be found

in Section B.5. Two distinct scanning modes were employed: a full-length helical scan at a

resolution of 9.37 µm and 4.68 µm per voxel, designed to capture overall saturation distribution

and volumetric assessments, and a high-resolution region-of-interest (ROI) scan at 3.04 µm per

voxel, focusing on a central segment of the rock. This dual approach facilitated both macro-

scopic saturation analysis and detailed pore-scale investigations, including interfacial curvature

and ganglia volume measurements. A comprehensive discussion of the scanning parameter se-

lection, including the number of projections, exposure time, and voltage settings, is provided in

Appendix B.6

Table 5.2: Summary of scanning parameters for the Heliscan micro-CT instrument used in the
experiment. Two scanning modes were employed: a full-length helical scan to capture over-
all saturation distribution and volumetric assessments, and a high-resolution region-of-interest
(ROI) scan to focus on detailed pore-level investigations. The scanning parameters, including
exposure time, projections, total time, and voxel resolution for each mode, are detailed in the
table.

Scan type Exposure
time

Projections Total
time

Voxel
resolution

Image size (x,y,z)

[s] [mins] [µm] [voxel]

Heliscan (Full) 0.3 2997 97 9.37 1480× 1480× 3080

Heliscan (Full) 0.3 2997 505 4.68 2960× 2960× 5584

Region-of-interest
(ROI)

0.3 3261 185 3.04 1960× 1960× 2160

119



Chapter 5 5.2. MATERIALS AND METHODS

The image processing workflow began with reconstructing the images to ensure compatibility

with the Avizo software for further analysis [192]. Unlike conventional micro-CT imaging work-

flows that require stitching multiple scans, the Heliscan micro-CT scanner produced a single,

continuous image of the entire sample, eliminating the need for stitching. To prepare the im-

ages for analysis, extraneous regions, such as the rubber surrounding the sample, were cropped

from the dataset. This process was carried out for both the full-length helical scans and the

high-resolution region-of-interest (ROI) scans, as illustrated in Fig. 5.3. Since the Heliscan sys-

tem inherently registers scans during acquisition, only minimal adjustments were necessary for

alignment.

A non-local means filter was then applied to reduce noise in the reconstructed images [193].

More details of greyscale images are provided in Appendix C.5. Subsequently, the watershed

segmentation technique was used to distinguish the gas, brine, and rock phases. This segmenta-

tion allowed the extraction of critical metrics, including interface curvature, surface areas, and

fluid saturation. Representative results of the segmented phases are presented in Figs. 5.4.

Figure 5.3: Illustration of the rock sample scanned using the Heliscan micro-CT scanner. The
full-length scan was obtained at 4.68 µm resolution, while a high-resolution region of interest
(ROI, 12 mm × 5 mm) was scanned at 3.04 µm resolution for detailed analysis. The zoomed
region highlights the enhanced resolution, facilitating pore-level investigations.
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Figure 5.4: Visualisation of fluid distribution in a porous rock sample during drainage, initial
imbibition, and after four days of storage. The top row (a–c) presents greyscale segmented
images, where rock appears in grey, brine in light grey, and gas in dark regions. The middle row
(d–f) shows phase-segmented images highlighting brine in blue and hydrogen gas in green within
the rock pores. The bottom row (g–i) isolates the hydrogen phase, illustrating gas redistribution
over time. During drainage (a, d, g), hydrogen is initially dispersed within the pores. Upon
imbibition (b, e, h), brine invades, partially displacing hydrogen. After four days of storage (c,
f, i), Ostwald ripening causes smaller gas clusters to dissolve and redeposit into larger connected
clusters, enhancing hydrogen connectivity. Coloured arrows in (g–i) indicate regions where gas
rearrangement has occurred.
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5.3 Results and Discussion

This section is structured into distinct subsections, each addressing a key aspect of fluid be-

haviour within the sample. First, in Section 5.3.1, we explore long-term gas rearrangement and

ganglia dynamics, highlighting how gas redistributes over time due to capillary forces and dif-

fusion. In Section 5.3.2, we investigate wettability characteristics, discussing the role of contact

angles in governing fluid-fluid and fluid-solid interactions. Next, in Section 5.3.3, we discuss

the Minkowski Functionals firstly by analysing the gas saturation distribution along the sam-

ple length, providing insights into saturation variations and displacement efficiency. Then, we

examine the interfacial area, quantifying the spatial distribution of phases and the extent of

fluid-fluid interfaces. Following this, we present capillary pressure measurements, illustrating

the relationship between capillary forces and saturation within the porous structure. Finally,

we will discuss the impact of lithologies, pore sizes and compositions.

5.3.1 Redistribution of Gas During Long-Term Storage

Here we explore the evolution of gas ganglia connectivity and redistribution during 4-days storage

following gas and water injection. The analysis focuses on the structural changes in the gas phase

at the pore scale, highlighting the processes that govern gas connectivity and redistribution over

time. The two-dimensional cross-sectional images in Fig. 5.5 highlight the effect of imaging

resolution on the analysis of gas connectivity and redistribution.

The images, captured at resolutions of 3.04 µm/voxel, 4.68 µm/voxel, and 9.37 µm/voxel,

reveal structural changes in the gas phase before and after 4 days of storage. Initially, as seen

in the top row, the gas clusters appear isolated and dispersed across the pore space. After 4

days of storage (bottom row), the clusters show a clear trend of merging, becoming larger and

more connected. This transformation is observed consistently across all resolutions, though finer

resolutions provide greater clarity in detecting smaller gas ganglia.

Figure 5.6 provides a closer look at the redistribution of gas ganglia during the 96-hour stor-

age period. The three-dimensional rendering subvolume snapshots (subfigures a–e) demonstrate

that smaller gas clusters dissolve, and the gas reprecipitates onto larger clusters over time. The

red dashed circles in subfigures a–e highlight regions where significant redistribution occurs.

This transformation emphasises the critical role of Ostwald ripening in gas connectivity. Over

96 hours, larger clusters grow at the expense of smaller ones, leading to a more connected gas

network. To complement the subvolume renderings, combined vertical and horizontal slices are

also shown to illustrate how gas saturation and connectivity evolve along the sample length as

well as across it, see Fig. 5.7.

5.3.1.1 Fluid Connectivity

Fluid connectivity within the pore space is analysed through a combination of qualitative vi-

sualisation and quantitative measurements. To examine connectivity qualitatively, segmented

images of the fluid phase are processed to isolate the disconnected objects. Each separate fluid

body is assigned a unique colour, allowing for a clear visual representation of connectivity.
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Figure 5.5: A small section of two-dimensional raw greyscale images, highlighting gas structure
and connectivity evolution over time. The top row (a–c) represents the initial stage, while the
bottom row (d–f) shows the same region after four days of storage. Images were captured using
X-ray tomography at three different resolutions: (a, d) 3.04 µm/voxel, (b, e) 4.68 µm/voxel,
and (c, f) 9.37 µm/voxel. The greyscale intensity distinguishes brine (light grey), rock matrix
(medium grey), and hydrogen gas (dark regions). Over four days, Ostwald ripening led to an
increase in gas-phase connectivity and structural coalescence, as observed in the dark regions.

Figure 5.6: Structural evolution of hydrogen gas ganglia during storage, visualised through
sequential 3D scans over four days. Panels (a–e) illustrate the progressive morphological changes
of the hydrogen ganglia at key intervals: after water injection, 24 hours, 48 hours, 72 hours and
96 hours. The dashed red circle highlights regions where connectivity increases due to the
Ostwald ripening process, resulting in larger, more interconnected ganglia over time.
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Figure 5.7: Combined vertical and horizontal cross-sections showing hydrogen distribution
within the Bentheimer sandstone sample during the drainage and successive imbibition-storage
stages. The vertical slices (left panels) illustrate changes in gas saturation and connectivity
along the flow direction, while the horizontal slices (top right panels) and 3D segmented insets
highlight pore-scale details of gas (green) and brine (blue) phases.
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Figure 5.8: Three-dimensional visualisation of gas and water distributions in the sample at
various stages of the experiment such as after gas injection, first waterflooding, and second
waterflooding. The last column (After 4 days) demonstrates structural changes in the gas phase
after storage. The distinct colours represent individual clusters of the gas and water phases,
highlighting their spatial distribution and connectivity within the pore space. The grey arrows
show the direction of fluid injection.
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A broad spectrum of colours suggests a fragmented phase with poor connectivity, whereas

a more uniform colour distribution indicates a well-connected network, see Fig. 5.8. Figure 5.8

illustrates the initial gas injection creates a connected gas network spanning the pore space.

During the first waterflooding, a significant portion of the gas phase is displaced, leaving behind

residual gas ganglia. The second waterflooding stage further reduces the gas saturation, but

some larger ganglia remain intact due to capillary trapping. The last column (after 4 days)

shows changes in the gas structure after storage. These changes indicate a shift in the distribu-

tion of the gas phase, with larger ganglia becoming more dominant. This redistribution aligns

with observations from the high-resolution analysis (Fig. 5.5), showing that the residual gas

reorganises during storage to form more stable configurations. These results are also consistent

with the observations from the previous experiments presented in Chapters 3 and 4.

For a quantitative assessment, the Euler characteristic is employed as a topological measure

of connectivity, see Table 5.3. By normalising the Euler characteristic with respect to the

sub-volume in mm3, a density-like metric is derived, ensuring comparability across different

conditions. As previously described in Chapter 4, a positive Euler characteristic denotes a

predominance of isolated gas ganglia and limited connectivity, whereas a negative value indicates

a well-connected phase with numerous loops [208].

The results show distinct connectivity trends during gas injection (drainage) and waterflood-

ing (imbibition). Initially, gas injection results in a negative Euler characteristic (-5.3), reflecting

strong connectivity within the pore network. In contrast, the subsequent waterflooding stages

exhibit positive Euler characteristic values, signifying increased gas trapping due to capillary

forces. Over time, the Euler characteristic systematically declines during storage, indicating

progressive coalescence of gas ganglia and improved connectivity. This trend is particularly

evident in the imbibition cycles, where values decrease from 24.0 to 21.2 (1st imbibition), 22.4

to 20.8 (2nd imbibition), and 25.5 to 19.2 (3rd imbibition) over four days. These observations

align with the physical process of Ostwald ripening, whereby smaller ganglia merge into larger,

more stable clusters, enhancing connectivity over storage periods.

Table 5.3: Normalised Euler characteristic [mm−3] throughout hydrogen and brine injections,
capturing the initial state and the subsequent 4-days storage period.

Normalised Euler characteristic [mm−3]

Cycle Flooding step Initial 4-days Storage

1 1st Drainage –5.3 -

1 1st Imbibition +24.1 +21.2

2 2nd Imbibition +22.4 +20.8

3 2rd Imbibition +25.5 +19.2

Note. The Euler characteristic was measured on segmented images of a sub-volume and normalised
to the total volume.

To complement the qualitative observations, a cumulative graph (Fig 5.9) has been added

to illustrate the volume distribution of gas ganglia during gas injection and waterflooding. The

graph reveals that the majority of gas volume is increasingly concentrated in larger clusters as the
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storage period progresses. This trend aligns with the visual evidence from Fig. 5.5, confirming

that Ostwald ripening mechanisms drive the redistribution process. Larger ganglia grow at the

expense of smaller clusters, stabilising the system by enhancing connectivity.

Figure 5.9: Cumulative volume distribution of gas ganglia after gas injection (a) and water
flooding (b-d), during the initial stage and after 4 days of storage. Each curve represents the
cumulative gas volume as a function of ganglia size, highlighting the redistribution of gas. The
vertical line observed after 4 days of storage indicates the dominance of a single large ganglion,
resulting from the dissolution of smaller clusters and reprecipitation onto larger ones through
Ostwald ripening.

5.3.2 Wettability in a Brine-Hydrogen System

5.3.2.1 Contact Angles

This section investigates the wettability in a water-gas system, analysed through contact angle

measurements derived from CT imaging. The contact angle measurement methodology follows

the geometric and topological approaches introduced by Wang et al. [211], incorporating the

extended topological method to improve accuracy. This method enhances sensitivity to contact

loop identification by accounting for solid surface orientation, thereby providing a more reliable

estimation of wettability at the pore scale.

Initially, the sample is fully brine-saturated, ensuring no trapped gas. After gas injection

(D1), a significant portion of the pore space is occupied by hydrogen, forming a connected gas

phase. Following the first imbibition (I1), a noticeable reduction in gas saturation is observed
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as water invades and displaces the gas. The subsequent flooding cycles (I2 and I3) continue this

trend, progressively decreasing gas saturation, see Fig.5.10.

Figure 5.10: Two-dimensional visualisation of hydrogen and brine distributions within Ben-
theimer sandstone during gas injection and successive waterflooding cycles. The figure illustrates
different experimental stages, beginning with gas injection (D1), followed by first imbibition (I1),
second imbibition (I2), and third imbibition (I3). The blue regions represent the water phase,
while the green regions indicate the gas phase. Key transitions are annotated to track the evo-
lution of fluid distribution over time.

To ensure a representative assessment, a subvolume of 300 × 300 × 300 voxels was extracted

from the central region of the sample. Wettability was analysed across three sequential flooding

stages to track its evolution over time. Figure 5.11 (a) presents the probability density functions

of contact angles at different imbibition cycles, using the geometric method introduced by Wang

et al. [211]. Initially, the brine-hydrogen contact angle exhibited a mean value of approximately

50°, indicating a strongly water-wet condition. In water-wet systems, contact angles below

90° confirm that the rock surface preferentially attracts brine over hydrogen. This behaviour

aligns with Bentheimer sandstone’s high quartz content, a mineral known for its hydrophilic

nature [182].

Similar wettability characteristics have been reported by Jangda et al. [144]. They found

contact angles of 54◦ and 53◦ in Bentheimer sandstone under high-pressure conditions. The

similarity in contact angles supports the strong water-wet nature of Bentheimer sandstone across

different experimental conditions.

As waterflooding progressed, the contact angle distribution shifted slightly (Figure 5.11 (a)),

with a minor decrease in angles . Figure 5.11 (b) compares the contact angle distributions before

and after four days. The solid black line represents the initial imbibition, while the dashed

blue line captures the evolution of wettability. The contact angle distribution shows minimal

change after 4 days, with a slight shift towards higher angles. This suggests that the rock

remains predominantly water-wet, with no significant alteration due to brine-rock interactions

or hydrogen exposure. Unlike mixed-wet or oil-wet systems, where higher contact angles (>90°)

are expected due to oil-affinity, Bentheimer sandstone’s predominantly water-wet nature ensures

that brine preferentially coats the pore walls while hydrogen resides in the pore centres.

To visually confirm these findings, Figure 5.11 (c) presents reconstructions of a zoomed-in
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subvolume, highlighting fluid distribution within pores. The images reveal that brine prefer-

entially coats the pore walls, while hydrogen remains in the pore centre, a classic indicator of

strongly water-wet conditions. The side-by-side comparison of initial and post-4-day imbibition

further emphasises that the rock’s wettability remains consistently water-wet, with minimal

alteration over time. This strong water-wet characteristic has significant implications for hydro-

gen storage, as it enhances hydrogen displacement efficiency and capillary trapping behaviour.

Water-wet conditions promote hydrogen mobility while reducing the risk of retention in pore

throats, thereby influencing long-term storage stability.

Figure 5.11: Probability density functions of contact angles during imbibition are shown in
(a) and (b), indicating a predominantly water-wet system. (c) provides visual confirmation
through CT-based visualisations of a zoomed-in subvolume. The bottom row shows a side-by-
side comparison before and after 4 days, reinforcing that brine preferentially coats pore walls
while hydrogen remains in the pore centre, with minimal wettability alteration over time.

5.3.2.2 Pore and Throat Occupancy Maps

Following the contact angle analysis, we now examine how fluids distribute within the pores and

throats following water injection. Figures 5.12 and 5.13 present the probability distribution of

pore and throat sizes occupied by gas and water, alongside their respective volume fractions.

This analysis is based on pore network structures derived from dry scan images to characterise

fluid arrangement and phase distribution, as described in Chapter 3, Section 3.3.7.

Immediately after water injection, hydrogen predominantly resides in larger pores and throats,

while brine preferentially occupies smaller ones. Over the course of four days, a gradual shift

in fluid occupancy is observed as brine progressively infiltrates larger voids, thereby reducing

hydrogen retention. This redistribution process is governed by capillary forces, leading to the
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displacement of hydrogen. Similarly, throat occupancy trends indicate a higher proportion of

brine-filled throats after water injection, further emphasising the influence of capillarity on fluid

reorganisation.

Figure 5.12: Probability distribution of pore sizes occupied by gas and brine, along with the
corresponding volume fractions, after water injection. The comparison between the initial stage
(a-c) and after four days of storage (g-i) highlights fluid redistribution. The volume fraction of
gas and brine in the pores is shown in (d-f) for the initial stage and (j-l) for the four-day storage
period, illustrating the increasing brine occupancy over time.
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Figure 5.13: Probability distribution of throat sizes occupied by gas and brine, alongside their
respective volume fractions, following water injection. The initial stage (a-c) and after four days
of storage (g-i) show how brine gradually invades larger throats. The volume fraction of gas and
brine in the throats is depicted in (d-f) for the initial stage and (j-l) for the four-day storage
period, highlighting the role of capillary forces in fluid redistribution.

During imbibition, water infiltrates the pore network, leading to the entrapment of gas

within larger and intermediate-sized pores due to capillary action. The spatial distribution

of gas and brine at this stage aligns with the characteristics of a water-wet system, where

brine preferentially saturates smaller pores and throats while gas remains confined within larger
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structural elements. The probability distribution of gas- and brine-filled pores and throats,

along with changes in volume fractions over time, suggests ongoing phase redistribution. This

reorganisation of the trapped gas phase is likely driven by processes such as Ostwald ripening,

which facilitates the merging of smaller gas ganglia into larger, more stable clusters. As seen in

Chapter 4, the Ostwald ripening process itself does not significantly alter the average pore and

throat occupancy with gas, as expected, residing in the larger elements.

5.3.3 Minkowski Functionals

To quantitatively analyse the morphology and topology of the gas and brine phases within

the porous medium, Minkowski functionals were employed. As mentioned in Chapter 2, these

functionals provide a rigorous mathematical framework for describing the geometrical properties

of structures in three-dimensional space, making them highly valuable in the study of multiphase

flow in porous media [129, 130]. Four key functionals are considered in this study: saturation,

surface area, mean curvature and connectivity. In the following subsections, the results of these

Minkowski functionals are presented, highlighting the evolution of gas and brine distribution

throughout the experiment, including after gas injection, waterflooding, and storage.

5.3.3.1 Gas Saturation Profile

The quantitative evolution of gas saturation across the sample length is presented in Fig. 5.14.

Initially, after gas injection, a high gas saturation of approximately 89 ± 2% is achieved. How-

ever, successive water flooding cycles lead to a gradual reduction in gas saturation, with values

dropping to 42 ± 2% after first water flooding, 29 ± 2% after the second imbibition, and 22 ±

2% after the last water injection.

Figure 5.14: The gas saturation profile averaged along the flow direction during cycles of hy-
drogen injection and water flooding across the length of a Bentheimer sample, illustrating both
the initial injection and the state after a 4-day waiting period (storage). The results highlight
the role of porous plates in enhancing gas retention and achieving a more uniform saturation
profile, while also minimising capillary end effects. Minor fluctuations observed after storage are
attributed to gas redistribution driven by Ostwald ripening.

132



5.3. RESULTS AND DISCUSSION Chapter 5

A comparison with the previous experiment in Chapter 4, Section 4.3.4, where only a hy-

drophilic porous plate was used, highlights the impact of incorporating both hydrophilic and

hydrophobic porous plates. In the previous experiment, the residual gas saturation after the first

imbibition was 40%, which is slightly lower than the 42% observed in the current study. However,

a more pronounced difference emerges in the later flooding stages. After the second imbibition,

the residual gas saturation was 34%, whereas it dropped now to 29%, indicating improved gas

displacement efficiency. This demonstrates the increasing efficiency of gas displacement with

continued water injection.

The most significant difference is observed after the third imbibition, where the residual gas

saturation was 18%, compared to 22% in the current study. This suggests that the presence of a

hydrophobic porous plate may contribute to slightly higher gas retention after multiple flooding

cycles, possibly by reducing the extent of gas phase reconnection and mobilisation during water

invasion. (The same error margin applies to this comparison, as the same segmentation method

was used for both experiments).

Furthermore, the results confirm that saturation profiles exhibit minimal capillary end ef-

fects, leading to a more homogeneous distribution of gas across the sample length. The use of

hydrophilic and hydrophobic porous plates significantly influences gas retention by controlling

capillary forces, thereby ensuring uniform displacement. Observations from long-term storage

indicate that gas saturation remains relatively stable, with minor fluctuations attributed to gas

redistribution through Ostwald ripening [169].

5.3.3.2 Interfacial Area

In addition to contact angle measurements, we also assessed wettability by analysing interfacial

area measurements on a subvolume of 500 × 500 × 500 voxels extracted from the central region

of the sample. Table 5.4 presents the evolution of gas-solid (ags), gas-water (agw), and water-

solid (aws) interfacial areas at different drainage and imbibition stages. A key parameter for

evaluating wettability is the ratio fw/Sw, where fw represents the fraction of the solid surface area

in contact with the wetting phase and Sw is the saturation of the wetting phase [29]. According

to Garfi et al. [212], a ratio greater than 1 indicates a water-wet system, as it suggests that

the wetting phase occupies more solid surface area relative to its saturation. Throughout the

imbibition and storage cycles, fw/Sw remains above 1, confirming a predominantly water-wet

condition in the analysed subvolume.

Examining the interfacial trends, we observe that as water saturation (Sw) increases from 0.15

in the gas-invaded stage (D1) to 0.81 after the final storage period (I3-storage), the water-solid

interfacial area (aws) also increases, reaching 14.2 1/mm. Simultaneously, the gas-solid interface

(ags) decreases significantly, from 9.06 1/mm in the drainage stage to 0.85 1/mm in the final

storage stage, indicating a progressive transition towards a more water-dominated system. The

observed decrease in agw (gas-water interfacial area) during storage phases is consistent with the

gas rearranging into larger, better connected clusters. Additionally, the wetting phase fraction

fw increases steadily from 0.31 in the initial drainage stage to 0.94 in the final storage stage,
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further reinforcing the water-wet nature of the system.

Table 5.4: Interfacial area per unit volume and gas saturation at different stages of drainage (D)
and imbibition (I). Gas saturation (Sg) and interfacial areas between gas-solid (agr), gas-water
(agw) and water-solid (awr) are measured in 1/mm. Results are presented for both the initial
stage and after a 4-days storage period.

Steps Sw ags agw aws fw fw/Sw

[1/mm] [1/mm] [1/mm]

D1 0.15 9.06 0.26 4.09 0.31 2.07

I1 0.57 4.17 0.24 9.32 0.69 1.21

I1-storage 0.59 2.27 0.08 5.25 0.69 1.18

I2 0.69 3.55 0.24 9.09 0.72 1.04

I2-storage 0.67 1.89 0.15 10.5 0.85 1.26

I3 0.78 1.67 0.19 10.6 0.86 1.11

I3-storage 0.81 0.85 0.09 14.2 0.94 1.17

Note. The ratio fw/Sw is a measure of wettability, where fw = aws/(ags + aws). If this ratio is greater than 1 it
represents water-wet conditions.

5.3.3.3 Curvature Distributions

The interfacial curvature of the extracted gas-water interface was measured on the same subvol-

ume and plotted in Fig 5.15. Following gas injection, the curvature distribution is approximately

centred around zero, with a slight positive skew. The most common type of interface has one

positive and one negative curvature. These saddle-shaped interfaces are found in the corners of

the pore space as arc menisci [70]. There is also a significant number of main terminal menisci

straddling pores that have both radii of curvature positive. As expected, for a water-wet system,

we see few interfaces where both curvatures are negative.

After imbibition, the curvature distribution exhibits a shift towards more positive values.

This shift suggests that brine displacement results in the formation of convex menisci, likely

due to capillary forces acting on the receding gas phase. The increase in convex structures

implies that hydrogen is being displaced from the pore spaces, leaving behind residual gas with

a significant interfacial area in main terminal menisci.

Additionally, curvature analysis was conducted after four days of storage (see Fig. 5.16),

revealing that while the overall shape of the curvature distribution remains similar, there is

a noticeable shift in the frequency of certain curvature values. The slight narrowing of the

distribution after storage suggests a reduction in extreme curvature values, likely due to fluid

redistribution over time. This is what is expected in Ostwald ripening that will reduce the

differences in local curvature. This process leads to the relaxation of highly curved menisci

and the smoothing of fluid-fluid interfaces. Initially, the gas ganglia exhibit a broad and widely

distributed curvature spectrum due to variations in capillary pressure. However, over time, some

ganglia merge, increasing connectivity and imposing a more uniform pressure across the trapped

gas structures. As a result, the curvature distribution becomes sharper and more defined. It

is important to acknowledge that uncertainties in these measurements exist, as highlighted by
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Akai et al. [213].

Figure 5.15: Illustration of the normalised frequency distribution of mean curvature following
(a) gas injection and (b) after first imbibition in a Bentheimer sandstone. The mean curvature
is classified into three categories: mixed curvature (κ1κ2 ≤ 0) represented in green, convex
structures (κ1 > 0, κ2 > 0 ) shown in pink and concave structures (κ1 < 0, κ2 < 0), depicted
in blue. The overall mean curvature distribution is represented by the grey line.

Figure 5.16: Mean curvature distribution of hydrogen-brine interfaces before (orange) and after
four days of storage (blue) following first waterflooding. The histogram shows a slight narrowing
of the curvature distribution over time, suggesting fluid redistribution and interface relaxation
due to Ostwald ripening. This process results in smoother and more connected gas ganglia. The
insets (a) and (b) provide 3D visualisations of the extracted interface between hydrogen (green)
and brine (blue) within the pore space at the initial and post-storage stage, respectively.
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5.3.3.4 Capillary Pressure Analysis

The relationship between capillary pressure and saturation is analysed through direct experi-

mental measurements. This subsection discusses how capillary forces influence gas retention and

displacement within the porous medium. The experimental data are compared with theoretical

predictions and previous studies to assess the validity of current models under relevant storage

conditions.

The implementation of two porous plates in this study enabled direct measurement of cap-

illary pressure during drainage and subsequent imbibition cycles, significantly improving the

accuracy of the experimental analysis. The capillary pressure evolution during the drainage

phase demonstrated an initial stabilisation around 14.2 ± 0.8 kPa, corresponding to a gas satu-

ration of 0.85 ± 0.02 as illustrated in Fig 5.17. As imbibition progressed, a reduction in capillary

pressure was observed, with values decreasing to 3.8 ± 0.8 kPa, 2.2 ± 0.8 kPa, and 1.8 ± 0.8

kPa for the first, second, and third imbibition cycles, respectively. This decline in capillary

pressure is accompanied by a reduction in residual gas saturation, highlighting the progres-

sive reorganisation and reconnection of the gas phase, which facilitated enhanced displacement

during subsequent cycles.

Figure 5.17: Measured capillary pressure evolution during drainage and successive imbibition
cycles, with an uncertainty of ± 0.8 kPa. The drainage phase shows an initial stabilisation at
14.2 kPa with a gas saturation of 0.85 (a). During subsequent imbibition cycles (b-d), capillary
pressure and gas saturation progressively decrease, indicating improved fluid connectivity and
reduced gas trapping. A 2% uncertainty applies to the gas saturation due to the segmentation
method.
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The capillary pressure values derived from direct experimental measurements align closely

with those obtained from curvature-based estimations, see Figure 5.18. The comparison further

confirms that the curvature-based approach remains a reliable method for capillary pressure

quantification, as the experimental and estimated data exhibit consistent trends. As in Chapter 4

the results indicate a significant reduction in hysteresis between drainage and imbibition cycles,

particularly in later stages, which suggests that gas redistribution mechanisms, such as Ostwald

ripening, may contribute to achieving a near-equilibrium capillary state. Furthermore, the

experimental capillary pressure endpoints correspond well with independent literature data,

including mercury injection capillary pressure (MICP) [22] measurements and previous studies

by Raeesi et al. [14], reinforcing the validity of the methodology employed in this study.

Figure 5.18: Estimated capillary pressure for drainage and imbibition measured on a 6003 voxel
subvolume in the middle of the sample. The black lines represent independent experimental
measurements from the literature [14, 22] where Ostwald ripening is not considered. The data
points correspond to our direct pressure measurements and curvature-derived values, with er-
ror bars indicating uncertainty in the determination of capillary pressure and saturation from
segmented images. The results demonstrate a reduction in hysteresis in later imbibition cycles,
attributed to enhanced gas redistribution and pore-scale connectivity.

The observed reduction in residual gas saturation across successive imbibition cycles sup-

ports the hypothesis that improved pore-scale fluid connectivity facilitates more efficient gas

displacement. The ability to directly measure capillary pressure with the porous plate apparatus

provides deeper insight into the pore-scale processes governing multiphase flow in porous media.

These findings emphasise the advantages of the refined experimental approach in capturing the
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dynamic evolution of capillary pressure and saturation, demonstrating a marked improvement

over previous methodologies.

5.3.3.5 Impact of Lithologies, Pore sizes and Compositions

It is important to note that the pore-scale behaviour observed in this study is strongly influenced

by the lithology, pore size distribution, and mineral composition of the Bentheimer sandstone

used. Bentheimer is a relatively homogeneous sandstone, primarily composed of quartz, with

a well-connected network of fairly uniform pores. This homogeneity supports predictable fluid

pathways and high pore connectivity, which facilitate gas redistribution and reduce capillary

trapping under cyclic conditions [182].

In contrast, many natural subsurface reservoirs are significantly more heterogeneous, with

variations in lithology, grain size, mineral composition and degrees of cementation, as well as

the presence of clay-rich or microporous regions. Such heterogeneity leads to a broader range

of pore sizes and more complex pore throat geometries, which in turn influence fluid flow and

trapping mechanisms.

Larger pores tend to have lower capillary entry pressures, making them easier to invade by gas

during injection. However, during withdrawal, these larger pores may drain earlier, potentially

leading to higher residual saturations in adjacent smaller pores due to capillary pressure con-

trasts. Larger pores are also less effective at trapping gas, as capillary forces are weaker in them.

This can lead to more mobile gas and reduced residual trapping compared to fine-grained or

poorly connected rocks. Conversely, smaller pores and throats increase capillary forces, promot-

ing capillary trapping of gas and hindering redistribution, especially under gravity or Ostwald

ripening effects. A wider pore size distribution exacerbates these effects by introducing capillary

barriers and creating conditions for snap-off and bypass, which further reduce connectivity.

Poorer connectivity and broader pore size distributions can slow the redistribution of gas,

hinder coarsening processes like Ostwald ripening, and increase hysteresis between injection

and withdrawal cycles [139]. Furthermore, mineral composition plays a role, clays can swell or

adsorb water, reducing effective pore space and connectivity, while reactive minerals can alter

wettability or pore geometry over time.

Therefore, while the results presented here provide valuable insight under controlled, homo-

geneous conditions, they should be interpreted with caution when extrapolating to more complex

and heterogeneous geological formations, where lithology, composition, and pore structure exert

a stronger influence on gas migration and trapping [214].

5.4 Health and Safety

The health and safety measures for this chapter are identical to those in Chapter 4, Section 4.4,

as the experimental setup and procedures remained the same. Standard precautions for hydro-

gen handling, brine storage, and X-ray safety were followed. Additionally, all safety protocols

for operating the Reactor under high-pressure conditions were strictly maintained, including

pressure monitoring, leak testing and controlled gas injection.
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5.5 Final Remarks

This study examined contact angle, curvature, and capillary pressure in a 37 mm-long Ben-

theimer sandstone sample using a porous plate experiment with hydrogen injection and three

waterflooding cycles at high pressure. High-resolution imaging was used to capture fluid distri-

bution, and a four-day storage period enabled observation of hydrogen redistribution. Direct

pressure measurements from the experiment showed that, as imbibition progressed, capillary

pressure decreased to 3.8 kPa, 2.8 kPa, and 1.8 kPa for the first, second, and third imbibi-

tion cycles, respectively. The contact angle was measured at approximately 50°, and meniscus

curvature provided an independent estimate of capillary pressure, which was compared to exper-

imental values obtained using hydrophilic and hydrophobic porous plates. Results demonstrated

gas redistribution through Ostwald ripening, leading to a more uniform local capillary pressure

and enhanced gas connectivity. This often resulted in the formation of a single large ganglion,

as evidenced by a decrease in the Euler characteristic, indicating improved connectivity. Capil-

lary pressure measurements deviated from traditional hysteresis models, as repeated imbibition

cycles reduced the residual gas saturation.

In addition, this work could be compared to the results of pore-scale modelling which has

proposed an equilibrium model of displacement accounting for Ostwald ripening and a method-

ology to convert measurements of capillary pressure and relative permeability made without this

effect to account for ganglion rearrangement, quantifying the decrease in residual saturation and

hysteresis [210].
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Conclusions and Future Work

6.1 Conclusions

This thesis explored the role of hysteresis in multiphase flow, with a focus on hydrogen storage in

porous media. Understanding hysteresis is crucial for optimising storage efficiency, minimising

gas trapping, and improving gas recovery. Unlike hydrocarbon-based systems, hydrogen–due to

its smaller molecular size and different surface tension characteristics–is highly susceptible to

capillary forces and Ostwald ripening, leading to significant phase redistribution over time. Tra-

ditional models frequently fail to account for these dynamics, resulting in inaccurate predictions

of hydrogen retention and connectivity.

By utilising high-resolution X-ray imaging and Minkowski functionals, this research provided

a novel perspective on fluid topology and connectivity. Experimental studies using Bentheimer

sandstone allowed for direct measurement of contact angle, curvature, and capillary pressure,

which were compared against conventional hysteresis models. These findings provide a deeper

understanding of gas trapping mechanisms and highlight the role of Ostwald ripening in enhanc-

ing gas-phase connectivity.

Chapter 3: In this experimental study, we investigated hydrogen and brine trapping and

redistribution in a sandstone sample, showing that hydrogen behaves as a non-wetting phase,

preferentially occupying larger pore spaces. Water injection led to hydrogen trapping in large

ganglia, which underwent gradual redistribution even in the absence of flow. This phenomenon

was attributed to Ostwald ripening, where dissolved gas in the aqueous phase diffused to equili-

brate capillary pressure, leading to the coalescence of hydrogen into larger connected structures.

The storage time for this experiment was 16 hours, allowing for significant redistribution and

improved connectivity. Our findings under unsteady-state two-phase flow in a large sample of

Bentheimer sandstone can be summarised as follows:

• Hydrogen tends to occupy large pores and is trapped during water injection.

• Over time, even without external flow, gas redistributes at the pore scale, likely due to

Ostwald ripening.
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• This redistribution enhances gas connectivity, reducing isolated clusters and forming a

dominant ganglion.

• The observed changes in connectivity, quantified using the Euler characteristic, suggest

that hydrogen storage may exhibit less hysteresis (recovery compared with injection) than

conventional hydrocarbon-based models predict.

• These results imply that traditional trapping models may overestimate hydrogen retention,

as Ostwald ripening can facilitate more efficient gas recovery.

Chapter 4: In the second experimental study, capillary pressure and saturation changes

during repeated hydrogen injection and water flooding cycles were investigated. The experimen-

tal procedure incorporated a porous plate, allowing capillary pressure to be directly measured

and compared with values inferred from meniscus curvature in high-resolution images. The stor-

age time for this experiment was also 16 hours, which allowed sufficient time for redistribution

to occur and for hysteresis effects to be observed and quantified. The main conclusions from

this study are as follows:

• Hydrogen redistribution does not alter the total gas volume but improves connectivity

over time.

• Capillary pressure measurements revealed deviations from conventional hysteresis models,

indicating that residual saturation decreased with successive imbibition cycles.

• Pore-scale gas rearrangement facilitated improved gas connectivity, leading to more effi-

cient withdrawal of stored hydrogen.

• The experimental results support the hypothesis that ongoing redistribution processes may

lead to lower hysteresis in hydrogen storage systems.

• These findings suggest that existing models for gas trapping in porous media, which typ-

ically ignore post-injection redistribution, may need to be revised for hydrogen storage

applications.

Chapter 5: In the last experimental study, the experimental protocol was improved by using

two porous plates–hydrophilic and hydrophobic–to control the flow and achieve uniform satura-

tion. We investigated contact angle, curvature, and Minkowski functionals in a comprehensive

pore-scale analysis. The final experimental study focused on wettability characterisation, capil-

lary pressure estimation based on curvature, and the role of Minkowski functionals in describing

fluid topology. Contact angle measurements confirmed that Bentheimer sandstone is state by

water-wet, which influenced the spatial distribution of hydrogen and brine. The storage time

for this experiment was extended to 4 days, allowing us to investigate the long-term effects of

storage on hysteresis and fluid connectivity. Significant findings include:

• Contact angle measurements (with a mean value of 50°) supported the classification of the

rock as water-wet.
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• Image-based curvature measurements provided an independent estimate of capillary pres-

sure, which was consistent with values obtained from direct two-phase capillary pressure

measurement.

• Analysis of Minkowski functionals (saturation, interfacial area, mean curvature, and Gaus-

sian curvature) offered a comprehensive description of fluid connectivity and topological

changes over time.

• Repeated imbibition cycles reduced residual saturation, reinforcing the hypothesis that

hysteresis in hydrogen storage differs from conventional expectations.

• This study demonstrated that combining high-resolution imaging with Minkowski func-

tionals enhances our understanding of fluid connectivity and provides a new approach for

characterising hysteresis in multiphase flow.

6.2 Future Work

This research has provided valuable insights into hydrogen storage dynamics, and several key

areas can be further explored to fully understand and optimise the process:

1. Pore-Scale Modelling and Validation

(a) Future studies should compare experimental results with advanced pore-scale models

that incorporate Ostwald ripening [210].

(b) Equilibrium displacement models could be refined to account for ganglion rearrange-

ment effects, enhancing their predictive accuracy. The predicted distribution of gas

could be compared to my experimental results on a pore-by-pore basis for valida-

tion and calibration of the model. The model could then predict capillary pressure,

residual trapping and relative permeability under representative storage settings with

many cycles of drainage and imbibition with each injection cycle lasting a month or

more.

(c) Additional research should quantify how redistribution influences capillary pressure-

saturation relationships across different rock types.

2. Further Experimental Studies

(a) Additional experiments under varying pressure and temperature conditions could

assess how reservoir conditions affect hysteresis and gas recovery efficiency.

(b) Investigating a wider variety of rock types, such as carbonates and shales, would help

generalise these findings to a broader range of storage formations.

3. Integration with Large-Scale Storage Models
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(a) Connecting detailed pore-scale observations with field-scale hydrogen storage models

could significantly enhance predictions of performance and efficiency in commercial-

scale storage operations.

(b) Incorporating Minkowski functionals into numerical simulations may improve our

ability to model multiphase flow in porous media, offering a more accurate represen-

tation of fluid connectivity and topology.

4. Advancing Imaging Techniques

(a) Employing higher-resolution imaging techniques, such as synchrotron-based tomog-

raphy, could offer more detailed insights into interfacial curvature and phase connec-

tivity at the pore scale.

(b) Real-time imaging during dynamic injection and withdrawal cycles could provide

further validation for the redistribution mechanisms observed in this study.

This research has demonstrated that hydrogen storage exhibits unique multiphase flow be-

haviour distinct from hydrocarbon systems. The role of Ostwald ripening in redistributing

trapped gas challenges conventional hysteresis models and suggests a higher potential for re-

covery. High-resolution imaging and Minkowski functionals have provided valuable tools for

understanding fluid topology and connectivity at the pore scale. Future work integrating these

findings with advanced pore-scale modelling and large-scale simulations will be critical for opti-

mising underground hydrogen storage strategies, improving efficiency, and reducing uncertainties

in the design of commercial-scale applications.
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“Porous media characterization using Minkowski functionals: Theories, applications and

future directions,” Transport in Porous Media, vol. 130, pp. 305–335, 2019.

[209] N. S. Muhammed, B. Haq, D. Al Shehri, S. O. Badmus, A. R. Adebayo, and M. Mahmoud,

“Hydrogen injection and withdrawal performance in depleted gas reservoirs,” International

Journal of Hydrogen Energy, vol. 96, pp. 427–442, 2024.

[210] A. I. Adebimpe, S. Foroughi, B. Bijeljic, and M. J. Blunt, “Percolation without trapping:

How Ostwald ripening during two-phase displacement in porous media alters capillary

pressure and relative permeability,” Physical Review E, vol. 110, no. 3, p. 035105, 2024.

[211] Y. Da Wang, L. Kearney, M. J. Blunt, C. Sun, K. Tang, P. Mostaghimi, and R. T.

Armstrong, “In situ characterization of heterogeneous surface wetting in porous materials,”

Advances in Colloid and Interface Science, p. 103122, 2024.
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Appendix A

Scientific Background

Figure A.1: Diamond Light Source building, a large ring-shaped facility that accelerates electrons
to produce intense beams of synchrotron light, enabling the study of atoms and molecules in
extraordinary detail [23].
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Additional Experimental Details

B.1 Sample Preparation

Figure B.1: Example of a rubber sleeve (Viton, nitrile, or silicone) used for enclosing the sample,
sealed with PTFE tape to prevent gas leakage and aluminium foil at the ends for additional
sealing. This setup ensures a secure environment for the experimental process, minimising fluid
and gas escape.

B.2 Measurement of Absolute Permeability

Absolute permeability was determined using a steady-state flow experiment conducted in several

stages to ensure accurate and reliable results. First, brine was injected into the Bentheimer

sandstone sample at a low flow rate to achieve full saturation. This step ensured that all pore

spaces were completely filled with brine, eliminating any residual air or other fluids that could

affect the permeability measurement. Once full saturation was achieved, the brine flow rate was

increased by doubling the flow rate for each subsequent measurement. At each flow rate, the

pressure drop across the sample was recorded using differential pressure transducers. This step

ensured that the relationship between flow rate and pressure drop remained linear, as expected

under Darcy’s law, and verified that the system was operating within the laminar flow regime.

The process was repeated 3 to 5 times for each flow rate to reduce variability and account

for potential measurement errors. This iterative approach also ensured consistency across mea-

surements and helped confirm the homogeneity of the sample. The permeability was calculated

from the recorded data using Darcy’s law (Eq. 2.1). The final permeability values, calculated

from the multiple trials and flow rates, ranged between 1 and 2 Darcy (1−2×10−12 m2). These
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results are consistent with the highly homogeneous pore structure of Bentheimer sandstone, as

reported in the literature [65, 66].

B.3 PEEK Tubing, Valves, and Pumps

In high-pressure experiments, such as those involving hydrogen and nitrogen gase, selecting ap-

propriate tubing, valves, and pumps is critical to ensuring the reliability, safety, and accuracy of

the experimental setup. These components must meet the dual requirements of chemical resis-

tance and mechanical integrity under extreme conditions. PEEK (polyetheretherketone) tubing

was chosen for its excellent chemical resistance, flexibility, and smooth internal surface, which

is advantageous for high-pressure fluid dynamics. Specifically, Idex 1533XL Chromatography

Tubing was used in this study due to its ability to withstand pressures up to 34.5 MPa. Unlike

stainless steel tubing, PEEK tubing minimises turbulence, which helps maintain fluid resolution

and reduces the risk of blockages caused by residue build up. Additionally, its flexibility and

ease of cutting allow for quick adjustments during setup or maintenance.

The experiments employed Teledyne Isco D-Series Pumps, which are well-suited for precise

flow control under high pressures. These pumps provide the necessary reliability and perfor-

mance for maintaining steady flow rates of experimental gases or fluids, which is critical when

studying pressure-sensitive phenomena. The D-Series pumps were configured to handle high

pressures safely while delivering consistent performance across the range of flow rates required

for the study. Proper calibration and regular maintenance of the pumps were conducted to

ensure their accuracy and to mitigate risks associated with fluctuating pressures.

To control fluid flow effectively in a high-pressure environment, Swagelok Stainless Steel 40G

Series 3-Way Ball Valves were selected. These valves offer robust performance and a compact

design, making them suitable for laboratory setups where space is a constraint. The choice of a

stainless steel construction ensured compatibility with hydrogen and other experimental gases

while providing mechanical strength. The valve’s ability to withstand high pressures and its low

internal volume were significant considerations. Regular cleaning of the valves was performed to

prevent contamination, especially when switching between nitrogen and hydrogen experiments.

Cleaning involved disassembling the valves and using solvents to remove residues, followed by

drying with inert gas to prevent moisture accumulation, which could react with hydrogen.

B.4 Differential Pressure Measurement

To measure the pressure drop across the Bentheimer sandstone sample, differential pressure

transducers (Keller PD-33X) with a precision of ±0.03 kPa were connected to the sample’s inlet

and outlet. This transducer was used for all experiments, including both absolute permeability

measurements and core flooding experiments, where it played a crucial role in ensuring accurate

pressure measurements. In the permeability experiment, the pressure difference between the inlet

and outlet of the core sample was recorded, allowing for the calculation of permeability using

Darcy’s law. To account for pressure losses in the flow system itself, a separate measurement
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was conducted with the sample removed from the core holder. The pressure drop across the

system (tubing and fittings) was recorded under the same flow conditions, and this value was

subtracted from the total pressure drop observed with the sample in place, isolating the pressure

drop due to the core itself.

Figure B.2: Pressure transducer (Keller PD-33X) used in the experiments. The left side shows a
sketch of the setup with dimensions in millimetres, while the right side shows the actual pressure
transducer used for measuring pressure during the experiments [24].

Additionally, during flooding experiments, the pressure transducer was used to both impose

the desired pressure and monitor the pressure at the inlet of the fluid, alongside the imposed flow

rate, which allowed for the measurement of capillary pressure during fluid injection. The Keller

PD-33X transducer’s high precision and reliability were essential for capturing the pressure

fluctuations required to accurately determine capillary pressure and analyse fluid distribution

in the core. This comprehensive use of the Keller PD-33X transducer across various experi-

ments ensured that all pressure measurements were precise and consistent, facilitating accurate

calculations of permeability and capillary pressure.

B.5 Micro-Computed Tomography

Computed Tomography (CT) imaging is a powerful tool for non-destructive visualisation of

internal structures at high resolution. Its ability to distinguish between phases (e.g., gas, liquid,

and solid) makes it invaluable for studying pore-scale processes in rock samples. The theoretical

basis and benefits of CT imaging have been discussed in detail in the Scientific Background

section 2.3. In this study, two advanced micro-CT scanners were used to capture high-resolution

images:

• Zeiss Xradia 510 X-ray Scanner: This scanner features a flat-panel detector, enabling

high-resolution imaging of rock samples. Its optimised design ensures a wide field of view,
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advanced phase-enhancing contrast, and superior image quality for larger samples [25], see

Fig. B.3.

• Heliscan Micro-CT Scanner: This system features a helical scanning design, minimis-

ing artifacts and enabling uniform imaging of cylindrical samples. It is particularly suited

for capturing high-precision pore-scale details, even in heterogeneous rock structures, en-

suring continuous imaging along the sample’s length.

After acquiring the CT scans, the images were reconstructed to create three-dimensional

representations of the rock and fluid phases for each cycle [192]. For scans acquired using the

Zeiss Versa X-ray scanner, the field of view limitations required partial scanning of the sample.

Overlapping regions were carefully considered during scanning, and the individual sections were

later stitched together to generate a complete high-resolution image.

Figure B.3: Images of the two advanced micro-CT scanners used in this study. Left: The Zeiss
Xradia 510 X-ray Scanner [25], equipped with a flat-panel detector. Right: The Heliscan micro-
CT scanner [26], featuring a helical scanning setup with an X-ray source, detector, and sample
platform, enabling seamless imaging without artifacts.

B.6 Micro-CT Scanning Parameters

Before conducting micro-CT imaging, careful adjustment of scanning parameters is crucial to

ensure high-quality, artifact-free images. Key settings, such as projection number, exposure time,

and voltage, directly influence image resolution, contrast, and overall scan accuracy. Projection

Number is the number of projections that refers to the total number of 2D X-ray images captured

during a scan as the sample rotates through 360 degrees. This parameter significantly impacts

the resolution and accuracy of the reconstructed 3D images. For Zeiss Xradia 510, the projection

number is typically adjustable depending on the desired resolution and scan duration [25]. A

higher projection number increases the angular sampling density, resulting in more detailed

reconstructions, but it also lengthens the scanning time. In helical scanning, the projection

number is determined by the pitch and sampling rate. Uniform projection density is achieved

throughout the sample, ensuring accurate reconstructions even for cylindrical samples [215].

Exposure time controls how long the X-ray source illuminates the sample for each projection.

Longer exposure times improve the signal-to-noise ratio, enhancing image quality but increasing
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scan duration. Typical exposure times range from a few milliseconds to several seconds, depend-

ing on the sample’s density and the imaging contrast required. Longer exposures are beneficial

for dense or low-contrast materials. Voltage determines the energy of the X-ray beam, while

current affects its intensity. These parameters must be optimised based on the material com-

position and thickness of the sample. Voltage settings typically range from 40 to 160 kV, with

lower voltages used for soft or low-density materials to enhance contrast and higher voltages for

dense samples to ensure penetration.

The voxel size determines the spatial resolution of the scan. For the Zeiss Xradia 510, voxel

sizes can be adjusted based on the optical magnification system. The Heliscan scanner offers

consistent voxel sizes due to its helical design, even for long cylindrical samples [215]. Both

systems have tools to minimise beam-hardening artefacts, such as filtering X-rays through a

thin metal plate or using software correction. Balancing high resolution with practical scan

times is critical, particularly when scanning large or multiple samples. By optimising these

parameters, the micro-CT systems can deliver highly detailed reconstructions of internal rock

structures, enabling precise measurements of pore-scale properties.

B.7 Reactor

Figure B.4: Parr Instrument Company Bench Top Reactor, featuring a 1L capacity chamber and
advanced controls for precise temperature and pressure adjustments. This reactor is designed
for high-pressure and high-temperature experiments, ensuring reliable and safe operation in
laboratory settings [27].
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Additional Results

C.1 Ganglion Size and Cumulative Distribution

Figure C.1: The volume-weighted size distribution of ganglia is illustrated for the two cycles of
gas and brine injection, with a uniformly spaced bin size in logarithmic space. These graphs
compare the initial stage with the distribution after 16 hours of storage. The shaded grey area
represents the volume distribution across all pores.
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Figure C.2: The cumulative volume distribution of ganglia is illustrated across two cycles of gas
and brine injection. These graphs compare the initial stage with the distribution after 16 hours
of storage. A distinct vertical segment indicates the emergence of a single large ganglion, which
dominates the volume following the storage period.
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C.2 Pore and Throat Ocupancy

Figure C.3: Volume-weighted histograms of gas occupancy as a function of pore radius, plotted
for the second cycle of gas injection following water flooding. Green indicates gas, blue indicates
water, and grey represents the size distribution of all pores. Each plot corresponds to a specific
cycle of injection and flooding, shown for both the initial stage and after a 16-hour storage
period.
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Figure C.4: Volume-weighted histograms of gas occupancy as a function of pore radius, plotted
for the third cycle of gas injection following water flooding. Green indicates gas, blue indicates
water, and grey represents the size distribution of all pores. Each plot corresponds to a specific
cycle of injection and flooding, shown for both the initial stage and after a 16-hour storage
period.
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C.3 Image Processing

Figure C.5: Two-dimensional cross-sections of three-dimensional raw images of the Bentheimer
sandstone sample showing the distribution of rock, gas and brine during three cycles of hydrogen
and brine injection. The images compare initial and post-4-day stages for each cycle, with a
scale bar representing 3222 µm.
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