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Abstract

Geological CO; storage relies on multiple trapping mechanisms to ensure long-term subsurface
containment. In depleted gas fields, structural trapping is the main mechanism and usually is
sufficient, but in saline aquifers and settings where lateral migration poses risks, hence,
additional trapping mechanisms are needed to slow and ultimately halt CO. migration. Among
these, residual trapping is particularly important. It immobilises CO: after injection through
pore-scale snap-off and capillary trapping behind regions of high capillary entry pressure.
Although pore-scale residual trapping is well established in reservoir models, the influence of
spatial heterogeneity in pore structure and capillary properties across larger length scales

remains poorly constrained.

This thesis investigates how heterogeneity from pore to core scales controls multiphase flow
and trapping under conditions relevant to geological CO: storage. A multiscale experimental
approach combines steady-state coreflooding, X-ray computed tomography imaging, and pore-
network analysis to directly observe displacement and trapping in heterogeneous sandstone and
carbonate rocks under capillary-dominated flow regimes representative of saline aquifers and

depleted hydrocarbon fields.

The first part examines sandstone samples from a Dutch offshore CO- storage site. Two
samples taken only about 2 cm apart, from the same facies and with similar bulk porosity and
permeability, display contrasting saturation profiles, displacement patterns, and residual
trapping. Imaging shows that subtle differences in cementation and porosity distribution create
capillary barriers and preferential flow paths in one sample, while the other behaves more

uniformly.

The second and third parts show that, in Indiana limestone and Edwards Brown dolomite,

heterogeneity interacts strongly with flow rate, connectivity, and capillary entry pressure,
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controlling saturation distribution, relative permeability, and trapping. Overall, the thesis
demonstrates that routine core analysis alone cannot capture flow behaviour in heterogeneous
rocks, and that capillary heterogeneity must be considered in more physically representative

upscaling approaches for CO: storage.
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CHAPTER ONE Scientific Background and Motivation

Chapter One Scientific Background and Motivation
1.1 Motivation - Geological CO; Storage

1.1.1 Subsurface CO: Storage

Limiting anthropogenic warming requires deep and sustained reductions in carbon dioxide
(CO2) emissions. Across mitigation pathways assessed by the Intergovernmental Panel on
Climate Change (IPCC), carbon capture and storage (CCS) is a key option for reducing
emissions from sectors where electrification and direct substitution are constrained,
particularly where residual emissions persist and industrial process streams are hard to abate

(IPCC, 2022; IPCC, 2005; Darraj and Bender, 2022).

Among geological storage options, saline aquifers are especially important due to their
geographic distribution and large potential storage capacity, making them viable for large-scale
deployment in many regions (Michael et al., 2010). Depleted hydrocarbon reservoirs are also
attractive because they often come with what saline aquifers frequently lack: a long history of
subsurface characterisation, a demonstrated trap and seal that has retained buoyant fluids over

geological time, and in some cases re-usable infrastructure.

1.1.2 Reservoir Simulation CO: Storage

Field-scale prediction of plume migration, pressure evolution, and trapping efficiency in
geological CO: storage projects is typically performed using continuum-scale reservoir
simulators (Juanes et al., 2006; Boon, 2021). These numerical models solve multiphase flow
equations to forecast storage efficiency, assess containment, and support risk assessment over

injection and post-injection timescales spanning decades to millennia. Reliable simulation is
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CHAPTER ONE Scientific Background and Motivation

therefore essential for site selection, operational planning, regulatory approval, and long-term

stewardship of CO: storage sites.

1.1.3 Representing Capillary Heterogeneity in Grid Blocks

Reservoir simulators operate on discretised computational grids, where each grid block
represents a volume of porous rock characterised by effective properties: porosity, absolute
permeability, and crucially, saturation-dependent constitutive functions—relative permeability
and capillary pressure (including hysteresis). The choice of grid resolution is constrained by
computational cost and by the availability of subsurface data. In practice, grid blocks at field
scale typically range from metres to tens of metres in lateral extent, a scale far coarser than the
centimetre-scale core plugs on which multiphase flow properties are measured (Li and Benson,
2015; Ni et al., 2025). Each grid block therefore requires upscaled or effective parameters that
are assumed to represent the integrated behaviour of heterogeneous rock volumes within that
block. Laboratory experiments and imaging studies provide an opportunity to directly observe
these processes and to examine how pore-scale structure manifests at the core scale, which is
essential for interpreting experimental measurements and informing the assignment of flow
properties in reservoir-scale simulations (Yin et al., 2024; Elizarev et al., 2024; Gauteplass,

2015).

1.1.4 Sub-grid Block Capillary Heterogeneity

As seen in (Figure 1.1), storage formations commonly exhibit heterogeneity at multiple length
scales: from pore-scale variations in throat size and connectivity (micrometres to millimetres),
through bedding, lamination, and diagenetic textures (centimetres to decimetres), to facies
architecture and stratigraphic layering (metres to kilometres) (Ni et al., 2025). Much of this
variability occurs at scales smaller than the simulation grid resolution—referred to as sub-grid

or small-scale heterogeneity. When variability in capillary entry pressure occurs at length
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scales comparable to or smaller than the displacement front, it can promote preferential
invasion, stratified advance, and non-uniform saturation profiles that are not captured by
treating the grid block as homogeneous (Aslannezhad et al., 2024; Berg et al., 2013).
Consequently, spatially organised capillary heterogeneity at the sub-grid scale can impose first-
order control on effective relative permeability, capillary pressure behaviour, and residual
trapping, even when bulk porosity and permeability appear uniform (Krevor et al., 2015;

Jackson and Krevor, 2020; Li and Benson, 2015).

Hm mm cm dm km

< m——

Geological
Heterogeneity

Figure 1.1 The different length scales of depositional geological heterogeneities. Adapted from Fitch et al.
(2015).

As storage performance and long-term security are governed by multiphase flow and the
immobilisation of CO: by trapping processes (Akbarabadi et al., 2013). During injection,
buoyant CO: invades the pore space and displaces resident brine under drainage conditions,
establishing saturation pathways shaped by viscous forces, buoyancy, and capillary pressure.

After injection ceases, the system transitions toward redistribution and imbibition-dominated
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behaviour, where hysteresis in capillary pressure and relative permeability controls
remobilisation or immobilisation of the non-wetting phase (Aslannezhad et al., 2025). Over
these stages, CO2 may be retained by structural and stratigraphic trapping, residual (capillary)

trapping, dissolution into brine, and longer-term mineralisation (Bachu et al., 2007).

Field-scale prediction of plume migration, pressure evolution, and trapping efficiency is
typically performed using continuum simulators parameterised by constitutive functions, most
notably relative permeability and capillary pressure (including hysteresis) (Juanes et al., 2006;
Boon, 2021). These functions are commonly measured on core plugs and then upscaled or
transferred to reservoir-scale models, where they are assumed to represent larger rock volumes.
The reliability of this workflow rests on assumptions about representativity, scale separation,
and how heterogeneity is treated within the numerical grid, whether through explicit facies
architecture, effective properties, or homogenisation. While the impact of pore-scale processes
on residual trapping is relatively well understood, the role of heterogeneity at larger, yet still
sub-seismic (below 10s m), scales remains less well constrained (Harris et al., 2021; Elizarev
et al., 2024). In many modelling workflows, such heterogeneity is simplified or averaged,
despite growing evidence that it can exert strong control on saturation distribution and trapping
behaviour. Improving confidence in geological CO: storage therefore requires a better
understanding of how spatial variability in rock properties influences multiphase flow and

trapping in ways that persist under upscaling.

1.1.5 Effective Relative Permeability and Capillary Pressure Saturation

Functions

To represent the influence of sub-grid heterogeneity without explicitly resolving every pore,
layer, or textural feature, the conventional approach is to assign effective (upscaled) saturation
functions to each grid block (Pickup et al., 2000; Virnovsky et al., 2004). These functions are
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intended to encapsulate the integrated multiphase flow response of a heterogeneous rock
volume. In principle, effective relative permeability and capillary pressure curves account for
pore-scale displacement mechanisms, connectivity, and trapping while remaining
computationally tractable. However, the validity of this approach depends on whether the
measured or assigned saturation functions are truly representative of the heterogeneous
volumes they are meant to describe. Growing evidence suggests that when capillary
heterogeneity is spatially organised, effective saturation functions can become anisotropic,
flow-rate dependent, and non-unique—meaning that a single set of constitutive relationships
may not adequately represent all flow conditions or orientations within a given rock type or

interval (Boon and Benson, 2021; Li and Benson, 2015).

1.1.6 Practical Workflow for Representing Continuum-Scale Properties in

the Presence of Small-Scale Heterogeneity

In practice, relative permeability and capillary pressure functions are most commonly
measured on centimetre-scale core plugs extracted from reservoir intervals, using steady-state
or unsteady-state coreflood experiments combined with imaging techniques such as X-ray
computed tomography (CT) to monitor in-situ saturation distributions (Krevor et al., 2011;
Perrin and Benson, 2010). These laboratory-scale measurements are then upscaled—either
directly or through numerical modelling—to populate field-scale simulation grids (Jackson and

Krevor, 2020; Ni et al., 2025). The reliability of this workflow rests on three key assumptions:

1. that core plugs are representative of the larger interval or facies from which they are
drawn;
ii.  that the measured saturation functions remain valid when transferred across scales; and
iii.  that sub-core heterogeneity, if present, is either negligible or already "averaged out" in
the effective properties measured at the core scale.
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Laboratory experiments and imaging studies increasingly show that sub-core-scale
heterogeneity can produce non-uniform saturation distributions, alter effective flow properties,
and create trapping that persists even after apparent steady state is reached as shown in Chapters

4 to 6 and by (Berg et al., 2013; Manoorkar et al., 2021). This raises three critical questions:

1. How do different types, orientations, and magnitudes of small-scale heterogeneity
translate into saturation changes, effective relative permeability, and trapping
behaviour?

2. Under what combinations of heterogeneity, orientation relative to flow, and flow
regime does capillary heterogeneity generate layered or channelised displacement, and
how does this modify saturation distributions during drainage and imbibition?

3. To what extent can small-scale variability within a single reservoir interval, as
evidenced by closely spaced samples, produce divergent saturation profiles and
trapping curves, and what are the implications for assigning saturation functions in
reservoir simulation?

In the experimental workflow presented in this thesis, we adopt an optimised sample size that
balances two competing requirements: sufficiently small diameter and length to enable micron-
resolution CT imaging across multiple representative volumes, thereby resolving fluid—fluid
interfaces and phase connectivity, while remaining large enough to measure continuum-scale
multiphase flow properties including relative permeability, capillary pressure, and residual

trapping as seen in Figure 1.2.
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Figure 1.2: Typical X-ray CT core flooding sample sizes illustrated using Bentheimer sandstone cores. The sample
size used in this thesis is highlighted in the middle. (Reproduced from Jackson et al., 2020).

Figure 1.3, position the experimental workflow within the multiscale framework. The figure
situates the experimental workflow developed in this thesis within the broader pore-scale to
continuum-scale description of multiphase flow in geological formations. It highlights how
laboratory-scale experiments and image-based analyses link pore-scale fluid configurations
and heterogeneity to effective continuum-scale parameters used in reservoir simulation,
clarifying the specific scope addressed by this thesis relative to the full modelling and upscaling

chain.
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Figure 1.3: Conceptual overview of how pore-scale to core-scale and small-scale heterogeneity is translated into
continuum-scale inputs for reservoir simulation. A cartoon of a storage complex is shown at the top, with
numerical reservoir model superimposed. One coarse and one fine grid block is enlarged to illustrate the inclusion
and exclusion effect of sub-grid heterogeneity and the resulting non-uniform fluid distribution. The red dashed
frame marks the part of the overall workflow that is addressed in this thesis, namely the experimental
characterisation of small-scale heterogeneity in pore-scale and its upscaling to continuum-scale and its impact on
effective parameters. The workflow then illustrates the next steps where, effective parameters are upscaled to be
included at the grid-block scale which is outside the scope of this thesis but covered in other sources (Elizarev et
al., 2024).
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1.2 Thesis outline

The aim of this thesis is to quantify how pore-scale heterogeneity controls continuum-scale
multiphase flow properties relevant to geological CO: storage, with a particular focus on how
capillary heterogeneity and connectivity translate into saturation distributions, relative
permeability behaviour, and residual trapping. The central hypothesis is that spatially organised

pore-scale and small-scale heterogeneity can impose first-order control on these properties.

To address this challenge systematically, the thesis adopts a scale-progression experimental
strategy that moves from less complex sandstone to inherently more complex carbonate rocks.
The move is made from centimetre-scale within-interval variability in reservoir sandstone,
through millimetre-scale capillary heterogeneity in carbonate, to centimetre-to-decimetre
heterogeneity in a more complex carbonate (Figure 1.4). Together, this progression bridges
from field-relevant reservoir variability to systematically controlled outcrop analogues,
enabling interpretation of how heterogeneity scale and organisation translate into continuum-

scale flow properties across the pore-to-core transition.
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Increasing Heterogeneity Scale
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Figure 1.4 Conceptual organisation of the experimental programme in Chapters 4 to 6, showing a systematic
progression in both geological complexity and heterogeneity length scale.

Chapter 2 reviews the background literature on multiphase flow and trapping in CO: storage,
including constitutive relationships (relative permeability and capillary pressure), and the role
of heterogeneity across length scales. The chapter identifies the specific gap addressed in this
thesis, namely that continuum parameterisations commonly assume representativity within a
rock type or interval, while spatially organised capillary heterogeneity can produce non-

uniform saturation and trapping responses that challenge this assumption.

Chapter 3 presents the experimental and analysis workflow used throughout the thesis. It details
the steady-state drainage and imbibition coreflood protocols, pressure and flow control, and
the integrated imaging approach combining medical X-ray CT for core-scale saturation
profiling with micro-CT for pore-scale structural characterisation. Image-processing,
segmentation, and uncertainty considerations are documented to support defensible

interpretation of saturation, connectivity, and trapping.
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Chapter 4 investigates centimetre-scale variability within a reservoir sandstone by comparing
two core plugs taken in close proximity within a single interval. Using the common
methodology established in Chapter 3, the chapter demonstrates that modest differences in pore
structure and capillary architecture can produce distinct saturation profiles and trapping
relationship. This provides a demonstration of how within-interval heterogeneity can
undermine the assumption that a single set of saturation functions is transferable across an

interval.

Chapter 5 examines Indiana limestone to look at the influence of millimetre-scale heterogeneity
and capillary controls on displacement and trapping. The chapter uses micro-CT imaging and
sub-volume analysis to link local entry-pressure variability and connectivity to layered or
preferential invasion behaviour at two flow rates, and then to the resulting shifts in effective

relative permeability and residual trapping.

Chapter 6 extends the analysis to Edwards Brown dolomite, a highly heterogeneous carbonate.
The chapter shows how low-connectivity regions and higher entry pressures act as partial
barriers that restructure saturation pathways and enhance heterogeneity-driven trapping. This
tests how the heterogeneity length scale and organisation influence the emergence of effective

continuum-scale behaviour.

Chapter 7 synthesises findings across the sandstone and carbonate case studies, restating the
central claim in terms of heterogeneity effects. It consolidates the novel contributions of the
thesis and outlines future work needed to improve representativity and upscaling of multiphase
flow functions, including targeted sampling strategies, and approaches to incorporate

heterogeneity-informed parameter bounds into field-scale CO: storage simulations.

Additional technical detail, supporting analysis, and supplementary material is included in

Appendices A, B, and C, which correspond to Chapters 4, 5, and 6 respectively. Appendix A

M| Page



CHAPTER ONE Scientific Background and Motivation

provides extended analysis and additional saturation maps for the sandstone samples. Appendix
B includes an additional sub-volume analysis for flow-rate effects, and ganglia analysis in
Indiana limestone. Appendix C presents wavelet pressure analysis for Edwards Brown

dolomite.
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Chapter Two Literature Review

Some of this material has been published in Ni et al., (2025).

2.1 Geological CO: Storage Contexts: Depleted Hydrocarbon
Reservoirs and Saline Aquifers

The majority of the geologically sequestered COs- is primarily injected into two main reservoir
types: saline aquifers and depleted hydrocarbon reservoirs (Figure 2.1). Both provide porous
rock volumes at depth that can retain the injected CO> beneath a sealing unit, but they differ in
the amount of pre-existing data, the initial state, and the way heterogeneity is expressed and
parameterised for flow prediction (Bentham and Kirby, 2005; Worden et al., 2024). Saline
aquifers have been used for dedicated CO: storage since the mid-1990s, with Sleipner in the
North Sea commonly cited as the first commercial-scale saline-aquifer storage project
(Holloway, 2005; Worden et al., 2024). While the injection of CO: in oil and gas fields has
been practiced since the 1970s but primarily for enhanced oil recovery (EOR) (Golzapour et

al., 2005; Drax 2025).
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Figure 2.1 Options for storing CO; in deep underground geological formations (Source: IPCC, 2005).

The characterisation requirements differ substantially across these contexts. Depleted oil and
gas reservoirs typically benefit from decades of production history and associated datasets,
including well logs, pressure history, production and injection records, and calibrated
geological models. These data constrain reservoir heterogeneity and provide direct evidence
relevant to containment and well integrity (Worden et al., 2024). In contrast, saline aquifers
often rely on more subsurface control, commonly regional seismic data and sparse well
information, which increases uncertainty in storage capacity estimates and motivates

conservative assumptions and more extensive pre-injection characterisation.

For the purposes of this thesis, the key distinction is not storage capacity per se, but how
heterogeneity and initial conditions translate into multiphase flow behaviour and therefore into
the constitutive relationships used for reservoir-scale prediction. In saline aquifers, injected

CO: is typically buoyant relative to brine, so heterogeneity in permeability and capillary entry
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pressure can control vertical migration, lateral spreading, and the development of internal
plume structure, including stratified or laterally diverted flow where lower-permeability layers
act as intra-reservoir barriers (IEAGHG, 2017). This behaviour is well illustrated at Sleipner,
where thin internal layers influence upward migration and promote lateral spreading of the

plume (IPCC, 2005).

In depleted gas fields, the in-place fluid is gas rather than brine, and the density contrast
between CO: and the resident gas can reduce buoyant segregation effects compared with saline
aquifers, depending on pressure and temperature. Consequently, heterogeneity often expresses
as differences in sweep efficiency, compartment filling, and the accessibility of pore volume,
rather than as purely buoyancy-driven vertical migration (Worden et al., 2024). In these
settings, uncertainty can be dominated by connectivity across heterogeneity features and by the
extent to which the injected CO: can access low-permeability volumes. Figure 2.2 illustrate the

difference between CO> injection in these two geological settings.
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Figure 2.2 Schematic representation of A) saline aquifer and B) depleted gas field used for CO; storage
(Source: Worden, 2024).

This distinction motivates a central theme of the thesis: even when bulk properties appear
homogenous, heterogeneity in pore structure and capillary entry pressure can generate different
saturation distributions during displacement, which in turn can modify the effective
constitutive functions used in reservoir simulation. Moreover, trapping in saline aquifers is
dominated by buoyancy-driven hydrodynamic trapping beneath structural and stratigraphic
seals, with residual and dissolved COz developing over time through interaction with
heterogeneous flow paths (Snippe and Tucker, 2014). In contrast, in depleted gas fields, CO>
displaces gas rather than imbibing into gas-filled pores and limited solubility trapping due to

low residual water saturation, so heterogeneity primarily affects sweep efficiency and
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compartment filling rather than capillary or dissolution processes (TNO, 2024). Saline aquifers
therefore benefit from heterogeneity that disperses flow paths and increases COx-brine contact
area, whereas depleted fields require good lateral connectivity to maximise volumetric sweep
and avoid stranded reservoir compartments (Worden 2024; Snippe and Tucker, 2014). In a
modelling study by (Snippe and Tucker, 2014), It was shown that the majority of the CO-
remains mobile in the simulated depleted field, with small amounts of CO: dissolved in the oil

leg and residual water (Figure 2.3).
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Figure 2.3 Time at which mobile gaseous CO; reaches selected modelling fractions (85%; 50%; 15%), 22
depleted gas fields models and 19 saline aquifer models were simulated, however, not every model reaches a
selected percentage within the 10,000 year timeframe, (e.g. only 3 out of 22 depleted structurally closed models
reach 15%) (Source: Snippe and Tucker, 2014).

However, in classical petroleum engineering, recovery efficiency (and, by implication, the
inverse of trapping efficiency) is often framed as the product of three components (Equation

2.1):

Recovery efficiency = microscopic displacement efficiency x areal sweep efficiency x vertical

sweep efficiency. (Equation 2.1)
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Microscopic displacement efficiency is fundamentally a pore-scale concept, whereas areal and
vertical sweep efficiencies reflect Darcy-scale behaviour and are usually treated at or above the
grid-block scale in field-scale simulation. A key contribution from the CO: storage literature is
the recognition that heterogeneity at length scales smaller than a simulation grid block can

strongly influence trapping, plume migration, and related flow outcomes (Ni, et al. 2025).

Storage capacity is fundamentally constrained by two independent criteria, pressure
constraints, and containment constraints. Critically, sweep efficiency has negligible impact on
pressure buildup but exerts first-order control on plume migration and therefore on
containment. Containment is directly sensitive to how efficiently the injected CO: utilises the
available pore space: poor sweep efficiency results in a larger, more laterally extensive plume
for a given injected volume, increasing the probability that the plume will reach a potential leak
path, breach a structural boundary, or exit the permitted storage domain (Chadwick et al., 2019;

Bickle et al., 2007).

This distinction is particularly relevant in heterogeneous formations, where preferential flow
through high-permeability pathways can cause rapid lateral migration and poor volumetric

sweep, even when total storage capacity appears adequate (Gasda et al., 2011).

2.2 Fluid Flow from pore-scale to continuum scale

2.2.1 Darcy’s Law

Flow in porous media is usually described at the Darcy scale using Darcy’s law (Equation 2.2).
In its form, Darcy’s law is a single-phase relationship, and it can be placed on a clear theoretical
footing by rigorously deriving it through volume averaging of pore-scale Stokes equations over

a representative elementary volume (REV) at scale of interest (Whitaker, 1986).
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q= - % (AP — pg) (Equation 2.2)

where q is Darcy velocity [m-s™!], K is the absolute permeability [m?], u is the dynamic
viscosity [Pa-s], AP is the pressure gradient, p the density [kg-m ] and g is the component of

gravity in the direction of flow [m-s~2].

For multiphase flow, the established continuum-scale approach is to adopt a two-phase (or
multiphase) Darcy formulation (Equation 2.3). This framework is best understood as a
phenomenological extension of single-phase Darcy’s law, rather than a relationship derived
from first principles with comparable rigour. As a consequence, the governing equations are
not closed by the conservation laws alone and require additional constitutive relationships that
must be specified from experiments or calibrated models. Consequently, the multiphase
extension of Darcy's law is best understood as a phenomenological framework requiring
experimentally determined constitutive relationships rather than a rigorously upscaled
continuum theory. Moreover, for multiphase flow, this approach encounters fundamental
difficulties: fluid—fluid interfaces and dynamic pore-scale displacement events prevent pressure
and saturation fluctuations from converging to unique averaged values, making the existence

of a true spatial REV problematic (Berg et al., 2025).

Assuming flow is unidirectional, linear, non-rate dependent, and involving incompressible

phases and with negligible gravity and capillary forces. The equation is as follows:
K ky
4 = —— (AP —p,9) (Equation 2.3)
1
where q, is phase’s Darcy velocity for the phase [m-'s™!], K is the absolute permeability [m?],

k., is the phase’s relative permeability. i, is the phase’s dynamic viscosity [Pa-s], AP is the
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pressure gradient. p, is the phase density [kg'm>] and g is the component of gravity in the

direction of flow [m-s~2].
In practice, the equation is satisfied by providing:

e Relative permeability functions, which describe the saturation-dependent reduction in
each phase’s effective mobility.

e Capillary pressure function of saturation relating the phase pressures.

Relative permeability and associated saturation-dependent relationships are usually inferred
from laboratory measurements such as core-flood experiments, while capillary pressure may
be measured directly from mercury intrusion tests or inferred and subsequently parameterised

in forms suitable for reservoir-scale modelling.

A key limitation is that these constitutive functions are rarely simple. They often exhibit
hysteresis and path dependence, and their behaviour can depend on additional variables beyond
saturation alone, including wettability, pore structure, flow rate, flow history, interfacial
tension, and heterogeneity (Krevor et al., 2015; Masalmeh et al., 2001; Jerauld, and Salter

1990)

2.2.2 Relative Permeability

Relative permeability strongly influences how fluids move in porous media, as a result, it has
been the subject of extensive investigation over many decades (Equation 2.3). Historically,
most measurements and interpretations assumed that the core samples used in experiments
were homogeneous, and non-rate dependent. Consequently, early work concentrated on how
reservoir conditions such as overburden stress, temperature, and fluid viscosity affect relative
permeability (Welge, 1952; Johnson et al., 1959; Wyckoff et al., 1936; Leverett, 1939; Wilson,
1956).
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Corey and Rathjens (1956) later demonstrated that rock heterogeneity can have a profound
impact on relative permeability, showing a wide spread in measured permeabilities depending
on the angle between the rock’s bedding and the imposed flow direction. Because fluid-rock
interactions vary on the millimetre scale, a single relative permeability curve averaged over the
whole core cannot accurately capture or predict the detailed internal flow patterns. Their
coreflood experiments also revealed that gas relative permeability decreases when flow is
oriented perpendicular to bedding, leading them to conclude that explicit representation of rock
heterogeneities is essential for reliable predictions of fluid flow. Boon and Benson (2021) show

the effect of flow orientation and flow rate on relative permeability (Figure 2.4).
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Figure 2.4 The impact of layers orientated a) parallel to the principal axis of flow on the relative permeabilities,
b) perpendicular to the principal axis of flow on the relative permeabilities. (Modified from: Boon and Benson,
2021).

Subsequent research initially concentrated on spatial variations in wettability and their
influence on multiphase flow. Fatt and Klikoff (1959) showed, using both experimental and
numerical approaches, that capillary pressure and relative permeability depend on wettability
and change with the amount of trapped fluid. Only later did attention shift to porosity—

permeability heterogeneity, where studies found that moderately heterogeneous cores can

21| Page



CHAPTER TWO Literature Review

behave effectively homogeneously if the heterogeneities are well distributed (Kortekaas, 1985;

Hove et al., 1990).

In contrast, the presence of large vugs produced strong rate dependence in waterflood
responses, and even small heterogeneities embedded in an otherwise uniform system were
shown to substantially modify fluid behaviour, for instance by changing the amount of residual
trapped fluid. These works also highlighted that flow behaviour depends on the orientation of
sedimentary structures within the core. Kortekaas (1985), for example, examined Festoon
cross-bedding common in sandstone reservoirs. They reported that, at reservoir scale,
displacement is more efficient when flow is directed perpendicular to these structures.
Collectively, these studies established that rock heterogeneity is a central control on fluid

behaviour, while also emphasising the difficulty of predicting its effects quantitatively.

2.2.3 Capillary Pressure

The second constitutive relationship required to be used in the multiphase flow Darcy’s law
(Equation 2.4) is capillary pressure. Capillary pressure, P, is defined as the pressure difference
across an interface that separates two fluid phases in mechanical equilibrium, which simplifies

to as the pressure difference between the less dense and more dense phases:
P.= P,— Py (Equation 2.4)

where, P, is the phase pressure of the less dense phase, and P, is the phase pressure of the

denser phase.

Capillary pressure quantifies how strongly a formation can hold water, and therefore it exerts
a major influence on the initial distribution of fluid saturations within the rock (McPhee et al.,

2015). It can be linked to rock and fluid properties via the Young—Laplace relationship:
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6 .
P. = 20€08 (Equation 2.5)

r

where o is the interfacial tension [N-m™'], 8 is the contact angle [°], and  is the pore radius
[m]. In practice, capillary pressure depends on several factors, including pore size,
permeability, fluid characteristics such as density and interfacial tension, and the nature of the

pore surfaces, particularly their wettability and texture (Blunt et al., 2013; McPhee et al., 2015).

As research into the effects of heterogeneity on relative permeability progressed, it became
clear that rock heterogeneity can also give rise to anisotropic capillary pressure behaviour and
variations in the effective capillary pressure. The former refers to different regions within a
single core sample exhibiting distinct capillary pressure characteristics, while the latter
describes how the core-averaged effective capillary pressure changes with the heterogeneity
structure. Dawe et al. (1992) conducted a comprehensive experimental investigation and
observed that spatial variations in capillary pressure produce irregular displacement fronts that
were detectable in X-ray CT images, a finding corroborated by Cuthiell et al. (1993). They

concluded that a single P. — §,,, relationship could not adequately represent the entire core.

Finally, with the recent advances in pore-scale experiments using synchrotron X-ray
microtomography, four distinct flow regimes in multiphase systems are revealed depending on

capillary number. Pore-scale capillary number is defined according to (Equation 2.6):

C, = % (Equation 2.6)
where p is the phase viscosity, q is the flow rate and o is the interfacial tension. At low capillary
numbers (Ca < 107°), representing the ratio of viscous to capillary forces, the pressure gradient
remains proportional to flow rate with stable, well-defined flow pathways. At intermediate
capillary numbers (107¢ < Ca < 107%), pressure fluctuations emerge while maintaining linear

pressure-flow relationships. Above a critical capillary number (Ca > 107°), a nonlinear power-
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law relationship develops with rapid pore-scale rearrangements and intermittent flow
(Reynolds et al., 2017; Gao et al., 2020) and finally, capillary number (Ca >>> 10-°) where it

is a purely viscous regime.

These observations have led to empirical modifications of the multiphase Darcy law to account
for high flow rate effects. Pore-scale modelling approaches, including lattice Boltzmann
methods, volume-of-fluid techniques, and pore network models, enable direct simulation of
multiphase flow by tracking fluid interfaces and capturing capillary-controlled displacement

mechanisms (Blunt, 2017; Foroughi 2020).
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2.3 Trapping Mechanisms in Geological CO: Storage

CO: storage security relies on four primary trapping mechanisms that operate across different
spatial and temporal scales: structural/stratigraphic trapping, capillary/residual trapping,
dissolution trapping, and mineral trapping (Figure 2.5) (Krevor et al., 2015). These mechanisms
evolve dynamically throughout the injection and post-injection phases, with their relative
importance shifting as the CO2 plume migrates and interacts with formation fluids and minerals

(Lu et al., 2025).
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Figure 2.5 Schematic diagram of trapping mechanisms in field-scale CO; storage.

Structural and stratigraphic trapping provide the immediate containment mechanism during
and immediately following injection, relying on buoyant CO: accumulating beneath low-
permeability seals such as shale caprocks or cemented layers. Structural traps include

anticlines, fault-bound closures, and dome structures that prevent upward migration of buoyant
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CO: (Bachu, S. et al., 2007; IPCC, 2005). Simulation studies indicate that structural trapping
typically dominates during injection, securing up to 86% of injected CO: in the early phase (Lu
et al., 2025). However, as CO: migrates laterally and vertically away from injection points, the
proportion of structurally trapped CO: decreases over time, with other mechanisms becoming
progressively more important (Yang et al., 2017). Residual trapping occurs when CO: becomes
immobilised as disconnected ganglia or bubbles within the pore space due to capillary forces
exceeding buoyancy forces. Another mechanism is building up behind capillary barrier, where
heterogeneity in entry pressure hold a pool of the non-wetting phase behind this region of
heterogeneity (Krevor et al, 2011). Table 1.2 summarises recent contributions in CO; trapping

mechanisms.

Table 2.3.1 Recent contributions in Trapping Mechanisms

Trapping Mechanism Author(S) Contribution

Structural (Caprock) Chen et al. 2025 1) Synthesizes how  caprocks seal
(capillary vs. hydraulic)

2) identifies key controls and lithology
rankings

3) proposes a framework to assess leakage
risk under coupled hydro-mechanical
effects.

Hydrodynamic (Structural Trap | Wang et al. 2022 1) Presents a full-cycle simulator

Dynamics) (injection — migration —  post-
injection)

2) shows time-varying interplay among
trapping  modes:  injection-period
advection governs residual trapping,
later convective dissolution weakens it

3) highlights the need to model buoyant
structural trapping with time-dependent
multiphase flow

Residual (Capillary) Ni et al. 2021 1) Fast macroscopic percolation/upscaled
pore-network model that reproduces
post-imbibition residual CO patterns
(10-100x faster than full-physics)

2) shows mesoscale heterogeneity boosts
trapping but plateaus when capillary
barriers are leaky
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Residual (Capillary)

Shanghvi et al. 2025

1)

2)

proposed ML-augmented pore-network
model that predicts residual CO,
trapping across diverse pore structures
speeds up capillary trapping capacity
evaluation in heterogeneous reservoirs.

Solubility (Dissolution)

Lyu & Voskov 2023

1)
2)

advances two-phase continuum model
with a capillary transition zone

shows capillary fringe advances
convective mixing onset (>2x) and
boosts steady-state dissolution flux
(~2.5%)

Solubility (Dissolution)

De Paoli et al. 2025

1)

2)

3-D high- Rayleigh simulations reveal a
sustained  constant-flux  dissolution
regime (~13% higher flux than 2-D)

yields a simple analytical uptake model

Mineral (Geochemical)

Matter et al. 2016

1)

2)

CarbFix field pilot shows injected CO,
mineralizes to carbonates in basalt
within ~2 years

monitoring/ reactive-transport
modelling indicate >95% converted—
validating mineral trapping and
geochemical models.

Mineral (Geochemical)

Postma et al. 2022

1)

2)

Vertically integrated reactive-transport
model that plume-averages across
thickness to capture key basalt reactions
enables efficient field-scale forecasts of
long-term CO, mineralization

In summary, the relative contribution of different trapping mechanisms throughout the storage

period is site specific (Krishnamurthy, et al., 2022; Williams et al., 2013). Variations in rock

properties, particularly permeability distributions, capillary entry pressures, and lithological

contrasts, can alter migration velocities and plume geometry by orders of magnitude, with

subtle changes in grain size contrasts alone capable of slowing migration speeds and increasing

trapped volumes by significant amounts (Jackson and Krevor, 2020). The presence of low-

permeability horizons and capillary barriers creates complex flow patterns that impede vertical

buoyant migration, promoting lateral spreading and enhancing capillary heterogeneity trapping

behind regions of high entry pressure (Harris et al., 2021). This spatial variability in geological
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properties fundamentally influences the transition between trapping mechanisms over time,
with heterogeneous reservoirs exhibiting distinctly different evolution of structural, residual,
solubility, and mineral trapping compared to homogeneous systems (Williams et al., 2013).
Consequently, accurate characterization of reservoir heterogeneity is essential for predicting

storage efficiency and long-term containment security.

2.4 Impact of Pore-Scale (Small-Scale) Heterogeneity

Multiphase flow in porous media is a fundamental aspect of understanding CO; storage in the
subsurface. Hence, the utilisation of core flooding and experimental imaging techniques has
been pivotal element in understanding how COz behaves in various rock types, offering
valuable insights to inform simulation models (Georgiadis et al., 2013). Simulation models are
informed by multiphase flow properties such as capillary pressure, relative permeability and
residual trapping, all of which are contingent on fluid saturation, which in turn is significantly
impacted by the structure of heterogeneity. Therefore, when the storage formation is

heterogeneous, it introduces considerable intricacy into the analysis and modelling workflow.

2.4.1 The Effect of Heterogeneity on Saturation

The most significant early observation from core flooding experiments is that subcore-scale
(Representative Elementary Volume (REV) at scale of interest) heterogeneity causes non-
uniform CO> saturation distribution. Computed Tomography (CT) scanning on CO; core flood
experiments has shown spatial variations in CO> saturation after the core flood has reached
steady state (Krevor et al., 2011; Perrin and Benson, 2010; Shi et al., 2011). Numerical
simulations of core flood experiments (Kong et al., 2015; Krause et al., 2011) have shown that
a core with a homogeneous capillary pressure vs. saturation relationship tends to have a

uniform saturation distribution after CO> flooding reaches steady state, even if permeability
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and porosity fields are heterogeneous. However, when capillary heterogeneity is modelled in
core flood simulations, the steady-state CO> saturation varies spatially and is more consistent
with experimental observations from CT scans as shown in experimental studies from
(Manoorkar et al., 2021; Darraj et al., 2024; Reynolds and Krevor, 2015) where they show that
subcore-scale heterogeneity significantly influences multiphase flow during core flood, such

as the unsteady-state core flood example shown in Figure 2.6 (Berg et al., 2013).

Experiment Model, K layers, hom. p, Medel, K + p_layers

CO, —» brine

Figure 2.6 Comparing modeling results of CO, saturation front advancement in a core with (right) and without
(middle) capillary pressure heterogeneity. The modeling results with heterogeneity added to capillary pressure
(right) matches the experimental results (left) better. Figure taken from Berg et al. (2013).

29 | Page



CHAPTER TWO Literature Review

2.4.2 The Effect of Heterogeneity on Relative Permeability

The non-uniform saturation distribution widely observed in experiments and simulations of
core flood does not necessarily mean that REV-scale heterogeneities at scale of interest are
important at larger scales. As argued by Li and Benson (2015), if such nonuniform saturation
has no influence when averaged over a large scale, REV-scale heterogeneities are practically
insignificant. Rock properties that determine the flow dynamics, such as relative permeability
relationship, are almost always measured at the core scale, which is much larger than the REV.
In other words, the laboratory-measured relative permeabilities are averaged properties (i.e.,
effective or upscaled properties) by nature. Therefore, whether the laboratory-measured
relative permeability curves have already encapsulated all the effects of REV-scale capillary

heterogeneities becomes the key question.

To answer this question, Li and Benson (2015) computed effective drainage relative
permeability by conducting numerical simulations on a dm-scale 2D domain with random,
REV-scale Gaussian heterogeneity. The way the effective relative permeability are computed
mimics the core flood experimental process from which relative permeability are measured in
the laboratory. The benefit of this “numerical” core flood is that the boundary condition can be
set to eliminate capillary end effect, allowing multiple flow-rate conditions to be examined.
Their results showed that when the core is homogeneous, the effective relative permeability is
isotropic and not affected by flow rates. However, in the presence of heterogeneity, the effective
relative permeability is flow-rate dependent and can be anisotropic (Figure 2.7). Specifically,
the shape of the points fitting and the saturation endpoints (e.g., the critical CO> saturation)

will vary depending on the flow rates and flow directions.
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Figure 2.7 An example of anisotropic and flow-rate dependent effective (i.e., upscaled) relative permeability
curve in the presence of small-scale capillary heterogeneity during drainage. Note that both the shape and the
end point (i.e., critical CO; saturation) have changed as flow rate varies. rl and r2 are correlation lengths of the
media in different directions. Figure taken from Li and Benson (2015).

The significance of these observations is that, due to the presence of REV-scale heterogeneities,
the viscous limit relative permeability measured from core flood experiments should not be
directly used in modelling CO; migration under low flow rates. The other observation is that
even at the REV scale (below which Darcy’s Law no longer holds), small-scale heterogeneity
can still affect large-scale CO2 migration. Experiment and core flood simulation data has shown
that even the relatively homogeneous part of Berea sandstones (which already have a lower
degree of heterogeneity compared to many other sandstones) small-scale heterogeneities still

affected the flow properties significantly (Krause et al., 2011; Perrin and Benson, 2010; Pini et

al., 2012).
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It is important to clarify that conventional scaling approaches which eliminate the capillary
force term are not mathematically invalid; instead, they neglect the influence that local,
capillary-driven saturation distributions exert on fluid mobility via the relative permeability
function. Essentially, saturation is mapped directly to relative permeability without accounting
for this effect, leading to underestimation or overestimation of relative permeability depending
on flow orientation and the dominant flow regime. Consequently, the presence of heterogeneity
at the small scale causes relative permeability to become anisotropic and dependent on the
capillary number (Fadili and Ababou, 2004; Jackson et al., 2018; Li and Benson, 2015; Spurin

et al., 2025; Virnovsky et al., 2004).

2.4.3 The Effect of Heterogeneity on Capillary Pressure

As previously discussed, heterogeneity can lead to uneven CO: saturation and plume migration.
This effect is best represented by the heterogeneity in capillary pressure across different
layers/regions of the reservoir: Regions of high capillary pressure may act as barriers, trapping
CO: in localized areas, which can lead to CHT and enhance capillary trapping—a key
mechanism for increasing long-term storage security. Conversely, areas with low capillary
pressure might allow CO: to migrate more freely, potentially leading to leakage risks if the cap

rock integrity is compromised.

Figure 2.8 shows the capillary pressure curves across the layers of a heterogeneous rock. With
higher flow potential, there will be homogenous saturation across the layers, meaning that the
viscous forces in the pressure equation need to be higher than the capillary pressure gradient to
obtain invariant relative permeability. When the flow is driven by capillarity, the saturation will

be heterogeneous, and the relative permeability will become sensitive. Hence, under capillary-
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dominated flow regimes, multiphase flow properties such as relative permeability are strongly

influenced by the presence of heterogeneity (Virnovsky et al., 2004).

T— Viscous limit

50 - 1
— s == Layer1
I I — + = Layer2
ol 40 H | . Layer 3
3 .
S 301 :
= .
> S .
3 \ \ Transition . *
o .
©
&}
3

Water Saturation

Figure 2.8 Illustration of flow through layered heterogeneous rock, showing the contrasting saturation
distributions that arise under different flow regimes. Under capillary-dominated flow, saturation varies between
layers because of differences in capillary entry pressure. Under viscous-dominated flow, saturation becomes more
uniform across the layers. The schematic also shows representative capillary pressure curves and corresponding
CO: saturation behaviour for viscous-dominated (green), capillary-dominated (purple), and transitional (blue)
flow regimes. Modified from Reynolds and Krevor (2015).

2.4.4 The Effect of Heterogeneity on Trapping

In the context of waterflood for hydrocarbon production, capillary heterogeneity at small scales
has a crucial role in influencing the migration and trapping behaviours of the nonwetting phase.
Earlier studies by Corbett et al., (1992) simulated waterflooding a laminated sandstone core,
and found that at high flow rates, oil trapping is the same for cross-lamination flow and along-
lamination flow. But when flow rates are low and capillary-dominated flow regimes are
achieved, a significant amount of oil is trapped in high-permeability layers upstream of low-

permeability layers due to the capillary heterogeneity trapping mechanism. Therefore, cross-
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lamination flow traps more oil than along-lamination flow. The same capillary heterogeneity
trapping phenomenon after low-rate cross-lamination waterflooding has also been

experimentally validated (Huang et al., 1995).

Moving to CO; storage, Krevor et al. (2011) published the first core flooding experimental
study, which proved that capillary heterogeneity trapping can be significant compared to pore-
scale residual trapping. Krevor et al. performed CO»/water core flooding experiments on a Mt.
Simon sandstone sample at reservoir conditions (Figure 2.9). The core contained a
heterogeneity at the outlet end and was split in half to compare trapping behaviour between the
homogeneous inlet section and the heterogeneous outlet section. Trapping was two to five times
greater in the whole core than in the homogeneous portion alone, demonstrating that capillary

heterogeneity significantly enhances post-imbibition CO: trapping.

Trapping is commonly characterised using empirically measured initial-residual saturation
(IR) curves, which relate the nonwetting-phase saturation after drainage to the residual
saturation remaining after imbibition. The Land model (Land, 1968) and linear trapping models
are the simplest and most widely used in CO: storage studies, each condensing the trapping
behaviour of a rock sample into a single trapping coefficient. In capillary-dominated flow
regimes, residually trapped nonwetting fluids such as CO- tend to remain securely immobilised
despite continued flow of the wetting phase, and under low flow rates these CO: trapping
relationships appear largely insensitive to variations in temperature, pressure, and brine salinity

(Niu et al., 2015).
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Figure 2.9 CO,/water core flooding experimental results demonstrating a significant amount of CHT. (a)
Porosity map and CO, saturation map (after 100% CO, drainage and 100% water imbibition) of the center slice
of the core. (b) Initial-residual (IR) plot comparing the difference in capillary trapping with and without the
cross-laminated capillary barrier at the end of the core. Figure taken from Krevor et al. (2011).

The Land trapping coefficient is highly sensitive to the heterogeneity structure of the rock, and
can vary substantially within a single sample. Kim et al. (2021) showed that the Land parameter
spans values from about 0.4 to 2 for layers with differing capillary properties within one core,
and that capillary heterogeneity becomes more important as the initial CO- saturation increases.
Because natural rocks are intrinsically heterogeneous, IR trapping relationships obtained from
core-flood experiments reflect a combination of pore-scale residual trapping and capillary
heterogeneity trapping, and it is experimentally challenging to disentangle these mechanisms.
As a result, core-flood measurements typically report larger capillary trapping capacities in
rocks with stronger heterogeneity (Ni et al., 2019), and numerical modelling is often required
to separate the contributions of different trapping processes. Experiments on artificial, more
uniform media such as homogeneous bead packs can also be used to isolate the purely pore-

scale component of trapping (e.g. Kimbrel et al., 2015).

Scatter in IR data, commonly ascribed to experimental uncertainty, may in fact signal the extent

of capillary heterogeneity trapping occurring in a given experiment (as seen in Chapter 4 of
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this thesis). Krevor et al. (2015) supported this interpretation by comparing IR data for
sandstones and carbonates, finding significantly larger scatter for carbonate rocks, consistent
with their higher degree of heterogeneity. Reynolds et al. (2018) linked the wide variability in
capillary trapping observed in Ormskirk sandstone to contrasts in capillary properties between
otherwise homogeneous layers. Furthermore, Jackson et al. (2020) demonstrated that
heterogeneity strongly influences connected nonwetting-phase saturations and thus the IR
relationship; their numerical simulations reproduced residual saturations exceeding those
predicted by pore-scale residual trapping alone, in line with experimental observations and

providing additional evidence for the role of heterogeneity trapping.

2.5 Upscaling Continuum Scale Properties in Heterogenous Rock

Samples

Local capillary heterogeneity can significantly alter the macroscopic behaviour of fluid flow
through porous media. These alterations manifest in the multiphase flow continuum scale
properties (also known as constitutive relationships) to be used to model fluid movement and
trapping in the subsurface. Relative permeability and capillary pressure are such foundational
constitutive relationships in reservoir simulation. Usually, these curves are derived from special
core analysis (SCAL) of cm-scale samples representing only homogeneous rock types which
can cause a significant misrepresentation of the plume migration, size, and shape when
upscaled. Recognizing the inherent heterogeneity at the REV scale, upscaling procedures have
been developed to translate multiphase physics across scales (Jackson and Krevor, 2020; Li

and Benson, 2015; Pickup et al., 2000; Virnovsky et al., 2004).

Jackson et al. 2020 experimentally demonstrated that capillary heterogeneity trapping increases

phase connectivity, illustrating the need to include heterogeneous fluid saturations in relative
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permeability interpretations. This means that, in a heterogeneous reservoir, the relative
permeability relationship is not uniform but can vary significantly from one location to another.
This variation is a direct consequence of the different ways in which fluids distribute
themselves across the heterogeneous pore structure. Simplified models that use a single set of
relative permeability curves for the entire reservoir may fail to capture the complex flow
dynamics induced by heterogeneity. Instead, advanced models must account for spatially
varying relative permeability relationship, which are influenced by local rock properties and
fluid saturations. Hence, SCAL measurements in different locations needed to have —as close

as possible- a picture of how capillary heterogeneity is impacting the flow.

Upscaling in the presence of capillary heterogeneity can lead to anisotropic rate-dependent
saturation functions (Boon and Benson, 2021; Li and Benson, 2015). Boon and Benson 2021
described the relative permeability and capillary pressure as a function of brine saturation, flow
direction and flow rate. They showed that relative permeability and capillary pressure in
homogeneous rock types are not flow-rate dependent, that the flow-rate dependent behaviour
arises in laminated composite rocks. They also showed that, for flow parallel to the bedding
layers, the relative permeability of the CO> phase increases with decreasing flow rate, while
the water relative permeability decreases. The opposite was observed for flow perpendicular to
the bedding layers. Consequently, capillary gradients can exist between the different rock types
resulting in a capillary induced flux of water into the low permeable layer and CO: into the
high permeable layer until the system reaches capillary equilibrium, leading to an increased

amount of capillary heterogeneity trapping.
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2.6 Pore-to-Core-to-Field Scale Transitions and Upscaling

Upscaling from pore-scale physics to field-scale reservoir simulation represents a fundamental
challenge in predicting CO: storage performance, requiring integration of processes operating
across many orders of magnitude in spatial scale. Effective upscaling must preserve essential
physical behaviours while reducing computational complexity to enable practical reservoir-
scale simulations (Ni et al., 2025; Rathmaier et al., 2024). The usual size ranges of rock
variation that lead to differences in capillary behaviour are generally between tens of meters
and less than a meter, depending on the rock type. Therefore, creating a large-scale model that
effectively captures these variations at these sizes requires billions of grid blocks, making the
task unfeasible. Even with today's advanced computing power, standard flow simulators would
take a long time, from months to years, to properly simulate fluid movement over such a large

grid.

Heterogeneity exists from the millimetre scale to the field scale, and at each scale it affects CO>
plume migration and trapping with different magnitudes. Ni et al., 2025 propose a tiered system
for modelling heterogeneity in field scale models. Heterogeneity is categorised into four classes

and ranked based on their influence at the field scale:

° First-order effect (the most influential): heterogeneity between sand and large-scale

flow baffles and barriers

° Second-order effect: heterogeneity in large-scale alternations of low- and high-quality

sand facies.

° Third-order effect: heterogeneity in meter-scale laminations, cross-beddings, or

low/high-permeability sand alternations that are finer than the grid resolution
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° Fourth-order effect: heterogeneity that is smaller than the third-order effect, e.g., mm-

to dm-scale heterogeneities.

The first- and second-order effects are influential during both the injection and post-injection

periods.

The third- and fourth-order effects are most influential during the post-injection period. They
can be overshadowed by the first- and second-order effects, but they could also be pervasive
(e.g., thin laminations can occur everywhere in sand facies), leading to non-negligible
cumulative influence. Since they are typically finer than the grid resolution in field-scale
simulations, homogenisation or upscaling is required to preserve the fine-scale physics into
effective properties of field-scale grid blocks. The properties to be upscaled include not only
single-phase properties like porosity, permeability, and kv/kh, but also multiphase properties
like relative-permeability and capillary-pressure curves. Among them, relative permeability
upscaling is the most complicated. The upscaled relative-permeability curves can be flow-rate

dependent and anisotropic as discussed in (Li and Benson, 2015; Virnovsky et al., 2004).

While usually first- and second-order effects of capillary heterogeneity in field-scale
simulations are the most important ones; the risk of not including the more pervasive finer-
scale heterogeneities that might have non-negligible cumulative influence in the post-injection

period can be large.

2.7 Why Structural Heterogeneity Characterisation Alone is
Insufficient

The characterisation of structural heterogeneity is typically organised into hierarchical scales
such as lamina, lithofacies, and facies associations as shown in (Figure 1.1). Nordahl and

Ringrose, 2008 provides a useful framework for single-phase flow, where the REV concept
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enables effective upscaling based on spatial averaging of porosity and permeability. However,
this spatial-only REV concept becomes questionable for multiphase flow, where dynamic
length scales emerge from the interplay of capillary, viscous, and gravitational forces that are
fundamentally independent of geological structure. For example, the capillary end-effect zone
scales as (inverse of capillary number) rather than with any stratigraphic feature, and saturation
front propagation is governed by the balance of viscous pressure gradients and capillary entry
pressures rather than by bedding thickness alone. These dynamic length scales interact with
structural heterogeneity in complex, nonlinear ways that cannot be predicted from porosity—
permeability distributions alone. Consequently, effective multiphase flow properties must be
determined experimentally on samples that span the relevant structural scales and under flow
conditions that reproduce the appropriate balance of forces. This dual requirement—matching
both structural and dynamic length scales—motivates the experimental approach adopted in
Chapters 4—6, where samples are selected to represent increasing complexity and heterogeneity
scales and flow regimes are controlled to remain within the capillary-dominated regime

relevant to field-scale CO- storage.
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Chapter Three Experimental Methodology and Image
Processing

This chapter outlines the experimental workflow and coreflood apparatus used to generate the

datasets analysed in this thesis.

3.1 Medical X-ray CT Imaging

In chapter 4, all experiments were conducted using a sample holder constructed from PEEK
material. Each rock sample was wrapped in multiple layers of heat-shrink wrap to increase its
diameter to the standard coreholdere diameter of 1.2 cm (from 1 cm), then enclosed within a
flexible fluoropolymer (Viton) sleeve to ensure radial sealing. Before running the flow
experiments, the samples were placed inside a Bruker SkyScan 1273 micro-CT scanner and
imaged at a voxel size of 6 pm. After this, the core-holder was assembled for flow experiments
and transferred to the medical CT apparatus shown in Figure 3.1. The micro-CT imaging was
performed prior to the coreflooding experiments to resolve pore-scale structure for subsequent
pore network model extraction, while medical CT scanning was employed during multiphase

flow to capture time-resolved saturation distributions at the core scale.
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Figure 3.1 The experimental apparatus for the flow experiments with imaging using medical X-ray CT.

The experimental apparatus (Figure 3.1) was designed to reduce the effect of the boundary
condition (also referred to as the capillary end effect). The capillary end effect is a well-
documented artefact in steady-state and unsteady-state coreflooding experiments that arises
from a capillary-pressure discontinuity at the outlet (and sometimes inlet) face of a core sample;
because capillary pressure must be zero in the external tubing, a saturation gradient forms near
the boundary, leading to anomalous accumulation of the wetting phase and non-uniform
saturation profiles even under apparent steady-state flow (Huang and Honarpour, 1998; Gupta
and Maloney, 2015; Goodarzian and Sorbie, 2023). Several experimental and analytical
strategies have been developed to mitigate or correct for capillary end effect. On the
experimental side, increasing core length, raising injection rates, and using higher fluid
viscosities all reduce the fractional volume of the capillary end effect zone, although they

cannot eliminate it entirely, and high rates may introduce secondary problems such as fines
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migration or phase-behaviour changes (Gupta and Maloney, 2015). Analytical and numerical
correction methods have therefore become standard practice: the "Intercept Method" employs
multiple flow rates at each fractional-flow step and extrapolates pressure-drop and saturation
data to infinite rate, yielding end-effect-free values without requiring in-situ saturation
monitoring or prior capillary-pressure functions (Gupta and Maloney, 2015; Virnovsky et al.,
1998). More recent approaches fit analytical or numerical steady-state models that explicitly
incorporate the saturation gradient to the measured data, enabling robust correction even for

low-rate tests in tight or reactive rock (Andersen et al., 2017).

However, previous experimental studies have either removed the affected region from analysis
(Perrin and Benson, 2010; Pini and Benson, 2017), applied corrections during data processing
(Archer and Wong, 1973), or added a porous plate or a second core downstream to stabilise the

outlet conditions (Avraam and Payatakes, 1995).

In this study, the diameter of the outlet flow line was 1.587 mm (double the inlet line). This
adjustment allowed the non-wetting phase to exit the core more freely to minimise saturation
distortions near the outlet face. A dedicated validation experiment was performed on a
Bentheimer sandstone sample (1.2 cm in diameter and 3 cm in length) to test for capillary end
effects using the modified apparatus. The resulting observations were compared with the
capillary end-effect behaviour reported for Bentheimer sandstone by Jackson et al. (2018). As
shown in Figure 3.2, the resulting saturation profile shows no systematic boundary-driven
accumulation near the inlet or outlet, indicating that capillary end effects were negligible for
the conditions used and that the measured response is representative of the core-scale

displacement.
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Figure 3.2 1D slice average saturation along Bentheimer sandstone sample for all fractional flows.

The rock sample was positioned horizontally within the core-holder, and the following steps
were followed:

1. An initial confining pressure of 0.5 MPa was applied to secure the sample in place. A
baseline dry scan of the sample was acquired.

2. Both pore pressure and confining pressure were increased simultaneously into 6 MPa
and 6.5 MPa, respectively. The 0.5 MPa difference is to maintain effective radial sealing
and prevent bypass flow along the core sleeve while avoiding any pore collapse from
excessive confining pressure during the experiment. Nitrogen was injected at constant
pressure until breakthrough was observed at the outlet, after which a nitrogen-saturated

scan was acquired.
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3. Nitrogen was displaced by flowing CO: through the dry core for approximately 30
minutes, ensuring full removal of the air from the sample. This step is done to avoid
trapping bubbles of air and to ensure full brine saturation.

4. Brine was then injected to saturate the sample, and the absolute permeability was
measured by using four different flow rates at steady-state single-phase flow.

5. A scan of the brine-saturated rock was then acquired for porosity and saturation
referencing.

6. Sequential scans were acquired at varying fractional flows (the fraction of the flow rate
of the aqueous phase to the total flow rate). After each injection step, fluid flow was
maintained until steady-state conditions were confirmed, at which point CT imaging
was performed.

Throughout the entire procedure, inlet and outlet pressures were continuously monitored using
Keller pressure transducers. Fluid saturation and porosity were quantified using a medical X-
ray CT scanner (Universal Systems HD-350) operating at 120 kV, 200 mA, and 1 s exposure
time. Scans were acquired along the full core length at 0.5 mm slice thickness with a voxel size

(0.039 x 0.039 x 0.5 mm?).

3.2 Medical-CT Image Processing

Porosity was calculated from CT images using air-filled and brine-saturated scans according to
the following equation:

d) — CTbrine_CTdry ( 1 )

Iprine—lair
where / and CT are the X-ray attenuation reported in Hounsfield units (HU). CTu and CThrine
are taken from the dry and brine-saturated images, respectively. Ipqine = 500 and - = -1,000.
These reference values are obtained by scanning two tubes, one filled with air and the other
filled with brine, to determine the corresponding CT intensity values. At elevated pressures,
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additional attenuation of the X-ray beam can cause a systematic shift in these values, leading
to an uncertainty in the estimated porosity of approximately one part in 20 or 5% (Manoorkar
et al., 2021).

Saturation in the rock samples was calculated at each fractional flow rate using the fractional

flow scan. the following relation:

CTriow—CTprine
Sy, = (1=8,) = L= 2)

CTN,—CThrine

where CTpow is the CT number of the core filled with both fluid phases, CTy, is the nitrogen
scan, and CTpyine 1S the brine-saturated scan.

3D Medical CT volumes were processed in Python using a custom workflow (Spurin, 2025).
The code uses the DICOM files produced by the medical-CT scanner. DICOM slices were read
with pydicom and converted to floating-point arrays. To correct for small scan-to-scan
misalignment and any apparent tilt of the core in the field of view, a slice-dependent centring
correction was applied by linearly interpolating the core centre coordinates between inlet and
outlet and masking the core cross-section with a circular region of interest. The resulting 3D
stacks were optionally coarsened by block-averaging to reduce noise and computational time.
Three-dimensional renderings of porosity and saturation fields were generated using an
interactive voxel visualisation routine (voxel map 3D, Matplotlib + ipywidgets) to support

qualitative inspection of spatial structure and to generate figures.

3.3 Micro-CT Imaging

Chapters 5 and 6 apply the same core-flooding and CT-based analysis workflow introduced
here in Chapter 3, so the experimental logic and data-processing steps are consistent across
both datasets. The chapter-specific scanner settings and imaging parameters are reported within

each chapter. The key difference is the experimental design chosen to match the heterogeneity
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scale being interrogated: in Chapter 6, Edwards Brown dolomite, the study focuses on drainage
followed by imbibition to isolate heterogeneity-driven trapping mechanisms, whereas in
Chapter 5, Indiana limestone, the protocol is extended to multiple flow rates to quantify rate
(capillary number) sensitivity of saturation structure and effective flow properties in a rock
dominated by millimetre-scale heterogeneity.

The samples were encapsed in a transparent heat shrink wrap and a Viton sleeve, then inserted
into a PEEK flow cell. Teledyne ISCO pumps were used for co-injection of the wetting and
non-wetting phases. Pressure transducers (PD-33X, Keller) were installed at the inlet and outlet
to measure differential pressure across the sample.

Figure 3.3 provides a schematic of the apparatus. The flow system was configured with six
high-precision Teledyne ISCO pumps, enabling the control over fluid phase injection,
application of confining pressure, and regulation of system pressure through a dedicated back

pressure pump.
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Figure 3.3 Micro-CT experimental apparatus.
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3.4 Micro-CT Image Processing

Image processing for Chapters 5 and 6 was performed using commercial AVIZO software
(ThermoFisher), with chapter-specific parameters (e.g., filtering, thresholds, and segmentation
settings) reported in the relevant sections in each chapter. In both chapters, a pore-space mask
was first generated to exclude the rock matrix and perform the subsequent analysis to the fluid-
filled pore space. Within this masked pore domain, voxels were then classified as belonging to

the wetting or non-wetting phase to quantify phase occupancy and saturation.

Because the samples are complex and heterogeneous where they exhibit spatially variable
greyscale values, pore-space segmentation was not based on simple global thresholding.
Instead, segmentation was performed using a watershed-based algorithm, in which the
greyscale volume is treated as a topographic surface and local minima are interpreted as
candidate pore centres. The watershed transform then partitions the pore space by “flooding”
these minima and delineating boundaries along local intensity gradients, which is well suited

to resolving complex, connected pore structures in multiphase imaging.

As an additional robustness check, the fully brine-saturated reference scan was subtracted from
each flow scan, and the resulting saturation profile was compared to the profile obtained from
the watershed segmentation method to confirm consistency and verify that the inferred phase

distributions was not artefacts of reconstruction or segmentation.

3.5 Pore Network Extraction and Capillary Entry Pressure
Mapping

A key component of the analysis workflow is the extraction of pore network models from
micro-CT images. Pore network modelling provides a skeletal representation of the pore space,

in which individual pores (void regions where a maximal inscribed sphere can fit) are
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connected by throats (the narrowest constrictions between pores). This representation enables
quantitative characterization of pore and throat size distributions, coordination number (the

number of throats connected to each pore), and spatial organization of the pore space.

The pore network extraction is performed using the open-source PoreXtractor algorithm (Dong
and Blunt, 2009; Raeini et al., 2017), which applies a maximal inscribed sphere method to the
segmented dry-scan images. The algorithm identifies pore centres by finding the largest sphere
that fits within the pore space at each location and then assigns each voxel to the nearest pore
centre. Throats are identified as the local minima in the radius of the inscribed sphere along the
pathways connecting adjacent pores. This partitioning yields a graph representation of the pore
space, where nodes represent pores and edges represent throats, with associated geometrical

properties (radius, volume, surface area) stored for each element.

From the extracted throat radii, local capillary entry pressures are estimated using the Young—
Laplace equation (Equation 2.5). Assuming strongly water-wet conditions (0=0°), this
relationship directly links throat geometry to the capillary pressure required for less-dense
phase invasion. Throats with smaller radii correspond to higher entry pressures, meaning that

invasion into those regions requires greater driving pressure.

By mapping the estimated entry pressures back onto the three-dimensional pore space, we can
visualize the spatial distribution of capillary heterogeneity within the sample. Regions with
uniformly low entry pressures are expected to be invaded early during drainage and to exhibit
relatively homogeneous saturation profiles. In contrast, regions with elevated or spatially
variable entry pressures act as capillary barriers, restricting non-wetting phase advance and
promoting preferential flow through alternative pathways. This spatial mapping provides a
predictive framework for interpreting saturation distributions observed during multiphase flow

experiments: high-saturation regions typically correspond to accessible, low-entry-pressure

49 | Page



CHAPTER THREE Methodology

zones, while low-saturation or uninvaded regions align with capillary barriers identified in the

pore network.

It is important to note that this analysis is constrained by the imaging resolution. Pores and
throats smaller than the voxel size (= 5—6 um) are not explicitly resolved and therefore do not
appear in the extracted network. In carbonate rocks with significant microporosity—such as
Indiana limestone (Chapter 5) and Edwards Brown dolomite (Chapter 6)—this limitation can
lead to underestimation of connectivity and overestimation of entry pressures, because
unresolved micro-throats may provide persistent connections between larger pores (Carrillo et
al., 2021). Consequently, the pore network models represent only the macropore structure, and
conclusions about capillary entry pressures and displacement behaviour are valid primarily for
the resolved pore space. The specifics of pore network analysis of each sample are discussed

in chapters 4-6.
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3.6 Rationale for Imaging Strategy and Resolution Selection

The central objective of this thesis is to characterise how heterogeneity at small-scale (sub-
grid) scales controls multiphase flow properties. As discussed in Chapter 2, heterogeneity in
geological formations is inherently multi-scale, spanning from pore-scale variations
(micrometres) through bedding and diagenetic features (millimetres to centimetres) to facies
architecture (metres to kilometres). Field-scale reservoir simulation grids typically operate at
metre-to-decametre resolution, meaning that all finer-scale heterogeneity is effectively sub-

grid and must be represented through upscaled or effective properties.

The experimental strategy adopted in this thesis targets heterogeneity at two complementary

scales:

e core-scale saturation distributions that reveal how heterogeneity controls displacement
patterns and trapping over centimetre-to-decimetre sample lengths, and
e pore-scale structure and connectivity that governs local capillary entry pressures and

phase occupancy.
To resolve these scales simultaneously, two imaging modalities are employed:
1. Medical X-ray CT:

Used in Chapter 4 to capture saturation evolution during steady-state drainage and imbibition
across 5 cm-long sandstone cores. Medical CT provides a large field of view with sufficient
resolution (voxel size = 39 um in-plane, 0.5 mm slice thickness) to image the entire core while
resolving millimetre-to-centimetre scale heterogeneity in porosity and saturation. This
resolution is well suited to detecting cementation contrasts, porosity variations, and layered or
barrier-type features that influence continuum-scale displacement behaviour. Critically, the

spatial extent captured by medical CT allows one-dimensional saturation profiles to be
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measured along the full core length, enabling direct identification of regions where

heterogeneity restricts invasion, promotes bypass, or enhances trapping.

2. Micro-CT:

Used in Chapters 5 and 6 to resolve pore-scale structure and fluid configurations at voxel sizes
0of' 4.9, 5.6 um, respectively. This resolution captures individual pores, throats, and pore-body—
throat connectivity, enabling extraction of pore networks and direct quantification of local
capillary entry pressures capped at resolution limits. Micro-CT imaging is therefore essential
for linking observed fluid interfaces and the underlying pore-scale mechanisms that govern
displacement and trapping. The trade-off is a reduced field of view: typical micro-CT scans
capture 1.2—6 cm sample lengths, which is sufficient to observe heterogeneity at the millimetre-

to-centimetre scale but may under sample larger-scale variability.

An important distinction between the two imaging techniques is the segmentation reliability
and its impact on derived flow properties. Medical CT images of fluid-saturated cores exhibit
a uniform X-ray attenuation between scans. This reduces segmentation bias and enables robust
quantification of phase saturations without the threshold-sensitivity issues that can bias the
analysis. In contrast, micro-CT segmentation of multiphase systems, particularly in
heterogeneous carbonates is more susceptible to greyscale overlap, partial volume effects, and
beam-hardening artefacts, which can introduce segmentation-dependent errors in connectivity,
saturation, and derived relative permeability (Schliiter et al., 2014; Garfi et al., 2020).
Consequently, medical CT provides a more reliable basis for measuring core-averaged
saturations used to calculate relative permeability, while micro-CT excels at resolving pore-

scale structure and mechanisms despite its greater sensitivity to image processing choices.

Hence, the choice between medical CT and micro-CT is driven by the desired outcome in the

context of heterogeneity scale being interrogated. In Chapter 4, where the focus is on within-
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interval variability in less complex sandstone from closely spaced sampling depths, medical
CT provides the segmentation reliability needed to confidently attribute differences in relative
permeability to capillary heterogeneity. However, in Chapters 5 and 6, where millimetre-to-
centimetre heterogeneity in carbonates governs local capillary contrasts and pore-scale
trapping mechanisms, micro-CT resolution is required to understand these more complex
systems. Together, these modalities enable a pore-to-core analysis that bridges the gap between

mechanistic pore-scale observations and continuum-scale flow properties.

3.7 Methodological Limitations and Uncertainty

All experimental methods have an operating envelope, and in this work the most important
constraint is the limits of the pumping system and core-holder. This defines which rock samples

can be meaningfully characterised under the intended multiphase flow protocols.

A practical limitation of the experimental is imposed by the maximum operating pressure of
the pump and core-holder system (10 MPa). For low-permeability (“tight”’) samples, achieving
the target flow rates and establishing stable drainage—imbibition conditions can require
differential pressures that approach or exceed this limit. In those cases, the experiment becomes
pressure-limited rather than physics-limited: the required pressure gradient to drive
throughflow cannot be applied safely, so meaningful multiphase displacement and saturation-

profile acquisition are not possible.

This constraint is evident in the tighter samples considered in this thesis, including Sample 3
in Chapter 4, where limited the pressure drop from one phase flow reached 9.2 MPa leaving
no room for achievable multiphase characterisation. A similar limitation was encountered in
earlier set of experiments where two Silurian dolomite rock samples were trialled (Figure 3.4);

the measured permeability was on the order of ~0.2 mD, implying that the pressure drop
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required for the planned coreflood protocol would exceed the 10 MPa system limit. As a result,
the full experimental sequence could not be conducted for those samples, and they were

excluded.

Figure 3.4 2D slice of 3D image of Silurian dolomite rock samples.

When it comes to uncertainties, a key limitation of the imaging analysis in Chapters 5 and 6 is
that our interpretation is inherently constrained by voxel resolution: we can only segment and
quantify pores and throats that are explicitly resolved in the scans. Sub-resolution porosity
instead contributes indirectly through voxel-averaged greyscale values (partial-volume
mixing), which is particularly relevant in carbonates with appreciable microporosity. In
Chapter 5 (Indiana limestone), this is evident when comparing porosity inferred from medical-
CT attenuation to porosity measured from the resolved micro-CT pore space, which implies
that a non-trivial fraction of the total porosity resides in pores below the segmentation limit
(Ketcham and Carlson, 2001; Flannery et al., 1987; Withers, 2007; Manoorkar et al., 2021). In
Chapter 6 (Edwards Brown dolomite), pores and throats smaller than the voxel size (=5.6 pm)

are not represented in the segmented pore space, which can bias connectivity metrics and
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capillary-threshold inferences because unresolved micro-throats may act as persistent

connectors between larger pores (Carrillo et al., 2021).

A second, coupled uncertainty arises from phase segmentation. In both chapters, scans were
co-registered to a reference state and intensity-normalised to reduce beam-hardening and
scanner artefacts prior to segmentation (Raeini, Blunt and Bijeljic, 2017). Noise was reduced
using a non-local means edge-preserving filter to improve phase boundary definition
(Bhasuthkar et al., 2023), and a watershed-based segmentation approach was selected because
simple global thresholding is often insufficient in heterogeneous, low-contrast datasets
(Lindquist et al., 2000; Wildenschild and Sheppard, 2013; Andrew et al., 2014). Even with
these controls, segmentation remains sensitive to greyscale overlap and histogram choices;
published studies show that small misclassifications can produce substantial variation in
physics-based outputs, including connectivity and inferred non-wetting saturation (Schluter et
al., 2014; Garfi et al., 2020; Krygier et al., 2020), with resulting errors on the order of 10-20%
in some cases and corresponding impacts on derived trapping and permeability metrics (Wang

etal., 2021).
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Chapter Four Heterogeneity Controls on Multiphase Flow
Properties in a Reservoir Sandstone from CO:
Storage Site

(Some of this material has been published in Darraj et al., 2025 (a)).

In this chapter, we address a fundamental question in reservoir characterisation for CO: storage:
can core samples from the same stratigraphic interval with varying degrees of heterogeneity be

treated as equivalent in reservoir simulation?

two steady-state experiments investigating the displacement behaviour, relative permeability

and initial-residual trapped saturation for two sandstone samples.

Drainage and imbibition core flood experiments, with medical X-ray CT scanning, were
performed to determine the effect of capillary heterogeneity at steady-state in two rock samples

from a Dutch offshore COs: storage site.

The experiments were carried out on two heterogeneous sandstone samples (5 cm in length, 1
cm in diameter) to demonstrate that impact of heterogeneity on flow properties. The two
samples were selected because, based on their bulk petrophysical properties and close
stratigraphic spacing, they would typically be classified as a single rock type in reservoir-scale
models. Differences in porosity and permeability of this magnitude are commonly treated as
intra-facies variability, with identical relative permeability and capillary pressure functions

assigned during model parameterisation.

The methodology used along with modifications to the experimental apparatus are outlined in
Chapter 3. The sample show different displacement patterns, likely due to the different

cementation patterns and heterogeneity in capillary pressure.
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4.1 Introduction

As discussed in Chapter 2, among the mechanisms contributing to secure CO: storage, residual
trapping has received significant attention and is routinely incorporated into reservoir-scale
models (IPCC, 2005). In contrast, trapping and flow behaviour arising from spatial
heterogeneity at scales below those typically resolved in continuum models remain less well
constrained (Ni et al., 2025). Variations in pore structure, cementation, and permeability
architecture can induce local capillary barriers and preferential flow paths, leading to
nonuniform displacement and enhanced or diminished trapping depending on flow conditions.
While such effects are conceptually recognised (Fadili and Ababou, 2004), their quantitative
impact on multiphase flow parameters is difficult to isolate and parameterise, particularly
because they emerge from interactions across multiple length scales (Jackson and Krevor 2020;
Krevor et al., 2015). This gap contributes to uncertainty in upscaling laboratory measurements
to reservoir-scale predictions. As seen from Trevisan, et al., 2017; Dai et al., 2016; Krevor et
al., 2015; Ni et al., 2025; Spurin et al., 2025; Zhang et al., 2025, An et al., 2023; and Wenck et
al., 2025) capillary heterogeneity has strong impact on trapping outcomes by reshaping the
relationship between initial and post-imbibition gas saturation. Moreover, capillary barriers
promote redistribution and barrier-controlled immobilisation during imbibition, leading to
spatially variable immobilised saturations that cannot be inferred from homogeneous-core
residual trapping alone. In this context, scatter in initial-residual (IR) trapping relationships,
commonly ascribed to experimental uncertainty, may instead provide a diagnostic of the
strength and spatial organisation of capillary heterogeneity and the resulting heterogeneity-
driven immobilisation (Ni et. al, 2019; Ni et al., 2025). This behaviour is evident from its

systematic departure above the trapping relationship observed in homogeneous sandstones.
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Experimental investigations provide a direct means of probing the influence of rock
heterogeneity on multiphase flow processes. In particular, core flooding experiments combined
with X-ray computed tomography (CT) imaging allow spatially resolved measurements of
fluid saturations during drainage and imbibition. These methods enable direct observation of
displacement patterns, bypassed regions, and trapped phases that cannot be inferred reliably
from bulk pressure and production data alone. Imaging-based experiments are especially
valuable for assessing the role of capillary forces in heterogeneous rocks, where local variations
can dominate flow behaviour even under nominally steady-state conditions (Perrin and Benson,

2010; Herring et al., 2013).

In this study, we examine how small-scale heterogeneity influences multiphase flow through
steady-state flow experiments conducted on two sandstone samples obtained directly from an
offshore COs: storage reservoir, extracted from depths separated by approximately 2 cm and
exhibiting different degrees of cementation. The use of field-derived reservoir samples
provides a realistic basis for assessing the practical significance of heterogeneity-driven effects.
A micro X-ray CT scan is taken and the pore network is extracted from the scan to quantify
spatial variations in capillary entry pressure, providing a link between pore-scale structure and
continuum-scale flow behaviour. Subsequent multiphase nitrogen—brine experiments, imaged
using medical X-ray CT during drainage and imbibition, are used to visualise saturation

distributions and to evaluate displacement patterns and trapping behaviour in both samples.

4.2 Materials and Methods

4.2.1 Rocks

Four samples were received but only two samples were tested. Table 4.1 summarises the

outcome of each experimental attempt and includes images of the corresponding samples.
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Table 4.2.1 Photographs, 3D Medical CT porosity and 2D Micro CT dry image of the centre slice of all rock
samples.

Sample Outcome Micro CT Medical CT Rock Sample

10 mm

Successful

2 Successful
Unsuccessful

3 (Low
Permeability)
Unsuccessful

4 (sample broke)

The two tested cylindrical sandstone samples measured approximately 1 cm in diameter and 5
cm in length. They were extracted from the same reservoir interval within a CO- storage site
offshore the Netherlands. This reservoir can be described as a quartz-rich feldspathic sandstone
with minor calcite/dolomite cement, minor amounts of swelling clay, with volumetric fractions
of approximately 6- 8%, and patchy quartz overgrowths, deposited in a Triassic fluvial
environment that facilitated high original porosity and only moderate cementation. This is
consistent with the geological features observed in the CT images, with both samples exhibiting
moderate cementation and Sample 2 containing naturally occurring barite (showing as very

bright spots as seen in Table 4.1).

From the experimental procedure discussed in Chapter 3, Sample 1 had an average porosity of
19% and an absolute permeability of approximately 100 mD, while Sample 2 had an average

porosity of 15% and a permeability of approximately 85 mD. Despite their close stratigraphic
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proximity, medical CT-derived porosity shows clear differences in cementation distribution and

heterogeneity patterns between the two samples (Figure 4.1).

The two samples were selected from closely spaced intervals within the same stratigraphic unit
and do not cross a recognised non-conformity or major depositional boundary. Both samples
correspond to the same depositional facies, characterised by fine-grained textures with laterally
continuous bedding and no evidence of abrupt facies transitions at the sampling scale. Based
on their bulk petrophysical properties and stratigraphic context, such samples would typically
be grouped as a single rock type in reservoir-scale models. Differences in porosity and
permeability of this magnitude are commonly treated as intra-facies variability, with identical
relative permeability and capillary pressure functions assigned during model parameterisation
(Aliakbardoust and Rahimpour-Bonab, 2013; Aslannezhad et al., 2024). However, the CT
images reveal coherent heterogeneity patterns that are not captured by average petrophysical
properties alone. For such barrier-type and layered heterogeneities, previous work has shown
that even modest levels of heterogeneity can exceed the cut-off beyond which flow behaviour
and continuum scale parameters are significantly affected, despite similar bulk porosity and
permeability (Maas et al., 2019). This pairing therefore enables a controlled investigation of
how small-scale heterogeneity influences continuum-scale multiphase flow and trapping

behaviour.

It is important to point out that the heterogeneity observed in these samples is predominantly
oriented perpendicular to the primary flow direction imposed during the core flooding
experiments. While the experimental configuration represents horizontal displacement, the
orientation of such heterogeneity relative to injection and migration pathways in the field is
also relevant (Ide et al., 2007). In particular, heterogeneities of this type are expected to play a

dominant role during the post-injection phase, when buoyancy-driven vertical migration and
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subsequent imbibition of formation brine govern CO- redistribution and trapping (Hesse et al.
2008; Krishnamurthy et al., 2022). Under these conditions, capillary barriers-oriented

transverse to vertical flow can strongly influence gas immobilisation and local accumulation

(Pini and Benson, 2013; Krevor et al., 2012).

a) 0.5
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Figure 4.1 Porosity profiles along the length of the two sandstone samples used in this study, derived from
medical X-ray CT imaging. (a) One-dimensional porosity profiles along the core length, obtained by averaging
porosity over cross-sectional slices and plotted as a function of distance from the inlet. (b) Three-dimensional

renderings illustrate the spatial distribution of porosity of Sample 1. (c) Three-dimensional renderings illustrate
the spatial distribution of porosity of Sample 2.

4.2.2 Fluids, Interfacial Tension and Viscosity

Two immiscible fluid phases were used in this study, consisting of a gas—water system with
nitrogen as the non-wetting phase and brine as the wetting phase. A standard brine was

formulated to avoid clay swelling, using a salinity of 21 wt% NaCl (4.5 mol/kg). This
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composition was maintained consistently across all experiments to ensure comparability of the

measured flow behaviour.

Nitrogen was used as a proxy for CO: to investigate multiphase flow under immiscible
conditions while avoiding complications arising from CO: dissolution, chemical reactivity, and
pressure-dependent phase behaviour. Under the experimental pressure and temperature (6 MPa,
22 °C) conditions, nitrogen and CO: exhibit viscosities and densities of the same order of
magnitude, such that the relative contributions of viscous and capillary forces governing
displacement and trapping are comparable (Wildenschild et al., 2011; Reynolds et al, 2015).
Consequently, the resulting saturation distributions and residual trapping behaviour are
expected to be controlled primarily by pore structure and capillary heterogeneity rather than by
fluid-specific mass transfer processes (Berg et al., 2013). Moreover, the substantially lower
solubility of nitrogen in brine further minimises dissolution-driven alterations to saturation.
The physical properties of the fluids used in this study, including viscosity and interfacial

tension with water, are summarised in Table 4.2.

Table 4.2.2 The properties of the non-wetting and the wetting phases used in this work (NIST Chemistry
Webbook, 2018).

Fluid Viscosity, p (Pa.s) Interfacial tension with
water, 6 (N/m)
Nitrogen 1.9 x 107 64 x 1073
Brine 1.44 x 107 -

Table 4.3 summarises the physical properties of the core samples, including dimensions,
average porosity, absolute permeability, and fractional flows used. The full experimental

methodology is described in Chapter 3.
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Table 4.2.3 Properties of the rock samples used in the study and associated experimental conditions.

Sample 1 Sample 2
Diameter, D (m) 0.01 0.01
Length, L (m) 0.05 0.05
Porosity, ¢ 0.19 0.15
Permeability, K (mD) 100 85
Pressure, P (MPa) 6 6
Temperature, T (°C) 21 21
Flow rate, Q (mL/min) 0.1 0.1
Pore-scale capillary number, C, = % 10°¢ 1076
Fractional flows 0.9,0.5,0.3,0.1,0 0.9,0.75,0.5,0.3,0.1,0
(for drainage and imbibition), f,,

4.2.3 Pore Network Modelling

As discussed in Chapter 3, to quantify pore-scale capillary structure and assess internal
heterogeneity, a pore network model was extracted from the micro-CT segmented dry-scan
images using the open-source algorithm PoreXtractor (Dong and Blunt, 2009; Raeini et al.,
2017; Foroughi et al., 2020). Based on the extracted throat radii, capillary entry pressures were
estimated across the sample using the Young—Laplace equation (Equation 2.5), assuming a
constant interfacial tension and perfect wetting conditions. These spatially distributed entry
pressures were used to evaluate variations in capillary structure along the sample length and to

identify zones of heterogeneity that may influence fluid displacement behaviour.
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4.3 Results and Discussion

4.3.1 Saturation along the samples after drainage and imbibition

One-dimensional CT-derived saturation profiles (axial saturation versus length) provide a
compact diagnostic of heterogeneity by revealing spatial variations in saturation along the core.
During drainage they primarily reflect invasion and sweep, highlighting barriers and
preferential pathways, whereas during imbibition they capture remobilisation, redistribution
and immobilisation, and therefore constrain how heterogeneity controls trapping and post-
injection saturation evolution. Core heterogeneity causes strong saturation gradients along the
length (Riicker et al., 2021). Midtlyng and Stensen (2000) found that a layered sandstone
yielded nearly uniform saturation under steady flow, but a very steep gradient at the outlet after
waterflooding. Likewise, Kong et al. (2014) reported that in a CO>—brine flood even small

porosity/permeability variations produced large axial CO2-saturation differences.

Figure 4.2 shows the one-dimensional saturation profiles measured by X-ray CT during
drainage and imbibition for Sample 1. During drainage (Figure 4.2a), gas saturation increases
gradually across the sample as the gas fractional flow is raised, with no sharp transitions or
localised features that would indicate restricted displacement. The profiles display a smooth
saturation gradient from inlet to outlet, consistent with a relatively homogeneous pore structure
and a lack of strong capillary barriers at the core scale. These one-dimensional CT profiles
therefore provide a direct view of the displacement behaviour, highlighting capillary-
dominated flow and making the effects of heterogeneity and imposed fractional flow conditions

readily observable.

During imbibition (Figure 4.2b), water successfully displaces the gas phase across the core,

with decreasing gas saturation observed as fractional flow of water increases. The profiles are
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consistent with capillary-controlled displacement, and residual gas is largely retained in a
uniform pattern. However, a noticeable reduction in gas saturation at the inlet region is
observed across all imbibition steps. This trend is consistent with previous reports by Gao et
al. (2021), Gao et al. (2023), and Spurin et al. (2025) and likely reflects a local inlet effect
arising from gas—brine mass transfer and/or heterogeneity-driven saturation redistribution. In
our experiments, the injected brine was not pre-equilibrated with nitrogen. Under these
conditions, injection of large brine volumes (approximately 20 pore volumes per step) can
maintain a concentration gradient and promote local dissolution near the inlet, particularly
where residence time and interfacial area are eclevated. At the same time, small-scale
heterogeneity can promote local capillary-driven redistribution during imbibition, which may
further suppress inlet saturations relative to the core average. Importantly, prior work indicates
that inlet-associated saturation reductions can persist even when the gas—brine system is pre-
equilibrated, implying that this behaviour is not solely an artefact of using under-saturated brine
but can be an inherent feature of gas—brine imbibition under these conditions (Gao et al., 2021;
Gao et al., 2023). We therefore treat the inlet-region reduction as potentially influenced by
combined dissolution and heterogeneity-driven redistribution, and exclude the affected region
from trapping interpretations where appropriate. At the experimental conditions, the
equilibrium solubility of N> in brine corresponds to approximately 9.3x10°° mol (= 0.26 mg)
dissolved within the pore volume of the core. Another potential explanation is the one
introduced by Clennell et al. (2020), who attribute early inlet-region gas saturation reduction
to an inlet-controlled spontaneous imbibition effect, where capillary pressure drives local brine
invasion that suppresses gas saturation ahead of the core-average imbibition front rather than
via bulk dissolution. This hypothesis can be tested directly within the numerical framework by
running transient two-phase simulations and tracking the evolution of saturation profiles at

fixed boundary conditions, thereby assessing whether capillary-pressure-driven spontaneous
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imbibition at the inlet, relative to viscous retardation governed by relative permeability,

reproduces the observed time-dependent inlet depletion.
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Figure 4.2 1D slice average saturation along Sample 1 after drainage (a) and imbibition (b) for all fractional
flows.

The reduction in gas saturation from the end of drainage to the first imbibition step suggests
that the gas phase remained well connected and therefore readily displaced at the onset of brine
injection. At higher brine fractional flows in imbibition, changes become confined mainly to
the inlet half of the core, whereas the downstream region shows little further response. This
indicates that the remaining gas had largely reached a residual, disconnected configuration, so
increasing brine fractional flow produced only limited additional displacement. The stronger
inlet response is consistent with local capillary-driven imbibition and possible dissolution
effects near the inlet, while the stable downstream profile reflects the establishment of residual

trapping rather than capillary end effects.

The final water saturation achieved in these experiments (Sy, = 0.35) is substantially higher
than would be expected at connate water saturation. In clean sandstones, connate water
saturation is typically Swe < 0.1(Buckles, 1965; Viksund et al., 1998; Abba et al., 2018),
corresponding to gas saturations Sy, = 0.9. Reaching such low water saturations cannot
generally be expected in core flooding experiments involving gas—brine systems, owing to the
unfavorable mobility ratio (Krevor et al., 2012), and the associated displacement limitations as
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described by Buckley—Leverett theory (Berg and Ott, 2012; Owusu et al., 2014). As a result,
the accessible saturation range in these experiments is constrained well before connate water

conditions are approached (Bull et al., 2011; Levine et al., 2011).

In contrast, porous-plate experiments (Avraam , 1995) allow capillary pressure to be controlled
more directly and over a much wider range, enabling approach to true connate water saturation
under near-equilibrium conditions. The saturation ultimately attained in the field, however,
depends on scale and flow regime. While viscous forces increase with length scale, the
fundamental constraint imposed by unfavourable mobility remains. Simple Buckley—Leverett
estimates therefore provide a useful framework for assessing how closely the experimental
saturation range approaches field-relevant conditions and for placing laboratory observations

in the context of expected subsurface behaviour.

Figure 4.3 shows the saturation profiles for Sample 2 during the experiment. During drainage
(Figure 4.3a), while gas saturation increases with fractional flow as expected, a marked
heterogeneity in response is evident. In particular, saturation changes occur primarily in the
upstream half of the core. The downstream half of the core shows little change in gas saturation
across all drainage steps, indicating limited penetration of the non-wetting phase. Near the
outlet, there is an abrupt increase in the gas saturation, this is consistent with a sharp drop in
porosity and the presence of a highly cemented zone. This creates a buildup of gas just upstream
of this region. These observations suggest the presence of a localised heterogeneity or capillary
barrier near the centre of the sample that limits further gas invasion. This interpretation is
examined in more detail using micro-CT images, which are presented in a later section of this
chapter. The cemented region near the outlet appears to enhance local pore occupancy behind

the barrier and may contribute to greater gas trapping.
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In Sample 2, the downstream half of the core maintains a relatively stable gas saturation level
across all drainage stages, indicating limited invasion by the non-wetting phase. Towards the
end of the core there is a region that is largely cemented (a sudden drop in the porosity profile
towards the end), hence we see a large increase the non-wetting phase saturation due to the
build of the gas behind this cemented region. This strongly suggests the presence of a
heterogeneity or capillary barrier in the midsection of the sample, impeding gas penetration
beyond this region while the cementation towards the outlet of the core helps to access the pore

space just behind this region and potentially increase the amount of trapped gas.

During imbibition (Figure 4.3b), the residual gas saturation remains highest in the downstream
region of the core, which aligns with the region previously unaffected during drainage. This
suggests that gas retained behind the capillary barrier remains largely inaccessible to imbibing
water. The persistence of saturation in the same region across both drainage and imbibition

indicates ineffective sweep in this region due to the heterogeneity.

a) b)

—0.9 —0.75 —0.5 —0.3 —0.1 —0 - - -Porosity —0.1 —03 —05 —075 —0.9 —1 ---Porosity

0.15 0.15

Aysorog

I 0.1

Aysorog
Gas Saturation

= 0.05 - 0.05

Distance from the Inlet (cm) Distance from the Inlet (cm)

Figure 4.3 1D slice average saturation along Sample 2 after drainage (a), and imbibition (b) for all fractional
flows.

The differences in saturation evolution between Samples 1 and 2 illustrate the critical role of
small-scale heterogeneity in governing multiphase flow behaviour. This is highlighted in the
3D saturation maps obtained from medical CT imaging (Figures 4.4 and 4.5). These contrasting

behaviours are important for understanding CO: invasion and trapping in heterogeneous
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formations. Sample 1, with its more uniform displacement front, mimics a favourable condition
for efficient CO: storage, where capillary forces allow for deep invasion and uniform sweep.
Sample 2, by contrast, demonstrates how capillary barriers—arising from local mineralogical
or structural contrasts—can restrict CO. movement, confining it to smaller portions of the rock
volume and leading to irregular saturation profiles. Such behaviour, if unaccounted for, could
result in underutilisation of storage capacity or misrepresentation of residual trapping

efficiency in larger-scale simulations.
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Figure 4.4 3D saturation profile of Sample 1 for all drainage fractional flow steps.
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Figure 4.5 3D saturation profile of Sample 2 for all drainage fractional flow steps.

4.3.2 Pore network modelling and local heterogeneity

The pore networks for Samples 1 and 2 were extracted directly from the dry-scan 3D micro-
CT image (Figure 4.6) (voxel size <6 um). From the resulting throat size distributions and using
the Young—Laplace equation (Equation 2.5), capillary entry pressures were calculated
separately for the first and second halves of each sample, providing spatial estimates of the
pressure required for non-wetting phase invasion (limited by the image resolution). This

analysis helps identify variations in displacement behaviour between the two samples.
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2 cm

Figure 4.6 3D rendering of the micro-CT porosity for a) Sample 1,and b) Sample 2.

For Sample 1, the capillary pressures from the two halves closely match, showing that the
change in entry pressure is negligible. The wetting phase fills the smaller pores, while the non-
wetting phase moves through the larger ones following the percolation theory. Because the
throat sizes are fairly uniform, this results in a single, clear capillary pressure—saturation

relationship (Figure 4.7a).

Sample 2’s predictions from network modelling shows two distinct capillary pressures (Figure
4.7b), indicating heterogeneity in its pore structure. One curve reaches lower pore saturation
than the other, consistent with two pore populations. Together with the evidence from the
saturation profiles, we infer that Sample 2 is comprised of two regions with two different throat
sizes and capillary pressure. During drainage, gas preferentially invades the more accessible
pores first (given by the lower capillary pressure), but only at higher pressure does it intrude
less accessible ones. As the pressure of the non-wetting phase increases with higher fractional
flow rates, gas begins to occupy more of the upstream pore space. However, it does not reach
a high enough pressure to invade further into the downstream region, where pores have higher

entry pressures due to reduced throat size and stronger capillary forces. This indicates that the
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downstream pores remain largely inaccessible under the applied conditions, limiting gas

advance and contributing to uneven saturation distribution.

In the pore network model, invasion proceeds until the applied capillary pressure equals the
entry pressure of the smallest pores that are explicitly resolved in the micro-CT image, beyond
which further invasion cannot be constrained by the image data and unresolved pores remain
water-filled (Blunt et al., 2002). The effective resolution limit of the micro-CT scan (= 6 um
voxel size) therefore imposes an upper bound on the capillary pressures that can be directly
assessed. Using the Young—Laplace relation, this resolution corresponds to a maximum
resolvable capillary entry pressure on the order of 0.05-0.1 MPa for the fluid system

considered.

Although the pore network model can formally extrapolate invasion to higher capillary
pressures, such extrapolation reflects assumed pore-size distributions below the imaging
resolution rather than directly observed pore geometry. As a result, capillary pressures
exceeding this resolution-limited cutoff cannot be interpreted quantitatively, and pores
requiring higher entry pressures are effectively treated as permanently water-filled within the

resolved network. This limitation should be considered when interpreting the upper range of

72 | Page



CHAPTER FOUR Sandstone from a Storage Site

capillary pressures and associated saturation behaviour derived from the micro-CT—based pore

network model.
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Figure 4.7 Capillary pressure as a function of saturation in (a) Sample 1 and (b) Sample 2, derived from pore
network modelling. In each panel, region A corresponds to the upstream half of the core and region B to the
downstream half.

As mentioned before, any pore smaller than the roughly 6 um voxel dimension will not be
resolved. Thus, pores smaller than this voxel size would require higher capillary pressure to
drain; since they are below the CT voxel size they are simply omitted from the network. In
practice this “capillary cutoft” means that the curve abruptly ends at the minimum resolvable
pore size, and any experimental capillary pressure above that cutoff is due to sub-resolution
porosity. For example, published data for similar sandstones show mercury intrusion up to MPa
pressures (submicron pores) that are not seen in the CT-derived network (Tanino and Blunt,

2012; Carrillo et al., 2022).

In summary, the network model findings mirror the core flood observations. Sample 1’s
saturation was homogeneous across the rock sample consistent with one capillary pressure
curve. While Sample 2 exhibited two distinct capillary pressures, corresponding to different

displacement events, hence, more heterogenous saturation.
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4.3.3 Trapping efficiency

To obtain the trapping efficiency, slice-averaged initial gas saturation plotted against residual
gas saturation, calculated averaged for each slice of the image along the length of the sample
from X-ray CT—derived saturation profiles (Land, 1968; Suekane et al., 2013; Dance et al.,
2016; Mohanty 1987; Stegemeier 1977; Lake 1989). For sample 1, all points fall below the 1:1
line (residual < initial). This behaviour reflects classic pore-scale snap-off trapping: as brine
invades, narrow throats pinch off the gas bubbles and leave smaller residual ganglia, (Figure
4.8a) shows the trapping efficiency of the sample alongside homogeneous Bentheimer
sandstone, providing a reference for assessing deviations from homogeneous behaviour. The
circled cluster of data points at very low saturations represents an anomalous response that may
arise from several factors that are discussed earlier. It is important to note that, to accurately
quantify the trapping efficiency, regions affected by dissolution/other factors must be excluded
from the analysis, as the trapping in these regions is a result of another trapping mechanism

and not related to capillary trapping.

Figure 4.8b highlights one of the most consequential outcomes of this study: capillary
heterogeneity can yield markedly higher immobilised gas saturations than would be inferred
from a classical pore-scale trapping relationship (Krevor et al., 2011; Ni et al., 2019; Kim et
al., 2021), with local differences on the order of tens of percent and, in some regions,
approaching a factor of two relative to the homogeneous reference behaviour. This result raises
an important terminology point. Under the classical special core analysis (SCAL) definition,
residual non-wetting saturation is the saturation remaining immobile after imbibition within a
locally swept pore network, and by this definition saturations that plot above a Land-type
trapping curve are not interpreted as residual trapping. A conventional counterargument is that

such ‘above-residual’ saturations can arise from boundary-condition artefacts (for example,
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capillary end effects near a core outlet) and therefore do not extrapolate to the field. Here,
however, the effect is not associated with the external outlet boundary but with internally
generated capillary barriers and connected heterogeneity within the core. These barriers create
internal capillary discontinuities that promote redistribution and accumulation of gas during
imbibition, producing persistent immobilised saturations that are controlled by the same
capillary entry-pressure contrasts that govern reservoir-scale migration and post-injection
imbibition (Saadatpoor et al., 2010). We therefore interpret the points above the 1:1 line in Fig.
10b as evidence of heterogeneity-driven, barrier-controlled immobilisation that is distinct from
classical pore-scale residual trapping, yet relevant to reservoir-scale trapping because it arises

from internal capillary architecture rather than laboratory boundary conditions.

The contrast between the two samples has important implications for CO: storage. Sample 1
yielded predictable residual trapping but relatively limited immobilisation while sample 2, by
comparison, can immobilise substantially more CO-. Capillary heterogeneity trapping can pin
extra gas beyond the normal residual amount an also complicate sweep efficiency and plume
spread (Krevor et al., 2011; Li and Benson, 2015). In practice, this means that samples like
Sample 2 — with small-scale heterogeneities— can store additional CO: (some voxels end up
with higher saturation than they began with) because displaced CO: is captured by capillary
barriers. Such findings underline that reservoir heterogeneity tends to boost capillary trapping
and long-term storage security. However, they also warn that simulations must account for
these dynamic phase redistributions (and exclude artifacts) to accurately predict CO- fate in

storage reservoirs.
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Figure 4.8 Slice average initial saturation versus residual saturation along the samples’ length (red) in
comparison with homogenous Bentheimer sandstone (black). a) Sample 1. b) Sample 2. For Sample 2, some
points lie above the production line because they represent slice-averaged values.

4.3.4 Relative permeability

In a uniform-pore medium, the relative permeabilities for drainage and imbibition tend to be
smooth and similar to each other, apart from the effect of capillary trapping. As water saturation
increases, the water-phase permeability rises and the non-wetting phase permeability falls.
Hysteresis between drainage (decreasing Sy) and imbibition (increasing Sy ) is primarily due to

wettability and trapping effects, but in a homogeneous pore network these effects are modest.

In this study, relative permeability functions for both samples (Figure 10), derived from
pressure measurements obtained during the experiment (Equation 2.3) and saturation
distributions quantified from images, lower gas mobility across the saturation range, with the
effect being most pronounced during imbibition. This brings our attention to a key limitation
in the interpretation of the measured relative permeabilities is the restricted range of mobile
saturations accessible in gas—brine core flooding experiments, which arises from the large
viscosity contrast between the two phases. For such unfavourable mobility ratios, displacement
is inherently limited by the development of sharp saturation fronts, as described by Buckley—
Leverett theory. Consequently, only a subset of the full saturation range can be sampled

experimentally under steady-flow conditions, even when multiple pore volumes are injected.
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For Sample 1 (panel a), the relative permeability to the gas phase remains low even at low brine
saturations, suggesting significant connectivity loss of the gas phase upon brine reintroduction.
During drainage, the permeability increases only modestly as the brine saturation drops,
indicating that gas flow remains limited even during primary invasion, likely due to the

dominance of smaller pore throats or poor connectivity within the gas-filled pathways.

In Sample 2 (panel b), a similar suppression of gas relative permeability is observed, although
both drainage and imbibition curves exhibit a slightly broader spread. The highest gas
permeability remains below 0.25, suggesting that heterogeneities within the pore structure
impede gas-phase connectivity. Notably, the difference between the drainage and imbibition
results is narrower in Sample 2, implying less pronounced hysteresis compared to Sample 1.
This behaviour is consistent with the increased heterogeneity and potential capillary barriers

observed in previous saturation profile and capillary pressure analyses.

Overall, these low relative permeability values for both samples reinforce the significance of
pore-scale trapping and poor gas-phase connectivity, particularly under imbibition. These
observations are in agreement with findings from pore-scale modelling and imaging studies
that highlight the impact of wettability, pore throat constrictions, and rock heterogeneity on

phase mobility (Nasir et al., 2025).
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Figure 4.9 Relative permeabilities showing drainage and imbibition cycles for wetting and non-wetting phases
a) Sample 1, b) Sample 2.

4.4 Conclusions

Significant effort is routinely invested in characterising multiphase flow properties for
geological CO: storage, with the implicit assumption that core-scale measurements obtained
from a limited number of samples are representative of larger reservoir intervals. This study
suggests that these assumptions may not be valid in the presence of small-scale heterogeneity.
Two sandstone samples extracted from the same reservoir interval and separated by
approximately 2 cm exhibit markedly different saturation evolution and trapping behaviour
under otherwise identical experimental conditions. Despite belonging to the same depositional
facies and exhibiting similar bulk porosity and permeability, the samples display contrasting
responses during both drainage and imbibition, indicating that equivalence in multiphase flow

behaviour cannot be assumed even within a single facies.

In conventional reservoir simulation workflows, samples such as those studied here would
typically be grouped into a single rock type and assigned identical saturation functions and
trapping relationships. Our results indicate that this practice can lead to substantial
misrepresentation of capillary CO; trapping at cm scale, which at larger scales may lead to

inaccurate CO: plume evolution predictions. The more homogeneous sample exhibits uniform
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saturation profiles and classical residual trapping behaviour, whereas the more heterogeneous
sample develops strong saturation gradients, incomplete non-wetting phase invasion, and
enhanced trapping associated with capillary barriers. These differences arise directly from

small-scale heterogeneity that is not captured by average petrophysical properties.

The trapping analysis further demonstrates that capillary heterogeneity can fundamentally alter
the relationship between initial and residual gas saturation. In the heterogeneous sample, local
increases in gas saturation during imbibition occur as displaced gas accumulates behind
capillary barriers, resulting in residual saturations exceeding initial values in parts of the core.
This behaviour is absent in the more homogeneous sample and cannot be predicted using
conventional trapping models that assume uniform displacement and pore-scale snap-off alone.
Failure to account for this behaviour would lead to incorrect estimates of immobilised CO: and

misleading assessments of storage security.

Overall, these findings highlight that small-scale heterogeneity, even over centimetre-scale
vertical separations, introduces significant uncertainty in saturation distributions and residual
trapping behaviour. When such variability is treated as intra-facies noise and homogenised in
reservoir models, it can propagate into uncertainty in predictions of plume migration, sweep
efficiency, and storage capacity at the field scale. This underscores the need to account for
heterogeneity-driven capillary effects when upscaling laboratory measurements, not as
deterministic controls, but as sources of uncertainty that should be represented in field-scale

simulations.

We will now develop this study by performing an integrated imaging, flow and analysis of the
multiphase properties of a heterogeneous carbonate sample in the subsequent chapter.
Specifically, we study a sample with a wide range of pore size and investigate the effect of flow

rate.
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Chapter Five Millimetre-Scale Heterogeneity in Carbonates:
Indiana Limestone

(This material has been published in Darraj et al., (2026))

Building on Chapter 4's demonstration that centimetre-scale heterogeneity in theoretically less
complex sandstone produces non-representative flow behaviour within a single reservoir
interval, this chapter systematically isolates how heterogeneity on mm-scale in more complex

carbonate rock manifest with changes with flow rate.

We focus on how spatial variability in porosity and entry pressure, resolved at the millimetre
scale, affects saturation distribution, phase connectivity, and relative permeability under
capillary-dominated flow conditions. Steady-state nitrogen—brine experiments combined with
micro-CT imaging are used to examine how heterogeneity is expressed across the sample and
how this expression changes with flow rate. The chapter explores the extent to which viscous
forces can partially overcome capillary barriers, and how this transition influences the

interpretation of laboratory-derived flow properties in heterogeneous carbonate rocks.

5.1 Introduction

Among the potential geological storage formations for CO., carbonate rocks represent
particularly promising candidates due to their widespread global distribution and storage
capacity. Sedimentary basins composed of carbonate rocks offer potential for thousands of
gigatonnes of carbon dioxide storage (Tang et al., 2024; Bradshaw et al., 2012). However,
storage is complicated by their intrinsic heterogeneity, which spans a range of spatial scales.
This complexity directly influence capillary pressure, permeability, and CO. migration and
trapping (Manoorkar et al., 2021; Bradshaw et al., 2012). Moreover, their heterogeneity makes

it difficult to characterise multiphase flow properties leading to challenges in upscaling and
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prediction, as discussed in Chapter 2 (Manoorkar et al., 2021; Benson & Cole, 2008; Fischer

et al., 2010; Krevor et al., 2012).

As discussed in Chater 2 and demonstrated in Chapter 4, local heterogeneity affects relative
permeability and trapping. This effect is particularly relevant in carbonate formations and other
complex lithologies, where capillary heterogeneity can substantially alter storage behaviour in
comparison with more homogeneous systems. Experimental and numerical investigations
further suggest that these effects are inadequately captured by conventional upscaled models,
thereby emphasising the need for refined approaches that incorporate the capillary number
dependence of relative permeability and capillary pressure functions (Fadili et al., 2004;

Nordbotten & Celia, 2006; Shao et al., 2022; Shao et al., 2023).

In this study, we address these uncertainties by conducting steady-state core flooding
experiments on Indiana limestone, a model carbonate with pronounced millimetre-scale
heterogeneity. Using micro-CT imaging, we directly observe how variations in flow rate and
capillary number affect fluid saturation, distribution, and trapping at the pore-scale and how it
compares to core-scale experiments from previous studies. Our results provide insights into the
mechanisms by which capillary heterogeneity governs CO- saturation and distribution. This

can inform the development of improved models for heterogeneous reservoirs.

5.2 Methods and Materials

The apparatus and detailed description of the experimental apparatus and protocol were
provided in Chapter 3. Here we briefly review the experiments and provide additional details
where they were not previously covered. We conducted steady-state drainage and imbibition
experiments at different flow rates to observe how flow rate influences the non-wetting phase

saturation and distribution. Through micro-CT imaging, image segmentation and pore network
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analysis, we captured detailed fluid configurations, quantified changes in pore occupancy, and

evaluated the impact of heterogeneity on relative permeability and trapping.

5.2.1 Rock and Fluids

A cylindrical Indiana limestone sample, 12 mm in diameter and 45 mm in length, was used in
this experiment. Indiana limestone is a calcite-cemented grainstone, primarily composed of
calcite (~97.07%) with minor amounts of magnesium carbonate (~1.2%) (El-Maghraby &
Blunt, 2012; Alanazi et al., 2023). The rock fabric is highly heterogeneous, featuring fossil
fragments and oolites, and exhibits heterogeneity on the millimetre scale (Manoorkar et al.,
2021). Its pores range from intergranular macropores to intragranular micropores , but
heterogeneity above the sub-centimetre scale is minimal (Alanazi et al., 2023). This makes
Indiana limestone an ideal benchmark carbonate as it captures the key capillary contrasts of
stratified media while remaining amenable to pore-scale imaging and modelling (Freire-

Gormaly et al., 2016; Alanazi et al., 2023).

To illustrate the complexity, and broad pore and throat size distribution of Indiana limestone,
Figure 5.1 presents a micro-CT (4.9 pm) voxel size of the rock alongside the measured mercury
intrusion capillary pressure (MICP) . The micro-CT image highlights the millimetre-scale
heterogeneity and varation in resolved pore sizes (>5 um), while the MICP results demonstrate
a range of entry pressures across the sample, reflecting heterogeneity in throat sizes. Together,
these observations support the argument that Indiana limestone possesses multiscale structural

heterogeneity.
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Figure 5.1 (a) Two-dimensional cross- section (xy direction) of three-dimensional micro-CT image: grey is
grain, black is pores. (b) MICP-derived capillary pressure indicating multiple entry pressures throughout the
sample. (c) Mercury intrusion capillary pressure data that has been converted to show the distribution of pore-
throat radius, normalized such that the maximum value is 1. Throats of radius below the voxel size of the image
(4.9 um) cannot be resolved.

After drilling, the sample was dried in a vacuum oven at 80°C for 72 hours to remove residual
moisture. The fluids used were nitrogen gas, as an analogue to CO», as previously justified in
Chapter 4, and a brine solution. The brine was composed of deionized water doped with 30
wt.% potassium iodide (KI), corresponding to a concentration of 2.85 mol/kg, to enhance X-
ray contrast during imaging. The brine viscosity was 0.822 mPa.s (Gao et al., 2017). At the
experimental conditions of 6 MPa pressure and 21-22°C temperature, nitrogen is in a

supercritical-like state. The interfacial tension between nitrogen and brine was measured at
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69.3 mN/m (NIST Chemistry Webbook, 2018). The absolute permeability of the sample was

measured at 60 £ 2 mD.

5.2.2 Experimental Methodology

Imaging was performed using a Thermo Fisher Heliscan micro-CT X-ray scanner. Scans were
acquired at a voltage of 95 keV, a tube current of 65 mA, and an exposure time of 1.2 seconds
over 3,240 projections, resulting in a voxel size of 4.9 um. Fluid injection was conducted using
a high-pressure, ambient-temperature closed-loop apparatus (as shown in chapter 3). Steady-
state nitrogen—brine drainage and imbibition experiments were carried out at two total flow
rates: 0.1 ml/min and 0.2 ml/min. The corresponding capillary numbers (C,) were calculated

according to (Equation 2.6).

The capillary numbers were C,=0.5x10® (for 0.1 ml/min) and C, =1.0x1077 (for 0.2 ml/min).
Both values are within the capillary-dominated regime and remain well below the critical
capillary number associated with viscous fingering. Prior studies, such as Blunt et al. (2002),
have shown that at low capillary numbers, displacement is governed by intermittent Haines
jumps and pore-filling events, rather than continuous mobilization of the non-wetting phase.

Thus, flow remains in the capillary regime where non-linear effects are minimal (Blunt et al.,

2002).

The experimental appratus and general workflow is mentioned in Chapter 3. However, the

workflow for each flow rate was as follows:

e A confining pressure of 2 MPa above the pore pressure was applied to compress the
Viton sleeve and prevent fluid bypass.
e A dry scan of the sample (air-filled) was acquired.

e The sample was flooded with gaseous CO- at 1 MPa to displace residual air.
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e Full brine saturation was achieved and the pore pressure was increased to 6 MPa.

e Absolute permeability was measured under brine flow conditions.

e A scan was taken with full brine saturation.

e Nitrogen and brine were co-injected at decreasing brine fractional flows (f,, = 0.85, 0.5,
0.3, 0.1, 0) for drainage, acquiring scans at each steady-state. Steady-state was defined
as the condition when the pressure drop across the core stabilised for a minimum of 2
hours.

e Subsequent co-injection followed increasing brine fractional flows for imbibition. At
0.1 ml/min, fractional flows of £, = 0.1, 0.3, 0.5, 0.85, and 1 were used; at 0.2 ml/min,
imbibition was performed at f,, = 1 only (one step imbibition). Scans were, again,

acquired during steady-state.

Manoorkar et al. (2021) conducted experiments on an Indiana limestone sample using a
medical X-ray CT scanner, with a diameter of 4 cm and a length of 15 cm. Scans were acquired
at 1 mm thickness across the full length, with a nominal in-plane voxel size of 170 pm. It is
important to note that CT scanners do not directly measure porosity, but instead capture X-ray
attenuation coefficients, typically scaled to water-air references using Hounsfield units.
Porosity is inferred by calibrating the CT attenuation data against known reference materials
or fluid saturations, allowing for an indirect estimation of pore volume (Ketcham & Carlson,
2001; Flannery et al., 1987; Withers, 2007). Although the medical CT have lower voxel size
compared to micro-CT scanners, they remain sensitive to density contrasts at the millimetre to
sub-millimetre scale. Micropores, while not individually resolvable, influence the effective

grey level of each voxel, contributing to the measurement of total porosity.

Using this approach, the porosity estimated from the medical CT scans was approximately

17%, which is consistent with the total porosity reported from measurements by Alanzi et al.
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(2023). In contrast, porosity measured from the micro-CT images, based on the resolved pore
space alone, was 11%. (Figure 5.2) This discrepancy indicates that about 35% of the total

porosity resides within sub-resolution microporosity.
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Figure 5.2 (a, b) Two-dimensional cross-sections from the medical CT scan (top, a) and the micro-CT scan
(bottom, b). In medical CT, higher intensity corresponds to higher reconstructed X-ray attenuation (higher
apparent density), whereas in micro-CT the grey scale primarily reflects phase contrast used to delineate pore
space and solid matrix (pores appear as low-intensity voxels, grains as high-intensity voxels). (c) One-dimensional
porosity profiles along the flow direction, computed by averaging the slice-wise porosity over each transverse
cross-section for each imaging technique.
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5.2.3 Image Segmentation

After acquisition, all images were first registered to the dry scan to ensure accurate spatial
alignment across different flow conditions. Grey values corresponding to the rock matrix and
fluid phases were normalized to account for any beam hardening and scanner-related artifacts,

thereby improving the consistency of phase identification (Raeini, Blunt and Bijeljic, 2017).

To reduce noise while preserving sharp phase boundaries, a non-local means edge-preserving
filter was applied prior to segmentation (Bhasuthkar et al., 2023). This step enhances the clarity
of interfaces between the solid, brine, and gas phases, improving the reliability of the

subsequent pore-scale analysis.

The segmentation of the pore space was performed using a watershed-based algorithm, which
is particularly effective in complex heterogeneous rocks where simple thresholding is
insufficient. In this method, the greyscale images were treated as topographic surfaces, where
the local minima represent potential pore centres. The watershed transform was then applied to
partition the pore space by simulating the flooding of these minima, delineating the fluid phases
based on the local gradients. This approach has been widely adopted in digital rock analysis
and multiphase flow imaging due to its ability to resolve connected pore structures and phase
boundaries in complex, heterogenous, low-contrast or noisy datasets (Lindquist et al., 2000;
Wildenschild & Sheppard, 2013; Andrew et al., 2014). An example of the segmentation
outcome is shown in Figure 5.3, highlighting the steps taken to identify the brine and gas

phases.
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Figure 5.3 Two-dimensional cross-sections (xy direction) of three-dimensional micro-CT images of the middle
slice at 0 brine fractional flow (gas injection). (a) Raw image where grey is grain, black is gas, and white is brine,
(b) masked image, where black is the masked grain, dark grey is gas, and white is brine, and (c) segmented image,
where green is gas and purple is brine.

Uncertainties in image segmentation arise from multiple sources and can significantly
influence the accuracy of pore-scale characterisation. These include greyscale ambiguity at
fluid—solid and fluid—fluid interfaces, partial volume effects near phase boundaries, and beam
hardening artifacts that can introduce spatial intensity variations. While the application of a
non-local means edge-preserving filter mitigates high-frequency noise and improves phase
delineation, threshold-based segmentation remains sensitive to user-defined parameters and the
inherent overlap in intensity distributions of brine and gas. To minimise bias, all scans were
co-registered to the dry reference scan and normalised prior to segmentation. Nevertheless,
segmentation errors may propagate into derived quantities such as fluid saturation, pore
occupancy, and throat size distributions. Based on prior validation studies using synthetic and
benchmark datasets (e.g., Raeini et al., 2017; Wildenschild & Sheppard, 2013), we estimate the
segmentation-induced uncertainty in fluid-phase volume fractions to be within +5%. While this
does not fundamentally alter the observed flow trends, it introduces bounds on the quantitative

interpretation of local saturation and capillary entry pressure measurements.
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5.2.4 Characterisation of Heterogeneity

As discussed in Chapter 3, pore network extraction was performed using the PoreXtractor tool

(Raeini et al. 2017) applied to the segmented air-filled (dry) scan sample.

Each voxel within the pore space was assigned to a specific pore region based on the maximal
ball algorithm, enabling precise identification of pore sizes and connectivity patterns between
pores and throats. It is important to note that this extraction method only works on the
resolvable pores limited by the micro-CT voxel size; sub-resolution porosity remains
undetected and is therefore excluded from the network model. From the average throat size,
and using the Young-Laplace equation (Equation 2.5), the average entry pressure was

calculated.

Moreover, fluid phase occupancy was determined by overlaying the extracted pore network
onto the segmented flow images. For each pore and throat, the dominant fluid phase was
identified as the phase occupying more than 50% of the local volume (Foroughi et al. 2020;

Foroughi et al. 2021).

This analysis was conducted on six selected sub-volumes (Figure 5.8b), chosen to represent
regions exhibiting distinct non-wetting phase saturation behaviour. The objective was to
investigate the underlying factors controlling fluid invasion, particularly focusing on structural

heterogeneity in pores and throats as well as capillary entry pressure variations.

5.3 Results and Discussion

5.3.1 Saturation Profile

To evaluate the influence of heterogeneity on fluid distribution, we conducted drainage

experiments at two distinct flow rates corresponding to different capillary numbers. By
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comparing the resulting one-dimensional saturation profiles, we assessed how heterogeneity
within the rock controls fluid displacement and distribution under varying forces balance. At
lower flow rates, the profiles exhibit distinct peaks and troughs, which are indicative of spatial
variations in capillary pressure (Figure 5.4). These features reflect the presence of capillary
heterogeneity, where the invasion of the non-wetting phase is tightly controlled by local pore

and throat geometry.

As the flow rate increases, these features become less pronounced, and the saturation profile
becomes more uniform across the sample. This smoothing of the saturation distribution
suggests that increased viscous forces enable the non-wetting phase to bypass local capillary
barriers, accessing a broader fraction of the pore space. This behaviour is consistent with
observations reported by Reynolds and Krevor (2015), who noted that higher flow rates

suppress the manifestation of capillary-driven heterogeneity.

Although the degree of heterogeneity appears reduced at higher flow rates, the spatial locations
of the major saturation features remain correlated between the two flow conditions. This
implies that the structural heterogeneity continues to influence displacement patterns even
under increased viscous control. Flow rate thus provides a means to investigate how

heterogeneity governs the fluid distribution.
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Figure 5.4 One-dimensional slice averaged gas saturation profile in the flow direction at the end of drainage
(brine fractional flow of 0). Lines represent the average saturation value across the sample for both flow rates.

Saturation maps (Figure 5.5) provide further evidence that the observed homogenisation in
fluid distribution and its correlation with spatial variations in the porosity profile. Regions with
lower porosity, remained largely uninvaded at lower flow rates. However, as the flow rate
increased, these same regions progressively became saturated, indicating an increased control

of viscous forces even in a capillary-dominated flow regime.

At low flow rates, displacement is confined to the most accessible pore pathways, as the non-
wetting phase is unable to overcome local capillary entry pressures. In contrast, at higher flow
rates, the increased viscous pressure drop enables the non-wetting phase to invade previously
inaccessible regions, including those with lower porosity. The strong spatial correlation
between the porosity and saturation profiles suggests that the structure of the pore network
exerts a dominant influence on displacement dynamics, particularly under capillary-dominated

conditions.
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Although this trend is clearly observable in the Indiana limestone sample, the magnitude and
expression of such transitions are expected to vary across different lithologies, depending on
their pore size distributions and capillary pressure characteristics. This interpretation aligns
with the findings of Riicker et al. (2020), who demonstrated that pore access thresholds shift

under different flow regimes, reflecting the interplay between pore structure and force balance.
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Figure 5.5 (a) Two-dimensional voxel-by-voxel porosity of the middle slice. (b) Two-dimensional voxel-by-voxel
saturation maps for end of drainage (fw =0) at (q= 0.1ml/min) (c) Two-dimensional voxel-by-voxel saturation
maps for end of drainage (fw =0) at (q= 0.1ml/min). The fine-scale saturation field was upscaled in MATLAB by
spatially averaging voxel-scale saturation over larger computational blocks, yielding the coarsened saturation map
shown.
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5.3.2 Relative Permeability and Trapping

The relative permeability plotted as a function of the average saturation over the whole sample
reveal a clear dependence on flow rate and underlying heterogeneity (Figure 5.6). The
difference in flow rate resulted in a shift in the relative permeability upwards and to the right

(higher wetting phase, brine, saturation) as flow rate decreased.

For the non-wetting phase, for example, at a relative permeability of 0.1, gas saturations were
lower (higher brine saturation) at the lower flow rate. In this regime, gas flow is restricted to
specific preferential pathways or channels. These channels correspond to high-permeability
regions, while much of the surrounding pore space remains uninvaded. At the higher flow rate,
achieving the same effective permeability still requires gas flow through these main channels.
However, due to the increased pressure drop, the gas also extends into lower-permeability
regions. Although these additional areas are invaded, they contribute very little to the overall
flow. The effective transport remains dominated by the original high-permeability channels.
This behaviour accounts for the observed shift in the relative permeability with increasing flow

rate.

The wetting phase displays an opposite trend. At the higher flow rate, the same effective
permeability is observed at a higher brine saturation. This reflects the tendency of the wetting
phase to remain in the smaller pores under elevated flow conditions, thereby occupying a
greater fraction of the pore volume. In contrast, at the lower flow rate, the corresponding
relative permeability is achieved at a lower brine saturation. Under these capillary-dominated
conditions, brine flows through narrow, well-connected channels, which often requires partial
occupancy of intermediate-sized pores to maintain continuity. As a result, a higher relative

permeability is achieved at a lower saturation compared to the high flow rate case.
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Figure 5.6 Relative permeability measured during drainage; black is 0.2 ml/min and grey 0.1 ml/min.

Residual trapping was assessed by comparing the initial and residual gas saturations at both
flow rates obtained from 1D slice average, as described in Chapter 4 (Figure 5.7). For the high
flow rate (0.2 ml/min), the initial gas saturation was 0.62 and the residual saturation was 0.47.

At the low flow rate (0.1 ml/min), those values were 0.49 and 0.34, respectively.

At the lower flow rate, the non-wetting phase tended to remain trapped in distinct layers aligned
with the direction of flow, something we typically associate with capillary-dominated
displacement. These layers suggest that capillary entry pressures restricted the gas to particular

regions, preventing it from spreading more widely through the rock.

At the higher flow rate, this layered pattern largely disappeared. The higher viscous forces
allowed the gas to push through more of the pore space, including areas that were previously
inaccessible at low flow. Despite this difference in distribution, we did not observe a major

change in trapping efficiency between the two flow rates. A key reason for the limited change
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in trapping efficiency is the orientation of the heterogeneity. Because the heterogeneity is
aligned parallel to the flow direction, the non-wetting phase encounters fewer abrupt capillary
barriers that would otherwise restrict its movement and enhance trapping. If the heterogeneity
were oriented perpendicular to flow, the gas would be more frequently forced to cross
contrasting pore structures, likely leading to greater local trapping and a more significant
difference in efficiency between the two flow regimes. So, although more gas was trapped at
the higher flow rate, it is mostly due to the higher initial saturation rather than a significant

change in trapping efficiency.
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Figure 5.7 Amount of residual trapping as a function of the initial saturation, black is 0.2 ml/min and grey is 0.1
ml/min.

5.3.3 Pore Network and Pore Occupancy

To better understand continuum-scale flow behaviour through the lens of pore-scale
mechanisms, we examined six representative sub-volumes within the rock sample, as shown

in Figure 5.8b. These sub-volumes were selected based on clear differences in gas saturation
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between the two flow rates. Regions 1, 2, and 3 correspond to areas where the non-wetting
phase showed limited invasion at the lower flow rate, suggesting the presence of higher
capillary entry pressures. In contrast, 4, 5, and 6 marked regions represent zones where gas

invaded readily under both flow conditions, indicating lower entry pressures.

The analysis showed a consistent trend across the sub-volumes. Areas that remained uninvaded
at the lower flow rate generally had smaller throats, which are associated with higher capillary
thresholds. These local conditions restricted gas entry when capillary forces were dominant.
On the other hand, regions that were invaded even at low flow rates had visibly larger throats,
reflecting lower entry pressures that facilitated easier displacement by the non-wetting phase

(Figure 5.8a).

These local differences in throat geometry help explain the spatial variability in gas saturation
observed across the sample. They also demonstrate how capillary heterogeneity, driven by
small-scale structural variation, directly controls the accessibility of the pore space under

different flow regimes.
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Figure 5.8 (a) Throat size distribution (radius) of six sub-volumes across the sample. (b) Three-dimensional
segmented gas phase at end of drainage (fw=0) for both flowrates. The boxes show the location of the sub-
volumes taken.

Furthermore, pore occupancy analysis across these sub-volumes revealed distinct differences
based on capillary number. In regions with low capillary entry pressures, the non-wetting phase
was able to invade effectively at both low and high flow rates, resulting in minimal differences
in occupancy between the two cases. In contrast, sub-volumes characterised by higher capillary
entry pressures exhibited a pronounced change: at the lower flow rate, the gas phase was largely
excluded, while at the higher flow rate, the increased viscous forces allowed it to overcome

capillary thresholds and occupy a significantly larger fraction of the pore space (Figure 5.9).
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Figure 5.9 Pore occupancy for the six sub-volumes analysed. Panels (1-3) corresponds to regions with low high
capillary entry pressures, while panels (4-6) represent regions with low capillary pressures.

These observations demonstrate that even a modest increase in capillary number, specifically,

a doubling in this case, can significantly alter the spatial distribution of the non-wetting phase.

Importantly, this shift is not uniform across the rock but is strongly influenced by local pore-

scale heterogeneity. In Figure 5.10, we present estimated capillary pressure—saturation
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relationships for each of the six sub-volumes. These estimates are based on average pore throat
diameters obtained from pore network modelling, applying the Young—Laplace equation
(Equation 2.5). As expected from the throat size distributions shown in Figure 5.8a, the results

show clear differences in capillary pressure characteristics between the different regions.

These findings suggest that at higher flow rates, the increased viscous pressure drop allows the
non-wetting phase to mobilise into smaller pore spaces that remain inaccessible under
capillary-dominated conditions. This behaviour is particularly relevant in stratified or
compositionally layered rocks, where heterogeneity can give rise to uneven phase distribution,

restricted sweep, and preferential flow pathways.

1.000 - - -2

100 ~

Pressure (kPa)

Saturation

Figure 5.10 Estimated capillary entry pressures for the six sub-volumes, calculated using average pore throat
diameters obtained from pore network modelling and the Young—Laplace equation.

Key flow and structural properties derived from pore network modelling of the six sub-volumes
are summarised in Table 1. The estimated capillary entry pressures in the different regions
varied by nearly a factor of two. Notably, at the higher flow rate, the higher-capillary pressure
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region was invaded at a differential pressure that also increased by approximately the same
factor. While we do not suggest a direct or linear relationship between capillary entry pressure

and viscous pressure drop, the similarity in their relative magnitudes is noteworthy.

Table 5.3.1 Summary of pore network model—derived porosity, absolute permeability, and average capillary
entry pressure for each of the six analysed subvolumes highlighted in figure 5.8b.

Subvolume D (%) K (mD) P. (kPa)
1 8 67 13
2 7 68 12.5
3 7 52 14
4 13 137 7.7
5 12 200 8
6 15 337 6.7

5.4 Conclusions

This study demonstrates that pore-scale heterogeneity exerts a fundamental control on the flow-
rate dependence of fluid distribution in porous media. Through micro-CT imaging and pore
network modelling of Indiana limestone, we show that even modest changes in capillary
number can produce markedly different patterns of non-wetting phase occupancy. These
differences arise from local variations in capillary entry pressure, governed by throat geometry,

which determine phase accessibility under a given flow regime.

As flow rate increases and viscous forces begin to play a greater role (even within a capillary-
dominated regime), the non-wetting phase gains access to smaller and previously uninvaded

pores. This leads to a more homogeneous saturation profile and a systematic shift in the shape
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and position of the relative permeability curves. However, despite this increased pore
accessibility, the relative permeability of the non-wetting phase decreases due to greater
interfacial contact and increased flow tortuosity, emphasising the trade-off between spatial

distribution and mobility.

Digital rock analysis proved critical in this work, offering a predictive understanding of
capillary pressure characteristics based solely on pore structure. The ability to estimate local
displacement thresholds without performing full core flood experiments highlights the value
of this approach in pre-screening rock types and informing experimental design. Nonetheless,
uncertainties remain due to sub-resolution porosity, particularly in microporous domains,

which may lead to under- or overestimation of accessible pore space and flow behaviour.

Importantly, the structure and findings of this study align with trends increasingly recognised
in both empirical investigations and machine-assisted literature reviews, which converge on
capillary heterogeneity as a high-impact control on CO: storage performance. This reinforces
the relevance of our analysis and situates it within the broader evolution of data-driven

approaches to multiphase flow modelling.

Our findings strengthen the mechanistic link between pore-scale structure, capillary
heterogeneity, and continuum-scale flow properties. This connection is crucial for advancing
upscaling frameworks, particularly those developed by Jackson and Krevor (2020) and An et
al. (2023), which incorporate rate-dependent flow functions into field-scale simulation.
Together, these approaches point toward a more robust and physically grounded methodology
for deriving relative permeability functions that are sensitive to both heterogeneity and flow
regime—an essential requirement for reliable forecasting of CO: storage performance in

complex and heterogeneous geological formations.
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We will now continue our investigation of the role of small-scale heterogeneity by performing
a pore-to-core analysis of multiphase flow in another heterogeneous carbonate, namely

Edwards dolomite, in the next chapter.
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Chapter Six Centimetre-Scale to Decimetre-Scale
Heterogeneity in Carbonates: Edwards Brown
Dolomite

(This material has been published in Darraj et al., 2025 (b))

This chapter extends the analysis to larger complexity and larger scale of heterogeneity to
address the mechanistic question of: how do spatially organised capillary barriers at centimetre-
to-decimetre scales control saturation and trapping, and to what extent does immobilisation
arise from heterogeneity-driven accumulation rather than classical pore-scale snap-oft alone?
We investigate how low-connectivity regions act as partial capillary barriers, restricting non-
wetting phase invasion and promoting immobilisation upstream. By focusing on larger-scale
heterogeneity than that considered in Chapter 5, this chapter highlights how increasing
heterogeneity scale leads to qualitatively different trapping behaviour and challenges

conventional interpretations of residual trapping based solely on pore-scale mechanisms.

6.1 Introduction

In this work, we present a pore-scale experimental investigation of multiphase flow in Edwards
Brown rock sample to elucidate how small-scale heterogeneity has an influence on CO:
trapping and saturation profiles (Saadatpoor et al., 2010; Krishnamurthy et al., 2022; Behzadi
etal., 2011; Gershenzon et al., 2017; Jackson and Krevor, 2020; Ershadnia et al., 2021; Krevor
et al, 2015; Spurin et al., 2025; Darraj et al., 2024; and Tavassoli et al., 2021). The rationale for
selecting Edwards Brown dolomite lies in its highly complex pore structure, which makes it an
effective analogue for heterogeneous carbonate reservoirs. The rock exhibits multi-scale
porosity, combining microporous dolomite crystals with larger vugs and moldic pores, which
together produce a broad distribution of pore throat sizes and capillary entry pressures. Unlike
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many layered carbonates, Edwards Brown displays spatially isotropic heterogeneity, where
low-permeability patches and vug-rich zones are distributed irregularly throughout the matrix
rather than forming distinct stratification (Wenck et al., 2021; Manoorkar et al., 2021). This
heterogeneous arrangement amplifies capillary contrasts and enhances the likelihood of local
barriers and snap-off, providing an ideal system for investigating pore-scale trapping
mechanisms. The sample size (12 mm in diameter and 60 mm in length) is large enough to
capture continuum-scale properties, while still being small enough to resolve pore-scale
phenomena. This includes direct observation of fluid—fluid interfaces, connectivity of the pore

network, and the displacement mechanisms that control trapping.

Carbonate rock samples present an important case study, as they host approximately 60% of
the world’s oil reserves making them prime candidates for CO; storage (Seyyedi, et al., 2020).
Moreover, compared to sandstones, carbonate rocks exhibit a diverse array of pore and throat
types and sizes. This inherent complexity leads to unique fluid flow and trapping behaviour
(Lucia, 1995; Bultreys et al., 2016; Manoorkar et al., 2021). Some carbonate formations have
been reported to contain significant microporosity, contributing as much as 10-60% of the total
porosity (Baechle et al., 2008; Gharieb et al., 2024). In such heterogeneous carbonate rocks,
the non-wetting phase may preferentially invade the more accessible macropores, leaving large
volumes of brine-saturated microporosity untouched or leading to the isolation of CO: in
disconnected pore regions and higher trapping efficiency (Krevor et al., 2015; Al-Menhali and

Krevor, 2016).

We utilise X-ray imaging with a 5.6 um voxel size is combined with core flooding experiments
to directly observe fluid displacement patterns under capillary-dominated flow conditions. By
quantitatively linking spatial variations in pore structure to local fluid occupancy and residual

non-wetting phase trapping, we bridge the gap between pore-scale processes and continuum-
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scale implications. The findings provide insight into how heterogeneity in carbonates can lead
to different trapping efficiencies within the same sample. These observations apply to Edwards

Brown carbonate and similar rocks exhibiting the same scale and nature of heterogeneity.

6.2 Materials and Methods

6.2.1 Rock Sample and Fluids

The experimental methods are described in detail in Chapter 3. Here additional information is
provided, specific to this set of experiments. The rock used in this study is Edwards Brown
dolomite, quarried from an Upper Cretaceous carbonate formation in Texas, USA. It is a
dolomitised limestone with pronounced diagenetic heterogeneity. Mineralogical analysis
indicates that dolomite is the dominant phase, with minor calcite and trace quartz impurities

(Lai et al., 2015).

Measured on a cylindrical sample 3.8 cm in diameter and 15 cm long the total porosity of the
Edwards Brown dolomite sample was measured at approximately 26% using a medical CT
scanner (using dry scan-wet scan correlation) (Manoorkar et al., 2021). Reported mercury
injection capillary pressure results for Edwards Brown indicate a throat radius range of

approximately 0.1 to 20 um and a mean of 10.5 pm (Kurotori et al., 2020).

We analysed a cylindrical rock plug (12 mm in diameter and 60 mm in length). The plug’s
porosity is ~22% as determined by 5.6 um voxel size X-ray imaging considering only
resolvable pores (Figure 6.1), and its permeability to brine at ambient temperature and pressure

was measured to be approximately 110 +10 mD.
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Figure 6.1 The top panel is a one-dimensional porosity profile along the sample’s length (averaged over cross-

sectional slices) indicating the low porosity region with the shading. The bottom image shows the middle slice

of a representative two-dimensional cross-section of a 3D micro-CT image through a region of interest (grey is
the rock matrix, black is the pore space, and white is mineral).

The sample was oven-dried under vacuum at 80 °C for 72 hours prior to the experiment. Two
fluid phases were used in the flooding experiments: an aqueous brine as the wetting phase and
an oil (decane) as the non-wetting phase. The brine was a KI (potassium iodide) solution (30
wt% KI, ~2.58 mol/kg), chosen to provide X-ray contrast with the non-wetting phase (Lin et
al., 2021). The density of the brine was measured to be 1,263 =2 kg/m?> and the viscosity was
0.822 £ 0.013 mPa s at experimental conditions (Gao, et al., 2017), the salinity of the KI brine
is 2.4 molar, which is greater than that of seawater at 0.6 molar, but in the same range of highly
saline carbonate reservoirs where brine molarity can range from 2 to 3 molar (Meekangwal et
al., 2018; Gholanlo et al., 2016; lampen et al., 2000). Decane (n-decane, CioH22) was selected

as an analogue for CO:: n-decane is frequently used as a proxy for supercritical CO: due to its
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similar capillary displacement characteristics and convenient experimental handling (Andrew
et al., 2014; Berg et al., 2013). The decane—brine interfacial tension (IFT) was 47 = 2 mN/m
(NIST Chemistry WebBook), is on the same order of magnitude as supercritical CO.—brine
systems, which is typically 20-35 mN/m at reservoir conditions (Chalbaud, et al., 2009).
Moreover, as long as the capillary number (Equation 2.6) remains well below 107%, the system
is in the capillary-dominated regime, and macroscopic properties such as relative permeability
and residual non-wetting phase saturation are insensitive to the absolute value of interfacial
tension (Lake, 1989; Blunt 2017). Around 1000 m depth, supercritical CO: begins to mimic
two key properties of a light hydrocarbon (like decane): a density on the order of 600 — 700
kg/m® and interfacial tension ~47 mN/m. By 1500-2000 m, CO-’s density essentially equals
that of decane. However, CO:’s viscosity remains an order-of-magnitude lower than decane’s

at all depths (NIST Chemistry WebBook).

Furthermore, decane remains liquid at atmospheric conditions and is chemically inert with
brine, enabling straightforward laboratory handling and X-ray imaging without specialized
high-pressure equipment (Singh et al., 2017). Using decane allows a controlled, capillary-
dominated multiphase displacement experiments under room temperature conditions, while
still capturing physics relevant to CO: injection in brine-filled rock. The n-decane/brine system
is employed here as a controlled analogue to explore capillary-dominated flow behaviour.
While it does not replicate the exact physical properties of CO-, the flow remains within the
same dimensionless regime where displacement mechanisms are governed by pore geometry

and wettability rather than absolute fluid properties.
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6.2.2 Experimental Methodology

The sample holder was of a (PEEK) material, with the rock wrapped in a flexible fluoropolymer
(Viton) sleeve. This assembly was placed inside a Zeiss Xradia 510 Versa X-ray micro-CT

scanner for in situ imaging.

All core-flooding and imaging experiments were conducted at room temperature (22 = 1 °C)
and atmospheric pressure (1 bar; 0.1 MPa). However, the Edwards Brown Dolomite represents
a shallow to mid-depth carbonate reservoir, where typical in situ conditions are on the order of
50-80 °C and 10-15 MPa. These values are provided for reference only, as the present
experiments were designed to examine capillary-dominated displacement mechanisms under
controlled laboratory conditions. During imaging, a constant confining pressure of 3.5 MPa
(applied with deionized water around the Viton sleeve) was maintained to emulate an in situ
overburden stress and to prevent any bypass flow along the sample walls. The pore pressure
inside the sample was maintained at 0.3 MPa at the outlet (backpressure). Micro-CT scans were
acquired at various stages of the flow experiment to visualize the internal distribution of fluids.
Each scan was performed at an X-ray energy of 75 kV and power of 6.5 W. A large field-of-
view detector was used to capture the entire sample cross-section at a voxel size of 5.6 um. For
each static scan, 3200 projection images were collected over 360° rotation, which, after
reconstruction (using Zeiss Reconstruction software with appropriate centre-shift and beam-
hardening corrections), yielded a three-dimensional image of the X-ray attenuation within the

sample.

The voxel size (~5.6 um) is sufficient to resolve the macropores and larger pore throats in the

dolomite, though the finest microporosity remains below this detection limit (Figure 6.2).
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Figure 6.2 Mercury intrusion capillary pressure data that has been converted to show the distribution of pore-
throat radius, normalized such that the maximum value is 1. Throats of radius below the voxel size of the image
(5.6 um) cannot be resolved.

The reconstructed grey-scale images distinguish solid mineral matrix (high attenuation), brine
(moderate attenuation due to KI content), and decane (low attenuation, similar to air) by their
X-ray absorption contrast (Figure 6.3b). The multiphase flow experiment consisted of a
sequence of steps designed to initially saturate the sample with CO: to purge the air, then
establish a brine-saturated condition, and finally perform controlled drainage and imbibition

cycles while imaging at steady-state conditions.
The overall procedure was as follows:

1. Initialisation: The dry sample was assembled in the core holder and placed inside the
scanner. A net confining pressure of 3.2 MPa was applied around the sleeve and left for
3 hours with close monitoring of the confining pump. This step ensured the sample was
isolated from the confining fluid and there is no flow bypass along the sleeve-rock

interface once fluids were introduced. The dry scan was taken.
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2. CO: Saturation: Gaseous CO: was injected into the sample at a pore pressure of ~1 MPa
for 30 minutes displacing air, which here acts as an initial pore-filling gas.

3. Brine Saturation: Brine was injected into the sample at a constant flowrate of 1 mL/min
displacing the CO: gas. This brine flooding continued until the sample was fully
saturated with brine. During this and all other subsequent stages, the pressure difference
across the sample was measured. During this step, the absolute permeability of the rock
was measured by varying the flowrate and recording the pressure differential, then
using Darcy’s law and pressure correction. The brine filled scan was taken.

4. Drainage (CO: analogue injection): After establishing a brine-saturated state, we
initiated a drainage sequence. Using the dual pump system, decane and brine were co-
injected at a fixed total flow rate of 0.1 mL/min, while gradually increasing the
fractional flow of decane. We conducted a series of steady-state fractional flow steps
with brine fractional flows of £, = 0.9, 0.75, 0.5, 0.25, 0.05, 0 (100% decane). Each step
was maintained until pressure equilibrium was reached, indicating steady state, and then
a 3D micro-CT scan was taken. The capillary number during these flows was (C, =
wq/o=2.6x107, using the decane viscosity and brine—decane IFT), ensuring that the
displacement was capillary-dominated and representative of immiscible flow regimes
in the subsurface. By the end of the drainage cycle (100% decane injection), the
sample’s pore space had a high saturation of decane, with brine remaining only in the
most difficult-to-invade pores.

5. Imbibition (brine re-injection): Next, an imbibition sequence was performed to simulate
the post-injection brine encroachment and investigate trapping. We gradually increased
the brine fraction in co-injection steps reversing the sequence: brine fractional flows f,,
=0.05,0.25,0.5,0.75, 0.9, and finally 1.0 (for 100% brine). Again, each fractional flow

condition was held until steady-state was achieved before imaging. After the final
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imbibition step (100% brine), the sample was left with a certain amount of residual
decane trapped in the pore space, analogous to residually trapped CO: after a water
flush or plume migration. Micro-CT scans were taken at the end of each fractional flow

step in the imbibition cycle.

At each imaged steady state (both during drainage and imbibition), the three-dimensional
distribution of brine and decane inside the pore space was mapped from the micro-CT images.
This stepwise variation in fractional flow was designed to probe the effect of pore-scale
heterogeneity on saturation evolution under capillary-dominated conditions. Since the
displacement mechanisms are path-dependent in such regimes, each steady-state image
captures the cumulative impact of injection history on non-wetting phase configuration. To
reach the residual and irreducible saturations, injection was carried out for about six hours
(approximately 24 pore volumes) prior to scanning to ensure steady-state conditions are
reached. Image processing steps (described below) were applied to segment the grey-scale
images into binary phases (brine and decane) and to quantify local saturations, connected

pathways, and trapping metrics.

6.2.3 Image Processing and Analysis

As described in the previous chapters, all reconstructed micro-CT images were processed and
analysed using Thermo Fisher’s (Avizo) software. Initially, due to the 30% overlap between
consecutive scans, images were registered to each other, followed by cropping to remove cone-
beam artifacts. Subsequently, intensity normalisation was performed across all sections to
ensure consistent grey value distributions. Following these adjustments, the individual images
were merged to reconstruct the complete sample. This procedure was repeated with all scans,
registered and reassembled to the dry scan, providing a consistent reference for comparison

across different saturation states. To reduce noise while preserving structural details, a non-
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local means filter was applied. Watershed segmentation was then implemented (Figure 6.3),
and subtraction of the flow scans from the brine-saturated images was performed. The resulting
non-wetting phase saturations were quantitatively compared, confirming the robustness and
accuracy of the segmentation approach. Phase saturation was quantified by calculating the

volume fraction of each segmented phase relative to the total pore space.

While watershed is a robust segmentation method, it is important to acknowledge that subtle
changes in the grey-scale histogram limits can impact connectivity analysis. It has been shown
that choices in segmentation methodology can cause substantial variation in physics-based
outputs (Schluter et al., 2014; Garfi et al., 2020; Krygier et al., 2020). Numerically, this implies
that even small misclassifications may induce errors in phase connectivity and non-wetting
saturations on the order of 10-20 %. These uncertainties can lead to under- or over-estimation
of residual trapping, saturation, connectivity, and permeability (Wang et al., 2021). Moreover,
it is important to note that our observations are inherently limited to the resolvable pores. Any
porosity below ~5.6 um (the voxel size limit) cannot be explicitly imaged. Carrillo et al., (2021)

showed that sub-resolution porosity can alter predictions of residual saturations by as much as
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20% and relative permeability by a factor of up to 3, because unresolved porosity can act as

persistent connectors between larger pores

3 mm

Figure 6.3 Two-dimensional cross-sections of a 3D micro-CT images at the end of drainage (fi =0): (a) dry
scan, rock in grey and pores in black; (b) filtered flow scan, showing rock in grey, decane in black, and brine in
white; (¢) segmented image, with rock represented in black, decane in blue, and brine in green.

As mentioned Chapter 3, to analyse the pore-scale displacement mechanisms, we performed a
pore network extraction on the segmented pore space of the rock using the open-source
algorithm PoreXtractor (Raeini et al., 2017) to extract a skeletal network of pores and throats
from the dry scan. The output of this analysis is a graph representation of the pore space,
providing metrics such as pore size distribution, throat size distribution, and coordination
number (the number of throats connected to each pore). We note that this network represents
only the macro-porosity of the sample (pores and throats with radius larger than ~5.6 um), any
regions below that scale are not included and effectively treated as part of the solid matrix in
this analysis. As a result, our network might under-represent the total porosity, permeability,
and coordination number since sub-resolution pores and throats that could connect into the

network were excluded.
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As described in Chapter 5, the extracted pore network as a template, we then mapped the time-
resolved fluid occupancy onto it. For each pore and throat identified in the network, we
determined whether it was filled with decane or brine at the end of drainage and at the end of
imbibition. This was done by overlaying the pore-network on the segmented fluid images from
those time steps. A pore was classified as containing the non-wetting phase (decane) if more
than 50% of its voxels were labelled as decane in the image, a threshold criterion based on
previous pore-by-pore analyses (Foroughi et al., 2021). This approach avoids misclassifying
pores that have only a thin film of brine or a minor presence of decane: it distinguishes pores
that are predominantly filled with the non-wetting phase from those predominantly water filled.
Similarly, throats were labelled by the majority phase present. Moreover, an estimation of the
capillary entry pressures for some regions of rock were estimated using average throat
diameters derived from pore network modelling and applying the Young—Laplace equation

(Equation 2.5).

Finally, volume, surface area, count of distinct ganglia, and connectivity were derived from the

images. This offers insights on how the non-wetting phase connectivity progressed.

6.3 Results and Discussion

6.3.1 Fluid Saturation Profiles and Phase Distribution

The saturation of brine and decane in the macro pores was quantified after each injection step.
The fluid saturations were measured on segmented images of the whole sample both drainage
(Figure 6.4a) and imbibition (Figure 6.4b). The non-wetting phase saturation profile increases
systematically across the sample with rising non-wetting phase fractional flow. However, a
local minimum in non-wetting saturation persists between 45 mm and 48 mm across all

fractional-flow conditions (Figure 6.4 a&b). Unlike other minor valleys that shift or diminish
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with changing fractional flow, this feature remains fixed in both position and amplitude,

indicating that the non-wetting phase did not invade this region at any stage.
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Figure 6.4 a) 1D saturation profiles across the length of the sample during drainage (the legend
indicates the imposed brine fractional flow). b) 1D saturation profiles across the length of the

sample during imbibition (the legend indicates the imposed brine fractional flow).
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Table 6.3.1 Average non-wetting phase saturation during the experiment.

Brine fractional flow (fi) Cycle Average non-wetting phase saturation

0.75 Drainage 0.32
0.5 Drainage 0.38
0.25 Drainage 0.43
0.05 Drainage 0.50

0 Drainage 0.55
0.05 Imbibition 0.54
0.25 Imbibition 0.50
0.5 Imbibition 0.47
0.75 Imbibition 0.44

1 Imbibition 0.41

A notable observation is that partial barrier region remains brine-saturated throughout the
experiment and not invaded by the non-wetting phase even under 100% decane injection at the
end of drainage. As shown in Figure 6.5, the tight downstream interval retains brine in both
drainage (Figure 6.5a) and imbibition (Figure 6.5b) and demonstrates that decane could not
enter those pores at any stage. This implies that the local capillary entry pressure in this zone
exceeded the driving capillary pressure applied during the experiment. According to capillary
pressure theory, smaller or poorly connected throats require higher threshold pressures
(described by the Young—Laplace equation) for non-wetting phase invasion. Because this
threshold was not reached, the pores remained brine-filled from start to finish, acting as a
capillary barrier that blocked non-wetting advance and redirected flow along alternative

pathways. This aligns with the findings of Pak et al. (2015) where they showed that relatively
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large pores connected by numerous small throats can act as capillary barriers, preventing

invasion of the non-wetting phase and promoting local trapping.

c)

3 mm

Drainage Imbibition

Figure 6.5 Representative 2D cross-sections segmented images extracted from 3D micro-CT images at the end
of drainage (fw =0) and imbibition (fw =1), captured from two distinct regions of the sample. Panels (a) and (b)
correspond to a higher-porosity zone, while panels (¢) and (d) are taken from a lower-porosity region,
illustrating spatial variability in fluid distribution as a function of local porosity (black is grain, green is brine,
and blue is decane).

Figure 6.6 provides a voxel-by-voxel view of sample where porosity and saturation are
averaged in a 2 mm cube. The dry scan (Figure 6.6a) shows the spital distribution of the
porosity profile, highlighting regions of higher and lower porosity. During drainage (Figure
6.6b), the non-wetting phase progressively fills the accessible pore space, accumulating at

higher saturation upstream of the low-porosity zone, while the barrier region itself remains at
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low saturation. Moreover, at the end of imbibition (Figure 6.6c¢) at full brine injection shows
that while displacement occurs, a high residual saturation is clearly visible, confirming the
combined roles of residual trapping and heterogeneity-driven capillary barriers in controlling

fluid distribution.
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Figure 6.6 A voxel-by-voxel (coarse-grained) saturation distribution for the middle slice, obtained from the
segmented micro-CT image. The fine-scale saturation field was upscaled in MATLAB by spatially averaging
voxel-scale saturation over larger computational blocks, yielding the coarsened saturation map shown. (a) dry

scan, illustrating pore space distribution (porosity); (b) drainage, showing non-wetting phase (oil) saturation at a
water fractional flow (fw= 0); and (c) imbibition, displaying oil saturation at water fractional flow (fw=1).

6.3.2 Relative Permeability

Relative permeability measurements directly connect the pore-scale trapping mechanisms
observed with their manifestation at the continuum scale. The hysteresis in relative
permeability represents the macroscopic response to pore-scale processes such as snap-off,
disconnection, and capillary barrier formation, demonstrating how internal heterogeneity

governs both localised trapping and overall flow behaviour.
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The relative permeabilities obtained from drainage and imbibition cycles (Figure 6.7) showed
pronounced hysteresis in the non-wetting phase, alongside smaller hysteresis in the wetting
phase, as typically expected in strongly water-wet porous media (Krevor et al., 2011). At the
end of imbibition, the non-wetting phase relative permeability shifts to the left (lower wetting
phase saturation), indicating a reduction in relative permeability consistent with significant
phase immobilisation and enhanced residual trapping. The endpoint saturations further
confirmed this interpretation, exhibiting a high residual non-wetting phase saturation. These
findings align closely with those reported in Chapters 4 and 5, and by Manoorkar et al. (2021)
who demonstrated an increased residual trapping in Edwards dolomite with initial and residual
saturations of 28% and 20%, respectively. They also concluded that that the flow behaviour is

strongly controlled by the heterogeneity across multiple flow rates.
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Figure 6.7 Relative permeabilities showing drainage and imbibition cycles for wetting and non-wetting phases.
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6.3.3 Trapping Behaviour

One of the primary objectives in geological CO: storage is to maximise the extent of residual
trapping namely, the amount of injected CO: that becomes immobilised as disconnected
ganglia once brine reoccupies the pore space (Doughty et al., 2004; Pentland et al., 2017,
Huang et al., 1995; Li et al., 2012; Ni et al., 2019). We assessed trapping efficiency by
comparing the slice average non-wetting phase saturation along the sample at the end of
drainage and imbibition. Across the full sample, a large proportion of the non-wetting phase
introduced during drainage remained in place as isolated residual clusters following brine
reinjection. Overall, the rock exhibited high volume of trapped non-wetting phase saturations

with initial saturation of 55% and residual saturation of 41%.

Furthermore, a spatial variation in trapping efficiency was observed when comparing the bulk
rock to regions adjacent to the partial capillary barrier (Figure 6.8). As in Chapters 4 and 5 the
sliced-averaged residual saturation is plotted as a function of the sliced-average initial
saturation. The barrier region exhibited a particularly high degree of trapping, with data points
approaching the 1:1 line indicating that nearly all the non-wetting phase initially present
remained immobilised after imbibition. The slightly higher residual saturation immediately
downstream of the barrier is attributed to the accumulation of disconnected non-wetting ganglia
trapped against the barrier and retained during imbibition. The subsequent decrease in
saturation towards the outlet reflects a capillary end effect, where reduced entry pressure at the
open boundary facilitates enhanced brine invasion. This behaviour is consistent with restricted
phase accessibility due to finer pore structures and higher entry pressures in the barrier zone,

leading to enhanced capillary trapping or build up behind the partial barrier.

120 | Page



CHAPTER SIX Edwards Brown Dolomite

* Without barrier At the partial barrier

e
[o2e]
|

g
(o)}
1

v

e
=
1

o

o
[\
1

Residual Saturation (.5,)

0 0.2 0.4 0.6 0.8 1
Initial Saturation (5)

Figure 6.8 Slice average initial saturation versus residual saturation along the sample (grey is at the partial
capillary barrier and black is the rest of the sample).

To further investigate the spatial characteristics of residual trapping, a ganglia analysis was
conducted. After segmentation, each disconnected cluster of the non-wetting phase was
uniquely labelled, allowing for quantitative analysis of ganglia count and spatial distribution,
as shown in Figure 6.9. At the end of drainage, the pore space was dominated by a single large,
connected non-wetting phase ganglion extending longitudinally, consistent with piston-like
invasion behaviour. However, in the vicinity of the partial barrier region, we observed a higher
count of disconnected ganglia relative to other regions, which is not consistent with piston-like
invasion. These observations indicate that the barrier region triggered early fragmentation of
the invading phase, most likely due to locally elevated capillary entry pressures and limited
pore connectivity. Roof snap-off could also account for such fragmentation, as it can generate
either temporary or permanent isolation of the non-wetting phase depending on local geometry
and pressure conditions (Roof, 1970; Herring et al., 2013; Blunt, 2017; Holtzman et al., 2015).
However, because no reconnection or coalescence of the phase was observed and given the

strong correlation with the low-porosity barrier, the evidence points more convincingly to
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capillary thresholding and connectivity constraints rather than Roof snap-off as the dominant

mechanism.

Following imbibition, the single large ganglion had broken down into numerous smaller
ganglia distributed more uniformly throughout the sample. This increase in ganglia count
reflects the onset of the snap-off trapping mechanism during brine re-invasion (Pickell et al.,
1966; Herring et al., 2013). Notably, after imbibition in the barrier region, the ganglia count

remains almost similar to that of the drainage.

These observations support the findings from the trend of residual saturation as a function of
initial saturation, Figure 6.8, that the barrier region acts to retain the non-wetting phase behind
it, promoting early disconnection and enhancing the overall trapping efficiency. Hence, residual
trapping in this sample arises from two distinct mechanisms: pore-scale snap-oft and build-up

of the non-wetting phase behind the capillary barrier.
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Figure 6.9 Ganglia analysis of the non-wetting phase across the sample. (2) 3D rendered volumes showing ganglia
distribution at the end of drainage and imbibition. At the end of drainage, a single large, connected ganglion
(green) spans the sample, with smaller disconnected clusters appearing primarily near the barrier region.
Following imbibition, the phase becomes fragmented into numerous smaller ganglia, as indicated by the
multicoloured blobs. (b) On the left is the ganglia count across the sample at the end of drainage and imbibition,
highlighting an increase in the number of disconnected clusters away from the barrier region and retention of
ganglia count around the barrier region after brine re-invasion (drainage count is the subtraction of the y-axis
value and imbibition). On the right is the distribution of ganglia volumes along the sample axis at the end of
drainage and imbibition, illustrating the breakdown of the large ganglia at the end of drainage to smaller ones after
imbibition. (drainage volume is the total shown on y-axis).

6.3.4 Pore Network Occupancy and Connectivity

The pore network modelling and occupancy analysis (Foroughi et al., 2020; Foroughi et al.,

2021) was performed on the sub-volumes of equal size across the length of the sample (Figure

123 | Page



CHAPTER SIX Edwards Brown Dolomite

6.10a). The sub-volumes are selected at the barrier region and away from the barrier to be able
to make a direct comparison of the connectivity and displacement patterns. The resolved throat
size distribution within the barrier region exhibits narrower throats compared to the upstream

region away from the barrier zone (Figure 6.10b).
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Figure 6.10 a) Spatial distribution of selected sub-volumes across the sample, used for detailed analysis. 1 and 2
denotes the barrier zone characterised by reduced porosity and distinct flow behaviour; 3 and 4 corresponds to a
higher porosity zone located away from the heterogeneity barrier. b) throat-size distribution of sub-volumes 1, 2,
3 and 4.

The detailed pore-by-pore occupancy analysis during drainage and imbibition provides direct
link between the entry capillary pressure (controlled by throat radius), (equation 2.5) to
displacement behaviour. Figure 6.11 illustrates the evolution of the non-wetting phase
occupancy in the selected sub-volumes both in pores and throats, respectively. During drainage
and subsequent imbibition, the barrier regions (1 and 2) exhibit minimal changes saturation

between the two flow stages in pores, while in throats we only see the changes in the smaller
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throats indicating limited fluid displacement and a high degree of residual non-wetting phase
retention. This minor apparent changes in occupancy occur near the barrier boundaries where
slightly larger throats are connected to smaller pore clusters or where the imaging resolution
approaches the voxel limit. These do not represent full invasion but rather marginal
redistribution within the partially resolved pore space. In contrast, the sub-volumes located
away from the barrier (3 and 4) display more pronounced changes in phase occupancy, with
larger displacement during imbibition. This contrast shows the influence of local heterogeneity

and connectivity on phase displacement and trapping efficiency.
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Figure 6.11 Pore and throat occupancy analysis comparing barrier and non-barrier regions. Panels 1, 2, 3, and 4
correspond to sub-volumes 1, 2, 3, and 4, respectively shown in Figure 6.10.

Two key pore-network metrics are the coordination number and the pore—throat aspect ratio.
The coordination number, defined as the number of throats connected to a given pore (Blunt,
2017), quantifies network connectivity and directly impacts simulated flow behaviour and
saturation patterns (Valvatne et al., 2004). In well-sorted, high-permeability sandstones such as

Bentheimer or Berea, the mean coordination number is typically 4-6, reflecting a highly
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interconnected structure (Dong et al., 2020; McCaskill et al., 2024). By contrast, the Edwards
Brown dolomite exhibits a lower connectivity, with a mean coordination number of
approximately 2; over 30% of the resolved pore bodies are connected by only two or fewer
throats (Figure 6.12a). However, it is important to acknowledge the uncertainty introduced by
imaging voxel size; sub-resolution throats may provide connections that are not visible in the
images. However, no evidence of non-wetting invasion into such unresolved features was
observed during the experiment. If the viscous pressure gradients during the experiment had
been sufficient to overcome entry pressure of those, the non-wetting phase could have been
seen in the "isolated" pores. Since this was not the case, it implies that those connections did

not activate, and these pores remain occupied by brine.

The second metric and the more important one, is aspect ratio, defined as the ratio of pore
radius to the average radius of its connecting throats (Blunt, 2017). A higher aspect ratio
indicates large pores connected by narrower throats, a geometry that strongly favours snap-off
during imbibition. In the Edwards Brown dolomite, the barrier region shows higher aspect
ratios compared to the other regions, implying an increased likelihood of snap-off and enhanced

residual trapping.
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Figure 6.12 a) Distribution of coordination number and b) aspect ratio. These distributions are evaluated for the
four sub-volumes shown in Figure 6.10.

6.3.5 Entry Capillary Pressure

The Young—Laplace equation (Equation 2.5) provides a quantitative basis for estimating
capillary entry pressures as a function of pore throat diameter, interfacial tension, and contact
angle. For our water—decane system with an interfacial tension of approximately 47 mN/m, a

throat diameter of 5 um corresponds to an entry pressure near 0.02 MPa, comfortably within
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our imposed flow conditions. In contrast, throats in the 0.6 um range would require entry

pressures exceeding 0.3 MPa and remained sealed with brine during our experiment.

Upon analysing the average throat sizes and applying the Young—Laplace equation to the four
sub-volumes, we observed that the barrier region exhibits higher capillary entry pressures than

the areas away from it as shown in Figure 6.13.
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Figure 6.13 Entry capillary pressure in the barrier region and away from the barrier. The four sub-volumes
shown in Figure 6.10 are analysed.

As mentioned earlier, the four sub-volumes analysed are equal in size and image voxel size.
Under such conditions, it is expected to have comparable number of resolved pores and throats
across the selected regions. The extracted networks show that the resolved pore radii range
from approximately 6 to 60 um and throat radii from ~5.6 to 27 um across the four sub-volumes
(Table 6.2). Throats smaller than one voxel in radius (= 5.6 um) are below the detection
threshold and thus not explicitly represented in the analysis. In the barrier sub-volumes, the

number of identified pore bodies and connecting throats was nearly halved relative to the
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regions away from the barrier (Table 6.2). This suggests that a substantial portion of the pore
space in the barrier falls below the voxel size threshold of our imaging. As a result, the
calculated capillary entry pressures in this region are likely underestimated, since unresolved
pores and throats smaller than the voxel size would require even higher entry pressures to be
invaded. Therefore, the true capillary threshold in the barrier is expected to be higher than what

1s inferred from the resolved structure.

This interpretation is reinforced by the absolute permeability measurements from the pore
network, Table 6.2, shows that the barrier region exhibits values nearly an order of magnitude
lower than those measured in the higher-porosity zones. Taken together, these observations
indicate the presence of a smaller, more resistive pore structure within the barrier and highlights

the critical role of local pore structure in controlling phase accessibility and flow.

The analysis shows that enhanced trapping is controlled by a combination of factors, with
capillary entry pressure, coordination number, and pore—throat aspect ratio playing the most
significant roles. Elevated entry pressures limit invasion across the barrier, coordination
number shows a limited connectivity, and high aspect ratios favour snap-off during imbibition,

together producing the persistent immobilisation observed in this sample.

One of the main observations is that a digital rock workflow provides a practical way to
evaluate these mechanisms directly from micro-CT images. Regions of reduced porosity can
be mapped as potential barriers, and pore-network analysis offers further diagnostics. Aspect
ratios highlight where snap-off is likely to occur, coordination number gives an indication on
connectivity, while capillary pressure functions capture threshold behaviour and the extent of
capillary trapping. Taken together, these metrics describe the two complementary components
of the trapping process—snap-off, governed by geometry and connectivity, and capillary

thresholding, governed by entry pressure contrasts. Flow experiments remain valuable for
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confirmation, particularly in clarifying the role of sub-resolution porosity, since displacement

patterns provide evidence of whether hidden connections contribute to fluid migration or

remain inactive.

Table 6.3.2 Summary of the pore network analysis for the four sub-volumes (barrier region and away from the

barrier).
Sub- Porosity | Permeability | Number | Number of | Pore radius | Throat radius | Average Entry
volume (%) (mD) of Pores | Throats range (um) range (Lm) Pressure (kPa)
103 103
Barrier 17 12 41 40 6-42 5.6-18 12
@
Barrier 19 13 45 42 7—45 5.6-19 11
2
Away 24 103 68 76 8—58 625 9
from
barrier
(&)
Away 25 112 70 80 9-60 6—27 9
from
barrier
“

6.4 Implications for larger scale flow

The central uncertainty in extrapolating from pore-scale observations is how connectivity

within the imaged domain continues into larger volumes beyond the micro-CT sample. A single

centimetre-scale plug captures only a fraction of the connectivity architecture that governs

plume migration in the reservoir. Whether the barriers and low-connectivity zones observed at

the pore scale persist, merge, or average out at larger scales remains an open question, but their

impact must be considered when linking pore-scale metrics to reservoir-scale parameters.

A second consideration is the difference in pressure regimes between laboratory and field

conditions. In the core-flood experiments presented here, the viscous pressure drop across the
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6-cm plug is relatively small, meaning that invasion is dominated by capillary thresholds and
limited to the most accessible pathways. In the field, however, a plume migrating over tens to
hundreds of metres will experience larger viscous pressure gradients and gravity—capillary
interactions that can overcome additional entry pressures. This raises the possibility that more
pores may be invaded under reservoir conditions than are accessed in the laboratory.
Manoorkar et al. (2021) provide supporting evidence, showing that increasing viscous forces
by an order of magnitude accessed additional pore space and modestly shifted initial saturations
from 28% to 33%. Importantly, while this effect demonstrates that field-scale forces can
mobilise some additional pore space, the overall trapping efficiency remained high, confirming
that heterogeneity-driven barriers continue to exert a strong influence even under more

favourable displacement conditions.

Together, these observations suggest that pore-scale diagnostics such as coordination number,
aspect ratio, and capillary entry pressure provide a lower-bound estimate of trapping potential.
Field conditions may mobilise some otherwise isolated pores, but the persistence of barriers
and snap-oft geometries means that heterogeneity-driven trapping remains a controlling factor

at reservoir scale.

In summary, upscaling pore-scale heterogeneity into continuum-scale models requires
translating geometric and topological features into effective constitutive parameters. The
metrics derived here (coordination number, pore—throat aspect ratio, and entry pressure can be
embedded in models to represent local variations in connectivity. For example, locally elevated
capillary entry pressures associated with barrier zones can be represented as subgrid-scale
contrasts in the entry-pressure field, which in turn govern plume fingering and trapping at the

Darcy scale. Similarly, coordination number and aspect ratio statistics can be used to define
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effective residual saturation functions or trapping coefficients that vary spatially according to

heterogeneity intensity.

Beyond parameterisation, these observations also motivate stochastic or multiscale modelling
approaches, in which pore-scale heterogeneity is explicitly sampled to inform the statistical
structure of continuum models. Such approaches have already been applied to sandstones with
layered heterogeneity, but comparable efforts for carbonate systems remain limited (Wang et

al., 2022).

6.5 Conclusions

This study examined the influence of pore-scale heterogeneity on multiphase flow behaviour
and trapping mechanisms in an Edwards Brown dolomite sample under capillary-dominated
conditions representative of the capillary limit relevant to geological CO: storage. Using micro-
CT imaging we directly visualised fluid configurations during drainage and imbibition,
capturing the effects of local pore structure on saturation distribution, fluid accessibility, and

residual trapping.

The sample exhibited substantial heterogeneity both in the overall structure and in the upstream
region the acts as a partial capillary barrier. This region resisted invasion by the non-wetting
phase during drainage, even at high fractional flow, leading to accumulation of the non-wetting
phase upstream. Moreover, the mean coordination number of roughly two indicates limited
pore connectivity, which restricts fluid mobility, while the high pore—throat aspect ratios in the
barrier region further promote early snap-off during imbibition. Together, these factors explain
the residual trapping observed in the system (initial saturation 55%, residual saturation 41%),
which arises from a combination of pore-scale snap-off and accumulation of the non-wetting

phase behind the capillary barrier.
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These findings stress the relevance of recognising and incorporating pore-scale heterogeneity
in the design and modelling of CO: storage operations. While such heterogeneity can enhance
trapping and contribute to long-term containment, it can also limit accessible pore volume and
skew estimates of plume migration if not properly accounted for. Conventional models that
treat carbonate formations as homogenous media risk oversimplifying this complexity,
potentially underestimating both residual trapping and flow diversion. As seen from this rock,
the increased trapping observed in the barrier region is best explained as a combined effect of
multiple factors. In this setting, pores are either not invaded or invaded but quickly
disconnected as the non-wetting phase is pinched off, a behaviour that is captured by the
elevated pore—throat aspect ratios measured in the barrier. This implies that predictive models
cannot rely solely on a Darcy-scale description, since a standard drainage capillary pressure
alone does not capture the enhanced trapping. Instead, pore-scale diagnostics such as aspect

ratio and coordination number are needed to explain and predict the observed immobilisation.

Methodologically, this study demonstrates the power of combining pore-scale imaging with
dynamic displacement experiments to investigate the effect of heterogeneity on fluid flow in
complex porous media. At the same time, the work highlights current limitations in
segmentation and voxel size constraints, which introduce uncertainty into network-based
metrics such as coordination number. Continued advances in image processing and multi-scale
characterisation are needed to resolve these ambiguities and support more accurate pore-to-

field scale translation.

The use of n-decane as an analogue for CO: under ambient conditions likely results in higher
apparent residual saturations than would be observed with supercritical CO: at reservoir
pressure and temperature. This arises from the higher interfacial tension and higher viscosity

of n-decane relative to CO., which suppress viscous instabilities and enhance capillary
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immobilisation. Consequently, while the absolute saturation values reported here should not be
interpreted as direct quantitative predictions for CO, the displacement and trapping
mechanisms we observe are representative of those that occur under capillary-dominated flow

in heterogeneous formations.

At the same time, our results provide a mechanistic foundation for upscaling. The pore-scale
observations of barrier-induced trapping and limited connectivity can be translated into
continuum models through parameters such as effective capillary entry pressure distributions,
aspect ratio—controlled snap-off functions, and local trapping coefficients. These findings
highlight that heterogeneity exerts a first-order control on plume migration and immobilisation
efficiency that must be explicitly incorporated into large-scale simulations of CO- storage in
carbonates. This study demonstrates how internal heterogeneity governs the structure and
persistence of residual trapping and provides direct pore-scale evidence of its controlling

influence on subsurface flow and storage security.

Overall, the results contribute to a more nuanced understanding of how fine-scale rock features
impact CO: storage performance. By explicitly accounting for internal barriers, and limited
connectivity, future reservoir models can better reflect the physical realities of carbonate
systems. This will enable more robust predictions of plume behaviour, more informed risk

assessments, and ultimately, more secure long-term carbon storage
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Chapter Seven Conclusions and Future Work

7.1 Thesis Summary

The primary objective of this thesis is to determine how pore-scale heterogeneity manifest in
larger-scale affecting continuum scale properties, with direct relevance to geological CO:
storage. Although the work is motivated by carbon storage applications, the findings also apply
more broadly to multiphase transport in heterogeneous porous media, where spatial contrasts
in capillary entry pressure and connectivity can reorganise invasion pathways and modify

effective flow behaviour.

As established in Chapter 1 and 2, reservoir simulators operate on discretised grids with typical
cell dimensions of metres to tens of metres, far coarser than the small-scale heterogeneities
presents and consequently, on which relative permeability and capillary pressure functions are
measured. The central practical challenge is therefore to assign effective saturation functions
to each grid block that reliably represent the integrated multiphase flow response of
heterogeneous rock volumes, despite the fact that much of this heterogeneity remains

unresolved at the grid scale.

Chapter 2 reviews the physical basis of multiphase flow and trapping in geological CO- storage,
with emphasis on how constitutive relationships, particularly relative permeability, and
capillary pressure, are measured and then transferred into continuum-scale models. The chapter
highlights the central limitation addressed in this thesis, namely that heterogeneity at pore to
centimetre scales is frequently homogenised in practice, despite its capacity to generate

spatially structured saturation fields and non-representative trapping responses.

Chapter 3 describes the experimental and analysis framework used throughout the thesis. It

presents the steady-state drainage and imbibition core flood protocols, the medical X-ray CT
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workflow used to quantify core-scale saturation profiles during flow, and the micro-CT based
structural characterisation and pore-network diagnostics used to interpret heterogeneity in
terms of entry-pressure contrasts and connectivity. Methodological uncertainties, including
imaging voxel size limits and segmentation sensitivity, are documented to support a defensible

interpretation of derived flow properties.

Chapter 4 applies this framework to reservoir sandstone samples from a potential storage-site
to test whether centimetre-scale variability within a single reservoir interval can lead to distinct
saturation evolution and trapping outcomes. The results demonstrate that even closely spaced
samples can exhibit markedly different saturation profiles and trapping curves under
comparable experimental conditions, implying that assuming within-interval representativity

can introduce material error when parameterising reservoir simulations for CO: storage.

Chapter 5 investigates Indiana limestone to isolate the role of millimetre-scale heterogeneity
in carbonates. By combining core flood-derived saturation profiles with pore-scale structural
analysis, the chapter shows that spatial organisation of entry-pressure contrasts can produce
layered or preferential displacement and that modest changes in flow conditions within a
capillary-dominated regime can redistribute the non-wetting phase between heterogeneity
domains. These effects translate into measurable shifts in effective relative permeability and

residual trapping behaviour.

Chapter 6 extends the analysis to Edwards Brown dolomite, where heterogeneity is more
pronounced and organised over larger length scales. The chapter demonstrates how low-
connectivity regions and elevated entry pressures act as partial barriers that restructure
saturation pathways and enhance heterogeneity-mediated trapping. Together with Chapter 5,

these carbonate case studies show that heterogeneity length scale and organisation relative to
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flow direction are decisive in determining whether heterogeneity is averaged out or becomes a

first-order control on continuum-scale multiphase properties.

Collectively, the thesis provides a coherent experimental basis for linking heterogeneity-

controlled saturation structure to effective relative permeability and trapping behaviour in real

reservoir and carbonate rocks. The results imply a practical implication for CO: storage

modelling: laboratory-derived constitutive functions should be treated as conditional on

heterogeneity and scale, and their transfer to field-scale simulations should explicitly

incorporate uncertainty associated with within-interval variability and heterogeneity-driven

flow organisation.

Table 7-1: Comparative summary of the samples, heterogeneity characteristics, and principal findings across
Chapters 4 to 6

associated with

non-wetting

immobilisation; some

Sample Dominant Main saturation Relative permeability | Main implication
heterogeneity behaviour / trapping response
Reservoir | Centimetre-scale Saturation profile is | Shows classical Provides the closest thing
Sandstone | cemented regions relatively uniform | residual trapping, with | to a “representative”
1) in an alternating across the core; residual saturation response, but only in
pattern. pore-network remaining below initial | contrast to Sample 2,
analysis is saturation, consistent showing that even
consistent with with pore-scale snap-off | apparently similar samples
essentially one cannot automatically be
capillary pressure treated as equivalent
response
Reservoir | Centimetre-scale Develops strong Trapping is strongly Demonstrates that within-
Sandstone | capillary saturation gradients | enhanced by barrier- interval representativity
?2) heterogeneity and incomplete controlled can fail, even for samples

that would normally be

138 | Page




CHAPTER SEVEN

Conclusions and Future Work

different
cementation
distribution and
internal capillary

barriers

invasion; pore-
network analysis
indicates two
distinct capillary

pressure responses

regions plot above the
classical 1:1 initial-
residual expectation,
indicating
heterogeneity-driven
redistribution rather
than simple snap-off

alone

grouped into one rock type

in reservoir simulation

a low-connectivity

upstream of the

with initial saturation

Indiana Millimetre-scale At lower flow rate, | Relative permeability is | Shows that even within the
limestone | heterogeneity, with | displacement is flow-rate dependent; capillary-dominated
local capillary entry | layered / curves shift with flow regime, effective flow
pressures varying preferential and rate. At higher flow, the | properties are non-unique
by nearly a factor more strongly non-wetting phase and flow-rate dependent
of two across sub- correlated with accesses more pore when heterogeneity
volumes local porosity and space, yet its relative controls accessibility of the
entry pressure; at permeability decreases | pore space
higher flow rate, because transport
the saturation remains dominated by
profile becomes preferential pathways.
more uniform as Trapping efficiency
viscous forces changes only modestly
partially overcome | between the two flow
local capillary rates
barriers
Edwards Centimetre- to During drainage, Pronounced hysteresis Demonstrates that when
Brown decimetre-scale the non-wetting and high residual heterogeneity becomes
dolomite heterogeneity, with | phase accumulates | saturation are observed, | spatially organised over

larger scales, trapping
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partial capillary
barrier. Barrier sub-
volumes have
lower porosity and
permeability and
higher entry
pressure than
regions away from

the barrier

barrier, while the
barrier itself
remains poorly
invaded; during
imbibition, high
residual saturation

persists

55% and residual
saturation 41%.
Trapping arises from a
combination of
restricted accessibility,
limited connectivity,
and snap-off, not from
classical pore-scale

residual trapping alone

becomes barrier-controlled

and connectivity-limited,
requiring continuum
models to include
heterogeneity-informed
capillary thresholds and

trapping descriptors

Viewed together, Chapters 4 to 6 show a consistent progression in the role of heterogeneity.
Chapter 4 demonstrates that even centimetre-scale variability within a single sandstone interval
can invalidate the assumption of representative constitutive behaviour. Chapter 5 then shows
that, in carbonates, millimetre-scale entry-pressure contrasts produce flow-rate-dependent
saturation structure and relative permeability, even when the system remains capillary
dominated. Chapter 6 extends this further by showing that larger and more spatially organised
heterogeneity can create partial capillary barriers, so that trapping is governed not only by pore-
scale snap-off but also by barrier-controlled accumulation and limited connectivity. The
combined implication is that continuum-scale flow functions are conditional on heterogeneity
scale, organisation, and flow regime, rather than being intrinsic properties transferable across

samples or scales.

7.2 Thesis Contributions

This thesis establishes, using experiments on complex carbonate rocks and reservoir rocks that
pore-scale heterogeneity can dominate the continuum-scale multiphase flow properties that

underpin predictions of CO: storage. The work departs from the common assumption that a
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small number of “representative” samples can provide transferable constitutive functions for
an entire reservoir interval and instead demonstrates that spatial variation of entry-pressure
contrasts and connectivity can restructure saturation pathways and immobilisation, even when

bulk porosity and permeability are close.

The principal contributions are summarised as follows:

1. The combination of medical X-ray CT for core-scale saturation profiling and micro-CT
for pore-scale structural analysis has been established in prior studies, primarily on
well-characterised model rocks such as Bentheimer sandstone. However, this thesis
demonstrates this workflow is applicable on actual reservoir core samples from a
potential CO- storage site (Chapter 4). This validation is significant because reservoir

core samples often present practical challenges absent in model rocks.

By relying on medical CT to quantify core-scale saturation distributions during flow, the
workflow provides a robust basis for estimating relative permeability while avoiding the
segmentation sensitivity that can dominate quantitative analysis when phase occupancy is
derived directly from multiphase micro-CT. Micro-CT is instead used where it is strongest,
to characterise pore architecture and extract network-scale descriptors, allowing the
saturation structures observed in medical CT to be linked to pore-scale controls on invasion

pathways and trapping.

2. Demonstration that millimetre-scale entry-pressure can generate layered displacement
in carbonate rocks. Chapter 5 uses Indiana limestone as a controlled carbonate case to
demonstrate that millimetre-scale heterogeneity expressed through multiple capillary
thresholds can organise drainage into stratified or preferential pathways, producing

layered saturation structure that persists into imbibition and affects residual trapping.
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Under capillary-dominated conditions, modest changes in flow rate (and therefore capillary
number) can redistribute the non-wetting phase between heterogeneity domains, effectively
activating or deactivating pore regions that are accessible only once local entry thresholds are
exceeded. This redistribution produces measurable shifts in effective relative permeability
behaviour and alters the relationship between initial saturation and residual trapping, even

though the flow regime remains below the threshold where viscous forces exceed capillarity.

3. Identification of barrier-controlled saturation build-up and immobilisation in a more

strongly heterogeneous carbonate.

The analysis is extended where heterogeneity occurs over larger length scales and includes
regions of reduced connectivity and elevated entry thresholds. As seen in Chapter 6, the
effective trapped saturation can be strongly influenced by barrier-like regions that impede

invasion and promote upstream accumulation.

This proves that, spatially oriented low-connectivity zones act as partial barriers, diverting flow
and generating persistent saturation contrasts, with implications for both the spatial distribution
of trapped non-wetting phase and the interpretation of “residual trapping” inferred from bulk
measurements. In such systems, the effective trapped saturation is not solely a function of pore-
scale snap-oft and ganglion dynamics, it can be amplified by barrier-controlled saturation

build-up at heterogeneity transitions.

4. Quantification of how heterogeneity orientation and length scale relative to flow

direction controls continuum responses.

Across the reservoir sandstone and carbonate chapters, the thesis shows that heterogeneity is
not only about “how much variation exists”, but also about how it is arranged relative to the

imposed flow direction and how its characteristic length scale compares with the sample length
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and diameter. When capillary pressure contrasts are arranged such that flow repeatedly
encounters transitions transverse to the dominant flow direction, saturation can become
structured (layered or channelised), and the effective constitutive response can depart from

what would be expected from bulk petrophysical averages.

The contribution is not the statement that heterogeneity matters, which is well known, but a
coherent, evidence-based demonstration that orientation and length scale determine whether
heterogeneity remains “averaged out” or becomes a first-order control on saturation and
trapping. This provides a principled basis for deciding when upscaled single-curve
parameterisations are defensible and when spatially varying constitutive descriptions, or at

minimum uncertainty-aware ensembles, are required.

7.3 Recommendations for Future Research

The results presented in Chapters 4—-6 demonstrate that pore-scale heterogeneity has an impact
on continuum scale properties. Building on these findings, the following recommendations
identify directions to strengthen representativity, extend applicability to storage conditions, and

improve transfer of laboratory-derived multiphase flow functions to field-scale models.

7.3.1 Representativity and sampling across centimetre-scale reservoir
variability

Future work should adopt structured sampling strategies that quantify within-interval
variability, for example through closely spaced sister plugs, systematic core description aligned
with sampling depth, and statistical characterisation of property distributions. The objective is
to define how many plugs are required to bound the plausible range of relative permeability
and trapping behaviour for a given reservoir unit, and how that variability should be mapped

into simulation rock types and grid-block properties.
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The reservoir samples demonstrated in Chapter (4) shows that closely spaced samples from a
single reservoir interval can exhibit distinct saturation functions and trapping behaviour,
challenging the assumption that one or two core plugs adequately represent an entire facies or
rock type. However, the reality of reservoir characterisation is constrained by sample
availability and cost: routine core analysis (RCAL) is typically performed at one-foot (=30 cm)
intervals to measure porosity and single-phase permeability, while special core analysis
(SCAL) for relative permeability is conducted on far fewer samples due to time and expense
(often only 1-3 plugs per facies or key interval). The practical challenge is therefore to estimate
the plausible range of multiphase flow properties—including within-interval variability—when
direct SCAL measurements are sparse and most characterisation data consist of RCAL
properties and whole-core imaging. Hence, future work should develop approaches to infer

constitutive function variability from more readily available data.

7.3.2 Protocol limitations

Future experimental work should expand the accessible parameter space by using higher-
pressure-rated core holders and pumping systems, enabling stable operation on tighter rocks

and over a broader range of flow conditions.

This would allow injection rates to be varied systematically, with clear separation between
capillary-dominated and more viscous-dominated regimes, and with direct quantification of

rate dependence in both saturation profiles and trapping metrics.

7.3.3 Improved segmentation, uncertainty quantification, and
reproducibility

Image-derived saturation fields are the foundation for the constitutive functions and

interpretations developed in this thesis. Future work should formalise uncertainty
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quantification across the entire image-to-property pipeline, including scanner calibration,
filtering choices, segmentation parameters, and connectivity definitions. This can be supported
by: (i) sensitivity analyses that propagate segmentation uncertainty into flow-property
uncertainty; (i) benchmark datasets with repeated scans and controlled perturbations; and (iii)
machine-learning-assisted segmentation or hybrid physics-informed workflows that improve

robustness across heterogeneous carbonates.

7.3.4 Dissolution in equilibrated fluids and its interaction with residual
trapping

Chapters 4-6 prioritise controlled interpretation of heterogeneity-driven displacement and

trapping using proxy fluid systems in which dissolution is either negligible or not the dominant

process. In field settings, however, CO- dissolution into brine can contribute materially to long-

term immobilisation and can also modify local fluid properties, including density and

interfacial tension, thereby coupling to capillary processes and residual trapping. (Fu et al.,

2015)

Future work should quantify how dissolution alters the heterogeneity-controlled saturation
structures observed in this thesis. A practical next step is to repeat selected core floods with
CO:-brine systems at representative pressure and temperature, explicitly comparing cases with
(1) pre-equilibrated CO: and brine and (ii) non-equilibrated fluids. Even under nominal pre-
equilibration, dissolution can persist due to concentration gradients, pressure and temperature
transients, and mixing, and these effects can be assessed through coupled mass balance, time-
lapse CT density changes, and post-test fluid sampling. In parallel, modelling studies should
examine the competing roles of diffusion and density-driven convection in promoting
dissolution, and how these processes interact with capillary heterogeneity at core and larger
scales. (Fruton et al., 2023)
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7.3.5 Pressure fluctuations and pore-scale invasion events

A recurring feature of multiphase displacement in porous media is that macroscopic flow can
be composed of intermittent pore-scale invasion events, including rapid interface jumps as the
non-wetting phase breaks through pore throats into larger pore bodies (often termed Haines
jumps). These events are associated with transient drops in capillary pressure and can
reorganise local fluid configurations, influencing subsequent invasion pathways and trapping

outcomes. (Berg et al., 2013; Armstrong et al., 2015; Moura et al., 2020)

Future work should exploit pressure data more fully by acquiring differential pressure at higher
temporal voxel size during drainage and imbibition steps and by analysing these signals in both
the time and frequency domains. Synchronising high-frequency pressure measurements with
time-lapse imaging would allow pore-scale events, capillary-barrier breakthroughs, and snap-
off sequences to be linked directly to macroscopic changes in saturation profiles and effective
permeability. Complementary diagnostics, such as acoustic emissions, offer an additional
pathway to connect abrupt invasion events to measurable signatures at larger scales. (Moebius

etal., 2012).

7.3.6 Coupling pore-scale structure to continuum descriptions

A central implication of this thesis is that continuum-scale saturation functions can be non-
representative when heterogeneity introduces distinct capillary domains and connectivity
structures within what would otherwise be treated as a single rock type. While the experimental
chapters provide mechanistic explanations grounded in pore-scale structure and imaging, the
remaining challenge is to translate those observations into modelling workflows that improve

field-scale prediction without requiring pore-scale resolution.
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Future work should develop an explicit small-scale -to-field translation framework with three
components. First, define a reduced set of heterogeneity descriptors that can be estimated from
core-scale imaging and core analysis, for example spatial statistics of entry pressure and
connectivity derived from pore-network representations. Second, establish mappings between
those descriptors and ensembles of constitutive functions (relative permeability, capillary
pressure, and initial-residual trapping curves) under specified flow regimes. Third, implement
those ensembles in reservoir simulation as uncertainty-aware parameterisations through
spatially varying constitutive parameters and upscaling the capillary pressure on a grid-by-grid

basis.
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APPENDIX A

Appendix A

(Supporting Chapter 4)
A.l.  Low Permeability Sample (Sample 3)

An initial experimental attempt was conducted on Sample SK-02-1H; however, due to its low
permeability (0.9 mD) and porosity ~9% (figure A.1) single-phase flow across the core resulted
in a differential pressure of approximately 9.2 MPa. This value approached the operational
limit of the core holder (10 MPa), rendering further testing infeasible. Despite this constraint,

two drainage—imbibition cycles were successfully completed (Figure A.2).
0.5 7
04 4

03 1

Porosity

oA AANAAANAS~ AN

0 1 2 3 4 5

Distance from Inlet (cm)

Figure A. 1 1D and 3D porosity profile of Sample 3.
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Figure A. 2 1D saturation profile for Sample 3.

Investigation of the three-dimensional gas saturation distributions shows a complex
heterogeneity structure that varies both parallel and perpendicular to the primary flow direction.
The saturation patterns indicate the presence of multi-directional cementation features that act
as impediments to non-wetting phase migration. In particular, vertically oriented cemented
streaks intersect the flow path locally, while more laterally extensive cemented regions span
significant portions of the core length. These combined heterogeneity components result in
spatially non-uniform gas invasion and retention, demonstrating that flow behaviour is
controlled by a hierarchy of cementation features operating at different orientations and length

scales rather than by a single dominant heterogeneity direction.
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Figure A. 3 3D gas saturation distributions obtained from medical X-ray CT imaging during multiphase flow for
Sample 3. The rendering highlights complex heterogeneity expressed both parallel and perpendicular to the
primary flow direction.
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After performing the 2 cycles of drainage and imbibition, the preliminary results indicated a
slight increase in residual trapping with successive cycles, suggesting progressive entrapment

mechanisms may be enhanced under repeated flow reversal conditions (Figure A.4).

e Cyclel e Cycle2
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Figure A. 4 Trapping efficiency showing a slight increase in trapping with cyclic injection for Sample 3.

A.2.  Viscous limit relative permeability

A repeat drainage experiment was conducted on Sample 1 at a flow rate increased by one order
of magnitude (I mL min™"). Despite only a modest reduction in average porosity of
approximately 2%, the saturation distribution changed distinctly compared to the original
experiment. This change was accompanied by a measurable reduction in absolute permeability

from approximately 100 mD to 90 mD. The three-dimensional gas saturation profile also
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differed substantially, indicating a change of flow pathways and phase distribution within the

sample (Figure A.5).
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Figure A. 5 1-D and 3-D porosity profiles for Sample 1 after the first set of experiments.

These observations suggest that even small changes in bulk properties can correspond to
significant changes in effective heterogeneity and multiphase flow behaviour. The altered
saturation patterns imply that local cementation features or weakly consolidated regions may
have been mobilised or reconfigured under the higher flow rate, leading to a different internal
connectivity and flow, saturation profiles are shown in Figure A.6. As a result, the sample
exhibits a distinct heterogeneity signature despite originating from the same core. The repeated
drainage experiment yielded a lower non-wetting phase relative permeability than the first
experiment. This is counterintuitive: however, this behaviour is consistent either with a
reorganisation of flow pathways induced by heterogeneity activation under the higher flow
rate, leading to reduced gas-phase connectivity, or with preferential gas bypassing through a
limited number of high-permeability channels that do not contribute effectively to bulk flow
across the core (Figures A.7 and A.8). Figure A.9 shows the pressure evolution in the

experiment.
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Figure A. 6 1-D saturation profile for Sample 1 (2nd experiment).
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Figure A. 7 3D saturation profile at the end of drainage of Sample 1 (2nd experiment).
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Figure A. 8 Drainage relative permeability of Sample 1 (2nd experiment).
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Figure A. 9 Pressure-time series for Sample 1 (2nd experiment).

This finding highlights two important aspects. First, it reinforces the strong sensitivity of
multiphase flow properties to small-scale heterogeneity, which can be activated differently
under varying flow conditions. Second, it illustrates the inherent difficulty in achieving strict

experimental repeatability in multiphase core flooding experiments, particularly when working
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with fragile reservoir samples. Even when changes in porosity and permeability appear minor,
the internal structure controlling multiphase flow may evolve sufficiently to produce

qualitatively different saturation and trapping behaviour.

A.3.  Tabulated relative permeability values

Table A- 1 Tabulated relative permeability data for drainage in Sample 1.

fw Sw ky, k., AP (kPa)
0.9 0.8 0.007 0.13 63
0.5 0.78 0.05 0.11 55
0.3 0.75 0.09 0.09 42
0.1 0.71 0.12 0.04 20

0 0.67 0.22 0.03 15

Table A- 2 Tabulated relative permeability data for imbibition in Sample 1.
fw Sw ky, k., AP (kPa)
0.1 0.69 0.15 0.009 21
0.3 0.72 0.08 0.08 28
0.5 0.76 0.06 0.1 33
0.1 0.79 0.02 0.15 36
Table A- 3 Tabulated relative permeability data for drainage in Sample 2.

fw Sw ky, k., AP (kPa)
0.9 0.85 0.03 0.15 120
0.75 0.81 0.02 0.12 100
0.5 0.79 0.04 0.09 65
0.3 0.76 0.051 0.08 43
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0.1 0.72 0.09 0.04 33
0 0.63 0.13 0.004 20
Table A- 4 Tabulated relative permeability data for imbibition in Sample 2.
fw Sw ky, ky, AP (bar)
0.1 0.65 0.1 0.003 0.25
0.3 0.7 0.08 0.07 0.41
0.5 0.72 0.05 0.11 0.6
0.75 0.75 0.03 0.12 1.2
0.9 0.78 0.01 0.18 1.32
A.4.  Pressure data
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Figure A. 10 Pressure time series for Sample 1 during (a) drainage and (b) imbibition.
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Figure A. 11 Pressure time series for Sample 2 during (a) drainage and (b) imbibition.

A.S5. 3D saturation profiles during imbibition
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Figure A. 12 3D saturation profile for Sample 1 imbibition fractional flow steps.
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Figure A. 14 Two-dimensional saturation maps of the central horizontal slice in Sample 1 at the end of drainage
and imbibition.
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Figure A. 15 Two-dimensional saturation maps of the central vertical slice in Sample 1 at the end of drainage
and imbibition.
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Figure A. 16 Two-dimensional saturation maps of the central horizontal slice in Sample 2 at the end of drainage
and imbibition.
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Figure A. 17 Two-dimensional saturation maps of the central vertical slice in Sample 2 at the end of drainage and
imbibition.
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Appendix B: Supporting Chapter 5
(Supporting Chapter 5)

This analysis compares the three-dimensional connectivity of two distinct regions within the
rock, one characterised by a high capillary entry pressure and the other by a lower entry
pressure, under both low and high flow-rate conditions in order to assess how flow regime

influences saturation and trapping.

Figure B. 1 The two sub-volumes selected.

B.1. Saturation Profile

Initially, the two regions were saturated with brine; at flow rates of 0.1 mL/min and 0.2 mL/min,
we examined how gas displaced the brine and occupied the pore space at the end of the drainage
(100% gas flow). In the high entry pressure region (Figure B.2a), significant variation in gas
saturation was observed. In contrast, the homogeneous region displayed minimal variation in

gas saturation, as shown in (Figure B.2b).
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b)

Brine Saturated q= 0.1 ml/min q= 0.2 ml/min

Figure B. 2 (a) High entry pressure region sub-volume. All pores image is the segmented brine phase when the
rock was completely filled with brine. The 0.1 ml/min and 0.2 ml/min are the segmented gas phase at these two
total flow rates, respectively. (b)Low entry pressure region sub-volume. All pores image is the segmented brine
phase when the rock was completely filled with brine. The 0.1 ml/min and 0.2 ml/min are the segmented gas
phase at these two total flow rates, respectively.

B.2.  Trapping

We find that trapping is more pronounced in the high entry pressure region compared to the
low entry pressure region. However, the trapping efficiency is not higher by a significant
amount, it is likely a result of higher initial saturation. Figures B.3 and B.4 show the gas phase
distribution at the end of imbibition and drainage for both flow rates in both regions. We also
show that, by the end of imbibition, the gas phase is more connected in the low entry pressure

region compared to the high entry pressure region.
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Figure B. 3 Low flow rate (Q=0.1 ml/min). (a) Segmented gas phase at the end of drainage and imbibition in the
low entry pressure region. (b) Segmented gas phase at the end of drainage and imbibition in the high entry
pressure region. (¢) Residual versus initial saturation for low entry pressure (black) and high entry pressure (red)
regions.
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Figure B. 4 High flow rate (Q=0.2 ml/min). (a) Segmented gas phase at the end of drainage and imbibition in
the low entry pressure region. (b) Segmented gas phase at the end of drainage and imbibition in the high entry
pressure region. (c) Residual versus initial saturation for low entry pressure (black) and high entry pressure (red)
regions.
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B.3.  Ganglia Analysis

While examining individual sub-volumes provides valuable insights into the contribution of
the heterogeneity in the overall trapping. It is essential to assess the fluid connectivity and
pathways across the entire sample. We assessed the number and size of disconnected ganglia
throughout the sample and found that at higher flow rates, where the initial saturation was
higher, there was a greater number of ganglia, though they were smaller in size. In both flow
rate cases, the non-wetting phase was completely disconnected, with lower residual saturation
observed at the lower flow rate as shown in Figure B.5. Figure B.5 (b) and compares the size
and number of the disconnected ganglia at both flow rates. At a higher flow rate there are more,

and larger, disconnected ganglia.

By o b)

-o- Q= 0.2mlUmin drainage
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Figure B. 5 (a) Ganglia distribution across the sample in the low and high flow rates at the end of drainage and
imbibition respectively. (b) A comparison of the ganglia size and cumulative count (frequency) between the low
and high flow rates for drainage and imbibition. Red is the high flow rate while black is the low flow rate.
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B.4. Investigation of wettability

Wettability variations, driven by mineralogical differences or diagenetic processes, lead to
spatial changes in fluid preference. These variations influence capillary pressures, relative
permeability, and displacement efficiency, creating complex flow patterns that challenge
uniform fluid movement. Upon investigating the contact angle in both regions, the image was
analysed at the end of drainage (100% gas flow). We found that it varies around 41° and there
is no change in local wettability between the two regions. These results indicate no noticeable
difference in wettability across the sample, which appears to be strongly water-wet (Al-Gabri,

et al., 2025).

Al-Gabri, et al., 2025, presents an enhanced geometric algorithm for automated, pore-by-pore
contact angle measurement from micro-CT images. This method achieves superior accuracy
compared to previous approaches by enabling spatially resolved wettability characterization
throughout the pore space, allowing researchers to identify and quantify local variations in
wettability that may influence multiphase flow behaviour. The automated nature of the
algorithm makes it possible to analyse large numbers of pores systematically, providing
detailed maps of contact angle distributions within heterogeneous rock samples. This technique
is particularly valuable for investigating whether wettability heterogeneity contributes to
observed variations in capillary pressure, relative permeability, and trapping, as it can detect

subtle spatial differences that conventional bulk measurements would miss.
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Figure B. 6 Contact angle histogram in both low and high entry pressure regions.
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Appendix C: Supporting Chapter 6

(Supporting Chapter 6)
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Figure C. 1 Mercury invasion capillary pressure (MICP). It highlights multiple entry pressure values.
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Figure C. 2 Two-dimensional cross-sections from a three-dimensional micro-CT image, zoomed in on the
downstream heterogeneous region of the core. Panel (a) shows the fluid distribution at the end of drainage,
while panel (b) captures the same region at the end of imbibition. Panel (c) displays the corresponding one-

dimensional non-wetting saturation profile, illustrating the contrast in saturation before and after the
heterogeneity. Notably, the non-wetting phase saturation remains unchanged within the heterogeneous zone,
indicating limited displacement.
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Figure C. 3 Segmentation workflow visualised for Edwards Brown dolomite. After imaging, the grey-scale
image was segmented to separate pore space and grain phases. Finally, the fluid phases were segmented into
wetting (dark blue) and non-wetting (light blue) phases and then calculated from the total pore-space to
determine the saturation

C.1.  Wavelet Analysis

Wavelet analysis is a mathematical technique that decomposes signals into components at
different time scales, making it particularly effective for detecting short-lived, localized events
embedded within longer-term trends. In the context of pore-scale multiphase flow, rapid
transient phenomena such as Haines jumps—sudden pore-filling events where fluid interfaces
snap into adjacent pores—and the expansion or swelling of thin wetting films on pore walls
occur on very short timescales. When pressure or saturation data are averaged over time or
space, as is common in conventional measurements, these fast dynamics are smoothed out and

effectively hidden within the aggregate signal.

Spurin et al. (2023) demonstrated that wavelet analysis can extract these transient features from

core-scale pressure measurements, revealing pore-scale fluid displacement events that would
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otherwise be obscured. This capability is valuable because such rapid, localized dynamics
influence larger-scale flow behaviour and trapping mechanisms, yet they are not typically
captured in continuum-scale models used for CO: storage or other subsurface applications. By
resolving these pore-scale events, wavelet analysis provides deeper insight into the

fundamental processes governing multiphase flow and trapping in porous media.

By decomposing pressure data into time—frequency space, discrete displacement events can be
isolated and their intensity quantified. In our experiments, imbibition is associated with notably
higher-pressure fluctuations and stronger dynamic events compared to drainage, consistent
with the increased frequency of snap-off and enhanced trapping. Figures C.4 through C.7 shows
the wavelet analysis of the pressure signal at drainage and imbibition for the same fractional

flow.

It is notable that, when combined with dynamic imaging, wavelet analysis can provide a direct
link between observable pore-scale events and pressure fluctuations, thereby bridging discrete

displacement dynamics with macroscopic flow responses.
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Figure C. 4 Wavelet analysis of the pressure signal for a brine fractional flow of 100% (fi =1).
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Figure C. 5 Wavelet analysis of the measured pressure signal for a brine fractional flow of 75% (f=0.75).
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Figure C. 6 Wavelet analysis of the measured pressure signal for a brine fractional flow of 50% (f,=0.5).
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Figure C. 7 Wavelet analysis of the measured pressure signal for a brine fractional flow of 5% (fi, =0.05).
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